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Preface

Green approaches in medicinal chemistry for sustainable drug design is based on the

knowledge of a team of reputable scientists. This group integrates and encourages the

growth of medicinal chemistry, organic chemistry, and drug discovery efforts. This

book offers numerous green and sustainable approaches toward medicinal chemistry

through the synthesis of molecules by environmentally benign methods (in water, in

the absence of solvents, nonconventional reaction media, one-pot method, and ionic

liquid), catalysis, microwave-induced reactions, natural edible materials, nanotech-

nology, engineering, biochemical and computer-assisted methods. A number of test

results of medicinally active molecules with respect to specific diseases are provided

in this context. The use of natural and nonharmful resources (spices, vegetables, clay,

and sugar) is shown as one of the sustainable methods for obtaining useful structures.

This book reveals how green approaches are used in medicinal chemistry for

human’s life improvement. Various important points are made: adoption of sustain-

able and green chemistry pathways in the preparation of useful molecules, risks of

using hazardous materials, and identifies cost-effective simple processes. I believe

this book will be useful for diverse chemists, biologists, pharmacologists, pharma-

cists, biotechnologists, clinicians, and engineers working in both academia and indus-

try; undergraduate and graduate students, and postdoctoral fellows; scientists/faculty

members working in government, industry, and academics.

This book has 27 chapters written by the scientists of diverse background and expe-

rience. These chapters are divided in accordance with the principal aims described.

Illango et al. explored green synthesis of natural and synthetic compounds as antican-

cer agents. Ghosh et al. studied antibacterial and antimicrobial coatings on metal sub-

strates by cold spray method. Choudhury and Basu synthesized medicinally important

heterocycles using graphene oxide as a sustainable catalyst. Mukhopadhyay et al.

investigated green methods for the synthesis of potentials drugs against tropical dis-

eases. Jain and Banik studied clay-mediated synthesis of biologically active com-

pounds. Faisal and Saeed explored the role of ionic liquid in medicinal chemistry.

De Joarder and Maiti described synthesis of heterocycles inside nanoreactors. Jain

and Banik investigated the medicinal aspects of nanoparticles and nanocomposites.

Kumar et al. developed sustainable organic transformations in the construction of

heterocycles. Yadav and Banik investigated the one-pot synthesis of medicinally

active molecules. Banik et al. studied organocatalytic cycloaddition reactions toward

the synthesis of complex compounds. Borah and Banik explored the synthesis of

diverse steroids as biologically active molecules. Sahoo et al. investigated numerous

reactions in water. Sahoo and Banik explored important reactions in the absence of

any solvents toward the synthesis of medicinally important compounds. Das and

Banik investigated the application of thiosugars in organic synthesis.



Basak and Basak reported a green chemistry approach for the synthesis of crucial

cholesterol-lowering drugs. Patra and Chattopadhyay described the release of nan-

odrugs through biosafe process. Ganguly et al. demonstrated an approach in cancer

biology using sugar-derived hydrogels. Banik and Sahoo studied green synthesis

and biological evaluation of anticancer drugs. Sahoo et al. explored green chemistry

approaches in the development of antidepressant and antipsychotic agents.

Basu and Banik studied the properties and benefits of natural spices on health.

Borah and Banik investigated a few medicinal plants with compounds that have

anticancer activities.

Sahoo et al. described microwave-assisted synthesis of several antitubercular

agents. Borah and Banik studied microwave-assisted synthesis of steroids. Sahoo

et al. investigated microwave-mediated synthesis of antiinflammatory compounds.

Das and Banik demonstrated a correlation between dipole moment and medicinal

properties of diverse molecules. Chatterjee explored computer-assisted method in the

drug discovery process.

This book would not have been possible without the significant contributions

of scientists working in different countries on diverse projects related to green

approaches in medicinal chemistry for sustainable drug design. I sincerely thank all

the authors for their valuable book chapters. Finally, I thank the management of

Elsevier publisher and particularly to Ms. Anneka Hess and Ms. Laura Okidi for their

active participation with me.

Thank you, ALL.

Bimal Krishna Banik

Department of Mathematics and Natural Sciences, College of Sciences and

Human Studies, Deanship of Research Development, Prince Mohammad

Bin Fahd University, Al Khobar, Kingdom of Saudi Arabia
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1.1 Introduction

Green chemistry mediated synthesis of nanoparticles is a budding technology, which

has received substantial attention among the researchers in the present decade due to

their wide applications in various fields such as medicine, biotechnology, chemistry,

physics, catalysis, electronics, and material science due to their attractive physico-

chemical properties and stability [1]. Among the metallic nanoparticles, silver

nanoparticles (AgNPs) in particular are known for their versatile biological applica-

tions in the fields of medicine and biotechnology [2, 3]. Several studies have been

reported on the synthesis of AgNPs using physical and chemical methods [4–7].More-

over, the chemical-based synthesis of AgNPs has been reported to pollute the ecosys-

tem [8]. Recently, biological methods for the synthesis of AgNPs have been developed

because they are eco-friendly and cost effective.With advances in the green chemistry

approach, biological synthesis of AgNPs has been focused on as a substitute to phys-

ical and chemical processes and offers budding opportunities for the synthesis of

AgNPs. Several biological materials such as microorganisms, plant extracts and milk

have been used for the synthesis of AgNPs [3, 9, 10]. Synthesis of AgNPs using plant

extracts is potentially advantageous over microorganisms because of its easy scale-up

operations [11].

Natural compounds/drugs obtained from the plant sources are highly safe and eas-

ily metabolized when compared to other synthetic medicinal compounds [12]. The

secondary metabolites obtained from the plant materials lead towards the develop-

ment of drugs [13]. Nearly one-fourth of the total medicinal compounds used by

the developed countries are obtained from natural resources [14].

In recent years, microwave heating has been used in many organic reactions lead-

ing cleaner reaction products and the use of environmentally more benign conditions

compared with classical heating. Because of easy operation, safety, shorter reaction
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times, high yields and environmental benignity, microwave irradiation is an alterna-

tive to conventional synthesis [15, 16].

Cancer is a group of diseases characterized by uncontrolled growth/proliferation

and spread of abnormal cells. It is a fatal disease that leads to the second most common

cause of death worldwide and has posed a serious threat to human health due to ever-

increasing nature [17]. There is about 25 million new cases/year has been reported as

per World Cancer Report from World Health Organization [18]. Because of its low

cure rate and high mortality, tumor has become one of the most terrible diseases

around the world. Apoptosis or programmed cell death, is a major control mechanism

by which cells die if DNA damage exceeds the capacity of repair mechanisms. As part

of normal development, apoptosis plays an important role in controlling cell number

and proliferation. Defects in apoptotic responses are considered as a major contributor

in different human diseases including cancer. The resistance to apoptosis is a hallmark

of cancer cells, the crucial approach to anticancer drug discovery is the activation/res-

toration of normal apoptotic pathway/cascades [19]. But, a large number of anticancer

drugs have been found to induce the apoptotic process in cancerous cells [20]. How-

ever, undue toxicity, side effects and resistance of the available medicines reduce their

efficacy and utility [21–23]. Despite recent advances made in anticancer drug devel-

opment, the presence of resistance to existing chemotherapeutic agents is a major

obstacle to the effective treatment of cancer [24]. Consequently, discovering novel,

puissant molecular entities as potential anticancer drugs with improved efficacy

and resistance to complement the present chemotherapeutic strategies is highly

desired. Interestingly, natural products provide a healthy source for such compounds.

Apart from that, nearly one-half of all cancers that are diagnosed results in the death of

the patient. Therefore, identification of novel potent, safe, and selective anticancer

drugs remains one of the most pressing health problems.

1.2 Natural products as anticancer agents

In 2017, Anu et al. [25] reported the green synthesis of selenium nanoparticles using

Garlic Cloves (Allium sativum), its biophysical characterization and cytotoxicity eval-
uation on vero cells. They found that biologically green synthesized selenium

nanoparticles showed eco-friendly biocompatible features and limited cytotoxicity

when compared with conventional chemically synthesized selenium nanoparticles.

Recently, in 2018, Akter et al. [26] reported Brassica rapa var. japonica leaf

extract mediated green synthesis of crystalline AgNPs and evaluation of their cytotox-

icity and antibacterial activity using in vitro PC12 cell model, disk diffusion method,

respectively. They found that commercial AgNPs reduced cell viability to 23% (con-

trol 97%) and increased lactate dehydrogenase activity at a concentration of 3 ppm,

whereas, Brassica AgNPs did not show any effects on both of the cytotoxicity param-

eters up to 10 ppm in PC12 cells. Moreover, Brassica AgNPs exhibited higher

antibacterial activity against Gram-negative Escherichia coli (11.1 � 0.5 mm, ZOI)

and Enterobacter sp. (15 � 0.5 mm, ZOI) than some previously reported green-

synthesized AgNPs.
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In 2016, Sengottaiyan et al. [27] reported green synthesis of AgNPs using

Solanumindicum L. and their antibacterial, splenocyte cytotoxic potentials. They

found that the green synthesized AgNPs at the concentration of 1–4 mM, extensively

inhibited the growth of the tested pathogens Staphylococcus sp., Klebsiella sp. and the
percentage of viable rat splenocyte cells were also diminished while increasing the

concentration of AgNPs.

In 2017, Alishah et al. [28] reported green synthesis of starch extracted from Sola-
num tuberosummediated CuO nanoparticles and evaluated their antimicrobial (micro

dilution method) and antibreast cancer activity (MTT assay method) against Bacillus
cereus, Shigellasonnei, Staphylococcus epidermidis, Enterococcus, Pseudomonas
aeruginosa, Escherichia coli, and Michigan Cancer Foundation-7 (MCF-7) cell lines,

respectively.

In 2014, Arun et al. [29] reported green synthesis of AgNPs using the mushroom

fungus Schizophyllum commune and screened their antibacterial (against Escherichia
coli, Bacillus subtilis, Klebsiell apneumoniae, Pseudomonas fluorescens), antifungal
(against Trichophyton simii, Trichophyton mentagrophytes, Trichophyton rubrum)
and anticancer (against Human Epidermoid Larynx Carcinoma (HEP-2) cell lines)

activity.

In 2013, Geetha et al. [30] reported green synthesis of gold nanoparticles using

flowers of Couroupita guianensis and their antileukemic cancer activity against

HL-60 cells.

In 2013, Sujin Jeba Kumar et al. [31] reported green synthesis of AgNPs by aque-

ous extract of Plumbago indica and its antitumor activity against Dalton’s Lymphoma

Ascites Model (DLA cells).

Recently, in 2018, Soleimani et al. [32] reported green synthesis of AgNPs and

evaluation of their antibacterial (measurement of minimum inhibitory concentrations

(MICs) activity against Gram-positive (Staphylococcus aureus and B. subtilis) and
Gram-negative (Pseudomonas. aeruginosa and Escherichia coli) bacteria) and

antibreast cancer activity against MCF-7 cells.

In 2017, Yugandhar et al. [33] reported bioinspired green synthesis of copper oxide

nanoparticles using Syzygium alternifolium stem bark and evaluation of its synergistic

antimicrobial (against Escherichia coli and Trichoderma harzianum) and anticancer

activity against MDA-MB-231 human breast cancer cell lines.

In 2014, Sivaraj et al. [34] reported biosynthesis and characterization of

aqueous extract of Acalypha indica leaf mediated copper oxide nanoparticles

and evaluation of its antimicrobial activity against Escherichia coli, Pseudomonas
fluorescens, Candida albicans and anticancer activity against MCF-7 (breast

cancer) cell lines.

In 2017, Nagajyothi et al. [35] reported green synthesis using an aqueous

black bean (Phaseolus vulgaris) extract and anticancer activity of copper oxide

nanoparticles against human cervical carcinoma (HeLa cells). They also observed

that CuO NPs induced intracellular reactive oxygen species (ROS) generation in a

dose-dependent manner and significantly reduced cervical carcinoma colonies.

In 2013, Sankar et al. [36] reported aqueous extract ofOriganum vulgaremediated

biosynthesis of AgNPs for its antibacterial activity against Aeromonas hydrophilla,
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Bacillus sps., Escherichia coli (Enteropathogenic–EP), Klebsiella sps., Salmonella
sps., Salmonella paratyphi, Shigella dysenteriae, Shigella sonnei, and anticancer

activity against human lung cancer (A549) cell lines (LD50 at 100 μg/mL). They also

proposed that, the improved cytotoxic effects of O. vulgare may be due to the

presence of bioactive compounds such as carvacrol, terpinen, thymol, sabinine,

linolool, terpinolene, quercetin, apigenin as capping agents in green synthesis of

AgNPs.

In 2014, Vasanth et al. [37] reported anticancer activity of Moringa oleifera stem

bark extract mediated AgNPs on human cervical carcinoma (HeLa) cells by apoptosis

induction through ROS generation and its subsequent action on inhibiting cell repli-

cation in HeLa cells.

In 2015, Nayak et al. [38] reported biologically synthesized AgNPs of plant

extracts of Cucurbita maxima (petals), M. oleifera (leaves), Acorus calamus (rhi-

zome), and their anticancer activity against epidermoid carcinoma (A431) cells.

Among the three synthesized nanoparticles, the rhizome extract generated AgNPs

were significantly superior to the petal and leaves extract generated AgNPs in relation

to their antimicrobial activity against B. subtilis, Escherichia coli, P. aeruginosa and

Vibrio cholerae.
In 2017, Gnanavel et al. [39] reported the biosynthesis and characterization of

copper oxide nanoparticles from the leaves of Ormocarpum cochinchinense and its

anticancer activity on human colon cancer (HCT-116) cell lines with IC50 value of

40 μg/mL.

In 2013, Suman et al. [40] reported biosynthesis, characterization, and cytotoxic

effect of AgNPs using Morinda citrifolia root extract against human cervical carci-

noma (HeLa) cells. They also proposed that the cytotoxicity of the AgNPs via the gen-

eration of ROS or increases in intracellular oxidative stress and trigger cell death

process including apoptosis and necrosis.

In 2015, Ramar et al. [41] reported biosynthesis of AgNPs using ethanolic

petals extract of Rosa indica and its antibacterial, anticancer, and antiinflammatory

activities. They found that the prepared AgNPs showed an effective antibacterial

activity against Gram-negative (Escherichia coli, Klebsiella pneumoniae)
than Gram-positive (Streptococcus mutans, Enterococcus faecalis) bacteria.

The AgNPs also showed potential anticancer activity against human colon

adeno carcinoma cancer (HCT 15) cell lines as well as in vitro antiinflammatory

activity.

In 2013, Inbathamizh et al. [42] reported in vitro evaluation of antioxidant and anti-

cancer potential of the aqueous leaf extract ofMorinda pubescens synthesized AgNPs
against human epithelium liver cancer (HEP G2) cells.

In 2012, Harne et al. [43] reported novel route for rapid biosynthesis of copper

nanoparticles using aqueous extract of Calotropisprocera L. latex and their cytotox-

icity on tumor (human cervical carcinoma-HeLa, human lung cancer-A549 and Baby

hamster kidney-BHK21) cell lines at 120 μM concentration.

In 2014, Kathiravan et al. [44] reported the synthesis of AgNPs from Meliadubia
leaf extract and their in vitro anticancer activity against human breast cancer (MCF-7)

cell lines (IC50 31.20 μg/mL).
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1.3 Synthetic compounds as anticancer agents

In 2016, Ding et al. [45] reported green synthesis using microwave irradiation tech-

nique and antitumor evaluation of 15 novel series of 3-[4-bi-(4-fluorophenyl)methyl-

piperazinyl]-4-amino-5-thione-1,2,4-triazole Schiff bases against cell division cycle

25 homolog B (CDC25B) cells from Schizosaccharomyces pombe. Among these,

around 14 compounds (6a–n) showed significant inhibitory activity (83%–99%)

against CDC25B.

6(a–n)

Comp. code R

6H5

6H4

6H4

2C6H4

2C6H4

3OC6H4

2C6H4

6H4

2C6H4

6a C

6b 2-ClC

6c 4-ClC

6d 2-NO

6e 4-NO

6f 4-CH

6g 3-NO

6h 4-BrC

6i 2,4-Cl

6j 3-CH3OC6H4

3C6H46k 4-CF

6l 2-Furyl

6m 2-Thiophenyl

6n 2-Pyridinyl

In 2017, Reddy et al. [46] reported heterogeneous catalysis such as chitosan mediated

one-pot green synthesis using microwave irradiation under neat conditions and

cytotoxicity evaluation of 15 novel α-aminophosphonates containing

trifluoromethylaniline moiety against PC-3 (prostate cancer), MCF-7 (breast cancer),

HeLa (Cervix Cancer), U973, K562, and HL60 (human Leukemia cell lines). Among

these compounds, compound 4kwith pyrene moiety showed higher cytotoxic potency

against breast cancer, U973, K562, HL60 cancer cell lines while compound 4g with

trifluoromethyl group exhibited promising cytotoxicity against U973, K562, and
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HL60 cancer cell lines. They also proposed that the significant activity exhibited by

the above-mentioned compounds may be due to strong inhibition of the

topoisomerase-II enzyme of cancer cells.

Comp. code R
4g 2-SH,5-NO2C6H3
4k C16H9

Recently, in 2018, Dofe et al. [47] reported green synthesis under ultrasound irradi-

ation and inhibitory effect of novel 16 quinoline-based thiazolidinones on the growth

of MCF-7 human breast cancer cell lines by G2/M cell cycle arrest. Among the titled

compounds, analogues 2c, 2d, and 2f (IC50 values 5.38, 5.12, and 0.73 μM, respec-

tively) showed significant anticancer activity against human breast cancer cell lines

(MCF-7) and were considered as a potential lead. They also observed the induction

of G2/M cell arrest within 24 h via flow cytometry analysis by the above-mentioned

significantly active compounds.

Comp. code R1 R2
2c H Cl
2d H Br
2f H NO2

In 2018, Mohan et al. [48] reported one-pot solvent-free green synthesis using

β-cyclodextrin as a biomimetic catalyst and anticancer activity of novel 15 pyrazolyl

phosphonates against breast cancer (MCF-7), prostate cancer (DU-145), and lung can-

cer (A-549) cell lines by sulfarodamine-B (SRB) assay. Among the synthesized com-

pounds, compounds 4o (IC50 7.854, 6.753, 5.967), 4n (IC50 9.187, 7.672, 6.483), and

4m (IC50 9.867, 9.839, 8.113) exhibited excellent cell growth inhibitory effects on

MCF-7, DU-145, and A-549 cell lines when compared to the doxorubicin (IC50

9.652, 7.114, 8.340) standard used.
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Comp. code R
4o Pyrene
4n Anthracene
4m Naphthalene

In 2010, Sharma et al. [49] reported microwave-assisted, solvent-free, parallel synthe-

sis of 20 novel substituted imidazoles and evaluated their antibacterial, anthelmintic,

short-term anticancer, and antitubercular activity. All the synthesized substituted

imidazoles have shown good antibacterial activity against Gram-negative bacterial

strains (Klebsiella pneumoniae and Escherichia coli) and moderate to good anthel-

mintic activity (against earthworms Megascolex konkanensis, Pontoscolex cor-
ethruses). The synthesized imidazole derivative (compounds 5b, 7b, 12b, 15b,
16b) possessed significant cytotoxic activity (CC50 31.25, 91.61, 50.32, 50.00,

94.63 μg/mL, respectively) against Ehrlich’s ascites carcinoma (EAC) cell lines.

Comp. code R R1

5b

7b

12b

15b

16bb6
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In 2010, Kidwai et al. [50] reported environment friendly synthesis and anticancer

evaluation of 10 novel 2-oxo/thioxooctahydroquinazolin-5-one derivatives using

ceric ammonium nitrate (CAN) as catalyst and polyethylene glycol (PEG) as solvent.

Among the titled analogues, compounds 4c, 4d, and 4ewere found to exhibit excellent
activity at a concentration as low as 0.06 μg/mL against U87 human glioma cells.

Comp. code X R

4c S C2H5

4d O C3H8

4e S

In 2012, Mungara et al. [51] reported green synthesis using (PEG-400) as a green reac-

tion media and antiproliferative activity of 14 novel α-aminophosphonates against

A549 (human lung cancer), MCF-7 (human breast cancer) and NCI-N87 (human

stomach cancer) cells. Among these, compounds 4c, 4e, and 4m exhibited good antip-

roliferative activity against the above-mentioned three cancer cells.

Comp. code R

4c

4e

4m
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1.4 Conclusion

In conclusion, the authors have successfully compiled the recently published findings

in the area of green chemistry assisted synthesis of natural and synthetic heterocyclic

organic compounds that are effective against various cancer cell lines. This detailed

review work will definitely give an meaningful insight for the readers who will be

working in the area of green chemistry assisted cancer chemotherapeutics.
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Nomenclature

ALP alkaline phosphatase activity is determined by quantifying the amount of -

p-nitrophenol, the end product hydrolyzed of paranitrophenyl phosphate.

Bioactivity the ability of material to bring out response in living tissue.

Biodegradable gets resorbed when one placed in the human body.

Bioinert does not initiate a reaction with host when introduced to body.

BMG bulk metallic glasses are formed at very low critical cooling rates in order to

suppress the nucleation of crystalline phases.

HA hydroxyapatite (Ca10(PO4)6(OH)2) is ceramic material which is widely used

in biomedical applications due to its low release of antibiotics and sim-

ulates the bone ingrowth between implant and bone.

hBMSC human bone marrow stromal cells are used to study osteogenesis in vitro and

got applications in bone tissue engineering.

HPCS high-pressure cold spray refers to the system in which there is axial injection

of powders and utilization of 25–30 bars pressure gas.

LPCS low-pressure cold spray system refers to the system in which there is radial

injection of powders and utilization of 5–10 bars pressure gas.

MRSA methicillin-resistant Staphylococcus aureus is the Gram-positive infectious

bacteria that is resistance to many antibiotics and accounts for 8% hos-

pital infections in the United States.

MTS it is the colorimetric method for assessing cell metabolic activity used in the

field of cancer biology, immunology, and drug delivery pharmacy.

PEEK poly-ether-ether-ketone [(C6H4-O-C6H4-O-C6H4-CO-)n] is popular implant

materialbecauseofhavingexcellentproperties suchasexcellent thermalsta-

bility, friction reduction and mechanical properties similar to human bone.

VCS vacuum cold spray refers to the process in which specimen is placed in the

vacuum tank and nanoparticles are sprayed into using a propellant flow of

gas especially helium or air.
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2.1 Introduction

The interest in the evolution of substrates with antibacterial properties for different

biomedical applications is of growing concern as so many microorganisms are

antibiotic-resistant. This subject has helped in designing innovative biomaterials. Pos-

sible microbe-controlling strategies include using biomedical devices and implants.

Highly fascinating paths are either used or under the research stage, involving the

deposition of bactericidal agents upon the biomaterial surface to prevent the attach-

ment of bacteria to the surface and also to arrest the growth of any biofilm. Products

found in nature, as well as certain bioactive metals like Ag, Cu, and Zn, provide viable

options for advanced biomaterials for antibacterial agents. Cold spray (CS) simply

explained as acceleration through Laval Nozzle and deposition of solid composite

powders on a suitable substrate. Particles undergo plastic deformation only when

the bombarding speed is in excess of a certain value—the threshold value. The close

link existing between the fundamental understanding of bonding mechanisms and

fluid dynamics of CS makes it a powerful tool for various applications and different

from other traditional consolidation processes. CS has emerged as a promising can-

didate for depositing biocompatible and antimicrobial coatings over the past decades.

It offers many advantages as compared to the thermal spray process as it involves

kinetic energy instead of thermal energy for spray. Since it is a low-temperature depo-

sition process, undesired tensile residual stresses, oxidation, and chemical reactions

can be avoided. Due to the plasticity of coatings, it is possible to deposit different anti-

microbial biocompatible coatings of metallic materials and polymers. In addition, it is

cost effective and environmentally green. The following write-up provides a compre-

hensive idea about the latest advancements in the field of modified biomaterials along

with an account of the most interesting processes used to deposit antibacterial coatings

on particular surfaces to be used in the field of biomedical implant applications. Fur-

ther, it describes the present status of antimicrobial coatings using CS and its future

applications and investigations are suggested in the field of antibacterial coatings and

orthopedics industry.

2.2 The need for the development of antibacterial and
antimicrobial coatings

Themeaning of the term“biomaterial” is recently proposed byWilliams et al. [1] in 1987

as “a nonviablematerial used in amedical device and intended to interact with biological

systems”. For over the last 60–70 years, this field has always been under progressive

development and experienced many changes till date. The field of biomaterials has

evolved through three generations each with clear-cut and definitive objective starting

from the first-generation bio-inert materials in the late 1960s to third-generation biomi-

metic biomaterials (Fig. 2.1). The twomajor problems in biomaterials are biocompatibil-

ity and structural compatibility. Biocompatibility can be perceived as “material’s ability
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to perform with an appropriate host response in a particular application.” It indirectly

expresses two terms, namely, biosafety and biostability,where thematerial does not have

to evoke long-term persisting infection which may yield death of a cell or produce a

malfunctioning of the cell or tissue matrix.

However, the section of implant tissue interactions in biomedical science can be bet-

ter comprehended by surface engineering. The ideal medical implant is one that owns

both antibacterial function and excellent cell biocompatibility. Medical implants on the

basis of applications can be categorized into groups namely Sensory and neurological,

cardiovascular, Orthopedic, contraception, cosmetic, and other organs and systems.

Other organs and systems include treatment of acid reflux disease, respiratory failure,

sleep apnoea, involuntary urination, and anal incontinence and erectile dysfunction.

Titanium alloys are broadly used in biomedical applications mainly in dental and

orthopedic implants [2]. However, at the tissue and implant interface of titanium, there

is the formation of surface biofilm which makes implant surface susceptible to infec-

tion. Hence, there is a requirement of potential methods of surface modifications, with

the capability to coat the biomaterials with antibacterial substances like copper, tin,

and zinc to fulfill the specific demands of particular applications. Formation of bio-

films can only be tackled by the development of antibacterial coatings which will pre-

vent initial adhesion of bacteria to the surface of Ti. For the coatings of biomedical

surfaces such as catheters [3], polymeric nanocomposites of silver are used success-

fully. Similarly, peptide-based [4] antimicrobial coatings were useful for medical

implants. In addition, oil-based coating is a natural process to prepare antimicrobial

essential oils. Carvacrol [5], the chief component of thyme oil is introduced into

waterborne polyurethane coatings, prevents the formation of biofilm by lowering

the bacterial attachment.

Surface characteristics of medical implants play a key role in initial adherence and

growth of bacteria on the implant surface and subsequent cell action and response.

These characteristics generally include roughness, surface free energy, surface poten-

tial, conductivity, wettability, etc. [2]. Bacteria resistant interface can be obtained by

altering physical and chemical surface properties [2] and development of antiadhesive

polymer coatings.

First generation biomaterials Second generation biomaterials Third generation biomaterials

Bio-inert biomaterials

Material that once placed in the
human body has minimum
interaction with its surrounding
tissue.

Bioactive or bioresorbable biomaterials Biomimetic biomaterials

Material that upon placement within the human
body starts to dissolve (resorbed) and slowly
replaced by advancing tissue (sch as bone).

Scaffolding material that mimics one or multiple
characteristics of  the natural extracellular matrix

Include stainless steel,titanium,
alumina,partially stabilized
zirconia .

Includes biodegradable glass ceramics,polymers
and bioglass.

Includes nano HA, collagen, biological
molecules.

1950 1960 1970 1980 1990 2000 2010 2020 2030

Fig. 2.1 Evolution of biomaterials science.
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2.3 The coating techniques

There is a wide range of surface treatment techniques for the development of antimi-

crobial coating like ultraviolet (UV) radiation, chemical and plasma grafting, ion

implantation, and plasma immersion ion implantation and deposition.

As far as metal coatings are concerned, rough and porous Ti coatings are prepared

through vacuum plasma spraying (VPS). Earlier, Yang et al. [6] obtained Ti coatings

on Ti substrates containing an outer layer full of macropores which are beneficial for

tissue ingrowth into the coating. Such macropores have a surface roughness of approx-

imately Ra ¼ 100 μm. However, Borsari et al. [7] produced the dense VPS-Ti coat-

ings with the purpose to avoid the depletion in the density of bone, also known as

“stress shielding” and thus increasing the prosthesis life span. VPS coating provided

a good biological response in vitro and it behaved the same as the coatings used in

orthopedics.

Copper and copper-based alloys are widely used as coatings which are thermally

sprayed on the top of the construction elements such as steel which preserves its nec-

essary strength. One of the advantages of the thermally sprayed coatings is a possibil-

ity to generate coatings made of materials of different compositions including

composite materials. It also finds its usage in hospital equipment as it is very much

effective in fighting pathogenic microorganisms. Michels et al. [8] showed that there

is an increase in antimicrobial effectiveness with increasing content of copper in

alloys. Fig. 2.2 shows that the decrease in bacteria count of Listeria monocytogenes
is more rapid in the higher content of copper in alloys. The formation of biofilms is not

possible because of rapid contact killing [9] and the formation of radicals in Cu com-

plexes makes the viruses idle and inactive [10]. Although the inhibitory effect of Cu on

biofilm is not well known, it is believed that the cupric ion is responsible for the anti-

microbial action of copper [8]. The research revealed that the equipment with

Fig. 2.2 The viability of L. monocytogenes on the surfaces of alloys UNS C10200, C22000,

C63800, C70600, C75200, and S30400 at 20°C.
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copper-containing surfaces, the chances for bacterial infections is decreased by 90%–
100% as compared to the samemade from conventional materials such as steel or plas-

tic. There are various ways of depositing copper coatings such as electrodeposition,

plasma spraying, arc spraying, and cold spraying. In the study of different spraying

methods to deposit copper coatings, their antimicrobial properties were also exam-

ined. Jing et al. [11] prepared Cu porous materials by electrodeposition on a precursor

of conventional polyamide foam. The antibacterial effect of Cu was also investigated

against Escherichia coli. The results showed that Cu porous materials exhibited very

strong antibacterial activity and persistent antibacterial activity against Escherichia
coli. The percentage of dead cells reached 100% on Escherichia coli after a

40-min incubation. Nie et al. [9] evaluated the effectiveness of Cu-plate and sup-

erhydrophilic Cu-dotted oxide coating surface in the inactivation of Escherichia coli
ATCC 25922, MRSA ATCC 43300 and Enterococcus faecium ATCC 51299. In this

work, electrolytic plasma oxidation of Al was used to produce an oxide surface

followed by electroplating of Cu metal on the top of the oxide layer. The results indi-

cated that the antibacterial performance of Cu-dotted oxide surface was even better

than the Cu plate surface and it is effective in even a moist or wet environment.

According to Wrona et al. [12] copper, copper alloys (CuNi35, CuSn10), and

Cu-TiO210 copper composite coatings were deposited on stainless steel substrates

by plasma spraying. It has been confirmed that all coatings show sufficient

antibacterial activity, especially toward Gram-negative bacteria strains and on sur-

faces with a satin finish. However, other than microbiological testing, there is no other

significant material characterization that could indicate material-behavior toward

bacteria properly.

On the other hand, Ag has its importance since ancient times for its antibacterial,

antifungal, and antiviral properties. It has been in use for the treatment of different

chronic wounds and burns for centuries. Its compounds like silver nitrate (AgNO3)

and silver sulfadiazine (C10H9AgN4O2S) have been used for the treatment of fresh

burns [13], wounds, and several bacterial infections. Around AD 1700, Ag-based

compound, silver nitrate has been used for the treatment of venereal diseases, includ-

ing gonorrhea, fistulae from salivary glands, and bone and perianal abscesses [14]. In

1881, silver nitrate was used as eye drops to cure opthalmia neonatorum by Carl S.F

Crede [13, 15]. With the introduction of silver in penicillin, bacterial infections could

be minimized. Silver sulfadiazine (AgSD) consists of Ag and sulfadiazine. It pos-

sesses antifungal, antiviral properties and is well effective against some bacteria like

Escherichia coli, Staphylococcus aureus, Klebsiella spp., Pseudomonas sp. [16] Cur-
rently, Ag nanoparticles are considered to be the most effective antimicrobial agent as

it prevents bacteria colonization and possesses good antimicrobial efficacy against

bacteria, viruses, and other eukaryotic microorganisms [17]. It has better wound

healing capacity, better cosmic appearance, and scareless when tested using an animal

model [18]. The antimicrobial efficacy also depends on the shape of nanoparticles.

Different shapes have different effects on the bacterial cell. Pal et al. [19] discovered

that rod-shaped particles need a total of 50–100 μg of Ag content while spherical-

shaped nanoparticles need a total Ag content of 12.5 μg. Truncated triangular

nanoparticles show bacterial inhibition with Ag content of 1 μg. In recent decades,
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Ag nanoparticles are used in different textile fabrics as Ag is nontoxic and it also pos-

sesses antimicrobial properties. According to Yeo et al. [20] from scanning electron

microscopic study, it was concluded that antibacterial property possessed by Ag

nanoparticles incorporated inside the sheath part of fabrics is more significant as com-

pared to the fabrics incorporated with Ag nanoparticles in the core part. It is due to the

good dispersibility of silver nanoparticles in fabrics. Co-deposition of Ag has also

been documented [21] with many other materials using the thermal spray method.

For example, the silver-containing hydroxyapatite (HA) coatings have been obtained

by depositing a titanium substrate by VPS proved to have both antibacterial and bio-

activity properties. Yikai et al. [22] concluded that HA coatings exhibited a remark-

able antibacterial effect against Escherichia coli, Pseudomonas aeruginosa, and
Staphylococcus aureus. Recently, Meininger et al. [23] electrochemically deposited

Ca(OH)2 (Portlandite) coatings on titanium surfaces. The addition of Ag+ and Cu2+

ions led to the reduction of bacterial growth of the hydroxide against Staphylococcus
epidermidis. There can be further improvement in Ca(OH)2 coating systems and coat-

ings can also be possible on titanium alloys, CodCr alloys or stainless steel.

Plasma-sprayed alumina and zirconia are in clinical use due to high wear resistance

than Titania in ceramic coatings [24]. One of the limitations of using them in hard

tissue is that their coatings cannot be bound directly to bone tissues as they are bioinert

in nature. The use of bioactive coatings produced by plasma spraying as well as the

flame spray was a very successful achievement. The HA-coated prosthesis is a good

alternative to a cemented prosthesis which has high rates of loosening as it maximizes

fixation and decreases the migration of microparticles along with the prostheses [25].

Nanocrystalline ceramics yield better biocompatibilities. HA particles are needle

shaped which promote the inflammatory reaction, spherically shaped particles show

increased inhibition with time and spherically shaped particles have less response than

irregularly shaped particles. That’s why they have a high influence on cell perfor-

mance. In recent studies, polymer composite materials [26] have been proposed as

an alternative choice to get rid of the failures of metals and ceramics. For example,

polyether ether ketone (PEEK) resembles bone in terms of biocompatibility, bio inert-

ness, and elastic modulus and it also has good mechanical properties for hard tissue

applications, for example, hip and knee replacements.

2.4 Thermal spraying: Processes and techniques

Thermal spraying refers to the family of coating processes in which feedstock is

sprayed in molten or semimolten state onto a prepared substrate [27]. Thermal spray

techniques can be classified into three broad categories: flame spray, electric arc

spray, and plasma arc spray. Table 2.1 shows the classification of various thermal pro-

cesses. The energy sources (flame spray, electric arc spray, and plasma arc spray) are

used to heat the coating material to molten or semimolten state. The hot energetic par-

ticles are given sufficient kinetic and thermal energy using process jets to propel the

molten particulates toward a prepared surface. Themost common heat sources for pro-

ducing thermal energy for spraying are the combustion of fuels with oxygen or air or

through electrical heating of industrial gases. Kinetic energy can be produced through
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gas jets which are able to accelerate the droplets through the nozzle. The droplets

impact and form bonds with the surface causing the formation of lamellar microstruc-

ture on the surface (Fig. 2.3). The thin splats are formed that finally build up and

adhere to the surface of the substrate. These undergo very high cooling rates, typically

106 K/s for metals.

Fig. 2.4 gives the graphical representation between gas temperature and particle

velocity of various thermal processes. The flame spray can be divided into low-

velocity powder flame, wire flame and high-velocity oxy-fuel (HVOF) [29] on the

basis of gas temperature and particle velocities. Flame spray propels molten particles

Fig. 2.3 Scanning electron micrographs of fracture cross sections of an air plasma-sprayed

tungsten coating: (A) lamellar microstructure and (B) the presence of a columnar grain structure

within the splats.

Table 2.1 Classification of thermal spray process.

Thermal spray

Arc KineticCombustion

Low
velocity

High
velocity

HVOF

HVAF

Flame
spray

Atmospheric Insert Shroud Vacuum

Direct
current (DC)

Radio
frequency (RF)

D-gun

Wire arc
spray

Plasma
Cold spray

(also known as cold
gas dynamic spray or

kinetic spray)
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into the substrate with the addition of high-velocity stream. It uses the basic principles

of a welding torch. In HVOF, combustion jet at temperatures of 2500–3100°C is cre-

ated by a combination of oxygen and fuels such as hydrogen, propane, or propylene

[24]. The combustion takes place at very high chamber pressures and the process

results in extremely dense well-bonded coatings [24]. Electric wire arc processes

are very cost effective and are applied for pure metals (pure aluminum, zinc, copper,

and metal alloys such as stainless steel). Compared to the flame spray process, the

velocity of the particles is low and the temperature is higher. It involves two consum-

able electrodes which are connected direct-current source and are fed into the gun and

meet. It establishes an arc between them that melts the tips of wires [30]. In the plasma

arc process, the powder heating region ranges from 2500°C to 14,000°C [25], much

higher than the melting point of any material. To generate the plasma, argon or argon-

hydrogen mixture is heated by a dc arc to produce plasma [24].

One of the major advantages and unique ability of thermal spray processes is that

it can be used to deposit a wide range of materials [31]. Any spraying material whose

molten phase is stable can be deposited and even some materials like graphite or

boride ceramics can be co-deposited with other sprayable material to form the com-

posite coating material [24]. Another major advantage is that it offers high deposi-

tion rates at low cost as compared to other coating processes. In most of the thermal

processes, there is no need for significant heat input and hence it has higher effi-

ciency. That’s why the material’s mechanical properties do not get affected and

there is no excessive thermal distortion of the part. Hence, it is possible to strip

off and recoat worn or damaged coatings without a change in significant dimensions

of the material.

Although the thermal spraying technique is a widely accepted commercial tech-

nique, there is the formation of oxide inclusions as well as degradation of oxide sen-

sitive materials. Oxide inclusions in limited amount are beneficial as it improves

mechanical properties of the material but excessive presence at interplay regions leads

to cohesive failure and wear debris [32]. The maximum thickness of coatings also

reduced due to the introduction of residual stresses. Another disadvantage is that it

can coat only a limited amount of portion, i.e., it can coat only what the torch or

gun can see.
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Fig. 2.4 Temperature vs velocity profile for thermal and cold spray processes [28].
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2.5 Cold spray: The process and its advantages

CS is one of the emerging spray coating technologies which comes under the family of

thermal spraying technologies. It was developed in the mid-1980s by Papyrin et al.

[33] at the Institute of Theoretical and Applied Mechanics, part of the Siberian Divi-

sion of the Russian Academy of Science in Novosibirsk while studying particle flow in

wind tunnels. They deposited a wide range of pure metal alloys and composites on

substrate metals. It has a variety of applications for manufacturing of wear and

corrosion-resistant coatings, for repairing of damaged parts. It has got its application

in power generation plant where it is applied on the boiler tubes to provide resistance

from cavitation wear of turbine blades, resistance from high-temperature corrosion,

and the water pump housing, impeller fins and wear rings [34]. Also, the fabrication

of the Al-tube heat exchanger in air conditioning equipment for all types of vehicles is

done by CS technique. According to Yoon et al. [35], a high-quality coating is

obtained by CS process which is having high corrosion resistance as well as good

braze ability and also with low manufacturing cost. Gas dynamics, nozzle design,

physics of high-speed particle impact, powder materials, novel application methods,

and the development of specific applications are some of the key areas of research

within the CS. In addition, it is an eco-friendly spraying process since it is easy to

dispose of its wastes and the process is noncombustive.

Generally, there are two types of CS process—high-pressure cold spray (HPCS)

and low-pressure cold spray (LPCS). Figs. 2.5 and 2.6 show the schematic diagram

of HPCS and LPCS, respectively. The basic difference between these two is the uti-

lization of pressures and the injection of powder. The spray particles are injected prior

to the spray nozzle throat from a high-pressure gas supply [36] in HPCS, and LPCS

powders are injected in the diverging section of the spray nozzle from a low-pressure

gas supply [37]. Lower weight gases such as nitrogen or helium, are the preferred pro-

pellant gases for HPCS. In HPCS, the pressure utilized is 5–10 bars and there is a

radial injection of powder whereas the pressure utilized is 25–30 bars and powder

injection is axial in the case of LPCS [38]. The spray efficiency of HPCS system is

more, reaching up to 90% as compared to 50% in LPCS process. However, both types

of processes have some limitations. For HPCS, a high-pressure powder feeder running

Powder
feeder

Powder

SubstrateGas heater

Carrier gas
Low

pressure
gas supply

Delaval
nozzle

Fig. 2.5 Low-pressure cold spray [35].
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at a higher pressure compared to that of the main gas stream has to be used to avoid

backflow of powder [39]. Also, the high-pressure powder feeders are big expensive.

Another limitation of HPCS includes severe wear of nozzle throat and clogging of the

nozzle. This becomes worse when particle velocity and temperature are increased and

hard particles are being sprayed. However, the LPCS system is more flexible consid-

ering automation and is portable due to the elimination of the high-pressure delivery

system requirement. In addition, a LPCS system is more compatible due to the number

of system modifications.

In CS process, relatively smaller particles which have approximately diameter rang-

ing from 1 to 50 μm in solid state and they are accelerated to high velocities, i.e.,

300–1200 m/s which impart high kinetic energies. The plastic deformation of solid par-

ticles takes place on impact which produces bonded splats on the surface. In this process,

there is a temperature-dependent critical velocitywhich is responsible for bonding and it

varies with particle and substrate material. When the particle velocity (Vp) is less than

the critical velocity (Vcrit), they bounce off and erode the surface, hence, not forming the

contiguous deposits or coating. When Vp > Vcrit, the first thin layer is formed and par-

ticles begin to plastically deform, adhere to surface, and form an overlay coating. This

process has the ability to produce coatings with preheated gas temperatures in the range

of 0–700°C, which is much lower than the melting point of coating particle materials. It

ultimately leads to the elimination of the detrimental effects of high-temperature oxi-

dation, evaporation, melting, recrystallization, residual stresses and other concerns that

cannot be resolved with thermal spray methods.

In the CS process, nozzle design influences on particle velocity which basically

depends on the nozzle inlet diameter, throat diameter, exit diameter, the entrance con-

vergent section length (upstream length), divergent exit length (downstream length) and

expansion ratio (the ratio of the area of exit of the throat). There are basically three types

of the nozzle—convergent-barrel, convergent-divergent, and convergent-divergent bar-

rel nozzle. The nozzle which achieves high particle velocity is CDB nozzle, also known

as Laval Nozzle (Fig. 2.7) due to its conical geometry. In de’ Laval-type nozzle, the

coating material is injected into the gas stream in powder form at the inlet of the nozzle,

accelerated by a gas in the nozzle and propelled toward the substrate to be coated. In the

Laval nozzle, the velocity of the gas at the throat is a function of temperature. It is given

Powder feeder
Powder/gas

Delaval
nozzle

Substrate

Carrier
gas

Gas
heater

High
pressure

gas
supply

Fig. 2.6 High-pressure cold spray [35].
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by equation, Vt ¼√ γRTt [41]. γ is the ratio of gas specific heats, R is specific gas con-

stant, and Tt is the temperature of the gas at throat, respectively. The use of preheated gas

is beneficial as it provides higher particle velocity but at the same time, it raises the risk

of oxidation and nitridation which can damage the design functionality of applied coat-

ings [42]. Nitrogen gas is mostly used as a preheated gas for a wide diversity of mate-

rials. But it requires high velocity and hence hard materials cannot be deposited. Yoon

et al. [43] enhanced the deposition efficiency by changing process gas nitrogen to

helium during cold spraying of NiTiZrSiSn amorphous powder. Since helium is inert,

it eliminates the problem and allows reaching the particle gas to the highest velocity.

However, helium is almost 10 times more expensive than nitrogen and its use is limited

to many applications unless recycled. In many applications, the mixture of He and N2

gas [44] is used as a diatomic gas. Since N2 is a diatomic gas, it increases the enthalpy of

the carrier gas and better heat transfer with spray particles. But there is a decrease in

particle velocity due to heavier atomic mass which leads to a decrease in density and

hardness of applied coatings.

The chief advantage of using CS process is that the particles remain in solid state

and the coating formation takes place due to the kinetic energy of particles during

impact. The temperatures of gas and particle remain well below the melting point

of the spray materials [25].

2.6 Present status of the antibacterial and antimicrobial
coating by cold spray

There exist well-defined approaches determining the eligibility of materials, suitable for

CS process. Hardness of the particular material alongwith its melting point, density, and

particle velocity [45] are the various physical factors onwhich the ability of the material

to be used in CS technique depends on. Those materials which have lower melting

points than others, as well as low mechanical strength, are the best suited materials

for this process (e.g., zinc, aluminum, and copper) as they have relatively low melting

points and low mechanical strength. Contrastingly, in the case of materials having rel-

atively higher strengths, i.e., materials having iron and nickel as their bases, the low

processing temperatures are insufficient for successful deposition [39].

High
pressure
gas
powder

Subsonic gas velocities

Supersonic gas velocities

Fig. 2.7 Schematics of a cold gas dynamic spray de Laval nozzle [40].
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The risk of infection increases drastically in the case of bacterial accumulation on

the touch surfaces. In the last few decades, a significant amount of time and money has

been dedicated to exploring and improving the antimicrobial properties of metals and

its alloys (titanium, copper, silver, etc.) to be used for combating numerous threaten-

ing microorganisms. In addition to significant hikes in medical costs, the infection

also causes serious damage to the parents. The initial attachment of the bacteria

and thereby inactivation of any cell connected to the surface is prevented by the

antibacterial surface formed. The antibacterial surface can be classified as anti-

biofouling surfaces and bactericidal surfaces [24]. The former may resist the cellular

attachment of bacteria owing to the presence of unfavorable surface topography

whereas, on the other hand, bactericidal surfaces rupture the cell contact, resulting

in cell apoptosis. The CS process provides solutions to both problems by

functionalizing surfaces in that way.

Initially, the biocompatible metals were tested and sprayed via the CS process.

Efficient coatings were achieved owing to the high plasticity of metals. Stainless steel

and titanium were the first metal coatings used for biomedical applications. It is pos-

sible to reach different porosity levels by modifications in the spraying method.

According to Li et al. [46], the porosity of titanium (Ti) and Ti6Al4V coatings onto

Ti6AL4V substrates has increased by the effect of heat treatment. The possible reason

behind this is the healing of incomplete interfaces through the atom diffusion

annealing treatment. Fig. 2.8 represents the different degrees of porosity via a wide

range of modifications in spraying conditions [47]. Additionally, the tamping effect

Fig. 2.8 Porous Ti coatings by cold spray from less to high energetic conditions [47].
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affects the density of microstructures. This effect leads to more porous structures on

the top rather than near the interface with the interface due to successive impacting

particles [48]. Choudhuri et al. [49] showed the deposition characteristics of vacuum

atomized Cp-Ti powder (Fig. 2.9). There is an increase in coating density and porosity

levels with increasing gas pressures and decreasing transverse speed. Increasing coat-

ing structures lead to gradient coating structures which is beneficial for biomedical

25 bar, 500°C, 400 m/s 

35 bar, 500°C, 400 m/s 

35 bar, 500°C, 100 m/s 

Fig. 2.9 Cross-sectional view of Cp-Ti sprayed at different conditions [49].
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applications as bone tissues can grow into these open pores creating a mechanical

hinge and eliminating the need for cement.

The titanium coatings sprayed, have irregular porosity when sprayed by plasma.

Consequently, the pores are also not properly connected with one another. Sun

et al. [50] proposed using porous titanium coatings having Mg + Ti powders

integrated into titanium, where the Mg would hold as the constituents together and

can also be removed by the process of vacuum sintering. Obtained average porosity

was of 48.6% and pore sizes�70 to 150 μm. Furthermore, Gardon et al. [51] deposited

Ti onto PEEK (C6H4-O-C6H4-O-C6H4-CO-)n substrates using CS technology. Vis-

cous, homogeneous, and adhesive coatings were obtained on PEEK without its deg-

radation. This investigation evolved PEEK as a highly suitable biomedical implant.

CS technique has also found its usage as an alternative to plasma-sprayed technique

which is used to deposit bioceramics such as hydroxyapatite (Ca10(PO4)6(OH)2) [52].

HA has been widely used in dental and orthopedic implants due to its chemical and

crystallographic similarity with bone minerals. HA coatings promote rapid fixation

and stronger bonding between host bone and implant. In addition, there is increased

uniform bone ingrowth and on-growth at bone/implant surface. However, long-term

stability is still a challenge using earlier thermal spray techniques due to a high-

temperature deposition process. Thermal spraying technique has limitations such as

phase alteration, evaporation, deboning, residual stresses, etc. Also, when HA is

plasma-sprayed, the formation of phases of calcium phosphate [49] deteriorates the

novel bioactive properties of HA and adhesion to the bone implant. That’s why CS

has been proposed as an alternative to producing HA coatings with high density

and controlled crystallinity. There are also other low-temperature techniques such

as sol-gel, biomimetic deposition, solution deposition, electrochemical deposition

and atomic layer deposition [24], but HA coatings produced via CS technique is a sim-

ple and economical process as compared to other low-temperature range processes.

Choudhuri et al. [49] presented a novel approach to deposit bioceramic coatings, i.e.,

composite powders of titanium and HA on Ti and Al substrate using HPCS system.

Dense composite coatings, containing up to 30%HA have been deposited by this tech-

nique. The coatings density further increased by using sponge powder and nitrogen

process gas. Furthermore, Zhou et al. [53] evaluated the electrochemical behavior

of cold sprayed 20 and 50 wt% HA/Ti composite coatings. A 20 wt% HA/Ti compos-

ite coating exhibited higher corrosion current and lower corrosion resistance which

was improved by postspray heat treatment. The CS and postspray heat treatment pro-

vided an effective approach to manufacture HA/Ti composite coatings with good cor-

rosion and mechanical properties which is much needed for biomedical implant

applications. Some attempts have been made to improve the ductility and impart high

fracture toughness of HA. In recent years, graphene [54] has got a lot of attention in the

field of biomedical applications due to its exceptional mechanical, thermal, and elec-

trical properties. It has been found that the addition of graphene as additives in HA

could enhance load-bearing biomedical applications. Studies of graphene as biosen-

sors [55], nanoprobe [56], and drug delivery [57] have denoted its superior biocom-

patibility and biostability. Liu et al. [58] studied HA-GN (Graphene Nanosheet)

composite coatings onto Ti substrates at room temperature by VCS. It has been found

that HA-GN composite coatings retained nanostructural features of both HA and GN.
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Upon using HA-GN coatings, the adhesive and the multiplicative nature of osteoblast

cells increased significantly. This significant increase can be attributed to the rapid

take-up of key serum proteins fibronectin, having elongated stretching conformation

on GN. Moreover, Zeng et al. [59] reported that the addition of Graphene oxide as an

additive of HA enhanced both the crystallinity of deposited apatite particles and the

bonding strength of the synthesized composite coatings. More recently, Li et al. [60]

successfully synthesized and deposited HA-gentamicin sulfate (GS) composite powder

onto titanium substrates by vacuum cold spraying at room temperature. It was done by

dispersing synthesized HA powders in GS PBS solution and then dried. Gram-negative

bacterium Escherichia coli was used to evaluate the antibacterial properties of the sam-

ples whereas titanium substrate was used as controls. It has been found that antibacterial

rates of GS coatings showed the highest antibacterial rate. However, HA-GS (R) coating

(HA-GS coating immersed in PBS solution for 31 days) showed a slight decrease (Fig.

2.10), but still, favorable antibacterial property was observed. It confirmed that genta-

micin released was still bioactive. Moreover, the coating fabrication by VCS of HA-GS

composite with antibacterial agent-incorporated HA composite might open a new win-

dow for producing antimicrobial biomedical materials.

Sanpo et al. [61] studied the deposition characteristics of Al/ZnO coatings at room

temperature by examining deposits caused by CS processes using different ratios of Al/

ZnO powder. There has been a significant increase in the antibacterial activity with

increasing ZnO nanopowder concentration in the composite powder feedstock and

CS coating. Similarly, the antibacterial behavior of CS-Cu (chitosan-copper complex)

[62] powder and its depositions are tested against Escherichia coli. These results

showed how the antibacterial activity rose with mounting CS Cu/Al powder concentra-

tions in the composite powder feedstock and CS coating. Moreover, it has also been

demonstrated cold spraying a biopolymer complex is a possibility. Another recent paper

in this series has investigated the effect of different transition metals such as silver,

nickel, zinc, and copper-substituted HA/PEEK coatings [63] on the antimicrobial prop-

erties against Staphylococcus aureus. Preheating air temperatures (150–160)°C and

Fig. 2.10 Killing efficiency of HA coatings [60].
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pressure conditioning to 10–14 bar (parameters suitable to CS) resulted in successful

depositions by the CS process. Fig. 2.11 depicts the killing effect of all cold sprayed

samples when observed against the control solution. The HA-Ag PEEK is shown to

have the maximum antibacterial tendency as it had the least surviving population of

the bacteria.

Mangour et al. [64] studied the microstructural, mechanical properties and corro-

sion behavior of CS SS 316L-L605 mixture coatings onto mild steel substrate in

as-sprayed conditions. It has been found that CS process is an efficient technique

to produce coatings from various chemical compositions of powders with fine-grained

structure. Table 2.2 shows the deposition efficiency, coating thickness, and porosity of

different vol% of Co alloy in powder mixture. The heat treatments improved the den-

sification and porosity reduction as well as a significant increase in ductility. In addi-

tion, it has been concluded that SSmaterial mixed with Co alloys have better corrosion

and mechanical characteristics and is ideal for the development of a new class of

metallic biomaterials. Furthermore, Jin et al. [65] studied Ti-Cu-coated layer on

316 L Stainless Steel. It was obtained by using a Closed Field Unbalanced Magnetron

Sputtering (CFUMS) system to improve antimicrobial and corrosion properties.

Nearly all bacteria overlaid on Ti-Cu-coated on AISI316L killed within 6 h. The

results concluded that coatings exhibited excellent antibacterial abilities with the

modified surface due to the release of copper ions.

Alternatively, metallic glassy Cu50Ti30Ni20 fine powders [66] were synthesized as

a new class of antibacterial powders proposed for coating of 304 Stainless Steel using

CS technology. The coatings were fabricated at 400°C under helium gas at atmo-

spheric pressure. Fig. 2.12 shows the antimicrobial effect of coated substrates against

Escherichia coli biofilm formation. These were incubated for 24, 48, and 72 h. No

Fig. 2.11 Analysis of antibacterial properties of cold-sprayed coating samples compared with

control solution [63].
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Table 2.2 Microstructural parameters and micro-hardness of the cold sprayed coatings.

Vol% of

Co alloy

in

powder

mixture

Retained

volume% of

Co alloy in

as-sprayed

coating

Deposition

efficiency

(%)

Number

of spray

passes

Coating

thickness

(mm)

Porosity

(%)

Matrix

Vickers

hardness

(HV)

25 23.45 77 60 3.4 1.2 432.8

33.3 30.67 50 35 2.5 0.81 440.3

50 33.11 9 50 0.47 4.45 301

Fig. 2.12 Effect of (A, B) elemental metal, and (C, D) metallic alloys CS coatings on biofilm

formation by Escherichia coli (ATCC 25922) after 24, 48, and 72 h.
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biofilm formation was there in Cu-coated substrate as compared to negative control

substrate SUS304 in which high bacteria count was observed. Furthermore,

Cu50Ti30Ni20�coated substrate was more effective against biofilm formation when

Ni was combined with Cu and Ti. This method, however, did not result in crystalli-

zation of the metallic glassy phase but it might provide a possible path to control the

creation of biofilm.

Copper (Cu) has been already highlighted as an antibacterial material. The

antibacterial activity of copper does not come from itself but rather than the utilized

technique. CS processes are able to directly deposit copper on touch surfaces as coat-

ings. Champagne et al. [67] produced the deposition of copper by three TS methods:

plasma spray, wire arc spray, and CS. Surfaces were treated with Staphylococcus
aureus (MRSA) having resistance to meticillin. Then those samples were kept at room

temperature for nearly 130 min. Fig. 2.13 shows the amount of MRSA living after

being exposed to different copper coatings. CS resulted in the least amount of MRSA

surviving 2 h exposure as compared to other methods because it involves high strain

rates which lead to extreme work hardening and high dislocation density than any

other coating. However, there is less research existing on the use of copper as an ant-

iviral agent and on the effects of nanomaterial copper surfaces in contact killing of

viruses. Sundberg et al. [68] evaluated the use of conventional and nanocopper CS

particles toward the antivirus contact killing of the Influenza A virus. The results

showed that the nanocopper surface was more effective at the percent reduction of

Influenza A virus than that of conventional copper. However, nanocopper was less

effective than the study of antimicrobial killing of MRSA on copper surfaces [59].

The superiority of nano-agglomerate was due to an increase in grain boundaries at

the nano-level. Surface roughness is also determined to be a major contributing factor

to higher contact killing of the Influenza A virus.

On the other hand, investigations and studies have also been carried out on bio-

degradable implants and biocompatible coatings for implant material. The most
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Fig. 2.13 Percent MRSA surviving after exposure to various copper deposits [67].
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reputable material for implant applications has been Mg-based alloys [69] due to their

good biocompatibility, biodegradability, and acceptable mechanical properties. These

are lightweight materials with densities similar to those of human critical bone. How-

ever, rapid degradation of Mg inside the human body has always been a stumbling

block for its use in the clinic. For any biodegradable implant material, it is important

that the rate of implant degradation matches the rate of healing of bone tissue. AZ

series alloys, mainly AZ31 (3%Al, 1% Zn) and AZ91 (9% Al, 1% Zn) alloy corrosion

behavior have been extensively studied in Hanks solution. However, some efforts

have been made to deposit cold sprayed coatings on Mg-based alloys to control its

localized corrosion behavior. In the recent study done on AZ91D alloy substrate,

Wang et al. [70] observed how CS and DS affected the microstructural aspects and

other properties of Al-Al2O3 composite coatings. It has been found that both deposi-

tions provided better resistance to corrosion. However, the cold sprayed process pro-

duced more dense coatings as compared to DS coatings due to the bombardment of

particles at a very high speed during the solid state. Al-based Noorkama et al. [71]

deposited HAP coatings of the order 25 μmonAZ51 (5%Al, 1%Zn) samples by using

a pressurized spray of cold air through a nozzle-like structure. SBF tests showed that

HAP-coated samples began to dissolve after a day of holding. The samples started to

regenerate on nearly the 10th day of observation (Fig. 2.14) confirming that coating is

bioactive. However, the ones without any coatings degraded heavily from the

Fig. 2.14 Surface morphology of HAP-coated samples (A) after 1 day, (B) after 4 days,

(C) after 10 days, and (D) after 14 days of immersion in SBF. Initial degradation (A, B) and

isolated re-precipitation (C, D) of apatite is visible [71].

Antibacterial and antimicrobial coatings on metal substrates 33



beginning. The results thereby proved how the alloys having coatings were biodegrad-

able as well as biocompatible and thus suited to be implanted orthopedically.

Similarly, PEEK has been already highlighted as a novel implant material due to its

mechanical properties’ resemblance with the human bone. Lee et al. [72] tested the bio-

compatibility ofHAcoatingonPEEKimplant addedwithCSmethod invitro and invivo.

The MTS assay, ALP assay, calcium assay was performed. The cell proliferation index,

ALP activity of cultured hBMCS as well as calcium concentration of cultured hBMCS

was significantly higher in cells on HA-coated PEEK disks (Fig. 2.15). It is due to rough

surfaces of the HA coating layer which provides a larger interfacial contact area as com-

pared to the smooth surfaceofbarePEEK. Inaddition, the hydrophilic andbiocompatible

nature byHA-coated layersmodified the surface of PEEKand thusmaking it suitable for

cells to grow on. The coatings promoted the differentiation and proliferation of cultured

hBMSCs and promoted bone fusion with surrounding iliac bone.

Gardon et al. [73] applied nanostructured anatase coatings onto biocompatible

PEEK by cold gas spray. He studied cell proliferation, cell viability and cell differen-

tiation on PEEK, and CGS Ti layer and CGS nano TiO2 coatings. In terms of cell
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Fig. 2.15 (A) Cell proliferation by MTS assay, (B) ALP activity, (C) calcium assay, and

(D) The RT-PCR results of osteoblast differentiation [72].
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viability and cell proliferation, Ti surfaces showed better biological responses from

3 days of cell culture than PEEK. In addition, PEEK coated with nanostructure tita-

nium oxide showed optimal results in osteoblast differentiation (Fig. 2.16).

Lee et al. [74] performed similar in vitro and in vivo studies on the surface of three

dimensionally shaped HA-PEEK substrates by CS. A homogeneous coating regard-

less of the height difference and gradient level was formed on the surface of PEEK

implants. Fig. 2.17 depicts the both ridged and flat surfaces of HA-coated PEEK

implant interacted with surrounding bone tissue while fibrous tissue interaction

was observed in the case of implant and bone in bare PEEK implant. HA-coated

implant enhanced the fusion rate with bone and achieved better stability for bone

recovery. Further, in vitro tests concluded that HA-coated PEEK implants demon-

strated enhanced ALP activity.

Another recent paper in this series is slightly different from previous studies.

Vilardell et al. [75] studied the differences in cell proliferation and differentiation

up to 10 days of nanotextured samples taking into consideration factors like topogra-

phy and composition. The anatase hierarchal structures were achieved upon using

nanotexturing surface treatments like (i) anodic oxidation (ii) alkaline treatment onto

roughly as-sprayed CGS Cp-Ti coatings. In the anodic oxidation, due to organized

Fig. 2.16 (A) Cell proliferation, (B) cell viability, and (C) cell differentiation results on PEEK,

CGS Ti, CGS nano-TiO2 [73].
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porous structures which facilitate the cell attachment favoring cell proliferation. It led

to the highest cell proliferation values whereas the best surface nanostructure was

obtained after the alkaline heat treatment.

2.7 Sustainability and cold spray technique

From the sustainability viewpoint, CS technique has the following features:

500 mm

500 mm

500 mm

500 mm

Fig. 2.17 In vivo evaluation of HA-coated PEEK implant, both the (A) ridged and flat,

(B) noncoated PEEK implant, (C) ridged, and (D) flat surface.

Table 2.3 Characteristics parameters of cold spray and some thermal spray techniques [76].

Wire arc Plasma HVOF Cold spray

Jet temperature (K) 6000 13,000 5500 300–900
Jet velocity (m/s) 50–100 800–1500 1000–2000 1000–2500
Gas Air, N2, Ar Ar, H2, N2, He CH4, C3H6,H2 Air, N2, He

Gas flow rates (N/m) 500–3000 40–150 400–1100 1000–3300
Power (kW) 2–5 40–200 150–300 5–10
Feedstock (g/mn) 150–2000 10–80 15–50 20–80
Deposit density (%) 80–95 90–95 >95 >95
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l No requirement of high temperature at the beginning of the process. However, temperature

increases due to conversion of the kinetic energy to heat.
l The composition of initial phases can be retained.
l Very little amount of oxidation.
l Elimination of solidification stresses that enables the formation of thicker coatings.
l Contains lower defects density.
l Recyclability of this process makes it cost-effective although costly Helium gas is used.

Generally, CS processes are advantageous (see Table 2.3) considering so many

aspects, like high deposition efficiency, high deposition rate, high denseness,

minimal thermal input to the substrate, no oxidation, and no phase changes. This

process enables the production of overall dense coatings with porosity free and pure

(without oxidation) coating structures. Furthermore, cold sprayed coatings with

impermeable structures have high potential to be used in corrosion protection. Spa-

tial density improvement can be done by optimized powder spraying parameters

combination, by optimized powder feedstock (e.g., by adding hard particles to

metallic powder) and by assisting or posttreatments (e.g., laser assistance or heat

treatments).

Cold spraying has proven to be an optimal thermal spray method in order to prepare

fully dense or low-porosity coatings from metallic or composite powder feedstock

(e.g., Al, Zn, Cu, Ta, Ti, stainless steel, Ni, and Ni alloys). This opens new possibilities

to use cold sprayed coatings as real corrosion barrier coatings in the applications

where high corrosion resistance is needed.

2.8 Green aspects of cold spray

CS is considered as a “green” technology. It creates no harmful emissions and con-

sequently has no appreciable environmental impact, and is a powerful tool for sustain-

ability across a wide range of industries by repairing rather than replacing

components.

CS can even perform “spot” repairs on components coated with other plating and

thermal spray processes which would normally have to be entirely removed and

recoated to repair a damaged area. Thus, CS supports sustainable manufacturing in

the following ways:

(1) Relatively lower environmental impact.

(2) Supports repair rather than replacement.

(3) High performance extending the shelf life of components.

(4) Replacement of more polluting or less sustainable alternatives.

l Environmental concerns

Overall, CS technology has a low environmental impact as an industrial process [77].

There are no toxic fumes or harmful emissions from the process, metal powders, and

inert gases such as helium are recyclable, and the powders can be deposited with very

high efficiencies.
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l Repair over replacement

Probably the most obvious way that CS technology enhances the sustainability of

manufacturing and manufactured systems is through repairing rather than replacing

components. The decision to repair or replace is also highly driven by both repair cost

and repair frequency. With CS, there is the opportunity to both maintain reasonable

repair costs and reduce the frequency of repair.

l Increment in shelf life with the use of advanced coatings [78]

CS offers increased sustainability in a way by replacing less sustainable practices like

improving upon the material used in spraying in order to reduce chances of corrosion

or wear or instance, ceramics and carbide powders can be easily incorporated into CS

deposits, providing significant wear benefits. Furthermore, materials with different

electrochemical corrosion potentials can be deposited, such that the CS zone corrodes

preferentially (anodic), at a similar rate to the substrate (matching), or is protected

from corrosion (cathodic), or because it generally resists chemical corrosion in that

environment.

l Replacement of more polluting or less sustainable options

In particular, chrome plating, which releases hexavalent chrome, Cr(VI), and is a gen-

otoxic carcinogen, has been targeted for replacement due to its low exposure limits set

by governing bodies such as Occupational Safety and Health Agency (OSHA) [79] in

the United States. CS offers an attractive alternative, as no hexavalent chrome or metal

fumes are produced during the process. CS also boasts very high deposition efficien-

cies under optimum conditions. These efficiencies are 2–3 times higher compared to

the typical values observed in the thermal spray technique. This increased efficiency

can lower the cost and reduce the waste generation compared to the other processes.

2.9 Future prospects and concluding remarks

CS is the solid-state material process, where particles of the order of micron size bond

to substrate due to high sonic velocity impact and associate with severe plastic defor-

mation. In the earlier stages, it was only possible to deposit metallic materials to

understand its adhesion mechanism. But in recent decades, new advanced materials

can be used for coatings for specific applications and hence reducing the excess mate-

rial consumption. For example, it is now possible to deposit brittle materials such as

cermet, metals composites, and metallic glasses in a ductile matrix. However, there

are still some open discussions about the cold spraying behavior of brittle materials.

For instance, there is a possibility of deposition between two limiting impact velocities

using molecular dynamics [80] (Fig. 2.18). Further, there is a certain degree of

mechanical shock to the surface due to the particle impact and thermal shock due

to the high temperature. In the case of bulk metallic glasses, there is no standard

way to characterize the deposition of BMG coatings. The adhesion mechanism of

BMG is complex and is yet to be understood. Ceramics and cermet may be classified

as intrinsically brittle materials. Small particles agglomerates with a certain level of
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porosity were used. But there is very little information available regarding deforma-

tion and mechanism of such agglomerates [81]. Further, Shear instability and mech-

anism of coating buildup in a ceramic deposition is still in the initial stage and more

fundamental studies are needed to perform for this phase. Deposition of polymer sub-

strates is new and in the development stage by the cold spraying process. Polymers

have got a wide range of applications [39] in the field of electrical device, composites,

biomedical devices, and many newly developed high-tech ceramics. The main differ-

ence between polymer and metal depositing is the critical velocity and temperature of

deposition. Polymers need much lower velocities as compared to metallic deposition.

In addition, they have lower melting temperatures. In regard, modifications have been

done in the initial design of nozzle, i.e., using cylindrical nozzle [39] instead of

de-Laval nozzle. Similarly, the cold spraying technique has gained considerable atten-

tion in the field of metal matrix composites. It has improved the mechanical proper-

ties, corrosion behavior as well as wear resistance. There have been several studies and

all show that there is no alloying, phase transformation, and the onset of thermite reac-

tion during CS deposition. There are lot of questions regarding the effect of gran-

ulometry, the mass ratio of powders, and powder characteristics of coatings to the

substrate which are needed to be addressed in a systematic way.

CS is considered one of the most effective and promising technology for producing

antibacterial and antimicrobial coatings in biomaterials. It has inhibited the bacterial

activity and improved the biocompatibility of implants. However, fundamental stud-

ies on the deposition of substrates have not been quantitatively conducted. Results

from limited experiments are not adequate to form a concrete conclusion regarding

the antibacterial properties of CS depositions. Still, more tests are needed to be carried

out using various strains of bacteria, in the future. The killing mechanisms by different

transition metals [63] such as silver, nickel, and zinc against Staphylococcus aureus
has not been explained and a valid mechanism can be suggested by performing a

Fig. 2.18 Window of deposition for simulation of the impact of brittle materials [76].
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greater number of experiments with other transition metals. In the study of cold

sprayed SS-33.3% Co [64], it has shown the formation of novel metallic biomaterials

with improved mechanical and corrosion properties. More in vivo and in vitro tests are

required in the upcoming future to assess its antibacterial property. The study of HA

coating on PEEK substrate [72] by cold spraying confirmed its clinical applicability in

the near future for quicker recovery. Further, 3D PEEK implants having HA deposited

on them [74] can have applications in treating degenerative spinal disorders. Further,

this new coating technique shall help in strategizing the formation of coatings on 3D

layers of inert implant materials in the near future. On the other hand, limited number

of investigations exists on the use of nano-material copper [68] as antimicrobial sur-

face. More research needs to be carried out to assess its surface morphology on micron

and nanoscale to determine its effect on contact killing of Influenza A Virus. It can be

predicted in the near future that new antibacterial coatings produced by CSwill exhibit

the best compatibility with biomaterials and the new surfaces developed, will kill the

bacteria effectively.

2.10 Summary

Thereby we can infer that antiviral agents, e.g., Cu, Ag, and Zn have been thoroughly

studied and their uses have increased rapidly for the purpose of combating infections

and also to reduce wastage. CS is a new promising technology that has attracted con-

siderable attention in the field of coatings and additive manufacturing like intermetal-

lics, metallic glasses, ceramics, and composites in recent years. It can deposit thick

coatings cold with high deposition efficiency as compared to other thermal spraying

techniques. It has got unique characteristics like low-temperature processing due to

which no oxidation happens and the microstructure of the coatings is the same as that

of feedstock material. There has been much interest in research on the development of

antimicrobial coatings cold spraying within the past few decades. These cold sprayed

coatings can be used for the prevention of transfer of bacteria from the contact surfaces

to healthy people.

However, a lot of work still needs to be done to convert the theoretical studies and

experimental investigations to the commercial level. More experiments needed to be

performed aided by tests on animals and also by other clinical trials in order to accu-

rately interpret the antimicrobial properties that these agents have. There are many

material systems left in which the mechanism of deposition by CS and feedstock pow-

ders for producing antimicrobial is still not well explored and extensively discussed.

More in vitro and in vivo studies are needed to be carried out. These coatings possess

huge potential for the development of contact surfaces in many places like hospitals,

restaurants, trains, theaters, cash machines, schools, and other objects in the near

future. Here, we tried to sketch a strategic present and future perspective of bacteria

resistant coatings on metals and polymers substrates using CS.We hope that ideas and

proposals presented in this review will help researchers in moving forward and push-

ing the limits of CS technique toward their clinical antimicrobial applications.
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3.1 Introduction

Graphene belonging to a new generation of 2D carbon nanomaterials made up entirely

of sp2-C spread endlessly in a honeycomb fashion [1]. Its oxidized form, that is,

graphene oxide (GO) and other chemically modified graphenes (CMGs) are often

used as heterogeneous catalysts because of their vast potential in catalysis under envi-

ronmentally benign conditions [2, 3]. Owing to its oxidative and acidic properties, GO

has become one of the fundamental carbocatalysts for the synthesis of heterocyclic

compounds with a pursuit of biological relevance. The most common method for

the preparation of GO dates back to 1958 [4] when Hummers and Offeman presented

a safer method for the oxidation of graphite powder into GO (Fig. 3.1). Recently, in

2010, Tour’s modified the Hummers method, which claimed to generate a more oxi-

dized form of GO [5].

The oxidative and acidic properties of pristine GO are suitably modified resulting in

the formation of new nanocomposite materials with different catalytic properties [2].

These nanocomposites are then used as heterogeneous catalysts for multifarious pur-

poses including the synthesis of diverse complex organic molecules [2].

Heterocyclic scaffolds like benzothiazines, quinoxalines, imidazopyridines, pyri-

dines, and pyrimidones possess extensive medicinal properties [6–9]. Functionalized
benzothiazines, quinoxalines, pyridines, and congeners are the key structural units in

numerous bioactive molecules. Several clinical drugs and bioactive molecules like

amlodipine (calcium channel blockers), zolpidem (for treating insomnia), varenicline

(for treating nicotine addiction), omeprazole (proton pump inhibitor), nolatrexed

(thymidylate synthase inhibitor), etc. contain privileged heterocyclic scaffolds as their

core unit (Fig. 3.2).
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Fig. 3.1 Representation for the preparation of graphene oxide by Hummers method.
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3.2 Strategies for the synthesis of medicinally important
heterocyclic scaffolds using GO and CMGs

In 2010, Bielawaski and coworkers used GO as a heterogeneous catalyst for oxidation

and hydration reactions [10]. Since, then the concept of carbocatalysis using GO has

been widely explored for facilitating a number of synthetically useful transformations

[11, 12]. The acidic and oxidative functionalities of GO has been suitably exploited in

reactions involving aerobic conditions. Besides, there are numerous reports where the

surface of graphene/GO has been modified suitably giving rise to chemically modified

graphenes (CMGs) [2, 3]. Metal nanoparticles (NPs) are immobilized on to the surface

of these materials giving rise to myriads of new nanocomposites with enhanced cat-

alytic activity [2]. Thus, catalysis using GO and CMGs has emerged as an intriguing

new direction in contemporary organic synthesis.

In the following section, we attempt to highlight the diverse strategies involved in

the synthesis of numerous heterocyclic scaffolds by employing pristine GO or CMGs

as heterogeneous catalyst.

Fig. 3.2 Medicinally important heterocyclic compounds.
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3.2.1 Synthesis of substituted pyrroles and related heterocycles
using GO nanosheets

Five-membered heterocycles containing N, O, and S are prevalent in nature. A wide

range of bioactive natural products like cotinine (tobacco alkaloid) and doxapram

(respiratory stimulant) contains 2-pyrrolidinone core as the structural unit [13–15].
Various substituted 2-pyrrolidinone are used in antibacterial [16], antiinflammatory

[17], and antimicrobial treatments [18]. Benzofuran which is another important het-

erocyclic compound contains oxygen as heteroatom. Various bioactive compounds

and organic materials possess benzofuran moiety as their core unit [19].

Das et al. have achieved the synthesis of diverse 2-pyrrolidinones, 3,4,5-substituted

furanones, and 2-oxo dihydropyrroles using GO nanosheets as catalyst (Scheme 3.1).

In the synthesis of 2-pyrrolidinones 1, a variety of primary amines, aldehydes, and

diethyl acetylenedicarboxylate were stirred at room temperature in water for

50–80 min. The same reaction when carried out without any solvent afforded

3,4,5-substituted furanones 2. Furthermore, the solvent-free variant in the presence

of the same or different amine in an equivalent amount resulted in the formation of

a different heterocyclic compound, 2-oxo dihydropyrrole 3. Thus, in the formation

of such closely related heterocyclic compounds, solvent played a prominent role by

altering the course of the reaction [20].

A series of 2-oxo dihydropyrroles 4 were synthesized by Niknam et al., from three-

component reactionamongformaldehyde,amines, anddimethylacetylenedicarboxylate

(Scheme 3.2) using GO as catalyst in ethanol at room temperature [21].

Balakrishna and coworkers synthesized diverse 2-substituted indoles 5 and

2-substituted benzofurans 6 using graphene oxide grafted aminobisphosphine-Pd(II)

complex (Scheme 3.3) as a heterogeneous catalyst (GO@PNP-Pd). A tandem cou-

pling and cyclization reaction of 2-iodoanilines/2-iodophenols and terminal alkynes

results in the formation of indole and benzofuran derivatives in good to excellent

yields [22].

Scheme 3.1 Synthesis of 2-pyrrolidinones, 3,4,5-substituted furanones, and 2-oxo

dihydropyrroles.
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3.2.2 Synthetic approaches for quinazoline derivatives

Owing to the diverse application in the field of medicinal chemistry, the synthesis of

quinazoline derivatives is a challenging area of research [23, 24]. Several quinazoline

derivatives are used as antihypertensive [25], anticancer [26], antitubercular [27],

antiinflammation [28], and antitumor agents [29]. Besides, some quinazolinone-based

compounds like albaconazole, febrifugine, and isofebrifugine possess a significant

biological activity [30].

Recently, Pramanik and his group have developed a facile and convenient protocol

for a one-pot synthesis of pharmaceutically interesting diverse quinazoline derivatives

using GO as a carbocatalyst (Scheme 3.4). A library of isoindolo[2,1-a]quinazoline-
5,11-diones 7 were synthesized from 2-carboxybenzaldehyde and

2-aminobenzohydrazides/2-aminobenzamides via domino condensations under

solvent-free conditions [31].

Kumari and coworkers accomplished the synthesis of quinazolinones employing

DMSO as one carbon synthon in the presence of GO catalyst (Scheme 3.5). A wide

range of 3-substituted quinazolinones 8 were synthesized by three-component reaction

of isatoic anhydride, substituted methyl amines, and DMSO (one carbon source) [30].

An efficient on-water reaction of 2-aminobenzamide and aldehyde/ketone in the

presence of GO leading to the formation of 2,3-dihydroquinazolinones and

quinazolin-4(3H)-ones has been reported by Das and coworkers (Scheme 3.6). It is

noteworthy to mention that during the synthesis of quinazolin-4(3H)-ones, oxone
has been used as a co-oxidant in combination with graphene oxide catalyst [32].

Mahdavi et al. have developed a novel magnetic copper(II) supported

polyethylenimine-functionalized graphene oxide catalyst (Cu@PEI-MGO) for the

synthesis of quinazolinones 10 from 2-aminobenzamide and benzylacetamide

(Scheme 3.7) in the presence ofN-hydroxyphthalimide (NHPI) and O2 as oxidant [33].

2–7 h

Scheme 3.2 Synthesis of 2-oxo dihydropyrroles.

70° 70°

Scheme 3.3 Synthesis of 2-substituted indoles and 2-substituted benzofurans.
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Quinazolin-4(3H)-ones11havebeen synthesizedbyPd-supportedmagnetic graphene

oxide (Pd@MGO) as a heterogeneous catalyst (Scheme 3.8). Themethodology involves

carbonylation-cyclization of N-(2-bromoaryl) benzimidamides, where Mo(CO)6 acts as

the CO source [34].

R′
R′

Scheme 3.4 Synthesis of isoindolo[2,1-a]quinazolinones.

130°C

Scheme 3.5 Synthesis of 3-substituted quinazolinones.

Scheme 3.6 Synthesis of 2,3-dihydroquinazolinones and quinazolin-4(3H)-ones.

Scheme 3.7 Synthesis of quinazolin-4(3H)-ones.

Scheme 3.8 Synthesis of quinazolin-4(3H)-ones using Pd-supported magnetic GO.
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3.2.3 Multicomponent approach for the synthesis of substituted
pyridine derivatives

Among the six-membered nitrogen heterocycles, the entity that has by far received the

most attention is pyridine. Another important analog, 1,4-dihydropyridine (1,4-DHP)

has attracted much attention owing to its diverse pharmaceutical and biological profile

[35–37]. Pyridine and substituted pyridines are privileged pharmacophores for mul-

tifarious marketed drugs like amlodipine, nifedipine, etc. [38–41].
Kapoor et al. have developed a one-pot multicomponent strategy for the synthesis

of functionalized tetrahydropyridines (Scheme 3.9). A library of diverse poly-

substituted tetrahydropyridines 12 was synthesized using β-ketoester, aldehyde, and
aniline. The authors also proposed a plausible mechanistic pathway and tested the

recyclability of GO for five consecutive runs [42].

Another efficient protocol for the synthesis of 2-amino-3-cyanopyridines 13 has

been demonstrated by Khalili (Scheme 3.10). A simple multicomponent reaction

among aldehyde, ketone, malononitrile, and ammonium acetate using GO in water

under air, formed corresponding pyridine derivatives in good to excellent

yields [43].

Sen et al. reported the synthesis of 1,8-dioxoacridine derivatives 14, which is an

essential heterocyclic scaffold for numerous bioactive compounds. Aromatic alde-

hydes, anilines, and dimedone were reacted (Scheme 3.11) in the presence of DMF

as solvent via a multicomponent approach [44].

Recently, Basu and coworkers have reported the synthesis of diverse

1,4-dihydropyridines 15, 1,8-dioxoacridines 16, and polyhydroquinolines 17 using

amine-functionalized graphene oxide nanosheets (AFGONs) as a heterogeneous and

recyclable catalyst (Scheme 3.12). Using pristine GO as catalyst results in the

formation of oxidized pyridine derivatives. Further functionalization of the surface

of GO limits its oxidizing property and consequently prevents oxidation of

1,4-dihydropyridines to pyridines. The reaction conditions are facile, and a plausible

mechanism based on some control experiments has been demonstrated [45].

Kilbas et al. have developed monodispersed Pd, Ru, and Ni NPs embedded on

graphene oxide nanosheets by using double solvent reduction method under

ultrasonication. The as-prepared material (PdRuNi@GO) has been used for the syn-

thesis of 1,4-dihydropyridines 18 (Scheme 3.13). The same catalyst was also used

for the synthesis of hexahydroquinolines 19 based on a multicomponent

approach [46].

Hexahydroquinoline derivatives 19 were also synthesized by the research group of
Skibsted, using a novel multifunctional heterogeneous catalyst (Scheme 3.13). They

prepared ionic liquid grafted graphene oxide (IL@GO) catalyst and characterized it

through spectroscopic, microscopic, and MAS-NMR techniques [47].

The synthesis of 1,8-dioxoacridines 20 has been accomplished by using

5-sulfobenzoic acid-functionalized graphene oxide catalyst (SBGO) under solvent-

free conditions (Scheme 3.14) [48].

Dandia et al. synthesized pyrroloacridines by using Ag NPs immobilized on

reduced graphene oxide surface (Ag NPs/RGO). A three-component approach
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involving isatin, anilines, and dimedone in the presence of Ag NPs/RGO (Scheme

3.15) selectively forms pyrrolo[2,3,4-kl]acridin-1-ones 21 under microwave irradi-

ation (400 W). The mechanism of the reaction involves the cleavage of amidic CdN

bond of isatin followed by cyclization to form the desired pyrroloacridines [49].

Magnetic graphene oxide anchored sulfonic acid (CoFe2O4/GO-SO3H) has been

prepared and employed in the synthesis of pyrazolopyridines 22 in deep eutectic sol-

vent under microwave irradiation (700 W). Three-component reaction in choline

chloride/glycerol as a green solvent furnished the desired products in 84%–95% yield

(Scheme 3.16). The reusability of the catalyst and a plausible mechanism has also

been demonstrated [50].

3–4 h

Scheme 3.9 Synthesis of polysubstituted tetrahydropyridines.

80°C

Scheme 3.10 Synthesis of 2-amino-3-cyanopyridines.

100°C
1–2 h

Scheme 3.11 Synthesis of 1,8-dioxoacridine derivatives.
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2–4 h

2–4 h

Scheme 3.12 Synthesis of 1,4-dihydropyridines, 1,8-dioxoacridines, and polyhydroquinolines.

70°C

70°C

15–30

Scheme 3.13 Synthesis of dihydropyridines and hexahydroquinolines.

58–120 min

R′

R′
80°C

Scheme 3.14 Synthesis of 1,8-dioxoacridines using SBGO catalyst.
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Imidazopyridines are another essential class of structural motifs present in a wide

variety of clinical drugs like zolpidem, miroprofen, olprinone, etc. [51–61]. Basu
et al. have used catalytic graphene oxide in combinationwith sodium iodide for the facile

synthesisof imidazo[1,2-a]pyridines23and3-sulfenylimidazo[1,2-a]pyridines24based
on amulticomponent approach (Scheme 3.17). They have also recycled the catalyst and

proposed a plausible mechanism involving Ortoleva-king-type intermediate [62].

Artemkina and coworkers have prepared different RGO and boron nitride supported

copper nanocomposite catalysts for the synthesis of imidazo[1,2-a]pyridines 25.
Among them, copper oxide supported RGO nanocomposite (CuO/RGO) was found

to be efficient for the synthesis of substituted imidazopyridines (Scheme 3.18).

A three-component reaction of 2-aminopyridines, aldehydes, and terminal alkynes

resulted in the formation of 25 in 86%–95% yield [63].

70°C

Scheme 3.15 Synthesis of pyrroloacridines.

Scheme 3.17 Synthesis of imidazo[1,2-a]pyridines and 3-sulfenylimidazo[1,2-a]pyridines.

80°C
10–15 min

Scheme 3.16 Synthesis of pyrazolopyridines.
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3.2.4 Synthesis of benzothiazines, benzothiazoles, imidazoles,
and benzimidazoles

Functionalized benzothiazines 26 exhibits multifarious biological properties related to

HIV, malaria, cardiovascular ailments, etc. [64, 65]. GO as a catalyst displays

chemoselectivity in the reaction of 2-aminothiophenol and 1,3-dicarbonyl com-

pounds. The reaction when carried out using p-toluenesulfonic acid (p-TSA) forms

substituted benzothiazoles. However, the same reaction when conducted using GO

as catalyst (Scheme 3.19) selectively forms functionalized benzothiazines [66].

Nemade and his groups have synthesized 2-substituted benzothiazoles and

benzimidazoles 27 by reacting various aldehydes and 1,2-diaminobenzene/

2-aminothiophenol in the presence of GO catalyst (Scheme 3.20) under conventional

heating at 60°C, as well as by ultrasonic irradiation at 35°C. The yield of products

enhanced when the reaction was performed under ultrasonic irradiation [67].

Sulfonic acid-functionalized magnetic graphene oxide (Fe3O4@GO-Pr-SO3H) was

prepared and used in the synthesis tetrasubstituted imidazoles 28. A four-component

methodology using benzil, aromatic aldehydes, primary amines, and ammonium

acetate (Scheme 3.21) furnished the desired imidazoles in 89%–95% yield [68].

Zandi et al. have used covalently functionalized fluorinated graphene oxide

(A-MFGO) as an efficient catalyst for the synthesis of 2,4,5-trisubstituted imidazoles

29. The reaction conditions involve a three-component strategy using benzil, aromatic

aldehydes, and ammonium acetate (Scheme 3.21) in the presence of A-MFGO

(accompanied with H2SO4) in EtOH [69].

Graphene oxide-chitosan bionanocomposite has been prepared by Paydar and

coworkers. This polysaccharide grafted GO composite was used for the synthesis of

2,4,5-trisubstituted imidazoles 30 through a one-pot three-component reaction

of benzoin or benzil, benzaldehydes, and NH4OAc (Scheme 3.22). Moreover,

GO-chitosan composite also exhibits good biocompatibility and biodegradability [70].

110°C

Scheme 3.18 Synthesis of imidazo[1,2-a]pyridines.

Scheme 3.19 Synthesis of functionalized benzothiazines.
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3.2.5 Synthesis of functionalized quinoxalines

Quinoxalines are another important class of heterocyclic compounds, associated with

wider pharmacological applications [71–73]. They are used in the treatment of

bacterial, cancer, and HIV infections [74–77]. Moreover, varenicline, a clinical drug

is used for treating nicotine addiction, also contains quinoxaline moiety [78].

A one-pot tandem reduction and condensation of 2-nitroanilines with 1,2-diketo

compounds or α-hydroxyketones for the synthesis of quinoxalines 31 has been

reported by Basu and his group (Scheme 3.23). Initially, reduction of nitroanilines

with hydrazine hydrate takes place in the surface of graphene oxide (GO) or reduced

graphene oxide (RGO), which then undergoes condensation reaction to afford

diversely functionalized quinoxalines in good to excellent yields [79].

In another method, Chowhan et al. have synthesized spiro compounds, via

azomethine ylid-mediated 1,3-dipolar cycloaddition reaction using GO catalyst

(Scheme 3.24). A vast array of spiro indenoquinoxaline pyrrolizidines 32 and spiro

120°C

18–40

8–35

Scheme 3.22 Synthesis of 2,4,5-trisubstituted imidazoles.

Scheme 3.20 Synthesis of benzothiazoles and benzimidazoles.

14–21

110°C

R′

R′

R′

Scheme 3.21 Synthesis of tri- and tetra-substituted imidazoles.
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oxindoles pyrrolizidines 33 were synthesized with excellent regio- and

diastereoselectivity [80].

Shingare et al. have synthesized diverse quinoxalines 34 from o-phenylene
diamines and 1,2-doketo/substituted phenacyl bromide by using silica-graphene oxide

nanocomposite catalyst (SiO2-GO). A comparison between SiO2, GO, and SiO2-GO

nanocomposite, with respect to product yield, showed that the yield of the desired

product substantially increased when SiO2-GO was used as catalyst (Scheme 3.25).

A cooperative effect between silica and GO was suggested for the enhanced catalytic

activity of SiO2-GO [81].

Scheme 3.24 Synthesis of spiro compounds via azomethine ylids.

35–40 min15–20 min

Scheme 3.25 Synthesis of quinoxalines using SiO2-GO nanocomposite.

100°C, 3–4 h

60–80°C, 1.5–4 h

Scheme 3.23 Synthesis of quinoxalines.
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3.2.6 Synthesis of 4H-pyrans, coumarins, chromenes, flavones,
and xanthenes

The synthesis of pyrans, chromenes, flavones, and other oxygen-heterocycles are an

important area of research owing to their diverse application in medicinal chemistry

[82–87]. Pyrans and chromenes are widely distributed in natural products and shows

antifungal, insecticidal, anti-HIV, antiinflammatory, and antibacterial activities

[88–92].
A library of pyranopyrans 35 and pyranoquinolines 36 was synthesized from

chalcones and 4-hydroxycoumarin/4-hydroxy-1-methylquinolinone/4-hydroxypyrane

(Scheme 3.26) in water using catalytic amount of GO [93].

A simple methodology for the synthesis of substituted pyranocoumarins 37 has

been reported by Abbasabadi et al. (Scheme 3.27). A three-component protocol using

aldehydes, 4-hydroxycoumarin, and malononitrile using GO under reflux in aqueous

EtOH furnished the desired pyranocoumarins [94].

Krishnan et al. have described the synthesis of aryl-substituted 4H-chromenes 38 by
using potassium-functionalized graphitic carbon nitride supported on reduced graphene

oxide (KGCN-RGO) as a heterogeneous recyclable catalyst (Scheme 3.28). Based on a

three-component reaction, diverse chromene derivatives were synthesized with high

atom economy and shorter reaction time [95].

Gold NPs supported on thiol-functionalized reduced graphene oxide

(AuNPs@RGO-SH) catalytic system was utilized for the synthesis of tetrahydro-

4H-chromenes 39 in aqueous media (Scheme 3.29). The reaction mechanism involves

knoevenagel condensation between aldehyde and malononitrile, where Au NPs aids in

the polarization of carbonyl moieties [96].

In another report, Sen et al. have also synthesized similar 2-amino-4H-chromenes

40 by using bimetallic PddRu NPs immobilized on GO (Scheme 3.30). A three-

component reaction of resorcinol, aromatic aldehydes, and malononitrile resulted

in the formation of 40 in excellent yields [97].

Badri and his group have synthesized 40 by using sulfonated reduced graphene

oxide (RGO-SO3H) as catalyst (Scheme 3.30). A similar three-component approach

was employed in the presence of RGO-SO3H, which furnished the desired chromenes

in 86%–97% yields [98].

A magnetically separable nanocatalyst supported on GO [Fe3O4@GO-N-(pyri-
dine-4-amine)] was prepared by Abbasabadi and coworkers and used it for

on-water synthesis of 4H-chromenes 41 and pyrano[2,3-c]pyrazoles 42 (Scheme

3.31). Initially, graphene oxide was functionalized with 4-aminopyridine and then

Fe3O4 NPs, generated in situ from iron salts were grafted onto the amine-

functionalized GO [99].

Dandia et al. have developed a green method for the synthesis of

pyranopyrazolones via Ag NPs immobilized on graphene oxide nanocomposite

(Ag NPs/GO). The catalyst exhibited superior activity for on-water chemoselective

synthesis of pyrano[2,3-c:6,5-c0]dipyrazol-2-ones 43 under ambient temperature

(Scheme 3.32) [100].
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Copper oxide-reduced graphene oxide (CuO-RGO) has been employed as a hetero-

geneous catalyst for the synthesis of flavanones 44 via cyclization of a variety of

chalcone derivatives (Scheme 3.33). As an application to the methodology, the same

catalyst was used in the reaction between the flavanones and aromatic azides for the

construction of hybrid triazole derivatives 45 [101].

Yaghoubi et al. have synthesized xanthenediones 46 by using ZnO nanorods

embedded on graphene oxide catalyst under solvent-free conditions (Scheme 3.34).

The GO/ZnO nanocomposite catalyst exhibits excellent catalytic activity for this

3–4 h
80°C

2–3 h

80°C

Scheme 3.26 Synthesis of pyranopyrans and pyranoquinolines.

Scheme 3.27 Synthesis of pyranocoumarins.

10–120 min
50°C

Scheme 3.28 Synthesis of 4H-chromenes.

25–160 min

Scheme 3.29 Synthesis of tetrahydro-4H-chromenes.
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8–30 min
80°C

80°C, 12 min

Scheme 3.30 Synthesis of 2-amino-4H-chromenes.

20–40 min15–40 min

Scheme 3.31 Synthesis of 4H-chromenes and pyrano[2,3-c]pyrazoles.

R′
R′

Scheme 3.32 Synthesis of pyranopyrazolones.

R′R′

Scheme 3.33 Synthesis of flavanones.

100°C
30–45 min

Scheme 3.34 Synthesis of xanthenediones.
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pseudo three-component reaction and the corresponding xanthene derivatives were

obtained in 89%–99% yield [102].

3.2.7 Synthesis of pyrimidones

Pyrimidines are a well-known structural moiety present in numerous bioactive com-

pounds and in three of the five major bases of nucleic acids (thymine, cytosine, and

uracil) [103, 104]. 3,4-Dihydropyrimidone, another important heterocyclic scaffold

is also present in several pharmacological agents possessing antibacterial, anti-

malarial, anticancer, and anticonvulsant properties [105–107]. A multicomponent

reaction among aldehydes, urea, and 1,3-dikeoesters, also known as Biginelli

reaction is the most efficient method for the synthesis of 3,4-dihydropyrimidone

derivatives.

Ashiri et al. have prepared organosilane sulfonated graphene oxide (SSi-GO) and

used it as a heterogeneous catalyst (Scheme 3.35) for the synthesis of

3,4-dihydropyrimidones 47 and diarylpyrimidin-2(1H)-ones 48. The reaction condi-

tions are mild affording the desired products in good to excellent yields using ethanol

as a green solvent [108].

Sulfonated graphene oxide nanosheet catalyst (GO-SO3H) was also used for

on-water synthesis of 3,4-dihydropyrimidones at ambient temperature (Scheme 3.35).

Diverse 3,4-dihydropyrimidin-2(1H)-ones/thiones 47 were synthesized from

1,3-dikeoesters, aldehydes, and urea (or thiourea) in 83%–93%. Moreover, the yields

of the products increased when GO-SO3H was used in the place of pristine GO as a

catalyst [109].

BiFeO3 nanowires decorated reduced graphene oxide has been prepared by follow-

ing a hydrothermal method. The nanocomposite material was then employed for sev-

eral organic reactions including Biginelli reaction for the synthesis of 47 [110].

Recently, Narayanan and coworkers have developed rice husk ash—reduced

graphene oxide nanocomposite catalyst (RHA-G10) for the one-pot synthesis of

3,4-dihydropyrimidones 49 under solvent-free conditions (Scheme 3.36) [111]. The

same group has developed an efficacious method for the preparation of clay-graphene

oxide nanocomposite catalyst, characterized by microscopic and X-ray techniques.

The nanocomposite material was employed in the Biginelli reaction for the synthesis

of 49 [112].

The research group of Yaghoubi also reported the synthesis of diverse

3,4-dihydropyrimidones 49 by using 1,3,5-tris(2-hydroxyethyl)isocyanurate-

functionalized graphene oxide (GO-THEIC) as a heterogeneous catalyst

(Scheme 3.36). A probable mechanism involving the role of catalyst has also been

demonstrated [113].

Functionalized graphene oxide where the surface of GO was modified by using

[3-(2-aminoethylamino)propyl]trimethoxysilane has been prepared by Jonnalagadda

et al. After characterization, the prepared nanocomposite was used for the one-pot

four-component synthesis of pyrazolo-pyranopyrimidine derivatives 50 under green

reaction conditions (Scheme 3.37) [114].

A facile one-pot strategy for the synthesis of pyrido[2,3-d]pyrimidine has

been reported by Mohebat et al. (Scheme 3.38). Multicomponent reaction of
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80°C

80°C

20–35 min

20–35 min

20–35 min

Scheme 3.35 Synthesis of 3,4-dihydropyrimidones and diarylpyrimidin-2(1H)-ones.

Scheme 3.36 Synthesis of 3,4-dihydropyrimidones.

45–70 min

Scheme 3.37 Synthesis of pyrazolo-pyranopyrimidines.

60°C, 4 h

Scheme 3.38 Synthesis of pyrido[2,3-d]pyrimidines.
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indane-1,3-dione, aromatic aldehydes, and 6-aminopyrimidin-2,4(1H,3H)-dione
using GO in water resulted in the formation of 5-aryl-1H-indeno[20,10:5,6]pyrido
[2,3-d]pyrimidine-2,4,6(3H)-trione 51 in good to excellent yields [115].

3.2.8 Catalytic processes for the synthesis of 1,2,3-triazoles

Triazoles represent an important class of five-membered heterocycles and constitute

the basic skeleton of various medicinal compounds possessing antibacterial [116],

antimicrobial [117], anticancer [118], and anti-HIV properties [119]. In 2002, Sharp-

less and Meldal group have independently reported the most popular way for the syn-

thesis of 1,2,3-triazoles based on Huisgen 1,3-dipolar cycloaddition reaction [120,

121]. A copper-catalyzed reaction between azide and alkynes results in the

formation of 1,2,3-triazoles, which is also known as click reaction. The following

section enumerates the use of carbonaceous materials based on graphene as a hetero-

geneous catalyst for the synthesis of triazoles.

Reddy et al. have synthesized 1,4-disubstituted-1,2,3-triazole 52 by using copper

oxide supported graphene oxide (CuO-GO) as a heterogeneous catalyst (Scheme 3.39)

in water at ambient temperature [122].

A photoinduced protocol for azide-alkyne-cycloaddition reaction has been

developed by Yagci and coworkers (Scheme 3.39). The catalytic system comprises

mesoporous graphitic carbon nitride (mpg-C3N4) and CuCl2/N,N,N
0,N0,

N00-pentamethyldiethylenetriamine (PMDETA). The mechanism of the reaction

involve in situ reduction of Cu(II) to Cu(I) photochemically (UV light irradiation)

on the surface of mpg-C3N4. The corresponding triazoles 52 are obtained from

68% to 99% yield [123].

Cu(I) NPs immobilized on to graphene nanosheets (TRGO/Cu) have been prepared

and characterized. The nanocomposite has been used for the click synthesis of

1,4-disubstitutes-1,2,3-triazoles 53 in good to excellent yields (Scheme 3.40). More-

over, the TRGO/Cu catalyst shows an excellent activity for bulk click reaction [124].

Bennet et al. have immobilized copper ions on graphene oxide/poly(vinyl

imidazole) nanocomposite and used it as heterogeneous catalyst (GO/Pim/Cu) for

the synthesis of 1,2,3-triazoles 53 via multicomponent reaction (Scheme 3.41) in

the presence of sodium ascorbate as reducing agent [125].

Reduced graphene oxide-cuprous oxide (RGO/Cu2O) has been used as a recyclable

heterogeneous catalyst (Scheme 3.41) for the synthesis of 53 from phenyl acetylene,

substituted benzyl bromides, and sodium azide in water [126].

Jiang et al. reported the synthesis of CuBr supported on graphene oxide/Fe3O4 as a

superparamagnetic nanocatalyst (GO/Fe3O4-CuBr). The catalyst has been character-

ized in detail by spectroscopic and gravimetric analyses and employed in the three-

component synthesis of 53 under microwave irradiation (480 W). Diverse

1,4-disubstitutes-1,2,3-triazoles (Scheme 3.41) were prepared in 88%–98% isolated

yields [127].
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4.1 Introduction

With the emergence of green chemistry and green technology, it is imperative to rec-

ognize that its usefulness is a “double-edged sword.” Terminologies such as “green,”

“environmentally friendly,” and “sustainable” have become hackneyed and lost their

true meaning because of their unrestrained usage in the media, advertisements, and

scientific discourse. As a matter of fact, there is a palpable mistrust and skepticism

among consumers about “green” products and in some cases it is viewed as mere mar-

keting gimmicks. Therefore, it has become extremely crucial that the criticism of

widespread misuses of these terms do not become impediment to green chemistry.

Moral and ethical ramification of the objective and scope of green chemistry resulted

in plentiful discussions. Although, these discussions are important and fruitful but we

must be cautious not to lose sight of the ultimate goals of green chemistry to create an

infrastructure to enable the innovation of new technologies that decrease or exclude

both generation of hazardous substances or methodologies [1–5].
Unfortunately, these misrepresentations are probably the biggest barrier for

embracing of green technology at industry and academia. Two most common misper-

ceptions about this field are: (a) green chemistry is a myth and it is propagated by

industry as a marketing tool to continue to sell and profit from potentially harmful

products and (b) green chemistry is an environmental movement with vested interest

forcing expensive yet poor performing products onto customers. Although these views

are furthest from the reality, however, for green chemistry to accomplish its goals of

preventing pollution, saving the environment from harmful chemical wastes, it must

by definition, be successful commercially. For a product to be successful in the mar-

ket, it should have superior performance at a lower cost. Consumers will not buy a

substandard product simply because it is “green.” Moreover, very few consumers will

be willing to spend too much of a premium for a product because it is “green.” Hence,

in order for a green technology to have a real impact on the environment and society

use, it must be sustainable from both performance and cost perspective [6–10].
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On the other hand, thousands of people die every day of treatable infectious dis-

eases in the developing world, despite significant advancements in the treatment of

infectious diseases [10–15]. Although the cost of treatment of these infectious diseases

is not the only barrier to treatment, however, costs do limit access to medicines in the

developing countries [16–18]. Meeting the huge demand of affordable medicines and

following the principles of green chemistry does not always go hand in hand. But this

apparent conflict—the demand to reduce the chemical waste generated and released to

the environment during drug synthesis, versus a desire to increase the production of

pharmaceutically active drugs that are made and used every year—can also be looked

at as an opportunity for green chemistry. Market’s demand of lowering prices for

drugs can drive discovery of more efficient processes to make and deliver these

products. Careful examination of cost factor to the price of pharmaceutical products,

ways to reduce both the cost of those products and the environmental footprint asso-

ciated with their use can be identified. This chapter will focus on the improvements

which reduce the cost of active pharmaceutical ingredient (API) for antiretroviral

(ARV) drugs, as well as better synthetic methodologies for the most prevalent tropical

disease malaria.

In order to devise methods for reduction of the cost of ARV or other drugs, it is crit-

ical to understand the underlying relationship between the cost of the product and the

market price at first. For a regular drug which is highly commercialized with a dose of

100 mg or more, the price can be broken down into three following categories [19–21]:

l API: contributes about 65%–75% to the market price.
l Formulation and packaging cost: contributes about 10%–20% to the market price.
l Profit: contributes about 5%–15% to the market price.

This cost breakup gives rise to myriad of possibilities for interventions that can bring

down cost and can be divided into two interrelated categories:

l Reduction of the cost of the API.
l Finding optimum API dose for maximum effect.

In the clinical development stage of a new drug, often the simplest composition

that delivers a clinically effective dose of drug in blood plasma effectively is selected

for the development in order to save time, cost, and complexity in the drug development

process. The amount of drug present in blood plasma after injecting intravenously, in

human subjects is known as 100% bioavailability for any given drug. On the other hand,

the amount of drug present in blood plasma after exposure to a specific dose form is

called relative bioavailability of that drug-delivery form. Many drugs exhibit relatively

low bioavailability after oral dosing, and most essential medicines are delivered orally

in the developing countries. The remainder of the drug gets out of the system through

excretion (either as “parent” drug or as metabolites) without interacting with the molec-

ular target to provide a positive therapeutic effect. The excretion of “parent” APIs has an

environmental impact as well. So to find an optimum dosage of a drug that is safe,

convenient, and yet increases the bioavailability can be viewed as a progress in human

dosing as well as having a green impact.
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4.2 Dose reduction through improved drug composition

A variety of protease inhibitor (PI) drugs for treatment of HIV also have blood levels

that are “boosted” by co-dosing in combination with the PI drug ritonavir. This phe-

nomenon is known as “pharmacokinetic enhancement” and is achieved by the inhibi-

tion of the cytochrome enzyme CYP 450 isoform 3A4. The metabolism of ritonavir as

well as other PIs slows down as its binding to CYP 3A4 isoform results in a down-

regulation. This in turn increases the bioavailability of several PI drugs significantly

that are primarily metabolized by this enzyme. Extended release mechanism can also

open the door for more efficient yet effective dosing. In case of treating infectious

diseases, the most important dosing consideration becomes the determination of

the minimum inhibitory concentration (MIC) required for effective drug action. Then,

it is to establish a dose (amount and frequency) that produces drug exposures that

exceed the MIC. With an immediate-release mechanism, a disproportionate peak con-

centration (Cmax) often observed immediately after dosing. This apparent unappealing

feature of immediate-release delivery becomes necessary in order to maintain the drug

concentration in blood stream above the MIC for a long enough period of time so that

the frequency of dosing is not exorbitant. Studies found that patients also preferred

anti-infective drugs when delivered once or twice daily, rather than three or four times

per day. The use of extended release drugs has multiple benefits: lowering the peak

concentration (Cmax) and “smoothing” the curve that describes blood concentrations

of the drug with time. This is often correlated to a lowered incidence of adverse side

effects. Furthermore to its advantage decreased dosing frequency reduced the release

of metabolized drug into the environment considerably. Advances in drug-delivery

technology allow selective delivery of drugs into specific tissues, organs, or cell types

in the body that need it most, paving ways for even lower doses overall and reducing

side effects for patients as well as the harmful effect in the environment [22–25].

4.3 Green dose setting

The clinical processes for setting the dose of an under trial new drug are time consum-

ing and expensive. Proper selection of dose is often achieved on the basis of a few

crucial Phase II clinical studies that may span a broad range of dosages. This crude

and random design and interpretation of these studies is often driven by the identified

maximum tolerated dose and the minimum ineffective dose. For a new drug,

exhibiting efficacy often boils down to equivalent or superior to existing drugs in

the market, while the need to select a dose that minimizes nonsevere side effects gets

ignored. This scenario is most prevalent in case of drugs intended to treat infectious

diseases, where the primary consideration in early clinical trials is to dose patients to

the maximum tolerated dose in order to achieve maximum inhibition of the infectious

agent. But in the process what gets sacrificed or often overlooked is the relation

between a certain drug’s tolerability and effect of that drug on a particular patient,

with poor adherence being a major driver of treatment failure and drug resistance
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[26–27]. Additional clinical studies to better select the truly optimal doses of certain

drugs may add to cost and time. However, existing data supports that it can produce

improved efficacy for improving patient outcomes. Dose optimization studies also

provide improved drug tolerability and reduced adverse clinical events. In addition,

this reduces the amount of drug required per dose and, in turn, the amount of drug

excreted into the environment as well. Hence, studies to find optimum dose in great

details can clearly be in the patient’s best interest and the reduced environmental

impact of drug excretion is aligned with this purpose.

In the area of HIV treatment, there have been multiple precedents for an effective

dose optimization strategy, along with the results of dose reduction studies on stavu-

dine (d4T) [28,29], where dosing was decreased from 40 to 30 mg BID (twice daily).

As anticipated dose optimization trials produced reduced side effects along with

improved tolerability. In case of antiretroviral drug zidovudine (AZT), dosing was

reduced from the originally approved dose of 400 mg every 4 h (six times daily) to

the current recommended dose of 300 mg BID. A number of other opportunities have

been identified for dose optimization. These opportunities include reformulation to

reduce the dose of efavirenz (EFV), tenofovir, and multiple other PIs [30,31].

4.4 Reduction of cost through green chemistry

The most simplistic methods for cost reduction of drugs are to reduce the cost of the

most expensive component of drugs: the API. At its elemental form, the process for

making any APIs comprises of converting commercially available raw materials,

which are simpler, into the APIs through a series of chemical conversions. Hence,

the cost of this process is primarily dependent on the cost of the raw materials and

the efficiency of the chemical process that converts those materials into the API.

These same factors—choice of raw materials, number of synthetic steps, and the effi-

ciency of the process for API production—also dictate the amount and nature of waste

produced during the manufacture of the drug.

The manufacturing process for an API is generally fixed and well-defined in

advance prior to manufacturing the supplies for Phase III clinical trials. The starting

materials, synthetic protocols, catalysts (if required), solvents, reaction and isolation

conditions, etc. are fixed. Thus, the information about related substances present,

residual solvent levels, and physicochemical characteristics of the API are well

defined within the specifications prior to process validation in the context of the reg-

ulatory filing. Because of the time constraint present in getting a drug through the clin-

ical trial and approval process, these manufacturing processes are locked well before

peak efficiency can be reached through process research. At or after receiving the

approval, it is disadvantageous to change the manufacturing process mentioned in

the regulatory filing for market approval, because of the risk, expense, and time

involved. Changes to a manufacturing process, if significant, may require additional

toxicology studies or a bioequivalence study in order to obtain regulatory approval;

such changes must deliver substantial advantages in terms of time and cost to justify

the new process.
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However, through process optimization the manufacturing pharmaceutical com-

pany of the drug can often improve efficiency with which the raw materials are

converted into the API. With judicious employment of the improvement along with

the regulatory approval, the cost and environmental impact of making the API are

reduced significantly. In some cases, a more drastic change of the process can be

undertaken, in the form of introducing a wholly or substantially new synthetic

approach or starting materials.

4.5 Green chemistry in ARV therapy

Efavirenz 9, commercialized as EFV is a well-known nonnucleoside inhibitor of

HIV-1 reverse transcriptase drug developed by Dupont Pharmaceuticals, was

approved by the US FDA in September 1998. EFV is the key part of the ARV cocktails

such as efavirenz/lamivudine/tenofovirdisoproxilfumarate (EFV/LMV/TDF) and

efavirenz/emtricitabine/tenofovirdisoproxilfumarate (EFV/FTC/TDF) that are highly

recommended for the first-line management of HIV/AIDS in many countries. The

demand for EFV in the developing nations (including Brazil and South Africa) in

2011 was estimated at approximately 500 metric tons. EFV is generally prescribed

to adults as once daily, 600 mg dose. Under President’s Emergency Plan for AIDS

Relief (PEPFAR) program, several Indian companies have been approved by the

US FDA for generic production of EFV for less-developed countries. API of EFV

is, therefore, synthesized by several distinct processes derived from a common route

of synthesis. Originally, EFV was introduced to the market at a manufacturing cost of

roughly $1600/kg. However, with the advancement of process methods and high

demand from the market brought the cost of EFV API down to US$130/kg
in 2011. The reduction in cost of EFV was accompanied by the increasing

“greenness” of chemical transformations. Two critical sets of improvements played

a pivotal role in substantially increasing the “greenness” of EFV manufacturing over-

time. The first of these is change in the production of the key building-block

cyclopropylacetylene (CPA, 3; Scheme 4.1); while the second one being the improve-

ments in the asymmetric addition of CPA, 3 to the trifluoromethylketone, 7 to generate

Scheme 4.1 Preparation of cyclopropyl acetylene.
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8 (Scheme 4.2). Multiple manufacturers have prepared 5-chloro-1-pentyne, 2 via reac-
tion of sodium acetylide, with 1-bromo-3-chloropropane in liquid ammonia. The

laboratory-scale conversion of 5-chloro-1-pentyne to CPA via its dianion using >2

equiv. of n-butyllithium as base was first published by Zhao et al. [32]

The by-product of this procedure is large amount of butane, and hence the CPA

produced in this method must be purified by fractional distillation in order to produce

material of adequate purity for use in the following asymmetric addition step.

Although this procedure has been redesigned in a later patent [33], this method still

suffers from the use of 2 mol equiv. of a very strong alkyllithium base. In an alterna-

tive approach, cyclopropyl methyl ketone, 4 was reacted with phosphorous (V) pen-

tachloride in quinoline to prepare a mixture of vinyl chloride and geminal dichloride

[34]. Elimination of the chlorides to CPA followed by distillation gives a viable syn-

thesis from inexpensive starting materials. However, the industrial synthesis of CPA

from cyclopropanecarboxaldehyde, 11 is proven to be at least 70% more efficient to

either of these approaches in terms of E-factor (Scheme 4.3). Although the conversion

of aldehyde to acetylene does not take place with a high E-factor, but the usage of the
aldehyde as a starting material for a one-pot reaction sequence makes the overall pro-

cess significantly “greener.” Cyclopropanecarboxaldehyde is easily derived from

2,3-dihydrofuran, 10 (2,3-DHF) by a thermal rearrangement reaction. 2,3-DHF is

obtained from butadiene by way of butadiene monoxide. Butadiene and the butadiene

monoxide are used in thousands of ton scale for many commercial products, such as

synthetic rubber and THF; this amounts to a one-pot synthesis of CPA from a very

high E-factor starting material [35].

In the first-generation synthesis of EFV (Scheme 4.4) protection of the aniline

nitrogen with a p-methoxybenzyl (PMB) group was installed in order to achieve high

enantioselectivity in the addition of lithium CPA to the aryl trifluoromethyl ketone,

12. Seminal work of David Collum et al. provided much needed spectroscopic

Scheme 4.2 Preparation of efravirenz.

Scheme 4.3 Preparation of CPA from

dihydrofuran.
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evidence for the likely structure of the solution-state aggregate of lithium

cyclopropylacetylide, 13 and the chiral ligand pyrrolidinyl (norephedrine) which

facilitate the high enantioselectivity of addition of LiCPA [36]. However, removal

of the PMB group is a two-step procedure [37]. The conversion of 8 to EFV was found

to be best carried out with phosgene for various reasons such as less impurity, volume

efficiency, and ease of purification through crystallization. Many companies are not

equipped to use highly toxic phosgene in pharmaceutical production. Among many

alternatives to phosgene, the best option has been described by Bristol-Myers Squibb

[38]. The focus of the next generations of this synthesis was direct conversion of 7 to 8
without the protection of the aniline moiety (Scheme 4.5). One-step conversion to 8
was first reported by Tan et al. [39]. They used stoichiometric dialkylzinc reagents

along with the chloromagnesium Grignard reagent of CPA. This process is evidently

more efficient than the first-generation synthesis as it reduces the number of steps, and

has been used in different forms. This method was significantly further improved by

multiple Indian producers of generic EFV.

Lonza Corp., the producer of API for high-income countries made significant

improvements to this conversion. Synthetic procedures involving stoichiometric dia-

lkylzinc reagents still, however, suffer from the inefficiency of generating 2 mol of

gaseous hydrocarbon (methane or ethane) per mol of zinc reagent. Along with the

problems manufacturer has to face in transportation, and handling, and working with

Scheme 4.4 First-generation synthesis of efravirenz.

Scheme 4.5 Second-generation synthesis of efravirenz.
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highly pyrophoric reagents. In addition, a full mole equivalent of corrosive zinc(II)

hydroxide is produced as solid waste in this step. An alternate method of this asym-

metric addition has been described by Carriera et al. and authors from Lonza Corp.

Their method utilizes asymmetric autocatalysis and substoichiometric dialkylzinc

reagent [40]. Carreira and coworkers earlier work in utilizing inorganic zinc(II) salts

for asymmetric alkynylation reactions has also been utilized in this regard [41,42].

The subsequent generation of improvement bypassed these dialkylzinc reagents.

The use of zinc chloride/triethylamine for the addition of CPA to provide racemic

8 [43] was reported by Jiang and Si. This work was further improved by use of

zinc(II) triflate and zinc(II) diflate to effect this addition with greater enantiomeric

control, giving commercially useful degrees of enantioselectivity [44]. These pro-

cesses effectively eliminated over 90% of the chemical waste generated in the con-

version of 7–8 in the first-generation synthetic methods. Also, inclusion of

inorganic zinc(II) salts into the synthetic procedure made the production “greener”

as it (a) eliminated the use of pyrophoric dialkylzinc reagents, (b) the reaction can

be run at closer to room temperature than other additions, and (c) does not generate

volatile organic gases. Moreover, usage of inorganic zinc(II) improved E-factor by
roughly 40% over the use of dialkylzinc reagents. It is also worth noting that the

replacement of zinc(II) triflate with the corresponding zinc(II) diflate brings down

the cost of synthesis significantly. The peculiar phase diagram for 8 as a free base

is such that a very high chiral purity (roughly 97% ee) is necessary to upgrade the

enantiomeric purity by crystallization. The addition of CPA-lithium to the

trifluoromethyl ketone 7 using the chiral ligand (pyrrolidinyl)norephedrine proceeds

through high enantioselectivity and are generally in the range of 96%–99% [45]. In the

first generation, synthesis of EFVAPI was contaminated with <0.1% of the wrong

enantiomer, which was dealt with crystallization at intermediate stages. The second

generation of this synthesis involving dialkylzinc reagents also utilized the same chi-

ral ligand. The chiral purity of this intermediate was improved by use of the

methanesulfonate salt of 8, with minimal losses of desired product in the mother

liquors. In the third generation of this synthesis use of a diamino-alcohol chiral ligand

derived from a chloramphenicol precursor [33] provided small yet significant

improvements in enantioselectivity.

Another important component of ARV cocktails is TDF, 14 which received FDA

approval in 2001 (Fig. 4.1), was developed at Gilead Laboratories. Usually, TDF is

administered into adults as a once daily 300 mg dose. TDF serves as a prodrug of

Fig. 4.1 Tenofovir disoproxil fumarate.
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the molecule tenofovir, 9-[9(R)-2-(phosphonomethoxy)propyl]-adenine, or PMPA.

The poorly soluble PMPA is absorbed into the bloodstream as the precursor ester;

the isopropylmethoxy carbonate (isoproxil) protecting groups are rapidly hydrolyzed

by intracellular enzymes. The limited stability of these isoproxil groups (even in aque-

ous solution) is ideal for its use as a prodrug, however, this aqueous instability makes

synthesis, isolation, purification, and scaling up of the molecule rather challenging.

Generic production of TDF began in 2006 and the cost of treatment per patient every

year was $207 for the TDF drug component (API) alone. Reducing this cost became

absolutely essential to market this drug on the preferred first-line regimen in the devel-

oping world. As per the initially patented process [46], the overall yield for the three-

step synthesis was only about 15% (Scheme 4.6). Although the first step proceeds in

reasonably good yield (approximately 80%), the subsequent stages were found to be

quite challenging.

Efforts were made to improve the efficiency of these steps, and overall yield

reached to a somewhat satisfactory 25% [47]. In Step 2a, 9-[9(R)-2-hydro-
xyprop-1-yl]adenine (HPA), 17 was reacted with a base and the diethyl ester of

tosyloxymethylphosphonic acid, 18 (DESMP), and the intermediate diethyl ester,

19 was hydrolyzed under acidic conditions to provide PMPA, 20. The patented pro-

cedure reported lithium tert-butoxide as the base, however, subsequent research

proved that magnesium tert-butoxide was superior [48]. The reported procedure for

hydrolysis required a significant molar excess of trimethylsilyl bromide, an expensive

pyrophoric material. Alternatively, aqueous HBr [49], was tried for hydrolysis but

such conditions required exhaustive distillation of organic solvents used in stage

2a, resulting in long processing times. In a remarkable improvement, it was discovered

that an in situ combination of sodium bromide and trimethylsilyl chloride was highly

effective [50]. This method produced PMPA, 20 in an excellent yield of 77%, a sig-

nificant improvement over the 50% yield typical for the original, more costly, process.

Scheme 4.6 Synthesis of TDF.
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Additional improvements in the process were possible in the final step, conversion of

PMPA to the prodrug tenofovirdisoproxil. PMPA was reacted with chloromethyl iso-

propyl carbonate (CMIC) in the presence of an amine base such as triethylamine in a

polar aprotic solvent. The procedure as originally reported provided modest yield of

35% yield. However, monitoring the reaction progress by high-performance liquid

chromatography (HPLC) provided a maximum yield of about 50% product along with

starting material, intermediate monoester, and various degradants. Two distinct path-

ways exist for degradation: the amine functional group on the purine ring can react to

form acylated or alkylated by-products, and the isoproxil functions may be

(a) incompletely incorporated or (b) partially cleaved, likely due to participation of

the chloride ion released in the reaction.

Further process improvement was made by converting PMPA hydrate starting

material to an anhydrous state. The dehydration process was accomplished either

through rigorous solid-state drying under high heat and vacuum or by heating a sus-

pension of the solid with distillation of a water azeotrope using a solvent such as cyclo-

hexane. Low water content in the PMPA starting material ensured the reaction at the

purine amine were minimized, and isolated yields improved to 50%–55% [51]. How-

ever, it was still difficult to drive the reaction to completion, as experiments suggested

that the tenofovirdisoproxil would slowly hydrolyze to the monoester under the reac-

tion conditions. Then, the goal became to reach maximum reaction conversion in a

short time in order to maximize product recovery. As mentioned above, the solubility

of PMPA solid is very poor including in the reaction solvent N-methylpyrrolidinone

(NMP). To get around this problem, phase transfer catalyst tetrabutylammonium bro-

mide was utilized and that resulted in significant improvement in reaction rate; the

reaction reached maximum completion in about 4 h rather than about 10 h. Conver-

sion also reached 75%. As the further refinements discussed here are being

implemented, the cost of treatment of HIV/AIDS is dropping significantly.

4.6 Green technology in malaria treatment

Malaria is a global health epidemic that threatens 300–500 million people and takes

away more than one million lives every year [52–54]. Occurrence of multidrug-

resistant strains of the malaria parasite Plasmodium falciparummakes disease control

even more challenging. Various antimalarial drugs and malarial vaccines are currently

being developed; however, their potency against malaria is yet to be confirmed by

clinical testing. Artemisinin, a sesquiterpene lactone endoperoxide is extracted and

purified from the herb Artemisia annua L. (family Asteraceae; commonly known

as sweet wormwood), is highly effective against multidrug-resistant Plasmodium

spp., but at present, the environmental and economic costs of its semisynthetic pro-

duction are relatively high and unaffordable to most malaria sufferers. In this section,

we will address different synthetic approaches that have been undertaken to increase

the production, reduce the cost and harmful waste.

Although artemisinin 23, is being used in treating malaria since ages [55], however,

semisynthetic derivatives exhibit improved clinical efficacy (Fig. 4.2).
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Artemisinin is reduced to dihydroatemisinin, 24 (DHA) with sodium or potassium

borohydride [56] which can be further converted into both artemether, 25 (DHA

methyl ether) and artesunate [57], 26 (DHA succinate ester) through one additional

synthetic step [58,59]. The cost of artemisinin derivatives depends largely on the price

of artemisinin. At present, the costs of artemether and artesunate are about $600/kg.
The World Health Organization (WHO) recommends artemisinin combination ther-

apies (ACTs) for the treatment of uncomplicated malaria for all patients who can

endure artemisinin therapy. The artemisinin-derived component of an ACT can clear

circulating blood schizonts quickly, but short half-life of only a few hours limits its

utility. On the other hand, synthetic variant of an ACT has a much longer half-life

(usually several days) and gets distributed into tissues significantly owing to its high

lipophilicity. Hence, the synthetic derivatives of an ACT provide for a long-lasting

antiparasitic effect and prevent recurrence. Most popular ACT combinations used

in the developing countries are: (1) artemether, 25/lumefantrine, 29; (2) artesunate,
26/amodiaquine, 27; and, more recently, (3) dihydroartemisinin, 24/piperaquine, 28
(Fig. 4.3).

Although antimalarial activity of amodiaquine was first reported over 60 years ago

by Burckhalter [55], its use as component in artesunate:amodiaquine has greatly

revived interest in this molecule. Amodiaquine, 27 is synthesized commercially from

4-aminophenol and 4,7-dichloroquinoline in a four-step process (Scheme 4.7). Reac-

tion of 4-aminophenol, 30with acetic anhydride produced the most common and inex-

pensive analgesic paracetamol, 31. Then, paracetamol is treated under a Mannich

reaction condition (formaldehyde, diethylamine) followed by a hydrolytic removal

of the acetyl group to forge the substituted 4-aminophenol 32. The substituted

aminophenol derivative is then reacted with 4,7-dichloroquinoline 33 to give desired

Fig. 4.2 Artemisinin and artemisinin-derived antimalarial compounds.

Fig. 4.3 Synthetic antimalarial compounds for ACT.
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amodiaquine, 27 with overall yield 60%–65%. API can be purchased for prices in the

range of $20–30/kg on metric ton scale.

Fortunak et al. have developed a simpler synthesis of amodiaquine [60], involving

only two of steps thus eliminating over 80% of the waste generated in the commercial

synthesis. Reaction of 4,7-dichloroquinoline 33 with 4-aminophenol, 33 in aqueous

hydrochloric acid (reflux) produced 34 in near quantitative yield (Scheme 4.8). Man-

nich reaction of 34 (ethanolic HCl, aqueous formaldehyde, diethylamine) generates

amodiaquine in overall yields of 90%–92% from 4,7-dichloroquinoline. The overall

E-factor for this synthesis is roughly 7 [61].

Following similar protocol commercial synthesis of piperaquine, 28 has been

developed [60]. These processes differ mainly in the solvents used for Step 2 along

with the isolation method for intermediate 35, and the choice of base used in each step
(Scheme 4.9).

Scheme 4.7 Commercial synthesis of amodiaquine.

Scheme 4.8 Two-step synthesis of amodiaquine.

Scheme 4.9 Green synthesis of piperaquine.
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The general procedure for Step 1 is quite similar; piperazine (3 mol equiv.) and

4,7-dichloroquinoline 33, are refluxed in 2-propanol (7–10 vol; w/v) with potassium

carbonate as base. An excess of piperazine is used to minimize the formation of the

unwanted dimeric side product 36 (Fig. 4.4). After the completion of the reaction,

2-propanol is distilled off and exchanged with dichloromethane (10 vol). Excess

piperazine is extracted with water and a second aqueous extraction with hydrochloric

acid is used to prepare the salt of intermediate 35. The solid product 35 is obtained by
concentration of the aqueous layer and crystallization from acetonitrile (10 vol). Thus,

the usage of solvent, time- and energy-consuming several solvent exchange processes

make this method inefficient. The isolated intermediate is converted into piperaquine,

28 in an additional two operations: heating 1-bromo-3-chloropropane with intermedi-

ate 35 in aqueous sodium carbonate produces piperaquine free base. The free base is

then converted into piperaquine phosphate, 28 (the API) by addition of 4 equiv. of

phosphoric acid in an aqueous suspension. It was observed that Step 1 reaction in

piperaquine synthesis works best by refluxing dichloroquinoline and piperazine in

2-propanol in the absence of any additional base, giving approximately 97% yield

of material that is >99.8% pure by HPLC analysis. Then, addition of ethyl acetate

(5 vol) causesmuch of the excess piperazine to crystallize (largely as its hydrochloride

salt), which can be removed by filtration. Remaining piperazine is removed by wash-

ing with water followed by concentration and solvent exchange to water (6 vol). This

mixture is converted directly to piperaquine free base by heating to reflux with 1 mol

equiv. of sodium carbonate and 0.5 mol equiv. of 1,3-dibromopropane. The isolated

yield of material that is >99% pure by HPLC is 92%–93% over two steps.

The quinoline moiety is prevalent in a variety of pharmacologically active syn-

thetic and natural compounds and is historically among the most important antimalar-

ial drugs ever used. Taran et al. developed an efficient one-pot three-component

synthesis of novel α-(acyloxy)-α-(quinolin-4-yl)acetamides 40–42, by reacting iso-

cyanides 37, quinoline-4-carbaldehyde 38, and arylcarboxylic acids 39 at room tem-

perature in aqueous medium involving the formation of both CdC and CdO bonds

(Scheme 4.10) [62]. Operational simplicity, mild reaction conditions, ease of isolation

of products, cleaner reaction profiles, and excellent yields are the key advantages of

this protocol.

A possible mechanism for the formation of product 40–42 was suggested by the

authors (Scheme 4.11). First, carboxylic acid 39 protonates the aldehydic carbonyl

oxygen generating an electron-deficient species 43. Then, isocyanide 37 attacks on

the carbonyl carbon through its electron-rich carbon center to form intermediate

44. The carboxylate ion 45 adds to the intermediate 44 in the next step via nucleophilic

Fig. 4.4 Piperaquine dimeric impurity.
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attack leading to the formation of intermediate 46 that subsequently undergoes a

rearrangement reaction to ultimately produce the desired products 40–42.
Heterocyclic hydrazones recently found to be useful as antimalaria drugs. Micro-

wave synthesis of these heterocyclic hydrazones using PSSA as a catalyst has been

developed by Varma and coworkers (Scheme 4.12), which proceeds efficiently in

the absence of any organic solvent and involves basic filtration as the product isolation

step [63].

Scheme 4.10 One-pot three-component synthesis of α-(acyloxy)-α-(quinolin-4-yl)-
acetamides.

Scheme 4.11 Plausible mechanism for the construction of α-(acyloxy)-α-(quinolin-4-yl)-
acetamide moiety.
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Indenoquinoline derivatives, 55 are important heterocyclic compounds in drug dis-

covery, which exhibit an antimalarial activity. Tu et al. reported synthesis of these

molecules via a three-component reaction between aldehydes, 53, 1,3-indanedione,
52, and enaminones, 54 (Scheme 4.13) in aqueous medium. This reaction is catalyzed

by p-toluene sulfonic acid (p-TsOH) under microwave conditions, with high yield of

product in 3–7 min.

4.7 Conclusion

The United Nations Millennium Development Program mentions Goal 6 as: “combat

HIV/AIDS, malaria, and other diseases.” In 2005, the Progress Report toward these

goals revealed that the richest 15% of the world’s population consumed 91% of med-

icines. It also indicated that the number of low- to middle-income people worldwide

with access to medicines for the treatment of HIV/AIDS, malaria, and other infectious

diseases has increased enormously since 2001. Innovation in synthetic chemistry to

reduce the cost of APIs for the treatment of these diseases has played a major role

in increasing access to needed medicines. However, a lot still remains to be done,

although it can be optimistically concluded that much more progress toward

increased access to medicines is achievable through the application of new chemistry,

reformulation, and dose optimization studies.

Scheme 4.12 Synthesis of hydrazone derivatives of furaldehyde and flavanone in water.

Scheme 4.13 Aqueous protocol for indenoquinoline derivatives.
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5.1 Introduction

5.1.1 Green and sustainable approach

Green chemistry is one of the most fundamental areas of active research. The ideas of

green chemistry focus environmental problems in an economically profitable manner.

Green chemistry is highly essential for the industries to identify appropriate starting com-

pounds and conditions to avoid less or no hazardous by-product generation. Thismethod

aims to eliminate the hazard synthesis [1]. It has gained tremendous attention inmedical

research. The idea of green chemistry was first introduced by Anastas in 1991 [2]. How-

ever, green chemistrywas started in 1960s following the contribution ofCarson. A book,

SilentSpring,authoredbyCarson in1962,was the first that focuseson thedevelopmentof

pollution-free environment. The originality of Silent Spring has continued and green

chemistry became an inseparable item from our lives and society. In general, many

authors have described green chemistry as “Sustainable Chemistry” or “Benign

Chemistry.”Thismethodallows synthesis of compounds in a safe, nonpolluting, and sus-

tainable way. In addition, this procedure in some examples consumes lesser amounts of

substrates and energy during the preparation of molecules [3, 4].

5.1.1.1 Basic principles of green chemistry

Anastas andWarnerhaveadvanced12principlesofgreen chemistry [5, 6]. Scientifically,

these are categorized as prevention of waste, designing safer chemicals, less hazardous

chemical synthesis, use of renewable feed stocks, catalysts [7], reduce rerivatives, atom

economy, safer solvents and auxiliaries [8], design for energy efficiency, design for deg-

radation, real-time analysis for pollution prevention, and inherently safer chemistry for

accident prevention [9]. Probably, among these the most crucial principles are less haz-

ardous synthesis and the use of catalysts in chemical reactions.
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5.1.1.2 Basic green methods for chemical synthesis

Several aims of green chemistry principles are maintained using methods described

below.

Microwave-induced method
Microwave-induced reactions proceed through selective absorption of electromag-

netic radiation by polar molecules (reactants, solvents, or both) only. In contrast,

nonpolar molecules do not absorb microwave irradiation. Molecules with dipoles

are aligned under microwave irradiation. Under microwave field oscillation and

orientation of the molecules change rapidly and repetition of this process occurs.

As a result, internal heating of the system starts. Microwave heating is homoge-

neous in nature but classical heating takes place because of preheated

molecules [10].

Sonication method
Sonicating a reaction mixture that generates ultrasound waves through electrochem-

ical transductors and piezoelectric effect. Ultrasound waves are capable of passing

through a solution and the attractive forces of molecules become high generating bub-

bles [11]. High internal forces can collapse these bubbles and this process creates high

temperature and pressure within the system. Therefore, reactions are accelerated

under sonication method due to high temperature and pressure.

Biosynthetic method
This procedure is particularly used for the preparation of nanoparticles. Plant-derived

material [12], fungi [13], and bacteria are used as reducer or precursor in this method

[14]. Metallic nanoparticles are prepared using mostly toxic chemicals. An environ-

mentally friendly or chemical-free biosynthetic method is also used in their

preparation [15].

5.1.2 Clay minerals

The word “clay” originates from a Greek word argilla, the root of which, argos, means

“white,” [16]. Clay are mineral particles of size<2 μm. The additional parts along with

clay are generally called clay minerals. Clay minerals are in particular thin-grained

hydrous crystalline phyllosilicates that give plastic and hard properties. Moreover, clay

may have a number of associated minerals. For examples, silicates like quartz and feld-

spar; carbonates like calcite; oxides and hydrated oxides of iron and aluminum like

hematite, goethite, and gibbsite; amorphous materials; and quasiamorphous materials

like opal A and ferrihydrite are very common materials found in clay.

Clay minerals are formed based on the physicochemical conditions of the imme-

diate, weather, composition of the starting materials, and a few other factors. There-

fore, the use of clay mineral depends on its chemical constituents, structural

properties, and some inherent characteristics [17]. Secondary minerals are formed
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through the alteration of the primary mineral source (incongruent reaction) or

neoformation method by precipitation and recrystallization of soluble components

into a stabilized form (congruent reaction). Secondary minerals are sometimes

called phyllosilicates. Clays are different aluminum silicate species composed of

layers of SiO4
4� connected through three corners to form a specific structure hex-

agonal in nature that are joined with numerous layers of T-O-OH octahedral. In this

instance, ‘T’ is the trivalent or bivalent cations (for examples, Al, Mg, and Fe) which

provide the overall positive charge to the system. The charge is, however, balanced

by loosely bonded alkali ions (Na+ and K+) that are exchanged with other ions pre-

sent in the surroundings, if necessary. This cation exchange with surrounding envi-

ronment is a crucial property which is determined through the capability of the ion to

attract other ions.

The aluminum silicates are configured in tetrahedral and octahedral systems (i.e.,

1:1 in Kaolinite and 2:1 in montmorillonite, illinite, and vermiculite group) connected

through the apical oxygens [18]. The overall negative charges of nanoclays within

their surface favors the electrostatic orientation process. This leads to a strong bond

formation within the oriented multilayers and the preformed systems [19]. Brucite,

Mg(OH)2, and gibbsite Al(OH)3 are found to be similar in structure with numerous

clay minerals. But, in these examples, the phyllosilicates have different coordinating

anions, not the hydroxyls. If the cations are bivalent (Mg2+ and Fe2+), the orientation

exhibits a geometrical pattern like brucite. A single bivalent cations bind to two oxy-

gens and predictable cation sites in the structure are filled. The configuration formed

from such a system is called trioctahedral. If the cations are trivalent (Al3+ and Fe3+),

the charge is neutralized by arranging one of the every three octahedral cation sites

unfilled. Trivalent cations are bound to oxygens in a proportion of 1:3 and the system

adopts a gibbsite-like dioctahedral structure. The tetrahedral and di- or trioctahedral

systems connected to oxygen atoms form aluminosilicates which are phyllosilicates.

Sheet arrangement in the aluminosilicates may alter which produce different claymin-

erals with diverse physical and chemical properties [20]. It is understandable that

numerous factors determine the composition of a mineral such as chemical array, geo-

metrical arrangement of the components, ions and above all the electrical forces

within the system.

5.1.2.1 Classification of clay

Clay is classified into seven classes [21] based on the composition available in it as

follows:

Class 1. Allopane group (comprises hisingerite)

Class 2. Aolinite group

Class 3. Montmorillonite group

Class 4. Illinite group

Class 5. Vermiculite group

Class 6. Chlorite group (including septechlorites)

Class 7. Sepiolite and palygorskite group
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Crystalline clays are divided into two main categories: chain lattices which are present

in polygorskite and sepiolite; and layer lattices which constitute diphormic, tri-

phormic, and tetraphormic.

Depending on the number and arrangement of tetrahedral and octahedral arrays [22] in their

fundamental compositions, clay minerals are grouped into five categories as illustrated in

Table 5.1.

Kaolinite is composed of kaolinite, hallosite, nacrite, and dickite. Silica and alumina are

the principal constituents of this group and this is formed through advanced weathering

alterations and hydrothermal changes of feldspars and aluminosilicates. The chemical

composition of kaolinite is Al2O3�2SiO2�2H2O (39% Al2O3, 46.5% SiO2, and 14.0%

H2O) and is a packed structure with strong forces between the layers. The cation inter-

change power of kaolinite is lower than that of montmorillonite clay because of its

low surface volume and isomorphous substitution. In addition, this clay has low plasticity,

cohesion, shrinkage, and swelling activities. But it can adsorb lecithin, quinolone, para-

quat, diaquat polyacrylonitrite, proteins, bacteria, and viruses. Kaolinite is used to man-

ufacture a number of substances which include paper, paint, rubber, ceramic, plastic,

pharmaceutical, catalyst, cosmetic, and pigment. Moreover, kaolin is an anti-cracking

agent used in the production of fertilizer. It is used for pesticides, white cement, glass fiber,

plant metabolites, microorganisms, and heavy metals.

Smectite is a clay mineral formed from soils, rocks, and volcanic ashes which

include montmorillonite, beidellite, nantronite, saponite, and hectorite. These are

mainly hydroxyl aluminosilicates. Smectite include quartz, zeolites, calcite,

cristobalite, feldspars, volcanic glass, and kaolinite. The groups of smectite have

Al3+ or Fe3+ for Si4+ in the tetrahedral cation sites and Fe2+, Mg2+, or Mn2+ for

Al3+ in the octahedral cation sites. Smectites are composed of thin layers of small par-

ticles responsible for high surface area and a high degree of adsorption power. Impor-

tantly, smectites have cation exchange power and swelling/shrinkage activities better

than other common clays. The overall negative charge on the structure of smectites

attracts water into the interlayer portion readily. This has effect on expansion although

the amount of swelling depends on interlayer cation [23].

Table 5.1 Five groups of clay materials along with their properties.

S. No. Group

Layer

type

Net negative

charge

Surface

area

Basal

spacing

1. Kaolinite 1:1 2–5 10–30 0.7

2. Fine-

grained

mica

2:1 15–40 70–100 1.0

3. Smectite 2:1 80–120 600–800 1.0–2.0
4. Vermiculite 2:1 100–180 550–700 1.0–1.5
5. Chlorite 2:2:1 15–40 70–100 1.4

98 Green Approaches in Medicinal Chemistry for Sustainable Drug Design



5.2 Clay-mediated synthesis of biologically active
molecules

5.2.1 Natural clay

Shaikh et al. have investigated N-acetylation of aniline derivatives using clay as catalyst.
Natural clay is collected and purified by a special method [24]. Clay was crushed and

washedwith distilledwater and 0.1MH2SO4 to remove organic impurities.After filtration

and furtherwashing and drying, themixturewas heated at 110°C in oven. The catalystwas

characterizedusinganalytical techniques suchasX-raypowderdiffraction (XRD), energy-

dispersive X-ray spectroscopy (EDS), and field emission scanning electron microscope

(FESEM). The crystalline products obtained from this reaction were identified by FTIR

andNMRspectroscopy.N-acetylationofanilinederivativeswasperformedusingamixture

of aromatic amines and clay (0.10) g in acetic acid as shown in Scheme 5.1. The white

crystals of products were obtained in 80%–95% yield. This method demonstrates a clean

and simple procedure with cost-effectiveness thatmatches verywell with the principles of

greenandsustainablemethod.Someof thesederivativeshavediversemedicinalproperties.

5.2.2 Montmorillonite K-10 clay

Lole et al. have reported clay-mediated (K-10 Montmorillonite) single-step synthesis

of azo dye, i.e., 4-(1,3-benzoxazol-2-yl)-anilines using substituted phenols [25]. Azo

dyes have diverse pharmacological and medical properties [26]. For example, they are

involved in a number of biological processes such as the inhibition of DNA, RNA,

protein synthesis, nitrogen fixation, and carcinogenesis [27]. The structures of the

products were confirmed by IR, mass spectrometry, 1H NMR, and 13C-NMR spectros-

copy. Azo dyes were prepared by mixing 4-(1,3-benzoxazol-2-yl) aniline (5 mmol) in

water and montmorillonite K-10 clay and phenol (Scheme 5.2). This is a simple sus-

tainable clay-mediated method for the preparation of drug candidates.

NH2

R

+

O

OHCH3

Clay

Water bath

NH CH3

O

R

R= 4-Cl,4-NO2, 3-NO2, 3-Cl

Scheme 5.1 N-Acetylation of aniline over clay.

O

N

NH2

O

N

N
NaNO2 0–5°C
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N OH

R

OH

R

Scheme 5.2 Preparation of azo dyes over montmorillonite K-10 clay.
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Mechanistically, diazotization and azo coupling reaction are initiated through the

activation of clay. Clay help lose water to retain acidic and basic sites and in the sec-

ond step NaNO2 is adsorbed over the surface of the clay. Electron pair on nitrogen

initiated nucleophilic addition reaction and subsequent dehydration produced diazo-

nium salt and then the salt coupled. These azo compounds have potent antimicrobial

activity against Staphylococcus aureus, Escherichia coli (bacterial strain), and Asper-
gillus niger (fungal strain). The azo compounds as prepared following a green route

have greater promise in synthesizing medicinally potent antimicrobial agents.

Chakrabarty et al. have explored the clay-mediated synthesis of

3,3-diindolyl-2-indolinones from isatins (Scheme 5.3) [28]. 2-Indolinones (oxindoles)

[29] and 3,3-diaryl-2-indolinones have demonstrated numerous biological activities,
e.g., antibacterial, antiprotozoal, antiinflammatory, laxative, and antiproliferative

properties [30, 31]. Moreover, a number of diindolylindolinones were formed by the

reaction of isatin or N-methyl isatin with indoles in the presence of acetic acid [32].

The conversion of 2-indolinone into its 3,3-dibromo derivativewas performed by treat-

ment with indoles in the presence of silver carbonate [33]. Alum-catalyzed reaction of

indole [34] and 2-methylindolewith isatins was performed at room temperature as well

as under microwave irradiation [35–37]. A mixture of isatin (3a) and excess of indole

(4a) inmethanol/ethyl acetate (1, 1)was adsorbedonmontmorilloniteK-10clayand the

solvent was allowed to evaporate. On filtration, the crude product 1a was isolated and

crystallized with 87% yield. The autoxidation of skatole (4f) on montmorillonite K-10

clay produced two indole derivatives: indolinone 1g (55%) and 3-methyl-3-(30-methyl-

20-indolyl)-2-indolinone (5). The reactions were extremely rapid and involved simple

isolation method, the present procedure was efficient for the one-step synthesis of

biologically active 3,3-diindolyl-2-indolinones.This successfulmethodwasdeveloped

using environmentally benign montmorillonite K-10 clay with enough acidities and a

large surface area (Table 5.2).

Table 5.2 Preparation of bis(indolyl)indolinones (1a–g) from isatins (3a,b) and indoles (4a–f)
on montmorillonite K-10 clay.

Isatin

(3a/3b)

Indole

Reaction

time (min) Product Yield (%)R1 R2 R3

3a 4a H H H 5 1a 87

3a 4b H Me H 5 1b 92

3a 4c H H Br 5 1c 85

3a 4d Me H H 5 1d 90

3a 4e Et H H 5 1e 75

3b 4d Me H H 5 1f 89

3a 4f 24 H – 5 1g 55
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Yildirim et al. have investigated the montmorillonite K-10-catalyzed synthesis of

α-aminonitriles in the presence of dicationic phosphonium salt in water using ultra-

sound [38]. These compounds are important acyl anion and iminium ion equivalents

and suitable intermediates for the preparation of α-amino acids, 1,2-diamines, and

numerous nitrogen-containing heterocycles. For example, imidazoles, pyrroles,

quinolones, and pyrazinones were prepared from them [39–42].
Acid catalysts [43] such as NiCl2 [44], Cu(OTf )2 [45], RuCl3 [46], iodine [47]

La(NO3)3�6H2O, GdCl3�6H2O, [48], InCl3 [49], and Fe3O4 [50] were used successfully

in this method. Silica-supported heteropolyacids [51], cellulose sulfuric acid [52], and

mesoporous aluminosilicates [53] promoted these reactions in organic solvents or in

the absence of solvents. Dicationic salts were prepared from a mixture of dihaloalkane

(1.0 mmol) and triphenylphosphine (2.0 mmol) or N, N-dimethyldodecylamine

(2.0 mmol) in absolute ethanol (10 mL) as shown in Scheme 5.4. α-Aminonitriles were

synthesized starting from aldehyde (1.0 mmol), (S)-α-phenylethylamine (1.0 mmol),

montmorillonite K-10 (0.25 g), P-6-P (10 mol%), and NaCN (1.0 mmol) in water. The

crude product was washed with diethyl ether and purified by column chromatography

over silica gel. Mono- and dicationic phase-transfer catalysts were used for this study.

For example, benzyltriethylammonium bromide (TEBAB), 1,6-bis

(hexadecyldimethylamino)hexane dibromide (16-6-16), 1,6-bis(triphenylphosphonium)

hexane dibromide (P-6-P), 1,12-bis(dodecyldimethylamino)dodecane dibromide

(12-12-12), and 1,12-bis(triphenylphosphonium)dodecane dibromide (P-12-P) were

tested. Among these six dicationic catalysts, best yield was obtained with P-6-P (85%)

as presented in Table 5.3.

N
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+
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N R2
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N
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CH3
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Scheme 5.3 Preparation of 3,3-diindolyl-2-indolinones over montmorillonite K-10 clay.
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Phosphonium salts are valuable phase-transfer catalysts due to the fact that they can

be prepared from economical and readily available starting materials. This new

method used water as solvent and clay as environmentally benign catalyst. It was a

fast reaction under ultrasonic method.

Lambat et al. have studied the synthesis of trazodone hydrochloride in the presence

of montmorillonite K-10 as catalyst [54]. “Trazodone hydrochloride” [55] is an

important medicine with psychoactive properties. These triazolopyridine classes of

compounds have also antidepressant, anxiolytic, and hypnotic activities [56]. The

preparation of new benzofluorenone derivatives and their HIV-reverse transcriptase

inhibitory activity were investigated [57]. A one-pot preparation of N, N-alkylidene
bisamide compounds under solvent-free method bymontmorillonite K-10 [58] as well

as the preparation of trazodone hydrochloride by sulfamic acid were performed [59].

The pharmacological value of trazodone hydrochloride is because of the inhibition of

serotonin uptake and a less affinity for the serotonin transporter than other medicines

used for this purpose [60]. Condensation of 1-(3-chlorophenyl)-4-(3-chloropropyl)

piperazine and 1,2,4-triazolo [4,3-a] pyridine-3-(2H)-one in acetonitrile under reflux

at 90°C for 5 h is shown in Scheme 5.5. The principal advantages of this method were

numerous: efficiency, fast and clean reaction, catalytic recyclability, and reusability

without the loss of catalytic activity.

Zonouz et al. have studied the synthesis of 1,4-dihydropyridines over montmorillon-

ite K-10 clay-catalyzed reaction [61]. 4-Aryl-2,6-dimethyl-1,4-dihydropyridine-3,5-

dicarboxylates (1,4-DHP) are used extensively for the treatment of cardiovascular dis-

eases, for example, hypertension, angina pectoris, and infarction [62]. Studies toward a

set of antihypertensive and antianginal drugs were performed [63]. However, they were

not related to calcium antagonist properties: neurotropic (antiamnestic, anticonvulsant,

neuroregulatory), antidiabetic, anticancer, and anti-inflammatory [64–68]. The main

Table 5.3 Comparative study of dicationic catalysts.

PTC Yield (%) d.r.

– 60 28:72

TEBAB 65 28:72

16-6-16 73 27:73

12-12-12 76 28:72

P-6-P 85 27:73

P-12-P 84 27:73

H

O

+ H2N + NaCN Montmorillonite K-10
PTC (10 mole%)
H2O 25°C

N
H

N
H

CN CN

+

Major Minor

Scheme 5.4 Synthesis of α-aminonitriles over montmorillonite K-10.
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advantages of this procedure are rapid reactions with high yield of the products. Impor-

tantly, montmorillonite K-10 is inexpensive and is reused repeatedly that makes the pro-

cedure feasible and sustainable (Scheme 5.6).

Song et al. have reported an efficient synthesis of polyhydroquinoline compounds over

montmorillonite K-10 clay [69]. 1,4-Dihydropyridines (1,4-DHPs) work well as Ca2þ

channel blockers [70, 71] and serve as vasodilator, bronchodilator, antiatherosclerotic,

antitumor, geroprotective, hepatoprotective, and antidiabetic molecules [72, 73].

Numerous methods for the synthesis of polyhydroquinoline compounds were

investigated. Conventional heating [74], refluxing the reaction mixture in acetic acid,

[75], ionic liquids-mediated reaction [76], microwave irradiation method, and ultra-

sound exposure were studied [77, 78]. These methods required short reaction time but

produced products with high yields. The clay used for this study was inexpensive and

was recycled many times (Scheme 5.7).
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Scheme 5.5 Synthesis of trazodone hydrochloride over montmorillonite K-10.
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Scheme 5.6 Synthesis of 1,4-dihydropyridine derivatives over montmorillonite K-10 clay.
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Scheme 5.7 Synthesis of polyhydroquinoline derivatives over montmorillonite K-10 clay.
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Marvi et al. have reported the preparation of 5-substituted 1H-tetrazoles using

montmorillonite K-10 [79]. Tetrazoles have received considerable attention in drug

discovery science [80, 81]. 5-Substituted 1H-tetrazoles have an acidic hydrogen atom
at the N-1 and were used as carboxylic acid bioisosteres. These types of compounds

demonstrated better cell permeability, bioavailability, and metabolic stability

although these have similar pKa values like carboxylic acids. Substitution of the

N-1 to produce 1,5-disubstituted tetrazoles was proven helpful in drug discovery as

cisamide isosteres [82–86]. Tetrazoles were also used in the preparation of imidoyl

azides [87–89].
Considerable work on the preparation of tetrazoles was carried out for material sci-

ences, pharmaceuticals, explosives, and photography research [90–94]. Sharpless et al.
have reported an excellent method for the synthesis of 5-substituted 1H-tetrazoles by
reaction of cnitriles with NaN3 in the presence of Zn(II) salts [95–98]. Pizzo et al. have
studied a new method for the preparation of tetrazoles from nitriles and TMSN3 using

TBAF as catalyst [99]. Lakshmi Kantam et al. have efficiently prepared tetrazoles from

nitriles and NaN3 in the presence of nanocrystalline ZnO or zinc hydroxyapatite as the

catalyst [100]. Yamamoto et al. have designed a [3+2] cycloaddition reaction between

nitriles and trimethylsilyl in the presence of a CuI catalyst to afford 5-substituted

1H-tetrazoles [101]. In addition, Zn/Al hydrotalcite-modified montmorillonite K-10

with Cu2+, Fe3+, Ni2+, and Zn2+ ions were used in the preparation of terrazoles [102,

103]. The usual method of synthesizing tetrazoles consisted of adding of azide ions

to organic nitriles or cyanamides [104–107] mixed with p-nitrobenzonitrile, sodium
azide, and montmorillonite K-10 clay under microwave irradiation (Scheme 5.8).

The catalyst used for this investigation was inexpensive and nontoxic and therefore this

method is environmentally benign.

Kannan et al. have reported the preparation of 2,4,6-tri-substituted pyridine using

montmorillonite K-10 clay [108]. Multiaryl-substituted pyridines derivatives can

serve as electron transporter [109]. The highly substituted 2-amino-4-aryl-3,

5-dicyano-6-sulfanylpyridines have outstanding significant and numerous medicinal

properties. For example, these compounds were used as high-potent agonists for

human adenosine receptors and act as therapeutic agents against a number of medical

disorders: Creutzfeldt-Jacob disease, Parkinson dysfunction, hypoxia, asthma, cancer,

kidney problems, and prion disease [110–112].
Some methods for the preparation of 2,4,6-triaryl pyridines were reported. For exam-

ple, a reaction of α-ketoketene dithioacetalswithmethyl ketones in the presence of ammo-

nium acetate [113] afforded pyridines. Similarly, a reaction of N-phosphinylethanimines

with aldehydes [114]; a reaction of lithiated β-enaminophosphonates with chalcones

CN

R + NaN3

N

N

NHN

R
Montmorillonite K-10

Microwave

Scheme 5.8 Synthesis of 5-substituted 1H-tetrazoles over montmorillonite K-10 clay.

104 Green Approaches in Medicinal Chemistry for Sustainable Drug Design



[115]; condensation of acetophenone derivatives, benzaldehydes, and NH4OAc in NaOH

[116]; one-pot reaction between acetophenones, benzaldehydes, and NH4OAc in the

absence of any catalyst under microwave irradiation method produced substituted pyri-

dines [117]. Because of their п-stacking characteristic properties, some pyridines were

used in supramolecular science [118–120]. To overcome some of the limitations of the

existingmethods, a mild and environmentally friendly procedure in the presence of mont-

morillonite K-10 clay was developed. Interestingly, the trisubstituted pyridines were

obtained with 100% selectivity and without forming any other molecules (Scheme 5.9).

Reddy et al. have developed the synthesis of pyranopyrazoles using montmorillonite

K-10 as the environmentally benign catalyst [121]. Pyranopyrazoles are crucial hetero-

cycles because they have applications as pharmaceuticals and agrochemicals [122]. The

pyranopyrazole was first prepared by reacting 3-methyl-1-phenylpyrazolin-5-one with

tetracyanoethylene [123]. A number of 6-amino-5-cyano-4-aryl-4H-pyrazolo[3,4-b]

pyrans were made by the reaction of arylidienemalononitrile with

3-methylpyrazoline-5-ones and by the condensation of 4-arylidienepyrazoline-5-one

with malononitrile [124–126]. Dihydropyrano[2,3-c]pyrazoles have crucial medicinal

properties that include antimicrobial [127], insecticidal [128], and anti-inflammatory

[129].Moreover, dihydropyrano[2,3-c]pyrazoles demonstratedmolluscicidal properties

[130, 131]. Some of the compounds showed good antioxidant and antibacterial activity

(Scheme 5.10).

5.2.3 Modified montmorillonite clay

Aslya et al. [132] have studied the polymerization of DL-lactide using protonated

montmorillonite [132]. Poly(D,L-lactide) (PLA) is degradable and compatible polymer

under biological conditions. The biomedical applications of PLA as drug release
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NH4OAc, heat, solvent-free

Scheme 5.9 Synthesis of 2,4,6-trisubstituted pyridine over montmorillonite K-10 clay.
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Scheme 5.10 Synthesis of pyranopyrazoles over eco-friendly montmorillonite K-10.
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substrate, scaffolds for tissue engineering, and for constructing medical equipment are

known [133–135]. This reaction was in general induced by metallic or organometallic

catalysts, for example, organo-stannous reagents [136]. Although these catalysts

worked well, they had limitations. Most of them were corrosives and preparation

of pure products was difficult. To improve the method, a few studies were performed

with solid acids, for example, with “Keggin-type heteropolycompounds” [137–140]
or clay catalysts [141–143]. These new methods offered some advantages because

they were conducted following green chemistry under milder conditions and the prod-

ucts were comparatively easy to purify. This investigation demonstrated the active

role of Brønsted/Lewis acids on the clay interface so that D,L-lactide polymerization

occurs (Scheme 5.11).

Bhaskar et al. have identified an esterification method of phenyl acetic acid with

p-cresol catalyzed by montmorillonite nanoclay [144]. Esters are important molecules

with dierse applications in the preparation of perfumes, flavors, plasticizers, cos-

metics, and pharmaceuticals [145]. It was observed that Al3+-montnanoclay has the

best catalytic properties. The recyclability of these solid catalysts renders these pro-

cesses economical. These solid catalysts were recycled and therefor, this method was

simple and economical (Scheme 5.12).

Sayyahi et al. have investigated the synthesis of 3,4-dihydropyrimidin-2(1H)-ones
using ammonium salt-modified clay as catalyst in aqueous medium [146]. The prep-

aration of dihydropyrimidines through multicomponent reactions [147–149] created
special recognition due to its ability to synthesize biologically and pharmaceutically

active molecules. Cetyltrimethylammonium bromide-modified organoclay was used

for the preparation of 3,4-dihydropyrimidin-2(1H)-ones by reacting aromatic alde-

hyde, acetylacetone, or ethyl acetoacetate with urea. This environmentally benign

method was rapid, cost effective, and produced products in high yields (Scheme 5.13).
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Scheme 5.11 Polymerization of DL-lactide over protonated montmorillonite clay.
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Scheme 5.12 Esterification of phenyl acetic acid (PA) with p-cresol (p-C) over
montmorillonite nanoclay.
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Borah et al. have developed azide-alkyne cycloaddition reaction through Cu(0)-

nanoparticles in the nanopores of montmorillonite clay [150]. 1,2,3-Triazoles are

nitrogen-containing heterocycles that have anti-HIV, antiallergic, antifungal, and

antimicrobial properties [151]. These are also used as photostabilizers, agricultural

products, optical brighteners, and corrosion preventing materials [152]. Triazoles

were commonly prepared by the cycloaddition reaction of azides with different

types of alkynes [153, 154]. These were also prepared using azides that are bound

to polymer, zeolite or resin, and alkynes, enamines or β-ketoamides [155–157]
(Scheme 5.14).

5.2.4 Modified montmorillonite K-10 clay

Zeynizadeh et al. investigated the preparation of biscoumarins catalyzed by nickel

nanoparticles immobilized on montmorillonite K-10 followed by a reduction method

[158]. Biscoumarins (dicoumarols) are crucial intermediates for the preparation of

acridinediones and heterocycles [159–162]. In addition, coumarins and dicoumarols

demonstrated diverse medicinal properties that include antiinflammatory,

antibacterial, antiviral, anticancer, and anti-HIV [160, 163]. Dicoumarols were pre-

pared by refluxing 4-hydroxy-coumarins and aldehydes in suitable solvents [164]

in the presence of catalytic amounts of molecular iodine [165], piperidine [166],

DBU [167], n-dodecylbenzene sulfonic acid [168], lithium perchlorate [169], sodium

dodecyl sulfate [170], Zn-proline complex [171], ammonium salt [172], ionic liquids

[173], and nano silica [174] (Scheme 5.15).

Wang et al. have prepared neoflavonoid derivatives using sulfated montmorillonite

K-10 [175]. Neoflavonoids (4-arylcoumarins) are distributed in nature and have

medicinal properties. For example, some them have antioxidant [176], antidiabetic

[177], anticancer [178], antimicrobial [179], antiinflammatory [180], antiprotozoal

[181], and hormonal [182] properties. The synthesized compounds had antioxidant

R N3 + R1
N

N N

R1

R
Cu(0)-nanoparticles

H2O,Et3N, room temp.

Scheme 5.14 Cycloaddition of azide-alkyne over Cu(0)-nanoparticles@montmorillonite.
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H
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Scheme 5.13 Synthesis of 3,4-dihydropyrimidin-2(1H)-ones over quaternary ammonium-

treated clay.
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and potent hydroxyl radical scavenging activity. Some of the compounds have proven

excellent in controlling diabetes. Some compounds in this series were similar to that of

the glibenclamide (Scheme 5.16).

5.2.5 Natural bentonite clay

Vartooni et al. have investigated the solvent-free preparation of 1H-1,2,3,4-tetrazoles
and reduction of 4-nitrophenol using bentonite-supported copper nanoparticles [183].

Tetrazoles are important medicinal agents. Some of them are isosteric for carboxylic

acids [83] and used as analytical reagents with biological activities [184]. The catalyst

was highly promising and recyclable for the synthesis of substituted tetrazoles follow-

ing mild conditions. The Cu nanoparticles/bentonite system were found to be stable

(Scheme 5.17).
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Scheme 5.15 Synthesis of biscoumarins over acid-activated montmorillonite K-10 (Ni-Mont).
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Scheme 5.16 Synthesis of neoflavonoid derivatives over sulfated montmorillonite K-10.
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Scheme 5.17 Synthesis of 1-substituted 1H-1,2,3,4-tetrazoles over natural bentonite-supported
copper nanoparticles.
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Salmón et al. have studied the synthesis of dihydropyrimidones through Biginelli

reaction in the presence of bentonitic clay as a Lewis catalyst [185]. β-Dicarbonyl
compounds demonstrated pharmacological activities as calcium channel blockers

and antihypertensive agents [186, 187] (Scheme 5.18).

5.2.6 Modified bentonite clay

Surendra et al. have identified a route for the preparation ofSchiff’s bases using bentonite

clayas the solid support [188]. Schiff bases are importantmoleculeswithawide spectrum

of applications and activities such as ligand synthesis [189], synthesis of organic

structures [190] and has antibiotics, antifungal [191], anticancer, antiviral, anti-HIV,

antiproliferative, herbicidal, and antiinfluenza A virus activities [192–194]. The pre-

paration of Schiff base under microwave irradiation in the absence of solvent using clay

catalyst was an attractive method. A condensation of primary amine with aromatic alde-

hyde reacted to forman intermediatewhich on dehydration formed the Schiff base [195].

The Schiff base synthesis was extended with various catalysts under microwave irradi-

ationmethod [196–198]. This study indicated that a catalytic amount or small quantity of

the catalyst is necessary for the preparation of the Schiff bases in the absence of solvent

under microwave-induced reaction (Scheme 5.19).
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Scheme 5.18 Synthesis of dihydropyrimidones (DHPMs) via Biginelli reaction over

bentonitic clay.
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5.2.7 Montmorillonite KSF clay

Ballini et al. have achieved the preparation of trans-chalcones using catalytic amounts

of montmorillonite KSF clay [199]. trans-Chalcones are used for their promising anti-

neoplastic, spasmolytic, antibacterial, bacteriostatic, and bactericidal activities [200].

They are also used for the synthesis of five- and six-membered ring compounds due to

their flexibility in structures [201]. Various acidic and basic solid catalysts were inves-

tigated to prepare trans-chalcones. But, ion-exchanged mesoporous materials [202],

boric acid [203] and potassium hydroxide [204] bound silica gel, sulfonated carbon

[205], and hydrotalcites were more common [206]. Microwave irradiation method

with a solid catalyst was also studied for this purpose [207]. For example, montmo-

rillonite KSF, benzaldehyde, and acetophenone at high temperature produced the

product (Scheme 5.20). These molecules were synthesized in good yield and selectiv-

ity in the presence of montmorillonite KSF as catalyst in the absence of solvent. In

addition, the catalyst was used five times without the loss of its power and the yields

of the products remained unchanged.

Reddy et al. have prepared 5-hydroxyindole derivatives using montmorillonite

KSF clay as catalyst following the method developed by Nenitzescu [208]. Indoles

are naturally abundant and present in many medicinally active molecules

[209–218]. Specifically, 5-hydroxyindole systems are present in serotonin, a neuro-

transmitter and indomethacin, and an antiinflammatory compound. Moreover,

5-hydroxyindoles are active as new 5-lipoxygenase inhibitors [219–221]. Therefore,
numerous ideas were forwarded for the preparation of these types of derivatives

[222–224]. A ring construction by reacting quinones with enamines, obtained from

1,3-diketones and aromatic amines (Nenitzescu reaction), was the direct procedure

to obtain 5-hydroxyindoles [225–229]. Zinc iodide and ceric ammonium nitrate were

also found to be good catalysts for this reaction. The method with clay produced prod-

ucts in high yields and proceeded well with different types of dikeones and amines

(Scheme 5.21).

H OO
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Scheme 5.20 Synthesis of trans-chalcones over montmorillonite KSF catalyst.
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Scheme 5.21 Synthesis of 5-hydroxyindole over montmorillonite KSF clay.
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Mitra et al. have investigated the microwave-induced montmorillonite KSF clay-

catalyzed reactions for the preparation of dihydropyrimidinones under solvent-free

method [230]. Some dihydropyrimidinones [231, 232] are medicinally active. For

example, they are used as calcium channel blockers, antihypertensive agents, and neu-

ropeptide Y antagonists [233]. Importantly, a few marine alkaloids have

dihydropyrimidinone-5-carboxylate group in their compositions [234]. Batzelladine

alkaloids are good HIV gp-120-CD4 inhibitors and they also have these types of struc-

tures [235–237].
Biginelli reaction has some limitation. It required corrosive acids in some exam-

ples. Moreover, aromatic and aliphatic aldehydes yielded products with low yields

[186, 238]. Other Biginelli methods were discovered for the preparation of

dihydropyrimidinones [239]. However, some of these nonenvironmentally benign

methods had additional disadvantages because they used strong protic acids [240],

corrosive Lewis acids [241, 242], and lanthanide reagents [243–247]. The clay-

mediated Biginelli reaction is certainly an improved method because this is green

and environmentally friendly method and proceeded very fast in the absence of

any solvents (Scheme 5.22).

5.2.8 Modified montmorillonite KSF clay

Rafiee et al. have studied a one-pot preparation of α-aminonitriles under catalytic con-

ditions with KSF-supported heteropoly acids (HPAs) that include H3PW12O40,

H3PMo12O40, and H3SiW12O40 [248]. α-Aminonitriles are crucial molecules for

the synthesis of α-amino acids, biologically active compounds [249], imidazoles,

and thiadiazoles [250]. Some improved procedures of the Strecker reaction used

for their synthesis were developed [44, 47, 49, 50, 251–259]. The most important

improvement was the replacement of cyanide ion generation method [260–263].
For example, trimethylsilyl cyanide (TMSCN) was used as a safer nucleophile com-

pared to hydrogen cyanide, sodium cyanide, or potassium cyanide. At the beginning

heteropoly acid-supported clay was prepared under different conditions. This method

produced products in excellent yields through easy work-up and mild conditions. The

solid support was nontoxic, reusable, highly stable, and economical (Scheme 5.23).
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Scheme 5.22 Synthesis of dihydropyrimidinones over montmorillonite KSF clay.
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Scheme 5.23 Synthesis of α-aminonitriles over KSF-supported heteropoly acids (HPAs).
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Narayanan et al. have developed the preparation of amidoalkyl naphthols using

phosphotungstic acid encapsulated montmorillonite clay-catalyzed reaction [264].

Some compounds with 1,3-amino oxygenated groups are known. They are present

in natural products, nucleoside antibiotics, and HIV protease inhibitors [265, 266].

1-Amidoalkyl-2-naphthols were converted to 1-aminomethyl-2-naphthols by hydro-

lysis and the amino derivatives demonstrate depressor effects and bradycardia [267].

Numerous catalysts including montmorillonite K-10 clay [268], K5CoW12O40.3H2O

[269], iodine [270], H4SiW12O40 [271], Ce(SO4)2 [272], dodecylphosphonic acid

[273], Fe(HSO4)3 [274], and HClO4-SiO2 [275] were used for the preparation of

amidoalkyl naphthols. But, most of these methods have limitations: long reaction

time, poor yield, use of toxic materials, and solvents (Table 5.4).

Different amounts of montmorillonite KSF clay was encapsulated with tun-

gstophosphoric acid (PTA) through sonication method. The catalytic activity of these

solid substances for the synthesis of 1-amidoalkyl-2-napthols was compared in the

absence of any solvents. Notably, the reaction was highly efficient and the catalyst

was repeatedly used many times (Scheme 5.24).

Table 5.4 Comparison of 10% PTA/Mont. KSF with reported catalysts in the synthesis of

1-amidoalkyl-2-napthols.

Catalyst

Benzaldehyde:2-naphthol:

benzamide (catalyst mol%),

reaction conditions Time

Yield

(%) Ref

Montmorillonite

K-10 clay

1:1:1.1 (0.1 g), 125°C 1.5 h 78 [268]

K5CoW12O40�3H2O 1:1:1.3 (1 mol%), 125°C 2 h 80 [269]

Iodine 1:1:1.3 (5 mol%), 125°C 5.5 h 85 [270]

H4SiW12O40 1:1;1.2 (5 mol%), 110°C 20 min 88 [271]

Ce(SO4)2 1:1:1 (1 mmol), CH3CN, reflux 36 h 72 [272]

Dodecylphosphonic

acid

1:1:1.2 (10 mmol), 90°C 20 min 90 [273]

10% PTA/Mont.

KSF

1:1:1.1 (0.075 g), 120°C 6 min 96 –

O

R

H2N O

R' HO

O

NH

R'R

OH

+ +
10% PTA/Mont.

KSF clay

Scheme 5.24 Synthesis of amidoalkyl naphthols over PTA encapsulated montmorillonite clay.
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Mahmoodi et al. have demonstrated the synthesis of thiazolidinones using

KSF@Ni as catalyst following microwave-induced reaction [276]. Thiazolidinones

are very important because of their medicinal properties. They have excellent anti-

cancer [277], antiproliferative and tumor inhibitory [278], antihyperglycemic

[279], antifungal [280], antitoxoplasma gondii [281], antibacterial [282],

antiurease [283], antiviral [284], antischistosomal [285], antimalarial [286], herbi-

cidal [287], antidiabetic [288], anticandida, and antioxidant values [289]. In the

current method, the reaction was completed very fast with (60%–97%) yields

[290, 291] (Scheme 5.25).

Yin et al. have studied the catalytic nitration of substituted phenols by salt-

impregnated montmorillonite KSF [292]. Nitration of aromatics is a significant

process [293–299]. Several metal salts (Mo and Yb)-impregnated KSF clays were pre-

pared. The catalysts were recycled many times (Scheme 5.26).

5.2.9 Kaolin

Khaleghi et al. have studied the kaolin-catalyzed synthesis of 5-alkoxycarbonyl-

4-aryl-3,4-dihydropyrimidin-2(1H)-ones [300]. The dihydropyrimidinone systems are

valuable biologically active molecules. Many of these have interesting medicinal values

[301, 302]. Some compounds in this series have worked as calcium channel blocker and

antihypertensive antagonist [303] (Table 5.5).

Better yield and fast reaction were observed with kaolin compared to other

available catalysts. Therefore, this is a green method for the preparation

dihydropyrimidinones using economical and reusable catalyst (Scheme 5.27).

H

O

R

H2N

N
H

NH2

S

O
O

O

+
N

N

R

S

HN

HOO

OKSF@Ni

MW

Scheme 5.25 Synthesis of thiazolidinones over KSF@Ni.
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Scheme 5.26 Nitration of substituted phenols over metal salts impregnated

Yb-Mo-montmorillonite KSF.
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5.2.10 Modified kaolin

Srihari etal. havedevelopedthepreparationof3-hydroxy-substituted3-indolyloxindoles

using kaolin/KOH as catalyst [309]. Oxindole derivatives are biologically active in

numerous areas [310–312]. Inparticular, 3,3-diaryl-oxindoles are active against bacteria,
protozoa, and inflammation [30, 313–316]. 3-Aryl-3-hydroxy-2-oxindoles are also use-
ful as drug candidates [317, 318] (Table 5.6).
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Scheme 5.27 Preparation of substituted dihydropyrimidinones over kaolin.

Table 5.6 Catalyst optimization in methanol.

S.No. Base Time (h) Yield (%)

1. NaOH 3 70

2. Cs2CO3 3.5 70

3. K2CO3 3.5 67

4. Pyrrolidine 4 35

5. Piperidine 4 35

6. Imidazole 3 30

7. Benzimidazole 4 30

8. 1,2,4-Triazole 4 25

9. Kaolin/KOH 2.5 90

Table 5.5 Synthesis of 5-ethoxycarbonyl-4-phenyl-6-methyl-3,4-

dihydropyrimidin-2(1H)-one by different catalysts.

S. No. Catalyst

Time

(h)

Yield

(%) Ref.

1. Montmorilonit

KSF

48 82 [304]

2. Sulfuric acid 18 71 [305]

3. Zeolit 12 80 [306]

4. Silica sulfuric acid 6 91 [307]

5. Haulendite 4–5 75 [308]

6. BF3�OEt2/CuCl 18 71 [239]

7. Kaolin 2.5 82 [300]
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This procedure is suitable for large-scale synthesis because of its convenient nature

(Scheme 5.28).

Sadeghi et al. have synthesized spirooxindoles through a three-component catalytic

procedure by nano-Ag/kaolin [319]. Spirooxindoles are valuable compounds used as

biopharmaceutical [320–325]. The preparation of spirooxindoles with fused chro-

menes was performed by three-component reaction between isatins, activated meth-

ylene compounds, and 1,3-dicarbonyl molecules. A number of catalysts were used for

this purpose. Some of these were triethylbenzyl ammonium chloride [326], InCl3
[327], NEt3 [328], NaBr/ROH [329], β-cyclodextrin [330], [BMIm]BF4 [331],

L-proline [332, 333], MgO [334], surfactant metal carboxylates [335], eth-

ylenediaminediacetate [336], Carbon-SO3H [337], and ZnS nanoparticle [338]. How-

ever, method by kaolin was proved to be the best (Scheme 5.29).

5.2.11 Pillared clay

Sharma et al. have synthesized bisindolylmethanes using substituted indoles and car-

bonyl compounds in the presence of Fe/Al pillared clay [339]. Bis(indolyl)alkanes are

isolated from marine sponge alkaloids [340]. These types of compounds have

antibacterial and antitumor properties [341] (Table 5.7).

Many other synthetic routes were performed by Bronsted acids [345], Lewis acids

[346], ionic liquids [347–350], resins [351], and metals [352] for the synthesis of these

types of compounds. But, clay-mediated synthesis was the choice because it was

environmentally friendly and more effective, and the entire process was convenient

compared to the other methods [342, 344, 353, 354] (Scheme 5.30).
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Scheme 5.28 Synthesis of 3-hydroxy-3-indolyl oxindoles over kaolin/KOH.
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5.2.12 Super acid clays

Guerrero et al. have studied the preparation of 1,3,5-triphenylbenzenes,

β-methylchalcones, and 2,4,6-triphenyl pyrylium salts in the presence of super acid

triflouromethane sulfonic clay [355]. The pyrylium salts are used in lasers [356,

357], liquid crystalline substrates [358], phototherapeutic compounds [359] and in

light-induced electron transfer processes [360]. 2,4,6-Triphenyl pyrylium derivatives

have unique photophysical charateristics [361] (Scheme 5.31).
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Scheme 5.30 Synthesis of bisindolylmethanes over diversely substituted indoles.

Table 5.7 The effects of Fe/Al pillared clay and other catalysts on the reaction of

indole with benzaldehyde.

Entry Reaction condition/time

Catalyst

content

Yield

(%) Ref.

1. Zeokarb-225/CH3CN 7.5 h 0.5 g 95 [342]

2. ZrO2 (400
oC) 1 h – 70 [343]

3. ZrOCl2�8H2O, solvent-free,

50°C/40 min

5 mol% 84 [344]

4. SO4
�2=ZrO2 (500

°C)/50 min 1.5 N 89 [343]

5. PO4
�3=ZrO2 (500

°C)/20 min 1.5 N 92 [343]

6. Fe/Al pillared clay (425°C)/

solvent free, 15 min

0.5 mol% 94 [339]
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5.2.13 Comparative study of montmorillonite-KSF and K-10 clays

Habibi et al. have investigated montmorillonite-KSF and montmorillonite K-10 clay-

mediated solventless synthesis of bismaleimides and bisphthalimides [362]. Mal-

eimides are used in biological, synthetic, and polymer chemistry. Maleimides are used

as probes of protein structure because they react very fast with cysteines residues.

They are also used as linkers for the conjugation of organic compounds to proteins.

R2

O

R1

R1

R1

R1

OCH3

O

R1
R1

R1

CF3SO3
–

+

+(SACS)+, C7H8

Reflux

R1 R1

R2

o
+

CF3SO3
–

CF3SO3
–

CF3SO3
–

CF3SO3
–

O

R1

o
+

C7H8 reflux

C7H8 reflux

C7H8 reflux

C7H8 reflux

o
+

Me

Me Me

o
+

OMe

OMeMeO

Scheme 5.31 Preparation of triphenylbenzenes, β-methylchalcones, and triphenyl pyrylium

salts with super acid triflouromethane sulfonic clay.
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They serve as immunoconjugates for cancer treatment or haptens for antibodies

[363–366]. The functional groups present in maleimide work like Michael acceptor

and are dienophilic in nature. The available methods for the preparation of these

important compounds are not satisfactory [367–377]. Synthesis of maleimides by con-

densation and acid-induced cyclization procedures did not produce products in good

yields. Therefore, it was necessary to identify a clean method avoiding strong acids or

bases. The clay-induced method was performed under solvent-free conditions and

focused to develop these important classes compounds following sustainable condi-

tions (Scheme 5.32).

Naeem et al. have developed the synthesis of 4-thiazolidinones under microwave-

induced reaction in the presence of montmorillonite clays (K-10 and KSF) [378].

4-Thiazolidinones are valuable precursors with numerous medicinal applications

[379, 380]. The molecules prepared by this showed excellent antibacterial activities

compared with drugs available in the market. The current method was advantageous

from the point of view of green chemistry (Scheme 5.33).

Venkatesha et al. have synthesized cyclic imides in the presence of acidic mont-

morillonite clays [381]. Cyclic imides are used as medicine, polymer, and dyes and

for the manufacture of fine chemicals. These types of compounds were prepared

through a condensation reaction of dicarboxylic acids with amines. The condensation

were performed by H2SO4, HCl, p-TSA, [382–384], silica sulfuric acid, niobic acid,
ZSM-5, heteropoly acid, Al2O3 [385], TaCl2 on SiO2, FeCl3, and AlCl3 [386–388].
Specifically cyclic imides served as intermediates in the synthesis of several medic-

inally active molecules: floxacin [389], aminopeptidaseN-inhibitors [390], fungicides
[391], herbicides [392], bactericidal [393], antimalarial [394], antitumor, and leprosy

[395]. These acid-washed clays were used a number of times without deactivation

because of their enhanced pore availability (Table 5.8, Scheme 5.34).

Marvi et al. have identified clay-catalyzed Cannizzaro process in the presence of

1,4-diazabicyclo[2.2.2]octane (DABCO) following microwave and solvent-free

methods [396]. The redox disproportion of aldehydes into alcohols and carboxylic

acids represent Cannizzaro reaction [397, 398]. This is usually performed at high tem-

perature using excess strong bases. The superiority of K-10 clay was seen as compared

O
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1a–h,2a,3a,4a(1) Maleic anhydride
(2) Phthalic anhydride
(3) 4-Chorophthalic anhydride
(4) 3,6-Dichlorophthalic anhydride

Scheme 5.32 Synthesis of bismaleimides and bisphthalimides in the presence of

montmorillonite KSF and montmorillonite K-10 clays.
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KSF).

Table 5.8 Comparison of different catalysts for the conversion of

benzene dicarboxylic acid and yield of cyclic imide

S.No. Catalysts

BDC

conversion

% yield of cyclic

imides

1. Al-clay 49 13

2. Al-pillared

clay

56 16

3. Fe-pillared

clay

50 12

4. Zr-pillared

clay

54 10

5. K-10 54 18

6. KSF 33 06

7. ZrO2 51 22

8. SnO2 62 26

9. Al2O3 53 18

10. ZSM-5 44 20

11. HBEA 78 78

12. H-Y 80 76

13. p-TSA clay 80 80

14. MSA clay 80 80

15. PDSA clay 80 80



to KSF because K-10 has higher surface area (250 m2 g�1) compared to KSF

(10 m2 g�1). The combination of montmorillonites and microwave irradiation demon-

strated rate acceleration and high yields of the products. The solventless reaction with

heterogeneous system media under microwave irradiation method was highly effi-

cient and useful from ecological points of view [399–403] (Scheme 5.35).

5.3 Conclusions

Different clay-catalyzed reactions for the preparation of pharmaceutically relevant

organic molecules were investigated. Numerous treated forms of clays played a signif-

icant role in increasing the yield of the products. These reactions were investigated

under different conditions: in the absence of solvents, microwave, and ultrasound

method, at different temperature, by changing molar ratios of the reactants and under

various concentrations of clays. The availability of both the Bronsted and Lewis acid

sites in the acid-treated clayswere found to bemore effective in diverse reactions.Most

of the reactions produced medicinally important products in excellent yield. The clays

were found to be reusable without causing deactivation. The experimental and product

isolation procedureswere simple and therefore, thesemethods played an important role

in the development of environmentally benign method [9]. Based on the available lit-

erature, we believe that clay-mediated reactions would continue to play a major role in

drug discovery process following the principles of green chemistry.
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[164] D. Završnik, S. Muratovi�c, D. Makuc, J. Plavec, M. Cetina, A. Nagl, E.D. Clercq,

J. Balzarini, M. Mintas, Benzylidene-bis-(4-hydroxycoumarin) and benzopyrano-

coumarin derivatives: synthesis, 1H/13C-NMRconformational andX-ray crystal structure

studies and in vitro antiviral activity evaluations, Molecules 16 (7) (2011) 6023–6040.
[165] M. Kidwai, V. Bansal, P. Mothsra, S. Saxena, R.K. Somvanshi, S. Dey, T.P. Singh,

Molecular iodine: a versatile catalyst for the synthesis of bis(4-hydroxycoumarin) meth-

anes in water, J. Mol. Catal. A Chem. 268 (2007) 76–81.
[166] K. Khan, S. Iqbal, M. Lodhi, G. Maharvi, Z. Ullah, M. Choudhary, P. Atta-ur-Rahman,

Biscoumarin: new class of urease inhibitors; economical synthesis and activity, Bioorg.

Med. Chem. 12 (2004) 1963–1968.
[167] H. Hagiwara, N. Fujimoto, T. Suzuki, M. Ando, Synthesis of methylenebis(4-

hydroxy-2-pyrone) or methylenebis(4-hydroxycoumarin) derivatives by organic solid

state reaction, Heterocycles Sendai Institute of Heterocyclic Chemistry, 53 (3) (2000)

549–552.

Clay-mediated synthesis of biologically active molecules 129

http://refhub.elsevier.com/B978-0-12-817592-7.00005-8/rf0760
http://refhub.elsevier.com/B978-0-12-817592-7.00005-8/rf0760
http://refhub.elsevier.com/B978-0-12-817592-7.00005-8/rf0760
http://refhub.elsevier.com/B978-0-12-817592-7.00005-8/rf0765
http://refhub.elsevier.com/B978-0-12-817592-7.00005-8/rf0765
http://refhub.elsevier.com/B978-0-12-817592-7.00005-8/rf0765
http://refhub.elsevier.com/B978-0-12-817592-7.00005-8/rf0770
http://refhub.elsevier.com/B978-0-12-817592-7.00005-8/rf0770
http://refhub.elsevier.com/B978-0-12-817592-7.00005-8/rf0770
http://refhub.elsevier.com/B978-0-12-817592-7.00005-8/rf0775
http://refhub.elsevier.com/B978-0-12-817592-7.00005-8/rf0775
http://refhub.elsevier.com/B978-0-12-817592-7.00005-8/rf0775
http://refhub.elsevier.com/B978-0-12-817592-7.00005-8/rf0775
http://refhub.elsevier.com/B978-0-12-817592-7.00005-8/rf0780
http://refhub.elsevier.com/B978-0-12-817592-7.00005-8/rf0780
http://refhub.elsevier.com/B978-0-12-817592-7.00005-8/rf0785
http://refhub.elsevier.com/B978-0-12-817592-7.00005-8/rf0785
http://refhub.elsevier.com/B978-0-12-817592-7.00005-8/rf0785
http://refhub.elsevier.com/B978-0-12-817592-7.00005-8/rf0790
http://refhub.elsevier.com/B978-0-12-817592-7.00005-8/rf0790
http://refhub.elsevier.com/B978-0-12-817592-7.00005-8/rf0795
http://refhub.elsevier.com/B978-0-12-817592-7.00005-8/rf0795
http://refhub.elsevier.com/B978-0-12-817592-7.00005-8/rf0795
http://refhub.elsevier.com/B978-0-12-817592-7.00005-8/rf0800
http://refhub.elsevier.com/B978-0-12-817592-7.00005-8/rf0800
http://refhub.elsevier.com/B978-0-12-817592-7.00005-8/rf0800
http://refhub.elsevier.com/B978-0-12-817592-7.00005-8/rf0805
http://refhub.elsevier.com/B978-0-12-817592-7.00005-8/rf0805
http://refhub.elsevier.com/B978-0-12-817592-7.00005-8/rf0805
http://refhub.elsevier.com/B978-0-12-817592-7.00005-8/rf0810
http://refhub.elsevier.com/B978-0-12-817592-7.00005-8/rf0810
http://refhub.elsevier.com/B978-0-12-817592-7.00005-8/rf0810
http://refhub.elsevier.com/B978-0-12-817592-7.00005-8/rf0815
http://refhub.elsevier.com/B978-0-12-817592-7.00005-8/rf0815
http://refhub.elsevier.com/B978-0-12-817592-7.00005-8/rf0815
http://refhub.elsevier.com/B978-0-12-817592-7.00005-8/rf0815
http://refhub.elsevier.com/B978-0-12-817592-7.00005-8/rf0820
http://refhub.elsevier.com/B978-0-12-817592-7.00005-8/rf0820
http://refhub.elsevier.com/B978-0-12-817592-7.00005-8/rf0825
http://refhub.elsevier.com/B978-0-12-817592-7.00005-8/rf0825
http://refhub.elsevier.com/B978-0-12-817592-7.00005-8/rf0825
http://refhub.elsevier.com/B978-0-12-817592-7.00005-8/rf0825
http://refhub.elsevier.com/B978-0-12-817592-7.00005-8/rf0825
http://refhub.elsevier.com/B978-0-12-817592-7.00005-8/rf0825
http://refhub.elsevier.com/B978-0-12-817592-7.00005-8/rf0825
http://refhub.elsevier.com/B978-0-12-817592-7.00005-8/rf0830
http://refhub.elsevier.com/B978-0-12-817592-7.00005-8/rf0830
http://refhub.elsevier.com/B978-0-12-817592-7.00005-8/rf0830
http://refhub.elsevier.com/B978-0-12-817592-7.00005-8/rf0835
http://refhub.elsevier.com/B978-0-12-817592-7.00005-8/rf0835
http://refhub.elsevier.com/B978-0-12-817592-7.00005-8/rf0835
http://refhub.elsevier.com/B978-0-12-817592-7.00005-8/rf0840
http://refhub.elsevier.com/B978-0-12-817592-7.00005-8/rf0840
http://refhub.elsevier.com/B978-0-12-817592-7.00005-8/rf0840
http://refhub.elsevier.com/B978-0-12-817592-7.00005-8/rf0840


[168] A. Shamsaddini, E. Sheikhhosseini, Synthesis of 3,3-arylidene bis(4-hydroxycoumarin)

catalyzed by p-dodecylbenzenesulfonic acid (DBSA) in aqueous media and microwave

irradiation, Int. J. Org. Chem. 4 (2014) 135–141.
[169] E. Sheikhhosseini, Synthesis of 3,3-arylidene bis(4-hydroxycoumarin) catalyzed by

LiClO4, Trend Mod. Chem. 3 (2012) 34–37.
[170] H. Mehrabi, H. Abusaidi, Synthesis of biscoumarin and 3, 4-dihydropyrano [c] chromene

derivatives catalysed by sodium dodecyl sulfate (SDS) in neat water, J. Iran. Chem. Soc.

7 (4) (2010) 890–894.
[171] Z.N. Siddiqui, F. Farooq, Zn(Proline)2: a novel catalyst for the synthesis of dicoumarols,

Catal. Sci. Technol. 1 (2011) 810–816.
[172] J.M. Khurana, S. Kumar, Tetrabutylammonium bromide (TBAB): a neutral and efficient

catalyst for the synthesis of biscoumarin and 3,4-dihydropyrano[c] chromene derivatives

in water and solvent-free conditions, Tetrahedron Lett. 50 (28) (2009) 4125–4127.
[173] A. Tzani, A. Douka, A. Papadopoulos, E.A. Pavlatou, E. Voutsas, A. Detsi, Synthesis of

biscoumarins using recyclable and biodegradable task-specific ionic liquids, ACS Sus-

tain. Chem. Eng. 1 (9) (2013) 1180–1185.
[174] R. Karimian, F. Piri, A.A. Safari, S.J. Davarpanah, One-pot and chemoselective synthesis

of bis(4-hydroxycoumarin) derivatives catalyzed by nano silica chloride, J. Nanostruct.

Chem. 3 (52) (2013) 1–6.
[175] B. Wang, N. Li, T. Liu, J. Sun, X. Wang, Synthesis and biological evaluation of novel

neoflavonoid derivatives as potential antidiabetic agents, RSCAdv. 7 (2017) 34448–34460.
[176] M.H. Lin, Y.S. Chou, Y.J. Tsai, D.S. Chou, Antioxidant properties of

5,7-dihydroxycoumarin derivatives in in vitro cell-free and cell-containing systems,

J. Exp. Clin. Med. 3 (3) (2011) 126–131.
[177] R. Korec, M. Korecova, K.H. Sensch, T. Zoukas, Antidiabetic effect of neoflavonoid

coutareagenin in STZ diabetic rats and diabetic menopausal women, Diabetes Res. Clin.

Pract. 50 (1) (2000) 42.

[178] C. Billard, F. Menasria, C. Quiney, A.M. Faussat, J.P. Finet, S. Combes, J.P. Kolb, 4-

arylcoumarin analogues of combretastatins stimulate apoptosis of leukemic cells from

chronic lymphocytic leukemia patients, Exp. Hematol. 36 (12) (2008) 1625–1633.
[179] S.K. Roy, N. Kumari, S. Pahwa, U.C. Agrahari, K.K. Bhutani, S.M. Jachak,

H. Nandanwar, NorA efflux pump inhibitory activity of coumarins from Mesua ferrea,

Fitoterapia 90 (2013) 140–150.
[180] T. Taechowisan, C. Lu, Y. Shen, S. Lumyong, Secondary metabolites from endophytic

Streptomyces aureofaciens CMUAc130 and their antifungal activity, Microbiology

151 (2005) 1691–1695.
[181] J.T. Pierson, A. Dumetre, S. Hutter, F. Delmas, M. Laget, J.P. Finet, N. Azas, S. Combes,

Synthesis and antiprotozoal activity of 4-arylcoumarins, Eur. J. Med. Chem. 45 (2010)

864–869.
[182] S. Nishimura, M. Taki, S. Takaishi, Y. Iijima, T. Akiyama, Structures of 4-aryl-coumarin

(Neoflavone) dimmers isolated from pistacia chinensis BUNGE and their estrogen- like

activity, Chem. Pharm. Bull. 48 (4) (2000) 505–508.
[183] A.R. Vartooni, M. Alizadeh, M. Bagherzadeh, Green synthesis, characterization and cat-

alytic activity of natural bentonite-supported copper nanoparticles for the solvent-free

synthesis of 1-substituted 1H-1,2,3,4-tetrazoles and reduction of 4-nitrophenol, Beilstein

J. Nanotechnol. 6 (2015) 2300–2309.
[184] A. Burger, Isosterism and bioisosterism in drug design, in: E. Jucker (Ed.), Progress in

Drug Research, vol. 12, Birkh€auser, Basel, Switzerland, 1991, pp. 287–371.

130 Green Approaches in Medicinal Chemistry for Sustainable Drug Design

http://refhub.elsevier.com/B978-0-12-817592-7.00005-8/rf0845
http://refhub.elsevier.com/B978-0-12-817592-7.00005-8/rf0845
http://refhub.elsevier.com/B978-0-12-817592-7.00005-8/rf0845
http://refhub.elsevier.com/B978-0-12-817592-7.00005-8/rf0850
http://refhub.elsevier.com/B978-0-12-817592-7.00005-8/rf0850
http://refhub.elsevier.com/B978-0-12-817592-7.00005-8/rf0850
http://refhub.elsevier.com/B978-0-12-817592-7.00005-8/rf0855
http://refhub.elsevier.com/B978-0-12-817592-7.00005-8/rf0855
http://refhub.elsevier.com/B978-0-12-817592-7.00005-8/rf0855
http://refhub.elsevier.com/B978-0-12-817592-7.00005-8/rf0860
http://refhub.elsevier.com/B978-0-12-817592-7.00005-8/rf0860
http://refhub.elsevier.com/B978-0-12-817592-7.00005-8/rf0860
http://refhub.elsevier.com/B978-0-12-817592-7.00005-8/rf0865
http://refhub.elsevier.com/B978-0-12-817592-7.00005-8/rf0865
http://refhub.elsevier.com/B978-0-12-817592-7.00005-8/rf0865
http://refhub.elsevier.com/B978-0-12-817592-7.00005-8/rf0870
http://refhub.elsevier.com/B978-0-12-817592-7.00005-8/rf0870
http://refhub.elsevier.com/B978-0-12-817592-7.00005-8/rf0870
http://refhub.elsevier.com/B978-0-12-817592-7.00005-8/rf0875
http://refhub.elsevier.com/B978-0-12-817592-7.00005-8/rf0875
http://refhub.elsevier.com/B978-0-12-817592-7.00005-8/rf0875
http://refhub.elsevier.com/B978-0-12-817592-7.00005-8/rf0880
http://refhub.elsevier.com/B978-0-12-817592-7.00005-8/rf0880
http://refhub.elsevier.com/B978-0-12-817592-7.00005-8/rf0885
http://refhub.elsevier.com/B978-0-12-817592-7.00005-8/rf0885
http://refhub.elsevier.com/B978-0-12-817592-7.00005-8/rf0885
http://refhub.elsevier.com/B978-0-12-817592-7.00005-8/rf0890
http://refhub.elsevier.com/B978-0-12-817592-7.00005-8/rf0890
http://refhub.elsevier.com/B978-0-12-817592-7.00005-8/rf0890
http://refhub.elsevier.com/B978-0-12-817592-7.00005-8/rf0895
http://refhub.elsevier.com/B978-0-12-817592-7.00005-8/rf0895
http://refhub.elsevier.com/B978-0-12-817592-7.00005-8/rf0895
http://refhub.elsevier.com/B978-0-12-817592-7.00005-8/rf0900
http://refhub.elsevier.com/B978-0-12-817592-7.00005-8/rf0900
http://refhub.elsevier.com/B978-0-12-817592-7.00005-8/rf0900
http://refhub.elsevier.com/B978-0-12-817592-7.00005-8/rf0905
http://refhub.elsevier.com/B978-0-12-817592-7.00005-8/rf0905
http://refhub.elsevier.com/B978-0-12-817592-7.00005-8/rf0905
http://refhub.elsevier.com/B978-0-12-817592-7.00005-8/rf0910
http://refhub.elsevier.com/B978-0-12-817592-7.00005-8/rf0910
http://refhub.elsevier.com/B978-0-12-817592-7.00005-8/rf0910
http://refhub.elsevier.com/B978-0-12-817592-7.00005-8/rf0915
http://refhub.elsevier.com/B978-0-12-817592-7.00005-8/rf0915
http://refhub.elsevier.com/B978-0-12-817592-7.00005-8/rf0915
http://refhub.elsevier.com/B978-0-12-817592-7.00005-8/rf0920
http://refhub.elsevier.com/B978-0-12-817592-7.00005-8/rf0920
http://refhub.elsevier.com/B978-0-12-817592-7.00005-8/rf0920
http://refhub.elsevier.com/B978-0-12-817592-7.00005-8/rf0920
http://refhub.elsevier.com/B978-0-12-817592-7.00005-8/rf0925
http://refhub.elsevier.com/B978-0-12-817592-7.00005-8/rf0925
http://refhub.elsevier.com/B978-0-12-817592-7.00005-8/rf0925
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6.1 Introduction

6.1.1 Green chemistry and its requirements

For over two decades, the concept of green chemistry has been extensively acknowl-

edged as the future over traditional chemistry. Previously, chemistry has been

established to reach the most productivity and the greatest economical advantage with

little consciousness on the impact of chemical courses to the sustainability and environ-

ment. As society experiences the impact in the form of global warming, air pollution,

polluted water, etc., researchers have started to realize that these disasters resulted from

nonsustainable chemical courses. The concepts of green chemistry were first set forth in

the early 1990s with initial leading programs in Italy, the United Kingdom, and the

United States. They have received international recognition over the past 20 years [1, 2].

Warner and Anastas in 1998 first introduced the 12 principles of green chemistry

which focused on the whole chemical process from starting material design to man-

agement of waste. In all, 12 principles of green chemistry are a skeleton of the green

chemistry idea, which can generate a better understanding and can simply be applied

to the design of chemical courses. Moreover, the well-known definition of green

chemistry by Anastas and Warner in the book “Green Chemistry-Theory and

Practice,” defines that “green chemistry is the utilization of a set of principles that

eliminates or reduces the generation or use of dangerous substances in the design,

production and applications of chemical products.” Since the 12 principles of green

chemistry were formulated in 1998, environment-friendly synthetic approaches,

reaction conditions, and chemical compounds have been disclosed [3, 4].

6.1.2 Green and alternative solvents in organic synthesis

Green chemistry is highly depended on solvent. Solvents employed by chemists are

usually utilized as a reaction media, in purification or in separation techniques. The

suitability and quality appropriateness of chemical processes and reactions are highly

dependent on the solvent used. Most of the common solvents (for instance, benzene,

toluene, dichloromethane, etc.) that are frequently utilized are dangerous. Benzene is

popular for causing cancer, toluene causes kidney, liver, and brain problems, and

halogenated solvents (methylene chloride, chloroform, and carbon tetrachloride) have
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been recognized as human carcinogens. Volatility is also one of the key issues with

several organic solvents that may damage health of human and environment [5, 6].

All of these harmful effects have made scientist seek alternative solvents that can

be a replacement for classical petrochemical solvents. There are numerous solvents

which have been inspected and utilized in the organic reactions to move to more

environmentally benign and innocuous conditions for nature and human health [7,

8]. Following are the most utilized and researched solvents in attendance as well as

the solvent-free conditions: (i) water; (ii) supercritical fluids (widely carbon dioxide

and water); (iii) ethanol, aqueous surfactant micelles, and polymers [9]; (iv) fluorous

solvents; and (v) ionic liquids (ILs).

6.1.3 ILs and their synthesis

ILs are family of molten organic salts, typically comprised of inorganic/organic

anions and unsymmetrical organic cations with melting points (MP) at or below

100°C. Ones which are liquid under ambient conditions are termed room temperature

ionic liquids (RTILs). The reduced coordination between the ions that form the ILs

(attributed to the asymmetry of the cations with respect to the anions) decreases

the lattice energy of the crystalline phase of the salt, and it is responsible for the

significantly low melting point of these substances compared to conventional salts

[10, 11]. The ILs often comprise unsymmetrical and large organic cations and inor-

ganic or organic anions. As these ILs may contain a reduced proportion of molecular

species, their vapor pressure is not as negligible as in the case of aprotic ILs [12, 13].

Within the broad range of cations present in ILs, the most important are those created

by phosphorus or nitrogen-containing entities with different alkyl chains. In the case

of anions, they can be reduced-size entities, for instance, halides, but also greater and

more complex structures. Fig. 6.1 displays the most frequent cations and anions,

respectively, that form part of the structure of the ILs [14].
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Fig. 6.1 Most common anions and cations in ILs.
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Owing to all of the possible combinations of different ions, the potential for

research and synthesis of new ILs is almost limitless [14]. Usually, ILs can be synthe-

sized from phosphines, sulfonates, or amines in two key steps. For example, there are

two main steps in the formation of imidazolium-mediated ILs: the development of the

preferred cation and subsequent exchange (metathesis) of the anion with the required

anionic partner to yield the final IL (Scheme 6.1) [14]. During the anion exchange

reaction, there are two possible routes, which can be followed. One is the development

of complex anions by the direct reaction of a strong Lewis acid with a halide salt and

the other is the construction of the IL through introduction of a metal salt so as to pre-

cipitate the undesired anion. There are numerous other techniques which have been

established for the preparation of ILs, for instance, halide and solvent-free routes,

microwave or sono-chemical procedures, or using very cheap industrial products

(e.g., H2SO4) as regents [15, 16]. Depending on the approaches used in the preparation

of the ILs, common impurities include tertiary amines, alkyl sulfates, alkyl halides or

other side-reaction moieties and, after metathesis, residual halide and sulfate. There

are numerous purification procedures, which can be used after the preparation of the

ILs, for example, treatment of the IL with activated charcoal, extraction of the IL with

a polar solvent, or extraction of the aqueous solution of the IL with an immiscible

organic solvent [17, 18].

6.1.4 Properties of ILs and their applications in green chemistry

There are some properties which are common to many ILs. For instance, ILs with qua-

ternary nitrogen cations are not flammable and considered to display insignificant

vapor pressure. These features create a great proportion of attention in ILs from

the green chemistry point of view. As nonvolatile solvents, air pollution is avoided

and the upper limit of their liquid range is measured by their temperature at which

thermal decomposition takes place [19–21]. The insignificant vapor pressure of ILs

also improves their reusing contributing to their classification as “green solvents.”

Generally, ILs are usually thermally stable compounds. This means that ILs can be

employed at high operating temperatures without solvent degradation. Also, ILs

present high conductivity values and a broad electrochemical window. Moreover,

ILs can dissolve compound of different natures. The presence of nonpolar and polar

domains in the molecule of the IL is responsible for diverse range of molecular inter-

actions, depending on the nature of the chemical species dissolved in such medium

[22–24]. Depending on the requirements of an application, the characteristics of

ILs can be straightforwardly modified using simple chemical reactions. For instance,

Acid-base

Scheme 6.1 Synthesis pathway for the formation of imidazolium ILs.
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1-alkyl-3-methylimidazolium-based ILs with halide anions possess appropriate solu-

bility in aqueous solutions and show tremendous solvent properties for the dissolution

of complex bioactive molecules [25]. However, these ILs are not appropriate for high-

temperature gas chromatography (GC) applications on account of their low thermal

stabilities. The replacement of halides with the bis[(trifluoromethyl)sulfonyl]imide

( NTf2
�½ �) anion via ion-exchange metathesis reaction delivers ILs with large thermal

stabilities and are consequently employed as GC stationary phases [26]. In addition,

ILs can be custom designed through the incorporation of task-specific functional

groups within the cationic or anionic portion of the IL. Lewis acids [27], chiral amino

acids [28], and metal chelators [29] are a few examples of task-specific functional

groups that are appended to ILs. Hence, attributed to their versatile nature and struc-

tural tunability, ILs are frequently described as “designer solvents” [30]. Furthermore,

ILs are usually costly chemical compounds and, therefore, their recyclability must be

taken into account after their application. Several research reports have showed the

successful recycling of ILs after their utilization and numerous techniques for

recycling ILs have been disclosed [31, 32]. Following properties of ILs are also

reported in literature: electric conductivity, high heat capacity, liquid crystal struc-

tures, and high electroelasticity [30, 33, 34]. Table 6.1 illustrates the comparison of

some properties of ILs with organic solvents.

Over the last twodecades, attributed to their ease in synthesis anduniquephysicochem-

ical properties, a huge number of ILs with different anions and cations have been devel-

oped and exploited in a broad range of employments including electrochemistry [35],

chromatography [36], catalysis [37], as well as biological [38] and pharmaceutical [39]

sample preparation. In the recent years, owing to negligible vapor pressures and relatively

nontoxicity, ILs have been gradually adopted to industrial-scale synthesis as green sol-

vents.Many of the classical organic reactions, for example, Friedel-Crafts reactions have

been accomplished using ILs as solvents [40]. Nucleoside-mediated antiviral medicines

have been produced using ILs as solvents [41]. The ILs in these reactions were reported

to be better than the conventional molecular solvents in terms of reaction rates and solu-

bility.Very recently, there has been extensivedevelopment in theapplicationsof IL-based

Table 6.1 Comparison of organic solvent properties with ILs.

Property Organic solvent Ionic liquids

Vapor pressure Reasonably high Negligible under normal

condition

Combustibility Commonly flammable Commonly not flammable

Tunability Narrow spectrum of solvents

available

Almost limitless spectrum

“designer solvent”

Viscosity (cP) 0.2–100 22–40,000
Density (g/cm3) 0.6–1.7 0.8–3.3
Number of

solvents

>1000 >1,000,000

Applicability Single function Multifunction
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chemicals as chiral catalysts in organic synthesis. Thus, ILs possessing chirality havebeen

explored as chiral catalysts for organic functionalization [42, 43]. ILs derived from, for

example, proline have been used as chiral catalysts in asymmetricMukaiyama aldol reac-

tions [44–46]. However, investigations in the last decade reveal that some of the ILs may

not be as eco-friendly as originally considered [47]. Therefore, constructionof potent kind

of ILswithout adverse environmental impact is important for the effective employment of

these chemicals for industrial-scale courses [48]. Furthermore, one of the main successes

of ILs as reaction solvents has been in transitionmetal-catalyzed reactions. ILs are able to

dissolve organometallic reagents and hence, offer amedium for transitionmetal catalysts.

Based on the coordinating properties of the anion, the IL can be a cocatalyst or an inert

solvent. One of the foremost properties of IL in catalysis and synthesis is that both the

anionic and cationic components can be varied that are widely applicable to specific

applications.

6.1.5 Green applications of ILs in medicinal chemistry

Over the last few decades, the pharmaceutical industry has been facing huge pressure

and great challenges attributed to the environmental problems, long term and length-

ening drug development method and customer expectation as a cost constrained on the

health-care system. Regarding green chemistry principles, the generation of waste from

the pharmaceutical manufacturing process is awful. In 2008, Sheldon proposed the

E-factor (environmental) and defined it as kg waste/kg product. He further concluded

that the pharmaceutical industry has the highest Sheldon E-factor (25–100), compared

to the fine chemicals (5–50) and oil-refining (<0.1) industries [49]. Nowadays, clients

are also demanding new therapies which aremore economical and clinically better than

the existing old therapies. Moreover, solubility and stability of drugs, extraction of bio-

active drugs from natural products, pharmaceutical crystallization and purifications

and biomedical analytics are also regarded as important issues [50, 51].

Investigations in the last two decade reveal that in order to resolve the aforementioned

issues, the employment of ILs is one of the best solutions [30, 33, 34, 37, 48, 50, 51]. In

literature of last two decade, ILs are extensively used for green synthesis of various bio-

active compounds, as pharmaceutical ingredients, for biomedical analytics, in

pharmaceutical crystallization and separations, and for extraction of medicinal natural

ingredients. Interestingly, ILs are also reported to demonstrate potent biological activi-

ties. The main sections considered in this book chapter include application of ILs in syn-

thesis and detection of bioactive compounds; usage of ILs as components of drugs;

biological activity of ILs; and employment of ILs for extraction, crystallization, and

separation of synthetic and natural bioactive compounds.

6.2 ILs in synthesis of drugs and drug precursors

ILs are utilized in many chemical courses including promising utility in the pre-

paration of bioactive compounds and their precursors. ILs are used in the formation

of heterocyclic compounds, for example, quinolines, thiazoles, oxazoles, furans,
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imidazoles, and others, which are exploited in medicine and biology [52]. Due to their

exclusive character, ILs can simultaneously play dual parts of catalysts and media;

therefore, offering reduced quantities of volatile solvents and reduced amounts (or

even elimination) of metal catalytic systems that may leach into the atmosphere.

ILs can also effect the selectivity of enzymes employed in biotechnological

approaches [53, 54].

Hydrogenation of 2-arylacrylic acids in the [BMIM][BF4] 1 as reaction media was

reported by Monteiro et al. in 1997. The authors used the method for creating the (S)-
naproxen 2 (nonselective COX inhibitor) [55]. In 2000, the first high-yielding synthe-

sis of a drug namely pravadoline 3 (antiinflammatory and analgesic agent) using

[C4MIM][PF6] 4 as reaction media was reported by Earle et al. (Fig. 6.2) [56]. Thus,

the age of ILs in the synthesis of drug has begun. In the past 15 years, many

researchers have disclosed the application of ILs in several chemical processes, which

are associated with the creation of pharmaceuticals, their intermediates or precursors,

and other agents with appropriate biological potency [57–72]. In the majority of cases,

ILs are employed as reaction media, which frequently also serves as catalyst, and the

most useful and studied ILs in medicinal chemistry are imidazolium salts. The reason

why imidazole-mediated ILs are among the most investigated ILs, is owing to their

lower viscosity and to the stability of the imidazolium cation in reductive and oxida-

tive conditions. Therefore, they have been utilized for numerous applications, such as

catalysts and solvents in synthesis and as solubility enhancers in DDS. In terms of their

employment as solubility promoters, their cytotoxicity may represent a shortcoming,

mainly for those ILs with a long alkyl chain attached to the imidazolium cation and

this should always be considered [73]. In this section, we will discuss some important

examples, in which ILs have been used as solvent and/or catalyst in the synthesis of

bioactive compounds and their precursors.

Deshmukh et al. reported an efficient and simple methodology for iodination of

activated heteroaromatic and aromatic using reusable 1-butyl-3-methylpyridinium

dichloroiodate (BMPDCI) 5 as an IL iodinating agent under organic solvent-free

condition [57]. The foremost benefits are simple effective process, no need of any oxi-

dizing agent or base/toxic transition metals, and high yields. The IL was regenerated

and reused fivefold without important loss of efficacy. This protocol was employed

for the formation of antiprotozoal agent iodoquinol 7 and antifungal agent clioquinol

6 (Fig. 6.2).

Candida rugosa lipase (CRL) is one of the enzymes most often employed in bio-

transformations. CRL-catalyzed Fischer esterification reaction of ibuprofen 8

(antiinflammatory painkilling drug) with propan-1-ol was accomplished by Hongwei

et al. in the existence of [C4MIM][PF6] 4 [58]. In this reaction, the enantioselectivity

observed (E ¼ 24.1) was nearly double that of 2,2,4-trimethylpentane (E ¼ 13.0) and,

therefore, [C4MIM][PF6] 4 could be utilized to eliminate the harmful organic solvent

(e.g., 2,2,4-trimethylpentane) in the Fischer esterification of 8.

In another interesting approach, Kumar and Malhotra prepared nucleoside-

mediated antiviral agents (stavudine 9, brivudine 10, and trifluridine 11) using

imidazolium-mediated ILs ([MoeMlm][Ms] 12, [MoeMlm][TFA] 13 and [BMlm]

[TFA] 14) as reaction medium (Fig. 6.2) [41]. In terms of solubility, ILs (12, 13,
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and 14) demonstrated to be remarkable solvents as compared to conventionally sol-

vents used for nucleosides. Synthesis in ILs (12, 13, and 14) completed at much higher

rate and also requirements for the solvent are decreased by 10 times.

Hydrazinyl phthalazines 15 are very useful antimalarial agents. Subramanian et al.

disclosed the synthesis of hydrazinyl phthalazines 15 using bronsted acidic IL, that is,

1,2,3-trimethylimidazolium methyl sulfate (BASF) 16 as a dehydrating agent [65].

The desired hydrazinyl phthalazines 15 were obtained in good yield and high purity.

On the other hand, the application of bronsted acids (e.g., AcOH, PPA, HCl, H2SO4)

as dehydrating agents lead toward the development of impure target compounds with

inappropriate yield.

Modafinil 17 is a famous drug, which is used to medicate sleep disorders attributed

to obstructive sleep apnea (OSA), shift work sleep disorder, or narcolepsy (Fig. 6.3).

In a recent study, Guillen and coworkers performed the functionalization of

[(diphenylmethyl)sulfanyl]acetic acid and its analogs in order to prepare modafinil

17 and its derivatives using [bmim][PF6] 4 as a solvent [66]. The oxidation afforded

higher yields and enantioselectivities. In the synthesis of isoxazoline derivatives 18,

which are important precursors of antimicrobial agents, improved yields and signif-

icant rate acceleration in [C4MIM][BF4] 1 have been observed by Chakraborty and

Sharma [67].

(R)-Phenylacetylcarbinol (PAC) 19 is an important precursor of (1S,2S)-
pseudoephedrine 20 and (1R,2S)-ephedrine 21. Bioconversion of glucose and benzal-
dehyde by pyruvate decarboxylase (PDC) from baker’s yeast yields PAC 19. This

bioconversion suffers from two major drawbacks. One is the formation of

by-product (benzenemethanol) and other is the toxicity of the substrate. In the report

by Kandar et al., IL [BMIM][PF6] 4 in aqueous two-phase system (ATPS) was used to

– –

–

– – –

Fig. 6.2 Structure of [BMIM][BF4], [BMIM][PF6], BMPDCI, [MoeMlm][Ms], [MoeMlm]

[TFA], [BMlm][TFA], and bioactive drugs.
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improve the production of PAC 19 [68]. The results displayed excellent PAC 19 yield

and productivity of nearly 1.5 times each in the two-phase bioconversion of phase vol-

ume ratio 0.05 relative to a single aqueous phase (traditional) bioconversion. Further-

more, the quantity of main by-product benzenemethanol was also 3.5 times lower in

aqueous two-phase bioconversion (Fig. 6.3).

Chirally pure (3-phenyloxiran-2-yl)methanol 22 is a main precursor in the produc-

tion of a library of medicines, for example, reboxetine 23 and tomoxetine 24. In order

to disclose an efficient approach to deliver 22, vanadium-catalyzed epoxidation reac-

tion of 3-phenyl-2-propen-1-ol to (3-phenyloxiran-2-yl)methanol 22 in the presence

of t-butyl hydroperoxide (TBHP) as the oxidant and imidazolium-based IL

([bmim][Tf2N]) 25 as reaction media was investigated by Kazemi et al. An excellent

yield and selectivity was observed [69].

(R,S)-1-Chloro-3-(3,4-difluorophenoxy)-2-propanol (rac-CDPP) 26 is a significant
precursor for the development of the (S)-lubeluzole 27 (Prosynap). Direct trans-

esterification reaction of rac-CDPP 26 with ethenyl butanoate by lipases from Pseu-
domonas aeruginosawas carried out by Singh et al. in hexane with IL [BMIM][PF6] 4

as cosolvent [69]. The appropriate yield and enantiomeric excess was accomplished in

6 h at 30°C with [C4MIM][PF6] 4 as cosolvent in a biphasic system (Fig. 6.4). In a

similar fashion, Zaidlewicz et al. synthesized the potential antitumor drug

4-borono-L-phenylalanine (L-BPA) 28 which is a clinically FDA-approved medicine.

They reported on the employment of ILs such as [C4MIM][BF4] 1 and [BMIM][PF6] 4

in the synthesis of L-BPA 28 [71, 72].

Fan and coworkers established an environment-friendly protocol for the formation

of hybrid products mediated on pyrimidine nucleosides bonded with pyrano[4,3-c]
pyranes and pyrimidine nucleosides bonded with pyrano[3,2-c]pyridines as potential
antileishmanial and antiviral drugs, by using [BMIM][BF4] 1 as a reaction medium

[59]. This synthesis accomplished higher yields compared with other reported

approaches was performed without any catalyst and offered recyclability of the

Fig. 6.3 Structure of BASF, [bmim][Tf2N], and bioactive drugs.
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reaction media. In another interesting approach, Zhang et al. constructed pyrimidine

nucleoside-4-thiazolinione hybrids 29 as potent antiparasitic agents, using [BMIM]

[PF6] 4 as the reaction medium (Fig. 6.4) [60].

Kishimoto and coworkers reported a unique, effective biocatalytic process

affording numerous phenethyl caffeate derivatives 30 with promising antip-

roliferative influence on tumor cells [61]. The authors used lipase B from Candida
antarctica (CAL-B) in [bmim][Tf2N] 25 as reaction medium and achieved an

excellent yield of 92%, which is similar to that achieved when phenethyl caffeate

derivatives 30 was prepared in 2,2,4-trimethylpentane. In an another report,

Shaabani et al. investigated bioactive compounds mediated on acyclic nucleoside

analogs, which have a potent antiviral potency and disclosed an effective and

environment-friendly methodology for the construction of 3-amino-imidazo

[1,2-α]pyridine derivatives 31 with novel antiviral affinity using the 3-butyl-

1-methyl-1H-imidazol-3-ium bromide ([C4mim][Br]) 32 IL (Fig. 6.4) [62, 63].

Replacing the frequently employed organic solvents by the commercially available

imidazolium bromide advances the formation of the side chain-modified imidazo

[1,2-α]pyridinics 31 in terms of yield, reaction rates, and solubility. In addition,

the separation of [C4mim][Br] 32 from the reaction mixture was possible by washing

with H2O and evaporating the solvent in vacuo.

ILs undoubtedly can be beneficially employed as alternative reaction media for the

synthesis of diverse range of pharmaceutical agents. The replacement of the toxic

organic solvents by ILs can frequently deliver improved reaction conditions,

enhancing some more challenging reactions, as well as simplifying the isolation

and purification of the required compound. From the pharmaceutical industrial

perspective, ILs can be an promising choice as reaction media for synthesis of some

specific drugs [64].

Fig. 6.4 Structure of [bmim][Br] and bioactive drugs.
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6.3 ILs for extraction of bioactive natural products from
plants

IL-mediated extraction of natural ingredients from plants is now being examined as an

alternative to traditional cloud point extraction, supercritical fluid extraction, and sol-

vent extraction, where environmental, energy, cost impact may be enhanced [74]. For

instance, in the recent years, Ribeiro and coworkers reported a significant investiga-

tion on potential of several cholinium- and imidazolium-mediated ILs in the extrac-

tion of polyphenols and saponins from mate and tea [75]. The investigation revealed

that large quantity of saponins could be obtained using tripotassium phosphate hydrate

(K3PO4) and (2-hydroxyethyl)trimethylammonium chloride following the recovery of

saponins in H2O. Therefore, the authors proposed that it is achievable to tune the IL

potency for a specific solvent and significantly enhance the extraction yield of phenols

and saponins. Currently, there are large number of examples in literature about the

application of ILs in the extraction of bioactive ingredients from natural products

using three main methods: (i) ultrasonic-assisted IL approach for the extraction of nat-

ural ingredients from plants; (ii) microwave-assisted IL approach for the extraction of

natural ingredients from plants; and (iii) reactive dissolution of biomass in ILs to

extract natural ingredients. In this section, each approach will be briefly discussed.

6.3.1 Extraction of bioactive natural products through ultrasonic-
assisted ionic liquid approach

One of the most ordinary techniques for the extraction of bioactive natural products

from plant sources is ultrasonic-assisted extraction (UAE) with the application of IL

aqueous solutions as the extracting medium. For instance, Wang and coworkers

described [C4mim][BF4] 1 for the extraction of four acetophenone derivatives, namely

2,4-dihydroxyacetophenone, baishouwubenzophenone, 2,5-dihydroxyacetophenone,

and 4-hydroxyacetophenone from Cynanchum bungei, an important medicinal plant

species in China (Fig. 6.2) [76]. Under optimized conditions, the efficiencies of

extraction were much greater using ILs as compared to those obtained using tradi-

tional UAE and heat-reflux extraction in methanol.

Danshen (Salvia miltiorrhiza Bunge), aka. Chinese red sage, Chinese sage or tan

shen, is a member of Lamiaceae class. It is valued in traditional Chinese medicine,

mainly for the medication of cerebrovascular and cardiovascular diseases. Row and

coworkers successfully extracted three bioactive ingredients of Danshen, tanshinone
II, tanshinone I, and cryptotanshinone by using ultrasonic-assisted aqueous IL-based

extraction approaches [77]. The extraction yields of this technique proved to be a few-

fold greater as compared to using other solvent extraction systems. Furthermore, to

isolate the extracted bioactive ingredients from the IL, the metathesis reaction to trans-

form the IL from [C8mim][Cl] 33 (1-octyl-3-methyl imidazolium chloride) to

[C8mim][PF6] 34 (1-octyl-3-methylimidazolium hexafluorophosphate) was carried

out in situ enabling phase separation and bioactive ingredients isolation from the

IL (Fig. 6.5).
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6.3.2 Extraction of bioactive natural products through
microwave-assisted ionic liquid approach

ILs are promising microwave absorbers and this property has been utilized to assist the

biomass dissolution in ILs, for instance, with the extraction or dissolution of chitin

from crustacean shells [78] and cellulose from raw lignocellulosic biomass [25].

Therefore, microwave-assisted ionic liquid (MAIL) approaches have become famous

among scientists developing natural ingredients extraction. Mostly, simple ILs are

investigated, for example, [C4mim][BF4] 1, [C4mim][Br] 32, [Amim][BF4] 35,

[C10mim][BF4] 36 (1-decyl-3-methylimidazolium tetrafluoroborate), and these work

quite well (Fig. 6.5) [79–81]. For instance, Wang and coworkers disclosed extraction

of quercetin (natural flavonoid) from Toona sinensis, frequently known as Chinese

Cedar or Chinese Mahogany, a deciduous tree found in woodland habitats [79].

Furthermore, Yuan et al. described extraction of extraction of rutin from Flos
Sophorae and Saururus chinensis (Lour.) Bail. (S. chinensis) [81], and extraction

of podophyllotoxin from Diphylleia sinensis, Sinopodophyllum hexandrum, and
Dysosma versipellis [80]. As published by the authors, the main benefit of employing

MAIL is the shorter time of the extraction course accompanied by the very large rates

of recovery of the natural ingredients.

6.3.3 IL strategy for the reactive dissolution of biomass to extract
natural ingredients

Recently, there has been growing attention in the employment of IL-mediated strat-

egies for the environmentally benign and cost-effective reactive dissolution of bio-

mass and extraction of valuable natural bioactive ingredients from biomass. The

capability of ILs to dissolve or swell biomass can lead to a better access to the impor-

tant natural ingredients from crude biomass. Bica and coworkers described the forma-

tion of an approach for the reactive dissolution of star anise seeds using Brønsted

acidic ILs (37–43) (Fig. 6.6), where the IL serves as catalyst and solvent for the devel-

opment of ethyl shikimate 44 and for the in situ development of ester ketal 45. Both

compounds (44 and 45) are important precursors in the formation of the antiviral agent

Tamilut [82].

Ressmann et al. published the application of ILs such as [C2mim][OAc] 46

(1-ethyl-3-methylimidazolium acetate) for extracting bioactive natural ingredient

–

–

–

–

Fig. 6.5 Structure of [C8mim][Cl], [C8mim][PF6], [Amim][BF4], and [C10mim][BF4].
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botulin from birchbark with very high purity and extraction yield. Also, the recovery

of the [C2mim][OAc] 46 through azeotropic distillation of ethanol-water suggested

that this extraction technique could be successfully employed at large scale (Fig.

6.6) [83]. Similarly, [C4mim][Cl] 47 (1-Bbutyl-3-methyl-1H-imidazol-3-ium chlo-

ride) was utilized in microwave-assisted pretreatment of crude biomass in order to

break cell walls of Pycnostelma paniculatum before extraction of phenol by using

media such as ethanol, methanol, and water [84].

MacFarlane and coworkers reported the utility of the IL N-methylmethanamine

dimethylcarbamate 48 (DIMCARB) for extracting tannins from plant materials, for

example, myrobolan (Terminalia chebula) and catechu (Acacia catechu) [85]. Upon
hydrolysis, these tannins are a rich natural source of a range of bioactive ingredients,

for instance, catechin 49 and ellagic acid 50. The DIMCARB 48 employed belongs to

the protic family of ILs that is “distillable.” This particular IL 48 is produced by com-

bining dimethylamine and carbon dioxide in an approximately 2:1 ratio. As illustrated

in Fig. 6.7, a two-step proton transfer occurs to develop the dimethylcarbamate cation

and the dimethyl ammonium anion (DIMCARB).

–

– – –

–

–

– ––

Fig. 6.6 Structure of Brønsted acidic ILs, [C2mim][OAc], [C4mim][Cl], and shikimic acid

derivatives.

Fig. 6.7 Structure of DIMCARB and pharmaceutically active compounds.
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6.4 ILs in the detection of pharmaceutically active
compounds

On account of their flexible and unique properties, ILs find employment in diverse

range of areas, along with those associated with chemical analysis. ILs are used in

mass spectrometry (MS) [86–89], NMR [90–92], fluorescence, Raman, IR and ultra-

violet (UV)-visible spectroscopy [85, 86], liquid and gas chromatography (LG and

GC) [86, 87, 93, 94], extraction [87, 95, 96], electrophoresis [86, 87, 97], and numer-

ous probe systems [98–100]. Recently, some excellent reviews have been documented

on the subject [86, 87, 101]. Hence, in this part, we will highlight only important

examples, which are related with utility of ILs in the analysis of pharmaceutical

and natural compounds.

In one of the primary research efforts on the utility of ILs in analytical chemistry,

imidazolium-based IL was pained onto the internal surface of a fused-silica capillary

to afford imidazolium IL-coated capillary 51. This IL-coated capillary 51 was

employed for the analysis of sildenafil 52 in the blood serum of human via capillary

zone electrophoresis (CZE) coupled to ion-trap (IT) MS (Fig. 6.8). The IL-coated cap-

illary 51 offered precluded absorption of the compounds on the wall of fused-silica

capillary and delivered enhanced resolution [97]. Application of imidazolium-

mediated ILs (1, 4, [EMIM][PF6] 53 and [HMIM][BF4] 54) as additives of mobile

phase in the reversed-phase high-performance liquid chromatography (RP-HPLC)

improved isolation of common bioactive ingredients through resolving the problem

of broad chromatographic bands, which appeared through interactions of the free

silanol groups (–SiOH) of the reverse phase with positively charged drugs [102,

103]. In addition, the application of optically active ILs (55 and 56) as electrolyte addi-

tives during electrophoresis enabled isolating enantiomers of several bioactive com-

pounds [104–106]. Likewise, in capillary electrophoresis (CE), an IL-bonded β-
cyclodextrin 57 was effectively employed as chiral selector to separate many drugs

[107]. A fluorescence method mediated on interactions of optically active IL 55 with

enantiomers was disclosed for forming enantiomeric composition of biologically

active compounds (Fig. 6.8) [108].

The IL-mediated microextraction coupled to CE was used for the analysis of

analytes in biological fluids and delivered up to 1000 times sensitivity improvement

[108]. Microextraction combined with MS and GC was disclosed for the detection of

cancer biomarkers (CB) in samples of urea. This approach was fully automatic and

permitted high-throughput detection [108]. In a similar fashion, for determination

of the proportions of the drugs benznidazole 58 and nifurtimox 59 in the plasma,

the IL-mediated microextraction coupled with LC was established. This technique

required low quantities of sample and demonstrated very low limits of detection

(LODs) (Fig. 6.9) [64].

Among other analytical techniques, MS and NMR are extremely needed [90–92].
Therefore, UV-light absorbing IL-mediated matrices (60–63) were successfully

employed in matrix-assisted desorption/ionization MS (MALDI-MS) for sensing

microbial toxins without preliminary purification and separation (Fig. 6.9) [109].
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As in several other industrial and scientific fields, the tunable nature of ILs has earned

them a significant position in the area of electrochemical sensors. ILs are characterized

by excellency electrochemical stability and broad electrochemical windows, which

make them outstanding electrolytes [64]. Nonetheless, property of ionic conduction

of ILs fully relies on their viscosity and chemical structure; therefore, imidazolium-

based ILs show greater conductivity as compared to tetraalkylammonium or

pyrrolidinium ones. Nevertheless, ILs are widely used in numerous electrochemical

sensors, which are mediated on carbon paste, graphene, metal nanomaterial, carbon

nanotubes (CNTs), and other materials [98, 100, 101].

–

–

–

–

Fig. 6.8 Structure of imidazolium IL-coated capillary, imidazolium-based ILs, chiral ILs,

IL-functionalized β-dextrin, and sildenafil.

Fig. 6.9 Structure of IL-based matrices, benznidazole, and nifurtimox.
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6.5 ILs for pharmaceutical crystallization

In the crystallization field, crystallization of active pharmaceutical ingredients (APIs)

from traditional organic solvents can change its crystal habit and can produce crystals

with poor physical properties which result into downstream processing problems.

From the recent few research reports about the role of ILs in crystallization, it has

been found that ILs provide promising results in the field of pharmaceutical crystalli-

zation. This section provides an overview of application of ILs in pharmaceutical

crystallization.

In the recent years, investigations focusing on the utilization of ILs for designing

polymorphs of the API, bis-POM PMEA 64, in drowning-out crystallization

have been disclosed [110, 111]. The IL 1-allyl-3-ethyl-1H-imidazol-3-ium tet-

rafluoroborate 65 ([aeim][BF4]) was displayed to have the capability to separate

new polymorphs of bis-POM PMEA 64 [111], which could not be separated through

traditional organic solvents (Fig. 6.10). On account of the effect of [aeim][BF4] 65

on the development of the intermolecular interactions of bis-POM PMEA 64 in

solution, new hemihydrate and anhydrous crystals of 64 were formed when varying

the crystallization temperature and proportion of IL. At a higher crystallization

temperature (above 85°C) and a higher proportion of IL (above 50 vol%) in the mix-

ture of water-[aeim][BF4] 65, a new anhydrous polymorph was crystallized.

Whereas, at crystallization temperature of 80°C and above 50 vol% proportion of

IL, a new hemihydrate crystal was crystallized. The conventional polymorph was

produced at temperatures below 70°C in the same water-[aeim][BF4] 65 mixture

(50/50 vol%) [110].

In a similar fashion, purification of numerous APIs through cooling crystallization

was reported using the nonviscous and thermally stable IL, 1-ethyl-3-methyl-1H-
imidazolium bis(trifluoromethansulfonyl)imide 66 ([C2mim][NTf2]), consisting of

relatively inert ions (Fig. 6.10) [112]. This IL was selected due to its low reactivity,

thermal stability, miscibility with organic solvents of moderate polarity, and the capa-

bility to dissolve most APIs. When the IL 66 was evaluated for the purification of

etomidate, naproxen, salicylic acids, acetylsalicylic, griseofulvin, itraconazole,

fenofibrate, 40-chloroacetanilide, 4-nitrophenol, 4-aminophenol, and acetaminophen,

the results in all cases suggested that the purity of the crystallized products was equiv-

alent to or even better than that of products achieved from other methods (such as

antisolvent crystallization).

Fig. 6.10 Structure of [aeim][BF4], [C2mim][NTf2], and adefovir dipivoxil.
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6.6 ILs in pharmaceutical purification and separation

This section provides a detail description of the role of ILs in purification and

separation of pharmaceutical substances.

6.6.1 Continuous pharmaceutical manufacturing using ILs

Currently, in order to improve efficiencies and reduce costs duringmanufacturing pro-

cesses, pharmaceutical industries are considering continuous processing production.

One of the key issues to address in a continuous process is the purification and sep-

aration of both water-insoluble and water-soluble reaction components. In order to

achieve this target, ILs are appropriate chemicals because they have capability to dis-

solve numerous types of moieties (inorganic and organic, hydrophilic and hydropho-

bic, and nonpolar and polar), as well as have low toxicity, negligible volatility as

compared to volatile organic compounds (VOCs) and high thermal stability [110].

In a recent publication, techniques mediated on successive two-phase systems

made of ILs were disclosed for the isolation of required water-insoluble amide

(precursor for aliskiren 67) from the complex reaction mixtures obtained during

the preparation (Fig. 6.11). These complex reaction mixtures involved not only the

precursor imide itself but also the expensive reagents (e.g., water-soluble

2-ethylhexanoic acid and 3-amino-2,2-dimethylpropanamide and a water-insoluble

lactone) [113]. Although the conventional methodology using the hydrophobic IL

[C2mim][NTf2] 66 coupled with chloroform and water enabled the partial separation

of the entities, using the hydrophilic IL [C2mim][OAc] 46 enabled for the dissolution

of all entities and then extremely effective stepwise isolation and purification. The

additional benefit of a hydrophilic IL 46 was its easy recovery and recyclability by

washing with distill H2O, whereas in the case of hydrophobic IL, it was very challeng-

ing to fully recover the IL after the separation process [113].

Systems (e.g., 68 and 69) bearing three or more than three ions can also be formed

by “mixing” two or more than two ILs (Fig. 6.11). The ionic associations observed in

the individual ILs are vanished and the “original” ILs can no longer be recognized

when two ILs are mixed. However, in these systems, unexpected variations of solvat-

ing, spectroscopic, or physicochemical properties compared to the original ILs are

frequently noticed and new separations can be accomplished mediated on new ion

interactions [113]. Similar to crystalline double salts, these systems might be called

new compounds instead of mixtures and, therefore, the concept “double salt ionic

liquids” (DSILs) has been disclosed.

Mixings of two fully miscible ILs in a well-defined molar range permit the fine-

tuning of properties of DSIL. For instance, it was possible to adjust the capability

of the system to solubilize acidic vs basic pharmaceuticals with the adjustment of

the hydrogen bond accepting capability (basicity) of the DSILs synthesized by com-

bining [C2mim][OAc] 46 and [C2mim][NTf2] 66, namely [C2mim][OAc]x[NTf2](1� x)

[26, 114]. DSILs bearing the [P66614]
+ cation, [C2mim]x[P66614](1�x)[NTf2], and

[C4mim]x[P66614](1�x)[NTf2] were utilized to tune the solubility of nonpolar, more
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lipophilic solutes in the solution [115, 116]. DSIL systems were also employed in an

aqueous system to enhance the solubility in H2O of the bioactive agent

albendazolum [117].

An enhancement in solubility of albendazolum was noticed in systems synthesized

with H2O/[C4mim][PF6] 4/[C6mim][Cl] 70, H2O/[C4mim][PF6] 4/[C6mim][BF4] 54,

or H2O/[C4mim][PF6] 4/[C4mim][BF4] 1 at 1:1:1 M ratio, and the solubilities of the

albendazolum were observed to be 7.95, 4.75, and 1.17 mmol/L, respectively, com-

pared to its solubility in H2O of 0.002 mmol/L (Fig. 6.11). Undoubtedly, there will

be other separations and purifications where the application of the “DSIL approach”

will be considered advantageous [110].

6.6.2 Chromatographic purifications using ILs

In analytical techniques, ILs have been employed as additives for mobile phase,

where they serve as dissociated salts [118–121], as silanol blocking agents in RP

LC [122–126], as stationary phases in GC [26], and as chiral selectors in micellar

electrokinetic chromatography (MEKC) [127]. ILs have the promising property that

both anion and cation are capable to interact with the stationary phase, which give

them a dual character [127], meaning that both anion and cation can be adsorbed on

the surface of stationary phase and result in the formation of promising interactions

with the cationic basic drugs and anionic free silanols. This feature has received con-

centration for the employment of ILs for the separation of bioactive compounds.

The optical isomers of five profen agents—ketoprofen 71, suprofen 72, indoprofen

73, fenoprofen 74, and ibuprofen 75—were separated simultaneously by MEKC,

together with the use of heptakis(2,3,6-tri-O-methyl)-β-cyclodextrin 76 and the opti-

cally active cationic IL, L-UCLB 77, which developed micelles in aqueous buffer

solutions (Fig. 6.12) [127]. Enantio-separations of these bioactive compounds were

enhanced by modifying the alkyl chain length and proportion of the IL surfactant

by using a standard recipe bearing 5 mM sodium acetate and 35 mM TM-β-CD at

pH 5. The batch-to-batch reproducibility of 77 was investigated and observed to

have no important impact in terms of migration time, efficiency, and enantiomeric

Fig. 6.11 Structure of double salt ionic liquids, [C6mim][Cl] and aliskiren.
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resolution. This technique was also efficiently used for the quantitative analysis of

ibuprofen 8 in pharmaceutical capsules.

A preparative high-speed countercurrent chromatography (HSCCC) for separation

of mangiferin 78 and neomangiferin 79 from Anemarrhena asphodeloides Bge. was
efficiently accomplished by using EtOAc-H2O-[C4mim][PF6] 4 (25,25,1 v/v/v) as a
biphasic solvent system [122]. From the crude extract of 150 mg, 70.6 mg of man-

giferin 78 and 22.5 mg of neomangiferin 79 could be obtained (Fig. 6.12). The purity

levels of mangiferin 78 and neomangiferin 79were 98.1% and 97.2%, respectively, as

evaluated through HPLC.

A technique for the detection of antidepressants in samples of urine was published

using solid-phase microextraction (SPME) and high-performance liquid

chromatography-ultraviolet (HPLC-UV) determination [123]. Homemade cartridges

bearing 30 mg multiwalled carbon nanotubes (MWCNTs) were used for separation

of the drugs from the samples, also enabling the preconcentration of the samples prior

to the HPLC-UV determination. Chromatographic isolation and purification was

accomplished in a C8 RP analytical column using [C4mim][BF4] 1 as silanol affinity

suppressor, which improved chromatographic resolution and peak symmetry. LODs

were 90.1 ng/mL for fluoxetine 80 and 12.3 ng/mL for trazodone 81. The repeatability

of the disclosed technique varied between 5.0% (mianserine 82 and desipramine 83) and

3.4% (fluoxetine 80), indicating that this approach is appropriate for the therapeutic

detecting of antidepressants in samples of urine (Fig. 6.12) [110].

Fig. 6.12 Structure of L-UCLB and bioactive compounds.
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For detection of the main opium alkaloids in pericarpium papaveris, a [C4mim]

[Cl] 47/salt aqueous biphasic approach, combined with HPLC, was documented as a

effective, rapid, and simple pretreatment procedure [124]. To optimize the isolation

conditions, the partitioning of papaverine 84 and codeine 85 was studied (Fig. 6.13).

Several parameters were systematically taken into account, and the results suggested

that both the salting-out capability of the salt and the pH value had a significant

effect on phase separation. From aqueous samples of pericarpium papaveris, the

recoveries of papaverine 84 and codeine 85 were 99.3%–102.0% and 90.0%–
100.2%, respectively.

An effective, novel, and simple HPLC-based technique for isolation of ephedrine

derivatives was accomplished by employing [C4mim][BF4] 1 as the mobile phase at

pH 3 [118]. Again, the mechanism may be attributed to that the imidazolium ions can

efficiently shield the silanol moieties of alkyl silica surface, thus reducing band tailing

and enhancing the isolation efficiency.

Ionogenic (able of forming ion(s), particularly in aqueous solution) basic compo-

nents belonging to the phenothiazine analogs were investigated in a RP HPLC, and the

isolation yield was improved by the introduction of three ILs, [C4mim][PF6] 4,

[C4mim][Cl] 47, and [C2mim][PF6] 53 [119]. The influences of the amount and nature

of IL on the analytes’ efficiency, peak symmetry, and retention were also studied. The

enhancement of system efficiency and rise of the analytes’ retention factor followed

the order: 4 > 53 > 47.

An HPLC-mediated technique was reported for the separation and purification of

five important medicines, by varying the proportion of the anions, pH, and IL [120].

Ketoprofen 86, omeprazole 87, propranolol 88, bisoprolol 89, and metoprolol 90were

efficiently separated and purified, using C18 HPLC column using a mixture of water

and methanol (40:60 v/v), which contained 5 mmol/L IL as the eluent (Fig. 6.13). The

application of IL reduces the retention time (RT) of acidic analytes and can, therefore,

act as a promising mobile-phase additive in HPLC.

A detailed inquiry of the performance of four imidazolium-mediated ILs, [C6mim]

[BF4] 54, [C4mim][BF4] 1, [C4mim][PF6] 4, and [C2mim][PF6] 53, and their role as

chromatographic modifiers for a group of β-adrenergic blocking agents was studied

[102]. The ILs differed in the adsorption ability of the anion and cation on C18 HPLC

columns. Eluent without additive and those bearing an anionic (sodium lauryl sulfate

(SLS)) or cationic (triethylamine (TEA)) additive were employed as references for the

evaluation of the system behavior. The association constants between additive in the

mobile phase or modified stationary phase and solutes was investigated. Moreover,

the silanol-suppressing potency of the additives was also examined. The investiga-

tions revealed that the IL [C6mim][BF4] 54 and SDSwere the finest enhancers of chro-

matographic peak shape among those tested [110].

Residual solvents in pharmaceuticals are VOCs employed or created during the

manufacture of pharmaceutical additives and drugs. Residual solvents in pharma-

ceuticals are usually known as organic volatile impurities (OVIs). In order to ana-

lyze the OVIs, ILs bring novel and valuable opportunities [39, 128]. The IL [C4mim]

[PF6] 4 was utilized as an alternative solvent to evaluate OVIs in pharmaceutical
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additives and drugs by using headspace-gas chromatography–mass spectrometry

(HS-GC-MS) analysis [128]. The technique was employed for the determination

of dioxane, trichloromethane, and dichloromethane in finasteride 91 (Fig. 6.13).

The LODs of dioxane, trichloromethane, and dichloromethane were 0.50, 0.02,

and 0.2 ng, respectively, with RSDs lower than 4.6%. The results also demonstrated

that the sensitivity of dichloromethane, trichloromethane, and dioxane achieved by

[C4mim][PF6] 4 HS-GC-MS technique is almost fivefold greater than achieved by

the DMF-based HS-GC-MS method. The recoveries for dioxane, trichloromethane,

and dichloromethane were in the range of 90.5%–112%.

In a another example, in order to study the OVIs in pharmaceutical synthesis with

static HS-GC, Jiang and Liu employed ILs as matrix media [39]. For the preparation

of bis-POM PMEA 64, six solvents—DMF, n-butyl ether, toluene,

N-methyl-2-pyrrolidone (NMP), dichloromethane, and acetonitrile—were dissolved

in [C4mim][BF4] 1. The technique of external standard was utilized for quantitative

analysis. The results revealed enhanced sensitivities for the six solvents with

[C4mim][BF4] 1 as the diluent in comparison to DMSO.

3-Butyl-1-methyl-1H-imidazol-3-ium dimethyl phosphate 92 ([C4mim][DMP])

was recognized as the finest IL solvent for HS-GC detection of residual solvents

(OVIs) with negligible vapor pressure such as sulfolane, N-methylpyrrolidone,

ethylene glycol, DMSO, and 1,2,3,4-tetrahydronaphthalene in a realistic matrix of

normally utilized excipients (corn starch, guar flour, magnesium stearate, and carbo-

xymethyl cellulose) in pharmaceutical products [129]. LODs and limits of quantifica-

tions (LOQs) were extremely low (in μg/g range) and the determination of traces of

tetramethylene sulfone in tablets of drug Vantin 93 indicated that this technique is

practical and advantageous (Fig. 6.13).

Papaverine

Fig. 6.13 Structure of [C4mim][DMP] and bioactive compounds.
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6.7 Biological activities of ILs

In the recent years, the number of publications reporting biological activities of ILs are

increasing, and this could be very interesting for the formation of new bioactive mate-

rials. In this section, we will review biological activities of ILs.

6.7.1 Antimicrobial activities of ILs

ILs contain tunable toxicity properties which may be valuable in the formation of anti-

fouling, disinfectants, and antiseptics drugs. The antimicrobial potencies of five new

series of choline-type substituted ammonium chloride ILs 94 were screened against a

library of Gram-negative and Gram-positive bacteria. All the investigated ILs 94

exhibited reasonable antimicrobial affinity, and it was noticed that the lipophilicity

was the chief parameter in evaluating antimicrobial affinity. Entities 94with 12 carbon

atoms alkyl chain on the cationic part of IL demonstrated the largest antimicrobial

potency across all series of ILs screened, against a library of test microorganisms

(Fig. 6.14) [130].

In another example, a library of 3-alkoxymethyl-1-methyl-1H-imidazol-3-ium ILs

containing [PF6]
�, [BF4]

�, and [Cl]� anions 95were screened against numerous fungi

and bacterial species. The investigation showed that the smaller the length of alkyl

chain on the cationic part of IL, the smaller the antimicrobial efficacy relative to

the imidazolium entities 95 bearing 10, 11, and 12 carbon atoms alkyl chain in

their alkoxy group. Further, the ILs 95 with alkoxy functionalities of 12 carbon

atoms were the most potent against the fungi and bacteria investigated. The

1,3-(dialkloxymethyl)-functionalized imidazolium ILs 96 exhibited wide range of

antimicrobial potency against several fungi, cocci, and bacterial [131]. In a similar

fashion, pyridinium and imidazolium-cation ILs (97 and 98) with different carbon

atoms alkyl chain functionalities on cation were also observed to contain appropriate

antimicrobial biological profile against fungi, cocci, and rods. Similarly, it was

observed that enhanced antimicrobial potency resulted from increasing the number

of alkyl groups substituted as well as expanding the chain length of alkyl group on

the cationic part of pyridinium and imidazolium-cation ILs (97 and 98) [132]. Chang-

ing the anionic part of IL did not effectively modify toxicity (Fig. 6.14). It has been

noticed that the length of cationic alkyl chain substituent is responsible for antimicro-

bial capacity and the mechanism is via membrane disruption [133] as most of ILs have

a framework comparable to cationic surfactants whose key operating principle is via

disruption of protein-membrane binding. As demonstrated by the investigations of the

inhibitory effects of pyridinium and imidazolium ILs (99 and 100), another proposed

mechanism of toxicity and antimicrobial potency is the inhibition of the enzyme

acetylcholinesterase, which were displayed to inhibit purified acetylcholinesterase

with EC50 values <13 μM [134].

In a recent publication, Pernak et al. found that a library of trigeminal tricationic

ILs based on pyridinium and imidazolium ring (101 and 102) have better antimicro-

bial activity as compared to the readily available benzalkonium chloride 103 [135].
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Walkiewicz and coworkers have observed that the antimicrobial affinity of

multifunctional long alkyl chain quaternary ammonium azolate-mediated ILs 104

demonstrated wide range promising antifungal and antibacterial efficacy, which

was similar or greater to that of the original alkyldimethylbenzylammonium chloride

103 (Fig. 6.14) [136].

In another recent report, Yin and coworkers described the preparation and antimi-

crobial property of library of hydroxylammonium ILs 105 (Fig. 6.14). The antimicro-

bial potency was screened against Gram-negative and Gram-positive bacteria by using

agar diffusion technique. The observed data of antimicrobial potency were compared

against reference Garamycin (antibiotic). All the eight ILs 105 displayed antimicro-

bial affinity specifically against Staphylococcus aureus [137].

Fig. 6.14 Structure of ILs based on quaternary ammonium, pyridinium, imidazolium, and

benzalkonium cations.
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6.7.2 Antibiofilm activities of ILs

Gilmore and coworkers were the first to disclose the in vitro antibiofilm potency of a

series of [Cnmim][Cl] ILs 106 against a range of clinically important bacterial and

fungal pathogens (Candida albicans, Chlorella regularis, Bacillus subtilis,
S. aureus, Salmonella typhimurium, and Escherichia coli) using the MBEC device

[138]. The antibiofilm affinity of these ILs 106 was observed to be function of length

of alkyl chain; as the length of alkyl chain was enhanced, the antibiofilm activity

enhanced. ILs [Cnmim][Cl] 106 with n � 10 demonstrated novel, wide range antimi-

crobial efficacy. The compound with n ¼ 14 showed greatest antibiofilm potency

against all biofilms (Fig. 6.15). The result from this investigation revealed that

Gram-negative bacterial biofilms were usually less susceptible to [Cnmim][Cl] ILs

106 relative to Gram-positive microbial, while Candida tropicalis biofilms displayed

a comparable susceptibility data to these reagents as the representative Gram-positive

organisms evaluated in this investigation [139].

Busetti et al. published the antibiofilm and antimicrobial potencies of a series of

(Cnmquin) ILs 107 (Fig. 6.15). It was observed that (Cnmquin) ILs 107 have an excel-

lent microbiological toxicity profile against both biofilm and planktonic cultures of a

panel of fungi and bacteria frequently implicated in device associated and nosocomial

infections [140].

These significant investigations outline the promising employments of ILs as anti-

microbials in antiseptics, preservatives, disinfectants, and formation of antiinfective

medical device surfaces for application in health care and as antibiofouling com-

pounds for a host of industrial utilizations.

6.7.3 Antiproliferative profile of ILs

Owing to their toxicities and tunable properties, ILs could be utilized as promising ant-

iviral, anticancer, and other therapeutic drugs. In national cancer institute, the anticancer

affinity of three different kinds of ILs—ammonium 112, phosphonium 111, and

imidazolium (108–112)—was examined among panels of human tumor cell lines

(Fig. 6.16). It has been evaluated that the length of alkyl chain at N-3 location of

imidazole moiety acts a vital part toward antitumor potency of ILs. The ILs

(108–112) with 12 carbon atoms alkyl chain were observed to be most operative against

all the 60 kinds of human tumor cell lines and described veryminor cytotoxicity in nearly

all cases. Further enhancement in length of alkyl chain resulted in increased growth

Fig. 6.15 Structure of [Cnmim][Cl] and [Cnquin][Br].
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inhibition of human tumor cell lines. The phosphonium-mediated IL 111 were observed

to be high cytotoxic relative to imidazolium (108–112) and ammonium 112 ILs [141].

In a recent study, Choi and colleagues investigated the antiproliferative potency of

imidazolium and ammonium ILs (113–116) against T98G human brain cancer cells. It

was noticed that the prepared ILs (113–116) were less toxic to human embryonic kid-

ney (HEK) nonmalignant cells and more effective on T98G cancer cells. These ILs

(113–116) may be served as lead compounds for a new family of cytotoxic drugs oper-

ative against T98G cells with appropriate drug delivery ability on account of their abil-

ity of chemosensitization and small size (Fig. 6.16). The IL [bmim][Cl] 115 exhibited

important toxicity on T98G cells and the slightest toxicity on normal HEK cells and

also inhibited the clonogenic growth of T98G cells in a concentration and time-

dependent way [142].

6.8 ILs as APIs

To date, the pharmaceutical industry’s main focus is on solid dosage form such as

powder form or tablets and, therefore, liquid forms are ignored on account of the cost,

availability, and shelf life issue. The solid dosage form research is frequently strug-

gling with their solubilization problems and this is the reason that drugs fail during the

drug development phase. This is mostly owing to their noneffective release into the

blood stream [143].

ILs with their outstanding physiochemical characteristics could bypass these deliv-

ery issues [144]. Worldwide most of the drugs are sold in salt states. Salts composed

by ionic bonds which assist to keep the mixture liquid at room temperature could

enhance stability, absorbability, and solubility [145]. Drug compounds transformed

into salts by coupling acidic or basic drug compounds with counter ions may also

address the physiochemical characteristics of the drug. The salt state of drugs may

Fig. 6.16 Structure of ammonium, imidazolium, and phosphonium-mediated ILs.
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display numerous advantages over original neutral formulations which relate to their

pharmaceuticals characteristics, such as drug delivery, bioavailability and permeabil-

ity, and in terms of physical characteristics, such as dissolution rate, hygroscopicity,

crystallinity, andmelting point. In the salt state, the counter ion plays an important part

in influencing the pharmacokinetics of drug candidates. Regarding the counter ion

tenability, the pharmacodynamics and toxicology profile can be modified or changed.

Hence, the regulatory authorities consider the new salt form of drugs as new chemical

entities which need to be registered.

From the above considerations, the physiochemical characteristics of ILs open new

pathway in drug delivery and API-IL systems may have an exciting future. In the

recent decade, there has been lots of research work going on in this area. This section

provides an extensive summary about the role of ILs in the development of salt drugs.

In the first example, the salicylic acid 117 was transformed into a liquid salt by

combining with procainium to afford procaine salicylate 118 (Scheme 6.2) [146].

The new formulation could provide the advantages of both compounds and opens

new treatment options. Industry is looking for novel therapies which may are econom-

ically and clinically better than the old therapies [145].

In a another example, MacFarlane and coworkers [144] developed IL forms of the

commonly used antimuscarinic agent propantheline bromide 119 in order to protect

this drug from polymorphic transformation [147]. After an ion-exchange reaction to

construct the acesulfamate analog, a new IL was achieved, propantheline

acesulfamate 120 [148]. Similarly, in the recent years, Branco and coworkers publi-

shed on the efficient formation and detection of ampicillin-mediated ILs 123 (Scheme

6.2), where the ampicillin anions 122 were coupled with several organic cations such

as hexadecylpyridinium and cholinium [149, 150].

Procainium

Scheme 6.2 Formation of procaine salicylate, propantheline acesulfamate, and ampicillin-

based ILs.
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The use of ILs in the pharmaceutical industry could offer access to painkillers that

also contain antimicrobials or antibiotics [151, 152]. For instance, the painkiller aspi-

rin (acetyl salicylate) which is usually utilized in tablet state or in solution has some

issues, for example, bitter taste, poor solubility, and unpleasantly large tablets for

desired dosages. A liquid salt form of aspirin could solve these problems and provide

new delivery routes. Rogers and coworkers published the formation of dual functional

IL types of acetyl salicylate by coupling bioactive cations [antibacterial (124–128),
local anesthetics (129, 130), antiarrhythmic 131, and analgesic 132] with anions of

salicylic acid 133 and acetylsalicylic acid 134 (Fig. 6.17) [146]. The Rogers and

coworkers also compared the physical characteristics of the synthetized salts with par-

ent aspirin. With the exception of hexetidinium and tramadolium, all synthetized

salicylates were observed to be of low melting. Comparison of the salicylate salts

and the acetylsalicylate salts suggested an important decrease in phase transition tem-

peratures for the acetylsalicylate salts; presumably, it is due to the absence of intra- or

intermolecular hydrogen bonding in the acetylsalicylate anions.

Recently, Restolho et al. exploited the tunability of ILs by using pharmaceutically

active anions and cations, commonly designed on API. Didecyldimethylammonim

ibuprofen 135 (DI), ranitidine docosate 136 (RD), and lidocaine docosate 137 (LD)

were selected for their study (Fig. 6.18). They focused on the interfacial properties

of 135, 136, and 137, and determined the contact angles and the surface tension on

both hydrophobic and hydrophilic surfaces within a wide temperature spectrum.

Mediated on the wettability results, the polarity fractions were calculated. For the

three IL-APIs (135, 136, and 137), liquid-liquid transition temperature occurred

almost ambient temperature. Near this transition they showed abnormal behavior

which was justified by the attendance of a mesophase between the vapor phase and

the isotropic. The IL-APIs (135, 136, and 137) show low contact angles and low sur-

face tension which was evaluated on both hydrophilic and hydrophobic surfaces. The

Fig. 6.17 Structure of pharmaceutically active cations and anion of salicylic acid and

acetylsalicylic acid.
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relatively low polarity fractions confirm the lesser influence of the coulomb interac-

tions as compared to the dispersive interaction for ILs possessing larger ions [152].

6.8.1 The oligomeric methodology: Stoichiometric to
nonstoichiometric API-ILs with protic ion

Naturally, numerous bioactive ILs have been created from those protic APIs that are

easily transformed into an anion or cation. Unlike aprotic ILs, protic ILs display Bron-

sted acidity attributed to the exchangeable protons, and therefore, their characteristics

largely rely on hydrogen bonding and the extent of proton transfer ability from the acid

to the base. Instances of studies on protic pharmaceutical ILs can be found in research

work by MacFarlane et al., which reported the preparation of novel protic ILs, for

example, 2-pyrrolidinoethanol, amantadine, and tuaminoheptane [153], and demon-

strated the first membrane transport characteristics of prepared protonated ILs [154].

Noteworthy, the insertion of excess base or excess protic acid to a salt can result in

the liquefaction of lowmelting salts via the development of oligomeric ions with com-

plex hydrogen bonds (i.e., strong composites among ionized and unionized species)

[155]. This “oligomeric methodology” was introduced by Rogers, Bica, and

coworkers [156] as both a liquefaction approach (lowering melting points to room

temperatures or below body) and a approach to enable the two bioactive ions to be

dosed at different ratios. This is illustrated in Scheme 6.3 with salicylic acid 117

and lidocaine 138 [157].

Noteworthy, when preparing protic ILs, that just because a liquid is formed when a

base or acid is combined (even when both starting compounds are solid), does not

Fig. 6.18 Structure of DI, RD, and LD.

[B′YHB]+A– y B′ x HA′HB+A– HB+[A(HA′)x]–

Scheme 6.3 Illustration of oligomeric methodology.
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necessarily indicate that a salt has been developed. In the development of various

compositions of lignocaine 138 with fatty acids, thermal and spectroscopic data con-

firmed the preparation of deep eutectic components which usually exist at the bound-

ary level among partially ionized salts and simple mixtures. By varying the molar

composition of the fatty acids or lignocaine 138, single fraction mixtures of low melt-

ing point were achieved. For instance, the union of lignocaine 138 with oleic or

decanoic acids (140 and 130) results in the formation of liquids which only demon-

strated glass transition temperatures below 40°C (Fig. 6.19) [156]. The deep eutectic

character was due to the formation of very powerful hydrogen bonding among acid

and lignocaine 138. These are comparable to the kinds of interaction forces being uti-

lized to design cocrystals of APIs and, therefore, the terminology “liquid cocrystal”

was utilized [156, 158, 159].

Another remarkable methodology to liquidity in API-ILs was introduced by Sesto

and coworkers [160], where it was possible to achieve liquid forms by coupling zinc

chloride with cationic pharmaceutical Lewis acids. The melting points of the parent

pharmaceutical chloride salt could be depressed attributed to the oligomeric forms of

ZnCl2 anions. The group of Sesto synthesized a library of new API-ILs mediated on

ranitidine 141, ethambutol 142, and homatropine 143 (Fig. 6.19). Furthermore, it was

exposed that metal halide-mediated API-ILs frequently contain good shelf life.

6.8.2 Prodrug methodology

The API-IL methodology explained above desired that the API be ionizable, but

numerous APIs are not readily ionizable. An efficient method to resolve this issue

and to improve the bioavailability, permeability, and solubility of APIs is by combin-

ing them with prodrugs. Prodrug ILs offer additional benefits, for example, controlled

discharge of the APIs in simulated fluids. This provides a significant scheme to

enhance the characteristics of APIs. Cojocaru et al. confirmed this by preparation

and utilization of API-ILs [161]. In the formation route of API-ILs, acetaminophen

144 (acetam) was initially converted to 4-(acetylamino)phenylchloroacetate 146

and subsequent treatment with a neutral amines to provide the chloride salts (147,

148, 149, and 150). The chlorides (147, 148, 149, and 150) were exchanged for the

Fig. 6.19 Structure of lidocaine, decanoic acid, oleic acid, ranitidine, ethambutol, and

homatropine.
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docusate anions, lead toward the development of an API-ILs (151, 152, 153, and 154).

These salts (151, 152, 153, and 154) could be readily hydrolyzed, resulting in 144

(Scheme 6.4).

6.9 Conclusion

Because of promising properties of ILs as well as the increasing ecological awareness

and enormous anxieties of “green chemistry,” use of ILs has received wide attention in

multidisciplinary studies, especially in the field of pharmaceutics and medicine. From

1996 to 2019, research reports on the synthesis and utilization of ILs have grown at an

astounding rate. To date, most literature of pharmaceutical ILs has focused on

imidazolium-mediated ILs. The reason why imidazole-based ILs are among the most

studied ILs is due to their lower viscosity and to the stability of the imidazolium cation

in oxidative and reductive conditions. Hence, they have been used for several appli-

cations, such as solvents and catalysts in synthesis and as solubility enhancers in DDS.

In terms of their use as solubility promoters, their cytotoxicity may represent a draw-

back, particularly for those ILs with a long alkyl chain attached to the imidazolium

cations and this must always be considered. Summarily, ILs display control of ions

development in solution and alteration of solvation characteristics in biological fluids

and water to deliver a flexible method for alleviation of polymorphism, bioavailabil-

ity, and solubility limitations of traditional drugs. Moreover, ILs have become “green

alternates” of the VOS. Because of their unique properties, ILs have a great potential

as reaction media in a broad spectrum of biocatalytic and conventional syntheses. The

reaction yields with the use of ILs are mostly similar or higher than those achieved in

traditional organic solvents. Hence, it is a cost-efficient and straightforward technique

to produce highly tunable, diverse range of bioactive drugs with an almost limitless

number of combinations of cations and anions. However, the current expenses of the

Scheme 6.4 Formation and hydrolysis of API-ILs.
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ILs are somewhat prohibitive in several feasible commercial applications. Hopefully,

in the near future, the benefit/cost figures of the ILs will bring financial viability to

their more common application. Naturally, further investigations must be performed

in order to discover the full potential of their biomedical uses.

References

[1] P.T. Anastas, M.M. Kirchhoff, Origins, current status, and future challenges of green

chemistry, Acc. Chem. Res. 35 (2002) 686–694.
[2] P.T. Anastas, J.C. Warner, Green Chemistry: Theory and Practice, Oxford University

Press, Oxford, 2000.

[3] P.T. Anastas, T.C. Williamson, Green Chemistry: Frontiers in Benign Chemical Synthe-

ses and Processes, Oxford University Press, New York, NY, 1998.

[4] P. Klumphu, Development of New Methodology in Organic Synthesis Enabled by

Aqueous Micellar Catalysis, UC Santa Barbara, 2016. ProQuest ID:

Klumphu_ucsb_0035D_13279. Merritt ID: ark:/13030/m5fc01sx. Retrieved from https://

escholarship.org/uc/item/5480h1pm.

[5] F.M. Kerton, R. Marriott, Alternative Solvents for Green Chemistry, Royal Society of

Chemistry, 2013.

[6] E. Buncel, R.A. Stairs, H. Wilson, The Role of the Solvent in Chemical Reactions,

Oxford University Press, Oxford, 2003.

[7] J.M. DeSimone, Practical approaches to green solvents, Science 297 (2002) 799–803.
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[34] A.L.G. Júlio, Ionic Liquids as Functional Ingredients in Drug Delivery Systems: Solu-

bility, Permeation and Cytotoxicity Studies, Master’s thesis, 2017.

[35] J.S. Wilkes, J.A. Levisky, R.A. Wilson, C.L. Hussey, Dialkylimidazolium chlo-

roaluminate melts: a new class of room-temperature ionic liquids for electrochemistry,

spectroscopy and synthesis, Inorg. Chem. 21 (1982) 1263–1264.
[36] X. Xiaohua, Z. Liang, L. Xia, J. Shengxiang, Ionic liquids as additives in high perfor-

mance liquid chromatography: analysis of amines and the interaction mechanism of ionic

liquids, Anal. Chim. Acta 519 (2004) 207–211.
[37] Q. Zhang, S. Zhang, Y. Deng, Recent advances in ionic liquid catalysis, Green Chem.

13 (2011) 2619–2637.
[38] R. Liu, J. Liu, Y. Yin, et al., Ionic liquids in sample preparation, Anal. Bioanal. Chem.

393 (2009) 871–883.
[39] F. Liu, Y. Jiang, Room temperature ionic liquid as matrix medium for the determination

of residual solvents in pharmaceuticals by static headspace gas chromatography,

J. Chromatogr. A 1167 (2007) 116–119.

The role of ionic liquid in medicinal chemistry 173

http://refhub.elsevier.com/B978-0-12-817592-7.00006-X/rf0105
http://refhub.elsevier.com/B978-0-12-817592-7.00006-X/rf0105
http://refhub.elsevier.com/B978-0-12-817592-7.00006-X/rf0110
http://refhub.elsevier.com/B978-0-12-817592-7.00006-X/rf0115
http://refhub.elsevier.com/B978-0-12-817592-7.00006-X/rf0115
http://refhub.elsevier.com/B978-0-12-817592-7.00006-X/rf0120
http://refhub.elsevier.com/B978-0-12-817592-7.00006-X/rf0120
http://refhub.elsevier.com/B978-0-12-817592-7.00006-X/rf0125
http://refhub.elsevier.com/B978-0-12-817592-7.00006-X/rf0125
http://refhub.elsevier.com/B978-0-12-817592-7.00006-X/rf0125
http://refhub.elsevier.com/B978-0-12-817592-7.00006-X/rf0130
http://refhub.elsevier.com/B978-0-12-817592-7.00006-X/rf0130
http://refhub.elsevier.com/B978-0-12-817592-7.00006-X/rf0135
http://refhub.elsevier.com/B978-0-12-817592-7.00006-X/rf0135
http://refhub.elsevier.com/B978-0-12-817592-7.00006-X/rf0135
http://refhub.elsevier.com/B978-0-12-817592-7.00006-X/rf0140
http://refhub.elsevier.com/B978-0-12-817592-7.00006-X/rf0140
http://refhub.elsevier.com/B978-0-12-817592-7.00006-X/rf0140
http://refhub.elsevier.com/B978-0-12-817592-7.00006-X/rf0145
http://refhub.elsevier.com/B978-0-12-817592-7.00006-X/rf0145
http://refhub.elsevier.com/B978-0-12-817592-7.00006-X/rf0150
http://refhub.elsevier.com/B978-0-12-817592-7.00006-X/rf0150
https://lib.dr.iastate.edu/etd/15587
http://refhub.elsevier.com/B978-0-12-817592-7.00006-X/rf0160
http://refhub.elsevier.com/B978-0-12-817592-7.00006-X/rf0160
http://refhub.elsevier.com/B978-0-12-817592-7.00006-X/rf0160
http://refhub.elsevier.com/B978-0-12-817592-7.00006-X/rf0165
http://refhub.elsevier.com/B978-0-12-817592-7.00006-X/rf0165
http://refhub.elsevier.com/B978-0-12-817592-7.00006-X/rf0165
http://refhub.elsevier.com/B978-0-12-817592-7.00006-X/rf0170
http://refhub.elsevier.com/B978-0-12-817592-7.00006-X/rf0170
http://refhub.elsevier.com/B978-0-12-817592-7.00006-X/rf0170
http://refhub.elsevier.com/B978-0-12-817592-7.00006-X/rf0175
http://refhub.elsevier.com/B978-0-12-817592-7.00006-X/rf0175
http://refhub.elsevier.com/B978-0-12-817592-7.00006-X/rf0180
http://refhub.elsevier.com/B978-0-12-817592-7.00006-X/rf0180
http://refhub.elsevier.com/B978-0-12-817592-7.00006-X/rf0180
http://refhub.elsevier.com/B978-0-12-817592-7.00006-X/rf0185
http://refhub.elsevier.com/B978-0-12-817592-7.00006-X/rf0185
http://refhub.elsevier.com/B978-0-12-817592-7.00006-X/rf0185
http://refhub.elsevier.com/B978-0-12-817592-7.00006-X/rf0190
http://refhub.elsevier.com/B978-0-12-817592-7.00006-X/rf0190
http://refhub.elsevier.com/B978-0-12-817592-7.00006-X/rf0195
http://refhub.elsevier.com/B978-0-12-817592-7.00006-X/rf0195
http://refhub.elsevier.com/B978-0-12-817592-7.00006-X/rf0200
http://refhub.elsevier.com/B978-0-12-817592-7.00006-X/rf0200
http://refhub.elsevier.com/B978-0-12-817592-7.00006-X/rf0200


[40] M. Earle, K. Seddon, C. Adams, Friedel–crafts reactions in room temperature ionic liq-

uids, Chem. Commun. (1998) 2097–2098.
[41] V. Kumar, S.V. Malhotra, Synthesis of nucleoside-based antiviral drugs in ionic liquids,

Bioorg. Med. Chem. Lett. 18 (2008) 5640–5642.
[42] M.L. Patil, H. Sasai, Recent developments on chiral ionic liquids: design, synthesis, and

applications, Chem. Rec. 8 (2008) 98–108.
[43] M.Y. Machado, R. Dorta, Synthesis and characterization of chiral imidazolium salts,

Synthesis (Stuttg) 2005 (2005) 2473–2475.
[44] H.-S. Gao, Z.-G. Hu, J.-J. Wang, et al., Synthesis and properties of novel chiral ionic

liquids from L-proline, Aust. J. Chem. 61 (2008) 521–525.
[45] H. Liu, L. Peng, T. Zhang, Y. Li, L-Proline catalyzed asymmetric aldol reactions of

protected hydroxyacetone, New J. Chem. 27 (2003) 1159–1160.
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7.1 Introduction

In the emerging environmentally friendly era, the research professionals of academia

and industries are devoting their efforts to discovering green strategies in science and

technology. Various approaches such as replacement of conventional toxic organic

solvents by an environmentally benign solvent, development of catalytic systems,

and atom economic systems have been formulated to minimize the negative impact

of environmental hazards [1]. The ultimate goal of a researcher is to develop efficient

systems that mimic nature [2]. Extensive research is being dedicated to investigate the

feasibility of water as a solvent for chemical transformation [3]. Water as the solvent

has plenty of advantages such as it is inexpensive, nontoxic, nonflammable, resistant

to greenhouse emissions, abundant in Nature, economical for isolation and purifica-

tion, and have zero E factor value [4]. Moreover, it is not considered as a waste in

chemical transformations, its large heat capacity and heat of evaporation allow easy

control of exothermic reactions, and high polarity, the coexistence of hydrogen bond

donor and acceptor binding sites often making catalysis feasible, rapid, and selective.

In spite of a plethora of advantages, scientists of academia and industries have avoided

water as solvent majorly because of the low solubility of a vast range of hydrophobic

organic molecules possessing significantly low polar functionalities. Generally,

heating is employed to improve the solubility of the hydrophobic molecules and mak-

ing reactions feasible. However, heating conditions may decompose the labile organic

substrates, reagents, and products, and also reduce the selectivity of the reactions.

Initially, a number of phase transfer catalysts (PTC) [5] were designed for organic

synthesis and developed to circumvent the problem of solubility under biphasic con-

ditions. It has several limitations too such as extensive experimentation that might be

required to determine the correct combination of substrate, catalyst, and surfactant.

Moreover, separation and recovery of catalyst and surfactant might pose a serious

problem.
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7.2 Surfactant and nanodimensional micelle

The surfactant-assembled micelles are vessels for making hydrophobic reactant,

reagent, and product soluble in water and remove the aforementioned obstacle to per-

formorganic syntheses inwater.Micelles are formedwith assemblies of surfactants hav-

ing hydrophobic hydrocarbon chain inside and hydrophilic cationic, anionic, or neutral

head group in the outside of the vessels. Its dimension is in the range nanometer to

micrometer and provides a hydrophobic pocket in aqueous media. The hydrophobic

insides of the nanometer-micelles are the haven for all organic compounds to get the

shelter eliminating the issues of the insolubility of substrates as well as bring them in

the close vicinity to react faster. Surfactants are amphiphilic molecules containing

one polar hydrophilic head group, and nonpolar hydrophobic tail group and have been

used by humanmankind forwashing since 2500 BCE (Fig. 7.1). In an aqueousmedium,

the hydrophobic effect drives the formation of spontaneous micellar aggregates when

the surfactant is present above thecriticalmicelle concentration (cmc).Thehydrophobic

tails form the core of the micelles to avoid unfavorable interaction with the surrounded

water molecules and hydrophilic head groups form the corona ensuring solubility

throughattractive interaction towater surroundings.The typeofmicelle formeddepends

on a number of factors such as (i) the chemical structure of the surfactant, (ii) the geom-

etryof themolecule (iii) the ratiobetweenhydrophilic andhydrophobic parts and (iv) the

experimental conditions in which they are used such as temperature, pH, and ionic

strength [6].Theeffectofconcentration isofprime importance todetermine thestructure

of the micelles. Initially, typically spherical micelles are formed but as soon as the con-

centration increases ellipsoidal micelles, rods, hexagonal liquid crystal (LC) phase.

The hexagonal arrangement of long cylinders, lamellar LC phase and, eventually,

reverse phases are possible. The unique feature of the micelle is that it provides hydro-

phobic, dry pockets in the water medium where water-insoluble organic moieties can

take shelter (Fig. 7.2). Thus, micelles act as nanoreactors to bring the reactants

together to provide a confined reaction environment [7]. Sorrenti [8] recently pointed

out that micelle behaves as nanoreactors characterized by unique features. This con-

cept of structuring is not only widely found in nature and many common applications

but has also recently become of interest for the controlled design of more complex

structures in the nanometer size range as well [9]. The benign and straightforward syn-

thetic tool is efficiently used for synthesizing medicinally active compounds.

7.3 Properties and uses of the nanoreactors

All reactions performed in aqueous micellar media relies on one basic principle. The

concept is that in water surfactant would form a nanoreactor having a hydrophobic

core, through hydrophobic interactions and would host organic substrates inside.

The proton (for Brønsted acid catalysis) or metal cations (for Lewis acid catalysis)

would accumulate onto the surface of the droplets and enhance the rate to reach
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Fig. 7.1 Surfactants bearing cationic, anionic, and neutral head groups.
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equilibrium. Any polar molecules generated during the reaction would be removed

from the interior of the nanoreactor due to its hydrophobic nature. Thus, micelles help

to bring the reactants in close proximity to each other, often accelerate the reaction

rate. The size of the nanoreactor could be measured using Dynamic Light Scattering

instrument and the shape using optical microscopy (Fig. 7.3) [10]. Even though it

sounds preposterous, it provides a dry and water-free microenvironment in water. This

system imitates nature’s way of performing reactions efficiently using enzymes. It

opens up the opportunity to perform even a dehydration reaction in the water medium

[11]. A myriad of reactions was reported mainly in the last decade using nanoreactors

such as dehydration, cyclization, 1,3-dipolar cycloaddition, aziridination, mul-

ticomponent reactions, and even metal-catalyzed reactions which will be discussed

in this chapter.

7.4 Dehydration reaction in water for syntheses of
medicinally important esters, ethers, and thioethers

Esterification of carboxylic acids and alcohols is one of the most fundamental organic

transformations with widespread application in fine chemicals, flavors, plasticizers,

emulsifier, and biodiesel production and most important intermediates for drug for-

mulations [12–15]. A number of drugs that are currently available in the market con-

tain ether, thioether, and ester functional groups (18–23, Fig. 7.4). For example,

Fig. 7.2 Built-in surfactant-assembled nanoreactor in water.
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Fig. 7.3 Size, shape, and properties of nanoreactor built-in aqueous media. (A) Surfactant,

(B) aqueous organizedmedium, (C) surfactant-assembled nanoreactor, (D) diameter (nm) of the

CTAB-assembled nanoreactor (DLS), and (E) polarizing optical microscope image of the

nanoreactor.

Fig. 7.4 Bioactive esters, ethers, and thioethers.
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Prevacid (18) is a proton-pump inhibitor (PPI) that inhibits the stomach’s production

of gastric acids [15b]. Seroquel (19) is an atypical antipsychotic approved for the treat-
ment of schizophrenia, bipolar disorder, and in the XR version along with a selective

serotonin reuptake inhibitor (SSRI) to treat the major depressive disorder [15c].

Attention-deficit hyperactivity disorder drug methylphenidate (20) contains a methyl

ester group. The antimotility drug co-phenotrope contains the ester diphenoxylate

(21). Procaine (22) is used as a local anesthetic. The widely used antibiotic Penicillins
(23) also features a thioether linkage.

As scientists discovered the advantages of using water as a solvent, reports started

appearing in scientific journals describing various organic transformations in aqueous

reaction media [11]. However, they were few in numbers. One of the most challenging

classes of reactions to be carried out in water is the dehydrative organic transforma-

tions. In general, during dehydration water needs to be removed either azeotropically

or by using dehydrating agents to drive the equilibrium forward. In 2002, Kobayashi

and his team published a pathbreaking paper [16] reporting dehydration reactions in

water in the presence of dodecylbenzene sulfonic acid (DBSA) (26) as a Brønsted

acid-surfactant-combined catalyst (BASC). They also showed that the methodology

could be applicable to various reactions including esterification, etherification,

thioetherification, and dithioacetalization (Scheme 7.1). The general strategy

described the chemoselective dehydration protocol. They utilized the same concept

described above, where organic substrates take shelter in the hydrophobic core of

the nanoreactor, formed by the surfactant molecules. Water generated during reaction

would be expelled from the hydrophobic interior to the hydrophilic exterior. For their

study on dehydrative esterification reaction, they choose lauric acid and

3-phenyl-1-propanol as model substrates (eq. i, Scheme 7.2). Catalyst screening con-

firmed that DBSA was the catalyst of choice. The developed system worked for trans-
esterification of methyl esters (eq. ii), etherification (eq. iii), thioetherification as well

as for dithioacetalization reactions (eq. iv) in the water medium.

Scheme 7.1 Dehydration reaction investigated inside the lipophilic nanoreactor.
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The seminal paper by Kobayashi spurred interest among the scientific community.

Developing novel surfactants became very important. Luque and his coworkers syn-

thesized a novel glucose-derived nonionic, renewable-derived, biosurfactant

(N-alkanoyl-N-methyl-1-glucamine polyol, C12MG, 34) by reductive amination of

glucose (32) followed by an amidation (eq. i, Scheme 7.3). This group also developed

a catalytic system to carry out esterification of carboxylic acids with short-chain alco-

hols typically methanol or ethanol in aqueous media in the presence of C12MG (34).
The reported protocol was applicable for various aliphatic and aromatic carboxylic

acids under mild reaction conditions [17]. Water formed during the reaction gets

thrown out from the hydrophobic core of the nanoreactor thus driving the equilibrium

forward (eq. ii, Scheme 7.3).

7.5 Cyclization reaction developed inside the nanoreactor
to achieve bioactive heterocycles

One of themost prominent classes of biologically active compounds is functionalized pyr-

idine and its unsaturated analog, 1,4-dihydropyridine derivatives. 1,4-Dihydropyridines

have been extensively used as calcium channel modulators [18] and were developed as

cardiovascular, antihypertensive, and anticancer drugs, which include diludine (35),
felodipine (36), isradipine (37), lacidipine (38), nitrendipine (39), nifedipine (40), and
nemadipine B (41, Fig. 7.5) [19]. Their oxidized counterparts target a wide variety of bio-
logical receptors [20]. Due to the existence of pyridines in pharmaceuticals, agrochemi-

cals, and natural products, their synthesis remains an area of intense current research

Scheme 7.2 Direct synthesis of esters, ethers, and thioethers in the water media.
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interest to the chemical community [21]. In 2013, Das et al. published a highly efficient

one-pot, four-component Hantzsch reaction procedure for the preparation of

1,4-dihydropyridine derivatives (45, Scheme 7.4) using the nonionic surfactant Triton

X-100 in aqueous media at room temperature [22]. For their optimization studies, they

chose 3-nitrobenzaldehyde � (1 mmol), ethyl acetoacetate (2 mmol), and ammonium

acetate (1.5 mmol) as model substrates. Screening of solvent, temperature, and surfactant

revealed that 10 mol% Triton X-100 in water works best.

Scheme 7.3 Synthesis of C12MG (34) from glucose for esterification in water.

Fig. 7.5 Structures of some bioactive dihydropyridines.
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The reaction was applicable to a wide variety of aromatic and aliphatic aldehydes

as well as active methylene compounds furnishing the desired products in more than

80% yield. The paper also described a new one-pot, potentially efficient, absolutely

clean, versatile, environment friendly, light-induced, green procedure for the synthe-

sis of pyridines (46) by efficient oxidation of Hantzsch 1,4-dihydropyridines (45)
(Scheme 7.5) [23].

Another class of N-heterocycles which exhibit a broad spectrum of biological

activities are quinoxaline-based compounds [24]. Over the years, a wide range of

approaches were formulated for their synthesis [25–27]. However, the majority of

these routes involve the use of toxic organic solvents, hazardous chemicals, expen-

sive, moisture-sensitive reagents, high temperature, and complex workup procedures.

In 2003, Prof. A. K. Chakraborti published a paper [28] detailing a simple, extremely

efficient, and green protocol for the synthesis of quinoxalines (49) from 1,2-diketones

(48) and 1,2-diamines (47) in the water at room temperature catalyzed by cheap, read-

ily available and nontoxic surfactant Tween 40 (Scheme 7.6). Aromatic 1,2-diamino

compounds containing electron-donating as well as electron-withdrawing groups,

Scheme 7.5 Synthesis of substituted pyridines in water.

Scheme 7.6 Dehydrative cyclization to quinoxalines in water.

Scheme 7.4 Synthesis of medicinally important dihydropyridines in aqueous micellar media.
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aliphatic 1,2-diamino compounds worked well with the diketo compounds furnishing

the functionalized quinoxaline in high yield.

Scientists became curious about quinolone antibiotics due to their inhibitory effect

on bacterial DNA gyrase [29]—an enzyme essential for DNA replication. After the

discovery of nybomycin [30], a number of quinolone antibacterials have been devel-

oped which possess either 2-quinolone or 4-quinolone moieties in their core. Consid-

erable interest has been noticed in developing 2-quinolones as anticancer, antiviral,

and antihypertensive agents [31]. 4-Substituted 3-phenyl-2-quinolones exhibit high

affinity in binding to the glycine site ofN-methyl-D-aspartate receptor, and such antag-

onists hold promise for the treatment of several central nervous system disorders [32].

Amides of 3-hydroxy/alkyl-4-carboxylic acids of 2-quinolones also exhibit high affin-

ity for the 5-HT3 serotonin receptor (Scheme 7.7) [32b].

In 2010, a team of scientists led by Dr. Mondal published a simple, green method-

ology for the synthesis of fused tricyclic, tetracyclic, and pentacyclic quinolones

(Scheme 7.8) in nanoreactor with excellent yields [33]. They used different deriva-

tives of 8-hydroxyquinoline (50) and 1,ω-dihaloalkanes/xylenes/methyl-quinoxalines

as alkylating agents to get the desired product (53) in high yields.

Benzimidazole and phthalimides are commonly occurring heterocyclic moiety in

natural and synthetic compounds [34]. Recently, benzimidazole derivatives with sub-

stituents particularly at N-1 and/or C-2 positions have received considerable attention

because of their broad range of biological functions and pharmacological applications.

They are an integral part of various clinical medicines as well, for example,

2-substituted benzimidazole and Esomeprazole [35] are anti-ulcerative drugs. Albe-

ndazole [36] is used to treat parasitic diseases, whereas, 1,2-substituted benzimid-

azole, Astemizole is an antihistamine drug [37]. Although several synthetic

pathways have been designed to construct these motifs; most of the routes involve

toxic reagents/solvents. In 2013, Dr. A. Chatterjee and Dr. M. Banerjee chronicled

a simple, environmentally benign methodology for the chemoselective synthesis of

two-substituted benzimidazoles (54) in organized aqueous media in the presence of

DBSA (26) surfactant and iodine as cocatalyst [38]. A green cascade cyclization pro-

cess is reported by Prof. Maiti and co-researchers to access highly substituted

phthalimides (55, eq. ii) [34].

Scheme 7.7 Synthesis of fused tricyclic quinolones in the aqueous medium.
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Compounds containing nitrone functional groups are desirable and found broad

application as therapeutic agents [39]. For the first time in 2003, Prof. P. Bhattacharya

and his team reported [40] synthesis of nitrones (56) in aqueous micellar medium

followed by 1,3-dipolar cycloaddition with alkenes (Scheme 7.9). The technique

worked well for aldehydes containing electron-donating as well as electron-

withdrawing functional groups in the presence of cationic as well as anionic surfactants.

In 2006, they extended the reaction scope [41] to include chiral sugar derivatives.

The group was particularly interested in chiral sugar-based cyclic ether moieties as

these are prevalent in naturally occurring biologically active compounds such as

ciguatoxin [42], other marine toxins [43], zoapatanol [44], sepholenol [45], laurencin

[46]. They chose 1,2:5,6-diisopropylidene-3-O-allyl furanoside (59) as the model sub-

strate to carry out optimization studies. CTAB proved to be the surfactant of choice.

The nitrones of 3-O-allyl glucofuranose and the corresponding allose derivatives, as

well as crotyl derivatives, furnished bridged isoxazolidines, i.e., oxepanes (60)
whereas nitrones of prenyl derivatives produced pyrans (61) (Scheme 7.10).

An array of nitrogen-containing five-membered heterocycles are known which are

biologically and pharmaceutically important [47]. One of the most useful ways to fab-

ricate such motifs is via 1,3-dipolar nitrone cycloaddition. In particular, intramolec-

ular nitrone-olefin cycloadditions have been utilized to obtain structurally more

complex bi- or tricyclic isoxazolidines of either biological significance or as useful

Scheme 7.9 Nitrone formation followed by cycloaddition.

Scheme 7.8 Synthesis of functionalized benzimidazoles and phthalimides.
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synthetic intermediates for target molecules [48]. Notably, certain fused isoxazoline/

isoxazole with chromano moiety are known to possess antidepressant, antipsychotic,

and antianxiolytic activities [49]. However, there are not many reported procedures

for assembling chromano-isoxazoles [50a–c, 51]. Surfactant screening was carried

out using O-allyl salicylaldehyde and phenylhydroxylamine. CTAB was found to

be the best catalyst. A variety of substituted salicylaldehyde in the presence of

N-substituted hydroxylamine furnished cis-fused 1-aryl-1,3a,4,9b-tetrahydro-3H-
chromano[4,3-c]isoxazoles (64) in excellent yields (Scheme 7.11).

Scheme 7.10 Intramolecular nitrone cycloaddition of 3-O-allyl furanoside-5-aldehydes in

water.

Scheme 7.11 Synthesis of cis-fused chromano[4.3.-c]isoxazoles inside a nanoreactor.
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7.6 Oxidative cyclization

Aziridines are useful structural motifs that are abundant in pharmaceuticals [52]. Sev-

eral methods have been reported for aziridination [53, 54], but most of the protocols

suffers from limitations such as use of complex nitrogen-containing sources, multiple

steps reactions and/or harsh reaction conditions. In 2008, Vos et al. [55] demonstrated

a green, new method for synthesis of unprotected aziridines (66) from corresponding

alkenes (65) by using ammonia as nitrogen source, under very mild and micellar con-

ditions (Scheme 7.12).

Optimization reactions were carried out with styrene. The catalytic use of iodide in

combination with bleach as an oxidant gave the best yields. A variety of styrene deriv-

atives underwent aziridination smoothly with excellent yields.

1,3-DC reaction of nitrile oxides and alkenes are widely used by synthetic organic

chemists to accessΔ2-isoxazolines [56]. These motifs are of particular interest as they

can be easily converted into a variety of highly functionalized achiral and chiral com-

pounds. In 2008, Maiti and his coworkers disclosed [57] the very first preparation of

nitrile oxides in aqueous micellar media and utilized the developed methodology for

the stereoselective synthesis of 3-(20-C-30,40,60-tri-O-benzyl glycal)-Δ2-isoxazolines

for the first time (69). The report also described the synthesis of an optically pure

1,4-pyranopyran motif found in bioactive natural products (Scheme 7.13).

7.7 Multicomponent reaction

Multicomponent reactions (MCRs) are extremely important tools in green chemistry

as these are highly atom economical, uses readily available reactants, does not require

isolation of any intermediates, several steps can be done in a single reaction flask, to

Scheme 7.12 Direct catalytic aziridination in water.

Scheme 7.13 Generation of glycal nitrile oxides in water and their 1,3-DC reaction.
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generate products of medicinal importance and other applications [58]. For instance, a

number of drugs that are currently on the market contain indole nucleus [59] and can

be synthesized in a greener way using MCR. Most of these compounds are belong to

the 3-substituted indole family, which is an important intermediate for chemical syn-

thesis and widely distributed in many important natural products [60]. Besides, this

three-substituted indole is also an important class of pharmacophores having many

biological activities, i.e., Sumatriptan (70), Frovatriptan (71), Zolmitriptan (72),
and Rizatriptan (73) are used for migraine headaches [61], whereas azolylbenzyl

indole (74) and bis-indole (75) are used as a breast cancer and HIV-1 integrase inhib-
itor, respectively (Fig. 7.6) [62, 63].

A largenumberofnatural products andpharmaceuticals including cytostatic alkaloids

such as spirotryprostatinsA,B, and strychnophylline contain spirooxindole ring as a core

structure [64].Among them,4H-chromenesare ofparticular importancedue to theirwide

range of useful biological properties, including spasmolitic-, diuretic-, anticoagulant-,

anticancer-, and antianaphylactic activities [65]. There is also considerable interest in

5,6,7,8-tetrahydro-4H-chromene derivatives containing nitrile functionality, especially

2-amino-5-oxo-5,6,7,8-tetrahydro-4H-chromene-3-carbonitriles, as these could be

potentially used in the treatment of human neurodegenerative disorders [66]. Wang

and his group published a simple and efficient method [67] for the synthesis of

spirooxindoles (78) with fused chromenes, through three-component one-pot reaction

in aqueous micellar media, using sodium stearate as a Lewis base surfactant-combined

catalyst.Model studieswith isatin, dimedone, andmalononitrile disclosed that reactionat

60°Cwith10 mol%Sodiumstearate gave the best yield. It isworth noting that neither the

Fig. 7.6 Structure of some biologically active 3-substituted indoles.
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use of traditional surfactants like SDSor SDBS, nor the use ofweak bases such as acetate

allowed achievement of the same yields of the desired products (Scheme 7.14).

In 2013, a group of scientists led by Dr. A. Kumar published a paper [68] describing

the synthesis of 3-amino alkylated indoles (80) via a Mannich-type reaction of aro-

matic/heteroaromatic aldehydes, secondary amine/N-alkylanilines and indoles in

water using SDS as the surfactant. Optimization reaction was performed using indole,

piperidine, and benzaldehyde. Screening was performed using various acids, metal/

nonmetal Lewis acids, ionic, and nonionic surfactants. After standardization, the

methodology was applied to a variety of aldehydes both aromatic (containing

electron-donating and electron-withdrawing substituent) and aliphatic with different

diols. The beneficial aspects of this procedure are the high yield, operational simplic-

ity, eco-friendliness, and very mild reaction conditions (Scheme 7.15).

Scheme 7.14 Multicomponent reaction for the synthesis of spirooxindoles in micellar media.

Scheme 7.15 Synthesis of 3-amino alkylated indoles via three-component Mannich-type

reaction in aqueous micellar medium.
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Thioesters are key intermediates in various biological systems [69], and are widely

present in a number of biologically active and medicinal agents [70]. Conventional

synthesis requires the use of difficult to handle, foul-smelling thiols or

thiocarboxylates [71, 72]. In 2013, Prof. Cai and colleagues realized a green protocol

[73] for the synthesis of thioesters (85) via one-pot, the three-component reaction of

organic halides (82), thiourea (83), and benzoyl chlorides (84) (Scheme 7.16).

The newly developed procedure is free of organic solvents and foul-smelling thiols.

These reactions and corresponding workups entail only an in-flask extraction with min-

imal amount of a single, recoverable organic solvent, making it more environmental

friendly and suitable for large-scale operations. To showcase the usefulness of the devel-

oped protocol they performed the synthesis of a key intermediate (86) of compound 87
which displays potent anti-HIV properties in human macrophages (Scheme 7.17).

7.8 CdC bond-forming reactions

Friedel Crafts acylation has been used extensively to functionalize aromatic com-

pounds since its inception. This reaction normally requires a stoichiometric amount

of Lewis acid as a catalyst. Even though Lewis acids are efficient catalysts [74], their

use has a number of disadvantages such as prolonged reaction time, harsh reaction

conditions (reflux temperature), use of metal triflates, mineral acids, and

Scheme 7.16 Synthesis of thioesters in micellar media.

Scheme 7.17 A potential application of the protocol in organic synthesis.
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stoichiometric amount of metal halides, which lead to the formation of intermediate

complexes that upon hydrolysis produce hazardous corrosive waste-products such as

acidic and salty wastewaters. Recently, scientists focused their attention toward selec-

tive acylation of 2-methoxynaphthalene as the reaction afforded useful intermediates

for the synthesis of medicinally important drugs (Fig. 7.7) [75].

In 2013, Prof. Rajanna and his team described a simple, practical, and environmen-

tally responsible method for selective acylation of 1-halo-2-methoxynaphthalenes (90),
2-methoxynaphthalenes, anisole, 2-methoxypyridine, and 2-methoxypyrimidine in

excellent yields in the presence of cationic micelles (CTAB and CTAC) under non-

conventional reaction medium (Scheme 7.18) [76].

The Morita-Baylis-Hillman (MBH) reaction is a useful carbon-carbon sigma bond-

forming synthetic tool which involves attachment between activated alkenes and car-

bon electrophiles in a tandemMichael-Aldol sequence [77]. The products of this reac-

tion are of prime interest to the synthetic community as they provide quick access to

intermediates for the synthesis of natural products [78], heterocycles [79], and drugs

[80]. Traditional methodologies involve the use of organic bases such as DABCO

[81], DMAP [82], imidazole [83], and DBU [84], use of strong Lewis acids (TiCl4,

Et2Al) [85] or even physical methods such as high pressure [86] and microwave irra-

diation (Scheme 7.19) [87].

Scheme 7.18 Friedel-Crafts acylation of 1-halo-2-methoxynaphthalenes in aqueous media.

Fig. 7.7 Structure of anti-inflammatory drug (S)-naproxen and its intermediate.

Scheme 7.19 Morita Baylis Hillman reaction of acyclic alkene with various aldehydes.
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In 2013, Dr. Bhat and his team disclosed an efficient, environmentally respon-

sible, and accelerated MBH protocol in an aqueous cationic micellar media for

acyclic conjugated alkenes and cyclic enones using cationic surfactant CTAB

(Scheme 7.20) [88]. The reaction worked well for an array of aromatic as well

as aliphatic aldehydes.

7.9 Carbon-heteroatom bond-forming reactions

Keto functionality is widely present in drugs and other medicinally important com-

pounds [89]. One of the best ways to access this functionality is by hydration of

alkynes. However, traditional methods require use of Lewis or Brønsted acids, high

temperatures [90], toxic metal salts, and often leads to low yields and unwanted poly-

mers [91–93]. In 2013, Dr. Blum and co-researchers outlined [94] a green protocol for

Markonikov addition of water to alkynes (95) in the presence of CTAB furnishing

ketones (96) in excellent yields (90%) (Scheme 7.21).

The five- and six-membered heterocycles possessing N, O, and S play crucial roles

in the pharmaceutical industry [95]. Routes targeting these moieties involve at least

one nucleophilic aromatic substitution reaction (SNAr) [96]. Traditionally dipolar,

aprotic solvents such as DMF, DMAc, NMP, and DMSO have been used for SN2

and SNAr reactions and a recent survey revealed that for the past 14 years about

50% of these toxic organic solvents had been used either in SN2 or SNAr reactions

only [97]. To overcome this issue Lipshutz and his team published a report [98] in

2015 describing SNAr reactions studied under micellar catalysis conditions involving

nonionic surfactants (Scheme 7.22).

Optimization reactions employing pyrimidine trichloride and pyrrolidine in equal

amounts disclosed that best yield was obtained at room temperature in nanoreactors

derived from TPGS-750-M in water using K3PO4 as a base.

Scheme 7.20 MBH reaction of cyclic enones with various aldehydes.

Scheme 7.21 Hydration of alkynes in aqueous micellar media.
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7.10 Povarov reaction

One of the most important class of heterocyclic compounds in the pharmaceutical and

agrochemical industries are Tetrahydroquinoline (THQ) derivatives. In particular, the

1,2,3,4-THQ ring is a prevalent structural motif and is found in several biologically

active natural products and pharmacologically relevant therapeutic agents [99]. The

easiest way to fabricate these compounds is by an inverse electron demand formal

[4 + 2] cycloaddition reaction between N-arylimines and electron-rich dienophiles

known as Povarov reaction. Generally, organic solvents are used for this reaction.

In 2013, group of Dr. Kouznetsov delineated an elegant, general, and environmentally

benign protocol [100] to obtain the privileged diastereospecific 2-methyl-THQs of

highest biological interest in excellent yields via the domino type ABB0 imino DA

reaction. This protocol is based on a well-established concept, activation of imines

in water by acidic surfactants (Scheme 7.23).

Scheme 7.22 SNAr reaction in aqueous micellar media.

Scheme 7.23 Synthesis of 4-amido-N-yl-2-methyl-6-substituted THQs.
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Structural motif Quinoline features in a number of biologically relevant molecules

including antimalarial [101a], anti-asthmatic [101b], antihypertensive [101c], anti-

inflammatory [101d], and several new generation antibacterial drugs [102].

Tetrahydroquinoline is also present in many naturally occurring alkaloids such as

flindersine, oricine, and vesprine with psychotropic antiallergic and oestrogenic activ-

ities [103a–d]. Aryl tetrahydroquinolines are potential neuroprotective agents [103e]
and act as anti-HIV agents in vitro [103f].

In 2014, Dr. N. C. Ganguly and his team reported a green, direct route to synthesize

pyrano[3.2-f]quinolin-3-ones and pyrano[2.3-g]quinolin-2-ones by three-component cou-

pling of 6-aminocoumarin (106), aromatic aldehyde (42) and an excess of styrene (65a) by
Povarov-hydrogen transfer auto-tandem catalytic route with iodine (5 mol%) in water in

the presence of sodium dodecyl sulfate (Scheme 7.24) [104]. Model studies were carried

outwith6-aminocoumarin, benzaldehyde, andstyrenebyvarying surfactant, solvent, reac-

tion time, and temperature.They applied theoptimized reaction condition successfully to a

diverse range of aromatic aldehydes substituted with electron-releasing and

electron-withdrawing groups. The unusual linear fusion of the pyridine ring to the existing

benzenoid ringof thecoumarinandunprecedentedautocatalytic roleof iodineunderessen-

tially neutral micellar conditions are the key features of the protocol.

7.11 Hydrolysis

As previously indicated keto functionality is ubiquitous in drug and pharmaceutical

industries. Synthetic strategies often require protection-deprotection of this group

to attain target molecules. Traditionally oxime/imine deprotection is achieved by

acidic reagents [105–109], oxidizing agents [110–113], metal salts [114–124] to name

a few. In spite of the availability of a plethora of strategies, most of them involve the

utilization of toxic chemicals, generation of waste, and hazardous handling. In 2005,

Konwar et al. put forward [125] an efficient, green catalytic protocol for the

deprotection of oximes and imines (110) to carbonyl compounds (111) in water under
neutral conditions at 25–40°C. The protocol was applied to a variety of aliphatic as

well as aromatic oximes/imines (Scheme 7.25).

Current interest in Green protocols made scientists focus on developing mul-

ticomponent reactions with nanocatalysis. One of the most widely studied mul-

ticomponent reaction (MCR) is the Ugi-4CR [126]. This type of reaction is of

Scheme 7.24 Povarov-hydrogen transfer auto-tandem catalytic route with iodine in water.
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particular interest to the synthetic community as these provide direct access to biolog-

ically active, Nitrogen-containing heterocyclic scaffolds such as Phenylacetimidamide

[127], phenylacetamide [128], and α-amino acid [129]. A group of scientists led by

Dr. A. Kumar published a paper [130] describing a highly efficient and environmental-

friendly methodology for the synthesis of 2-arylamino-2-phenylacetimidamide deriva-

tives (114) from an amine, aldehyde, and isocyanide by ZnO-nanoparticle catalyzed,

Ugi-type three-component reaction in water.

This reaction has been recently applied successfully for the transformation of

2-arylamino-2-phenylacetimidamide, obtained via the Ugi three-component reaction,

into the corresponding 2-amino-2-phenylacetamide derivatives as attractive scaffolds

for medicinal chemistry (Scheme 7.26). Neutral hydrolysis in the presence of I2-SDS

(sodium dodecyl sulfate)-water afforded (Scheme 7.27) the corresponding

2-amino-2-phenylacetamide derivatives (114).

Scheme 7.25 Deprotection of imines and oximes in aqueous media.

Scheme 7.26 ZnO-NP catalyzed Ugi three-component reaction in water.

Scheme 7.27 Hydrolysis of phenylacetimidamide.
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7.12 Click reaction

Ribavirin (116) is a ribosyl-1,2,4-triazole (Fig. 7.8) that exhibits a broad-spectrum of

antiviral activity against both DNA and RNA viruses [131]. Ribavirin has been used in

combination therapy with interferon (Rebetrol). However, the main drawback is its

toxicity. Researchers are focusing on developing analogs which are less toxic.

A group of scientists from France undertook the challenge to synthesize C-ribosyl-

1,2,3-triazoles using a C-alkynylation reaction of ribose and a 1,3-DCR. In 2009, they

successfully carried out the regioselective synthesis of 1,2,3-triazoles of C-ribosides

(119) via a Huisgen 1,3-dipolar cycloaddition reaction under a micellar catalysis

(Scheme 7.28) [132].

7.13 Reduction strategies in water

Optically active aliphatic hydroxy acids and derivatives are versatile chiral building

blocks for many key structural elements in pharmaceuticals and natural products

(Fig. 7.9) [133]. Chiral short-chain aliphatic hydroxyl acids and derivatives are key

intermediates of many pharmaceuticals and natural products [134] describe the

ATH of long-chain aliphatic ketoesters in neat water in the air using chiral

surfactant-type metal catalyst with ligand L, providing excellent enantioselectivity

for a broad range of substrates.

A green asymmetric reduction of methyl 2-oxodecanoate (111) was reported to

explore ATH of α-ketoesters using chiral amphiphilic ligands (Scheme 7.29). Pre-

catalyst was prepared by mixing the ligand with a metal precursor in the water at

Fig. 7.8 Structure of Ribavirin and its analog.

Scheme 7.28 Click reaction of C-alkynyl ribosides under micellar catalysis.
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40°C for 2 h, and then it was subjected to catalyze ATH of 111 with HCO2Na as a

hydrogen source in neat water.

Aromatic and heteroaromatic amines feature in a number of pharmaceutically

important molecules [135]. In 2016, Lipshutz and coresearchers developed a robust

yet mild technology for chemoselective, and efficient reductions of nitrocompounds

(129) in the water at ambient temperatures using Fe/ppm Pd-NPs in the presence of

designer surfactant TPGS-750-M (Scheme 7.30) [136].

Fig. 7.9 Structures of some biologically active hydroxy acid derivatives.

Scheme 7.29 Asymmetric transfer hydrogenation of ketoesters with surfactant type catalyst.
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One of the direct routes to this class of compounds is by reducing the corresponding

nitrocompounds. However, existing methods have several drawbacks such as high pres-

suresand/or temperatures,pyrophoricmaterials, toxicordangerous reagents,high-boiling

oregregiousdipolar, aprotic solvents, preciousor toxicmetals, long reaction times, expen-

sive ligands, commercially unavailable materials, lack of selectivity, and highly variable

yields. To overcome these issues Lipshutz and his group reported [137] a mild, safe, effi-

cient, and environmentally benign reduction of aromatic and heteroaromatic nitro-group

(129) using inexpensivehighlyactivecommercialgradecarbonyl ironpowder (CIP) in the

presence of nanometer-micelles composed ofTPGS-750-M inwater (Scheme7.31). Sub-

strate scope revealed that the procedure is tolerant of several functional groups such as

ester, halogen, cyano, and keto. The reaction could also be performed in gram-scale.

7.14 Halogenation

Our group also has long-standing interest in carrying out diverse organic transforma-

tions in aqueous micellar media. Vicinal difunctionalization is an important synthetic

tool as it can lead to biologically important molecules [138]. However, traditional

synthetic strategies to furnish halogenated synthons often involves harsh reaction con-

ditions, and toxic reagents. In 2011, we communicated [139] a report delineating

region- and stereoselective oxyhalogenation of alkenes and alkynes mediated by cat-

ionic surfactant and Lewis acid in water at room temperature. The protocol was

applied to a wide variety of substrates including sugar derivatives (Scheme 7.32).

Scheme 7.30 Reduction of nitro-groups catalyzed by Fe/ppm Pd nanoparticles in water.

Scheme 7.31 CIP-mediated nitro-group reductions.

Scheme 7.32 Vicinal difunctionalization of olefin.

204 Green Approaches in Medicinal Chemistry for Sustainable Drug Design



α,α-Dihaloketones are highly valuable structural motifs, especially due to their

applications in the synthesis of medicinally important heterocycles [140], and phar-

maceuticals [141]. Conventional routes targeting these structural motifs involve the

use of either/or transition metal catalyst, expensive/toxic halogenating reagent, corro-

sive oxidant, or toxic organic solvents [142]. In 2018, the group of Dr. Handa reported

a mild, general, sustainable, photo-assisted oxyhalogenation protocol that can be

applied to synthesize α,α-dibromoketones (135) as well as α,α-dichloroketones
(136) with the use of inexpensive and stable reagents NBS and NCS in water under

very mild conditions (Scheme 7.33) [143].

Optimization reactions were carried out using phenylacetylene and NBS as model

substrates and by varying the surfactant. FI-750-M was found to be most effective in

terms of yield and reaction kinetics. The methodology was then extended to micellar

oxychlorination.

7.15 Metal-catalyzed CdC bond-forming reaction

Benzodiazepines [144a] are known to be anti-insectans [144b], antitumor agents

[144c], muscarinic receptor ligands [144d], fibrinogenic receptor antagonist [144e]

and human neurokinin NK1 receptors[144f]. Benzoxazepines are also known as

interleukin-2 inhibitors [144g], apoptotic agents having therapeutic potential in both

ex vivo chemotherapy-refractory patient samples and in vivo murine carcinoma

models [144h], and antitumor agents [144i] many procedures have been developed

toward the synthesis of these scaffolds [145]. However, the reactions often required

the involvement of either more than a single step, drastic reaction conditions or the use

of organic solvents. In 2014, a group of scientists led by Prof. Sen disclosed [146] a

Scheme 7.33 Micellar oxyhaogenation reaction.
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domino Sonogashira-azide alkyne cyclization reaction for the synthesis of triazole

benzoxazepinesor benzodiazepines using Pd(CH3CN)2Cl2 as a catalyst. They chose

prop-2-ynyl 2-azidobenzoates (137) and phenyliodide (138) as model reactants for

their optimization studies (Scheme 7.34). After screening several surfactants they con-

cluded that CTABworked best with 82% yield. An array of aryl and heteroaryl iodides

took part in the reaction giving yields up to 90%.

Hydrocarboxylations of olefins and allenes are a significant synthetic tool for

highly variable bioactive molecules [147]. In 2014, Lipshutz and his team members

carried out asymmetric gold-catalyzed intramolecular cyclizations of β-allenic acids
in aqueous micellar media which generated enantioenric lactones [148]. They

screened a variety of chiral ligands such as BINAP, SEGPHOS, SYNPHOS, and

BIPHEP to deduce that ligand depicted in Scheme 7.35 was the best. After optimizing

reaction conditions with 5-cyclohexylidene-2,2-diphenylpent-4-enoic acid, the group

proceeded to show that a variety of precursor allenic acids could be cyclized to afford

high yields of product lactones with ee as high as 92%.

Scheme 7.34 Synthesis of 3-phenyl-[1,2,3]triazolo[1,5-a][4,1]benzoxazepines.

Scheme 7.35 Gold catalyzed lactonization in micellar media.
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Since the Nobel Prize-winning Suzuki-Miyaura cross-coupling was put forward, it

has been the most used strategy to access biaryl fragments [149]. Traditionally, pal-

ladium is the metal which has been used in this reaction. However, the limited avail-

ability of this precious platinoid made scientists look for other alternatives. Nickel

seemed a logical alternative and has been extensively studied [150]. Most of the

reported protocols suffer from drawbacks such as the use of toxic organic solvents,

high temperature, and excess base. To address these issues, Lipshutz published

[151] a study in 2015, describing nickel-catalyzed Suzuki-Miyaura cross coupling

of various aryl and heteroaryl halides with boronic acid/esters in water medium

(Scheme 7.36). Model study with 4-methoxybenzyl bromide with phenylboronic acid

revealed that ligand 1,10-bis(diisopropylphosphino)ferrocene(dippf ) (146c) works

best for aryl-aryl couplings while dippf gave best results for heteroaryl coupling part-

ners. A wide variety of functional groups such as formyl, trifluoromethyl, carbamate,

ester, acetal, and amide were tolerated during the reaction further proving the mild

nature of the methodology.

2-Pyridyl-substituted moieties are present in many biologically active natural prod-

ucts [152], pharmaceuticals [153], ligands [154], and fluorescent probes. [155] The

best pathway to construct these motifs is by Suzuki-Miyaura cross-coupling reaction.

But only few papers have been published on this topic due to the difficulties associated

with transmetallation at the two-position of the pyridyl system due to the presence of

Lewis basic and electronegative N atom [156–159]. Lipshutz et al. successfully

coupled 2-pyridyl MIDA boronates with aryl halides under environmentally respon-

sible micellar catalysis conditions [160]. The presence of F, Cl, or OPh group at the

sixth position of 2-B(MIDA)-pyridyl systems assisted in the Suzuki-Miyaura cross-

coupling reaction (Scheme 7.37).

Scheme 7.36 Nanonickel-catalyzed Suzuki-Miyaura cross-couplings in water.

Scheme 7.37 Suzuki-Miyaura cross-couplings of 2-pyridyl MIDA boronates.
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Heterobiaryl rings are versatile building blocks that are abundant in clinically used

drugs, drug candidates, and structurally diverse natural products [161]. Traditionally

these moieties are synthesized using various metal-catalyzed coupling reactions such

as Hiyama, Negishi, Stille, and other often used reactions. Recently, Wang and his

group reported Suzuki-Miyaura reaction in the presence of nonionic surfactant

TPGS-750-M in water to carry out coupling of particularly challenging 2-pyridyl

boronate esters [162]. This substrate is extremely difficult to handle as boronate esters

placed next to basic nitrogen tend to undergo proto-deborylation under standard

Suzuki coupling conditions [163]. Optimization study revealed that PdCl2(dtbpf )/

Et3N/THF/2%TPGS-750-M water system at 40°C produced the best yield. Both

electron-deficient pyridyl bromides and electron-rich phenyl bromides coupled with

6-chloro-2-pyridyl boronic ester to give good yields and good chemoselectivity. The

reaction also worked pretty well for heteroaryl boronate esters giving up to 80% yield

(Scheme 7.38).

7.16 Conclusion

Over the past decade, an array of reactions has been performed in aqueous micellar

media andmost of which are represented in this chapter. Hundreds of articles are being

published on this active research area. It is needless to say that we are far from being as

efficient as the performance of nature. Continuous and systematic effort in this regard

is crucial for protecting nature and in turn mankind.
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8.1 Nanoparticles

Tetgure et al. [1] reported the synthesis of gold and silver nanoparticles using the latex

of Ficus racemosa. The HAuCl4 and AgNO3 solutions were mixed with latex extract

separately. The silver solution was kept in dark while the gold solution was kept in

sunlight for 2 h. The change in color from colorless to black or brown in case of silver

while light yellow to purple in case of gold solution indicated the formation of silver

nanoparticles and gold nanoparticles, respectively. The formation was confirmed by

UV-VIS spectroscopy and XRD studies. The morphology was determined by FESEM

studies. The binding studies of nanoparticles with L-lysine, L-arginine, L-glutamine,

and glycin was also described. Silver nanoparticles showed a good binding ability

in acidic and neutral conditions whereas gold nanoparticles showed a good binding

ability in acidic conditions regardless of the amino acids.

Kumar et al. [2] reported the synthesis of silver nanoparticles using aqueous stem

bark extract (as reducing, stabilizing, and capping agent) of Adansonia digitata (L.)

and aqueous solution (1 mM) of AgNO3 at 60–80°C for 60 min. The change in color

from light brown to thick brown indicated the formation of silver nanoparticles. The

formation of silver nanoparticles was confirmed by FTIR and UV-VIS spectroscopy.

Themorphologywas determined byXRD, SEMwith EDAX, TEM, andAFM. Synthe-

sized nanoparticles were screened for an antimicrobial activity against two Gram-

positive bacteria (Bacillus subtilis and Staphylococcus aureus) and fiveGram-negative

bacteria (Escherichia coli, Klebsiella pneumoniae, Proteus vulgaris, Pseudomonas
aeruginosa, and Salmonella typhimurium) whereas antifungal activity was screened

against five fungal species (Alternaria solani, Aspergillus niger, Aspergillus flavus,
Penicillium chrysogenum, and Trichoderma harzianum).

Sudhasreeet al. [3] reported thesynthesisofnickelnanoparticlesbychemical andgreen

approaches and compared their toxicity andbiological activity. In a green synthesis,NiCl2
solution and aqueous root extract ofDesmodiumgangeticumweremixed in threedifferent
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ratios. One part of NiCl2 and different portion of aqueous root extracts were mixed. Then

themixtureswere heated at 80°Cwith continuous stirring for 45 min. The change in color

from brown to gray indicated the formation of nickel nanoparticles. It was reported that

fineparticles containing size of 0.5 nm is obtained fromusing twoparts of aqueous extract

phytoconstituents. In chemical synthesis NiCl2 was added to N2H4 in four different con-

centrations. Then the solutions were mixed with different concentrations of NaOH and

polyethylene glycol as a stabilizing agent. The mixtures were heated at 60°C for

15–20 minwith periodic stirring.The change in color frombluish green to a blackish gray

confirmed the formation of nanoparticles. The particle size 6.04 nm was reported when

1 M NiCl2, 0.5 M NaOH, and 2% PEG were used. The formation of nanoparticles was

confirmed by UV-Vis spectroscopy and FTIR while the morphology was determined

by XRD, VSM, and zeta potential. It was reported that the nanoparticles synthesized

by firstmethod have better colloidal stability,magnetic property, antioxidant, and antimi-

crobial property than the chemically synthesized nanoparticles.

Synthesis of silver nanoparticles was reported by Sangeetha et al. [4] by mixing

aqueous extract of Excoecaria agallocha and aqueous solution of AgNO3 in different

ratios and allowed to stand for 35 min. The appearance of brownish yellow color con-

firmed the synthesis of silver nanoparticles. The formation was confirmed by UV-Vis

spectroscopy and XRD studies. The morphology was determined by TEM.

Synthesis of silver nanoparticles was studied by Dhiman et al. [5] by mixing seed

extract of Elettaria cardamom (reducing agent) and silver nitrate aqueous solution.

The mixture was kept in dark at room temperature for 24 h for the reduction of

Ag+ ions. Then the solution was centrifuged and ultrasonicated for 1 h. The change

in color from pale yellow to yellowish brown indicated the formation of silver

nanoparticles. The formation was confirmed by UV-Vis spectroscopy and XRD stud-

ies. The morphology was determined by SEM. The synthesized nanoparticles were

also screened for an antibacterial activity against Bacillus subtilis.
Rajathi et al. [6] reported the synthesis of platinum nanoparticles using leaf extract

of Cerbera manghas (as reducing agent) and aqueous solution of H2PtCl6�3H2O at

room temperature. The change in color from yellow to black indicated the formation

of platinum nanoparticles. The formation was confirmed by UV-Vis and FTIR spec-

tral analysis while morphology and size was determined by TEM and XRD. The syn-

thesized nanoparticles were also tested for antibacterial activity against Gram-positive

(E. coli) and Gram-negative bacteria (S. aureus).
SnO2 nanoparticles were synthesized by Kamaraj et al. [7]. Leaf powder of

Cleistanthus collinus and ethanol was heated at 60°C for 2 h. It was filtered and mixed

with aqueous solution of tin oxide and heated at 80°C for 1 h. The change in color from

greenish yellow to pale yellow indicated the formation of SnO2 nanoparticles. The char-

acterization was done by XRD, SEM, and EDAX. The average size of these

nanoparticles was reported to 49.26 nm. Tin oxide nanoparticles exhibited strong

antibacterial activity, antifungal activity, and antioxidant activity. Specifically, the syn-

thesized nanoparticles were screened for antibacterial activity against Escherichia coli
and S. aureus. It was reported that nanoparticles were found to be more active against

E. coli as compared to S. aureus. Antifungal activity was screened against Aspergillus
niger and T. viridea. Antioxidant activity was determined by DPPH free-radical scav-

enging assay method. These particles exhibited an excellent antioxidant property.

232 Green Approaches in Medicinal Chemistry for Sustainable Drug Design



Divya et al. [8] synthesized zinc oxide nanoparticles by mixing the aqueous leaf

extract of Hibiscus rosa-sinensis with ZnSO4�7H2O, natural surfactant, and a solution

of NaOH at room temperature. The appearance of white precipitate dictated the for-

mation of ZnO nanoparticles. The identity was confirmed by UV-Vis spectroscopy.

The morphology of nanoparticles was determined by SEM. The synthesized

nanoparticles were screened for antibacterial activity against Proteus vulgaris, Staph-
ylococcus aureus, E. coli, Pseudomonas aeruginosa, and Klebsiella pneumonia.

Mahdavi et al. [9] studied magnetic iron oxide (Fe3O4) nanoparticles using aqueous

extract of Sargassum muticum (brown seaweeds) as reducing agent and FeCl3 in 1:1

ratio. The mixture was stirred for 60 min and allowed to stand at room temperature

for another 30 min. This colloidal suspension was centrifuged and washed with ethanol.

Then, it was dried at 40°C. The structure was confirmed by FTIR, XRD, and UV-Vis

spectroscopy. The morphology and size distribution were identified by TEM, FESEM,

and VSM (vibrating sample magnetometry). The antimicrobial activity of nanoparticles

synthesized by this method was higher than those synthesized by chemical method.

Subhankari et al. [10] reported the synthesis of copper nanoparticles by mixing 1:1

ratio of aqueous extract of Syzygium aromaticum (as reducing agent) and copper sul-

fate. The mixture was allowed to stand in an incubator for 1 h. The color change from

dark brown to sea green confirmed the synthesis of copper nanoparticles. The forma-

tion was confirmed by UV-Vis spectroscopy and XRD studies. The morphology was

determined by TEM and SEM.

Awwad et al. [11] reported the synthesis of silver nanoparticles by adding aqueous

extract of Ceratonia siliqua (carob leaves) to an aqueous solution of AgNO3. The

quick change in color from yellow to black at room temperature confirmed the syn-

thesis of silver nanoparticles. The characterization was done by FTIR, AAS, and

UV-Vis while the morphology and size was determined by SEM and XRD. These syn-

thesized nanoparticles were spherical with diameter of 5–40 nm. These silver

nanoparticles exhibited strong antibacterial activity against E. coli.
Green synthesis of ZnO nanoparticles was reported by Vidya et al. [12]. An aque-

ous leaves extract of Calotropis gigantea (as a reducing agent) was heated to 60°C
then zinc nitrate was added. The solution was boiled until a deep yellow colored paste

was obtained. This paste was heated at 400°C for 2 h to obtain a light yellow colored

powder which confirms the formation of ZnO nanoparticles. The particle size was in

the range of 30–35 nm. The morphology and size of nanoparticles was confirmed by

XRD and SEM.

Lalitha et al. [13] reported the synthesis of silver nanoparticles from leaves extract

of Azadirachta indica and aqueous solution of silver nitrate. This mixture was kept in

dark for 24 h. The appearance of brownish gray color indicated the formation of silver

nanoparticles. The formation was confirmed by FTIR and UV-Vis spectral analysis.

The synthesized particles were also screened for their antibacterial activity against

Gram-positive (Salmonella typhi) and Gram-negative (Klebsiella pneumoniae) bacte-
ria. The antioxidant activity of these particles was detected by DPPH and hydrogen

peroxidase assay.

Das et al. [14] described the synthesis of gold nanoparticles using Amaranthus
spinosus leaf extracts. Leaf powder was mixed with ethanol and the mixture was left

in a shaking incubator operating at 200 rpm, 25°C for 24 h. The extracts were then
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filtered and the filtrate was used for gold nanoparticles synthesis. Various concentra-

tions (1%–5%, v/v) of the ethanolic leaf extracts were mixed with aqueous solution of

HAuCl4 (1 mM). The mixture solution was stirred at room temperature (25°C) and
during this time a color change was observed. After 4 h, the color was changed from

yellow to ruby red. It was found that 1 mM of HAuCl4�4H2O solution and 1% con-

centration of plant extracts is sufficient to obtain a correct size of gold nanoparticles

(i.e., <50 nm). This was confirmed by SPR peaks. However, by increasing the con-

centration of plant extracts, the quantity of gold nanoparticles was increased.

Nanoparticles obtained from 5% concentration of leaf extracts were mostly spherical

with few triangular morphologies. The formation of nanoparticles was confirmed by

FTIR and UV-Vis while the morphology and size was determined by TEM, XRD, and

EDX. Cytotoxicity assay was screened against two cancer cells, i.e., HeLa andMCF-7

with different concentrations of gold nanoparticles (10–100 μM). These cancer cells

exhibited an excellent viability up to 100 μMconcentration which had an insignificant

toxicity of gold nanoparticles. Thus, these nanoparticles can be used for biomedical

applications, like drug delivery and molecular imaging.

Bansal et al. [15] reported the green synthesis of CdS nanoparticles using glucose as

capping agent. Cadmium nitrate solution (0.1 M) was mixed with 0.1-M sodium sulfide

with continuous stirring. After 15 h, the solutionwas divided into three parts and glucose

solutions of different concentrations (0.01, 0.1, and 0.5 M) was separately added in each

part. The obtained solutions were heated and incubated for 6 h at 100°C. The obtained
precipitates were filtered and dried at 50°C for 4 h. The formation of nanoparticles was

confirmed byUV-Vis spectroscopy. The size andmorphology was determined byXRD.

The characterization data revealed that the crystalline size was decreased from 43 to

13 nm as the concentration of glucose increased from 0.01 to 0.5 M.

Ahmad et al. [16] studied the biosynthesis of silver nanoparticles by mixing the

aqueous fruit extracts of Ananas comosuswith aqueous AgNO3 in 1:10 ratio. Addition

of the aqueous fruit extracts to aqueous AgNO3 solution resulted in color change

within minutes resulting in the formation of silver nanoparticles. The formation of

nanoparticles was confirmed by UV-Vis spectroscopy and component elemental anal-

ysis was detected by EDAX. The morphology of synthesized nanoparticles was deter-

mined by HRTEM and SAED. The average size of silver nanoparticles was found

12 nm approximately.

Biosynthesis of CdO nanoparticles was reported by Andeani et al. [17] by mixing

25 mL of broth extract of flowers of Achillea wilhelmsii with 25 mL 10 mM aqueous

cadmium chloride solution at room temperature. After few minutes, precipitate was

formed at the bottom of the flask leaving colloidal supernatant at the top. This precip-

itate was purified by repeated centrifugation (14,000 rpm) for 5 min followed by redis-

persion of the pellet in deionizedwater. The formation of nanoparticle was confirmed by

FTIR and UV-Vis spectral analysis and morphology was determined by FESEM.

Pandey et al. [18] synthesized gold nanoparticles by mixing fruit extracts of

Momordica charantia (as nanofabricator) with solution of aurochlorate (50,000 ppm)

salt at boiling temperature. The change in color from colorless to wine red indicated

the formation of gold nanoparticles. They studied the impact of pH (4, 6, 8, and 10)

at low (30°C) and high (100°C) temperature. The characterization was done by

UV-Vis spectral analysis while morphology and size were determined by XRD and
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HRTEM. Nitrate reductase assay and total protein estimation was performed to assay

the possible role of nitrate reductase as reducing agent. The data indicated best results at

pH 10 at 100°C. The impact of different temperatures (4, 28� 2°C, 60°C, 100°C) with
100 ppm aurochlorate concentration and different concentration of aurochlorate (50,

100, 150, 200, 250 ppm) with aqueous extracts of Momordica charantia at

pH 10 were also studied.

Awwad et al. [19] reported green synthesis of magnetite nanoparticles (Fe2O3)

using aqueous leaf extracts ofC. siliqua. Iron salts, FeCl2�4H2O and FeCl3�6H2Owere

dissolved in water and heated at 80°C under mild stirring. After 10 min, aqueous leaf

extracts were added which immediately changed yellowish color to reddish brown

color. To it was added aqueous solution of NaOH with continuous magnetic stirring.

The reddish brown mixture changed to black suspended particles. The mixture was

allowed to cool at room temperature and magnetite nanoparticles were obtained by

decantation. These nanoparticles were diluted with sterile distilled water, centrifuged

to remove heavy biomaterials, and finally dried overnight at 80°C. The formation and

stability of magnetite nanoparticles in aqueous colloidal solution was confirmed by

UV-Vis and FT-IR analysis. The morphology and particle size was determined by

XRD and SEM. Thermal stability of nanoparticles was determined by TG/DTA anal-

ysis. SEM study revealed that the average diameter of these nanoparticles was found

5–8 nm approximately.

Raj et al. [20] reported the synthesis of cobalt nanoparticles by mixing cobalt nitrate

hexahydrate, dissolved in 95 wt% ethanol. Then vegetable oil was added to this mixture

with continuous stirring at room temperature. Sucrose was added to this mixture at

90–100°C. A heating of the solution was continued until black gel is formed. It was fil-

tered, washed with water to remove sucrose or ethanol from the sample. Cobalt

nanoparticles were extracted with chloroform and thereafter precipitated by addition

of ethanol and centrifuged. The morphology and size was confirmed by XRD and

SEM. The XRD data revealed crystalline size 6.4 nm and FCC structure for cobalt

nanoparticles. Thermal instability of nanoparticleswas determinedbyTG/DTAanalysis.

Nadagouda et al. [21] studied the green synthesis of silver and palladium

nanoparticles using the aqueous extracts of coffee and tea. In the first method of silver

nanoparticles synthesis, coffee extracts were mixed with AgNO3 with constant stirring

at room temperature. In the second method silver nanoparticles was prepared by the

addition of tea extracts to 0.1-M AgNO3 solution. Similarly, palladium nanoparticles

were synthesized using PdCl2 with coffee and tea extracts separately at room temper-

ature. The formation of Ag and Pd nanoparticles was confirmed by UV-Vis spectral

analysis and morphology was determined by TEM. TEM results indicated that silver

and palladium nanoparticles were spherical with sizes ranging from as low as

5–100 nm depending on coffee and tea extracts used.

8.2 Nanocomposites

Synthesis of silver nanoparticles/attapulgite (APT) nanocomposite (Ag-NPs/APT)

was reported by Wang et al. [22]. In a typical experiment ultrafine AgOAc powder

was mixed with APT powder (mesh) in an agate mortar and then ground for
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30 min. The ground mixture was calcined at 300°C for 2 h under argon atmosphere.

On cooling at room temperature, a black powder was obtained. Similar experiment

was done using AgOAc powder separately. The morphology of nanocomposite was

determined by XRD and TEM analysis which showed spherical or quasi-spherical sil-

ver nanoparticles. Synthesized nanoparticles were also screened for catalytic activity.

The nanocomposites showed excellent catalytic reducing properties for dye, which

rapidly decolorized the Congo red (CR) solution within 2 min using a low dosage

of catalyst. Therefore, the materials were suitable catalyst for the treatment of CR

dye wastewater.

Patil et al. [23] reported the synthesis of polyaniline/nickel ferrite magnetic

nanocomposite (PANI-NiFe2O4). In the first step, nickel ferrite nanoparticle

(NiFe2O4) was synthesized by mixing aqueous solution of nickel chloride

(NiCl2�6H2O) and aqueous solution of ferric chloride (FeCl3�6H2O). To this mixture,

aqueous solution of ammonia was added and kept on vigorous stirring. The obtained

nanoparticles were centrifuged. In the second step PANI-NiFe2O4 nanocomposite was

synthesized bymixing aniline, NiFe2O4, and H2SO4 at room temperature. Ammonium

persulfate was used as an oxidant. The precipitate was filtered and washed with water

followed by methanol. The product was dried in oven at 70°C for 24 h to obtain black

green powder of PANI-NiFe2O4 nanocomposite. The morphology was confirmed by

EDS, SEM, and XRD. The magnetic properties were determined by vibrating sample

magnetometer (VSM). PANI-NiFe2O4 nanocomposite can be used as an adsorbent for

the removal of malachite green (MG) dye from aqueous solution.

Fu et al. [24] reported the synthesis of β-cyclodextrin-functionalized reduced

graphene silver nanocomposites. Graphene oxide (GO) was dispersed into water by

sonication. In this solution, polydiallyldimethylammonium chloride (PDDA) and

β-cyclodextrin solution were successively added. The solution was vigorously stirred
for 2 h. Ammonia and hydrazine hydrate were added to it. This mixture was heated at

90°C in a water bath for 4 h. Finally, black precipitate was collected by centrifugation

followed by water washing cycle. After that β-CD/RGO dispersion (1 mg/mL) was

mixed with water and AgNO3 for half-hour stirring. Ammonia solution was then

added into the mixture and kept stirring. Finally, the product was collected by centri-

fugation and washed with water. The formation of nanocomposite was confirmed by

FT-IR and optical properties by UV-Vis analysis. Morphology and elemental compo-

sition were determined by SEM and EDS, respectively. Magnetic cyclic voltammetry

measurements suggested that the synthesized nanocomposite exhibits an excellent

electrochemical activity toward oxidation of nitrile due to the host-guest recognition.

An increase capability of β-CD, as well as the outstanding electronic properties of

RGO and Ag nanoparticles, was observed. Typical amperometric responses of the

β-CD/RGO/Ag modified GCE to the addition of nitrile showed less responsive time

which is due to high electronic conductivity and good catalytic activity.

Ocwelwang et al. [25] reported the synthesis of nitrogen and silver-doped TiO2

nanoparticles using the sol-gel synthesis method. A solution of TiCl4 was added to

distilled water. The aqueous solution was heated at 100°C for complete hydrolysis

and condensation. The pH was adjusted to 8.0 by adding NaOH. A white gel was

formed which was separated by centrifugation. The obtained precipitate was washed

236 Green Approaches in Medicinal Chemistry for Sustainable Drug Design



with deionized water. It was filtered and dried in oven at 150°C. The dried precipitate
was crushed and pulverized into powder and calcinated at 600°C for 2 h. In the similar

way nitrogen-doped TiO2 nanoparticles was synthesized by the addition of urea as a

nitrogen source. In the second step Cs-PVAE polymer blend of 80:20% (v/v) ratio was

prepared and mixed with TiO2, Ag/TiO2, N/TiO2 nanopowders to make respective

composites and taken under high-voltage electrospinning. Thereafter, polymer solu-

tion was stretched out into fibers and then collected onto the grounded collector.

Finally, it was dried in air overnight. The synthesized nanoparticles and electrospin

nanocomposite fiber were characterized by FTIR. The size and morphology of

nanoparticles was confirmed by XRD, SEM while EDS for elemental composition.

Thermal stability of nanofiber composites was determined by TG/DTG analysis.

The SEM results revealed average size of nanofibres in the range 234–270 nm and

uniform.

Pandey et al. [26] reported the green synthesis of polysaccharide/gold nanoparticle

nanocomposite using guar gum (GG) extract as reducing agent. An aqueous gold(III)

chloride hydrate solution was mixed with GG solution followed by few drop of very

dilute solution of sodium hydroxide (0.01 M) were added and stirred gently at 80°C
for 160 min. The change in color from yellow to pink-red colored solution indicated

the formation of GG/AuNPs nanocomposite. The formation and optical sensing prop-

erties of ammonia solution was confirmed by the means of UV-Vis spectra. The size

and morphology was determined by XRD, SEM, and HRTEM. The HRTEM results

revealed spherical shape and average particle size approximately 6.5 nm. The XRD

results confirmed the FCC crystalline geometry of the synthesized nanoparticles. It

was reported that GG/AuNPs nanocomposite can be used as optical ammonia sensor

in clinical and medical diagnosis for detecting ultralow ammonia level in human. Col-

orimetric assays demonstrated high sensitivity, fast response time, and great

reproducibility.

Synthesis of polyaniline-montmorillonite (PANI-MMT) nanocomposites was

reported by Baldissera et al. [27] by adopting sonication method. MMT clay was dried

at 80°C for 24 h to remove moisture and mixed to HCl solution. The solution was son-

icated for 30 min by using an ultrasound probe. Then the monomer was added and the

solution was sonicated for another 30 min. A solution of HCl containing the oxidizing

agent [(NH4)2S2O8] was added dropwise to this solution under constant stirring. The

polymerization of aniline was carried out at �4 and 0°C for 6 h. The obtained PANI-

MMT was filtered, washed and dried in oven at 60°C for 24 h. Formation of

nanocomposites was confirmed by FT-IR. Crystalline phase and morphology was

determined by XRD and TEM. Electrical conductivity was measured by four-point

method. Thermal studies revealed that the synthesized nanocomposite was stable

up to 200°C. The prepared nanocomposites have an excellent property of electrical

conductivity.

Synthesis of unsaturated polyester resin (UPR)-silica nanocomposite was reported

by Sudirman et al. [28]. Silica nanoparticles were prepared by using sodium silicate

and caustic soda. Carbon dioxide was allowed to pass through the reaction system. The

solution was filtered, washed with water, and collected as nano-silica. It was dried in

oven at 70°C for 48 h. Silica NPs-UPR composite was prepared by mixing silica NPs
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(as filler), UPR (as matrix), and methyl ethyl ketone peroxide in a mixer at room tem-

perature for 30 min. The weight ratio of silica nanoparticles and UPR was varied at

0.5, 1.0, 1.5, 2.0, and 2.5 wt%. Then a composite film was prepared by casting the

solution and dried. The structure and morphology of the synthesized nanocomposite

were determined by FT-IR, electron microscopy, SEM, Young’s modulus, and ther-

mal analysis. Morphological studies revealed that silica nanoparticles were well dis-

persed in the matrix. Mechanical properties of composite were performed by

Strograph VGS5E according to ASTM D-638 at room temperature and crosshead

speed of 50 mm/min. Mechanical results indicated that tensile strength elongation

and Young’s modulus increase with the addition of silica nanoparticles up to

1.0 wt% and then decrease over 1.0 wt%.

Dong et al. [29] reported the synthesis of reduced grapheme-gold nanocomposite

adopting microwave irradiation method. Graphene oxide was synthesized by mixing

graphite to H2SO4. After sonication at room temperature, the solution was filtered to

obtain pre-oxidized graphite powder. This powder and KMnO4 were added into aque-

ous solution of H2SO4 with stirring in an ice-water bath at 10°C for 2 h. To this solu-

tion, H2O2 (30%) were added at room temperature. The suspending solution was

precipitated for 12 h and the upper supernatant was collected and centrifuged. The

obtained GO powder was washed with HCl and distilled water. Then GO was dis-

persed in distilled water to get a stable brown solution. Reduced graphene oxide-gold

nanocomposite (rGOdAu) was synthesized by mixing hydrazine and sodium dodecyl

sulfate (SDS) in aqueous solution of graphene oxide. The mixture solution was irra-

diated in microwave (900 W, 2.40 GHz) for 30 s and stable rGO dispersions were

obtained. The reduced GO sheets were centrifuged and washed with distilled water

and redissolved into aqueous SDS solution. Au nanoparticles were deposited on

rGO sheets by using aqueous of HAuCl4. The UV-Vis absorption, atomic force

microscopy (AFM), SEM, TEM, and Raman spectroscopy were used to demonstrate

the successful attachment of Au nanoparticles to graphene sheets. Morphology results

indicated that Au nanoparticles were uniformly distributed and tightly attached to the

surface of rGO sheets. FETs were used to investigate the effect of gold nanoparticles

on the electrical property of rGO sheets. It was reported that rGO-Au sheets show

higher hole mobility than pure rGO sheets. They also demonstrated that field-effect

transistors (FET) based on rGO-Au nanocomposites are able to detect DNA hybrid-

ization. Based on above observation, it has been reported that rGO-Au nanocomposite

can be used in nanoelectronics and bio-nanoelectronics.

Farghali et al. [30] reported the synthesis of graphene/magnetite nanocomposite

(G/Fe3O4) using solvothermal method. Graphene oxide (GO) was prepared by mixing

NaNO3 and H2SO4, followed by stirring at 70°C for 30 min. Graphite powder was

added to the mixture, followed by stirring at 70°C for 45 min. The mixture was kept

in ice bath (below 5°C) and KMnO4 was added into the mixture. Then the mixture was

heated to 35°C and continuously stirred for 5 h until viscous reddish green paste was

obtained. To this paste, deionized water was added followed by H2O2. Then the mix-

ture was centrifuged and washed with 10% HCl solution and finally was dried at 60°C
to obtain the brown GO sheets. The G-Fe3O4 nanocomposite was prepared by mixing

sodium acetate and suspended solution of GO in ethylene glycol. Solid FeCl3 was
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added into the solution with stirring and the mixture was kept at 200°C for 10 h in

autoclave. It was cooled, washed with ethanol/deionized water, and dried at 60°C.
Similar procedure was used to synthesize six samples of G/Fe3O4 nanocomposites

changing feeding weight ratios of Fe3O4: G (m Fe3O4: m G ¼ 0.1:1, 0.2:1, 0.4:1,

0.6:1, 0.8:1, and 1:1). The prepared nanocomposites were analyzed by UV-Vis

adsorption spectra. Morphology and crystalline structure was determined by XRD

and HRTEM. Surface composition and elemental chemical oxidation states were

determined by XPS. Magnetization was confirmed by VSM. The HRTEM results rev-

ealed a uniform sheet like shape of prepared graphene sheet and Fe3O4 nanoparticles.

The VSM data revealed that the magnetization has increased sharply by increasing

concentration of Fe3O4 nanoparticles. Adsorption of MB dye on different ratios of

G/Fe3O4 nanocomposites was also studied and it is reported that on increasing

Fe3O4 nanoparticles on the surface of G sheet the adsorption capacity decreased.

Agarwal et al. [31] reported the synthesis of zinc sulfide-poly methyl methacrylate

nanocomposite (ZnS/PMMA). The PMMA was dissolved in tetrahydrofuran and ZnS

nanoparticles with different (0, 2, 4, 6, and 8) wt% were dispersed. These solutions

were agitated by ultrasonicator to obtain uniform distribution of ZnS nanoparticles.

These solutions were poured in the petri dishes to obtain the ZnS/PMMA

nanocomposite films. After 2 days, the nanocomposite films were taken out from

the petri-dishes and dried in vacuum (10–2 Torr) for 6 h to remove the solvent.

The thickness of prepared samples was approximately 0.12 mm. The morphology

of synthesized ZnS/PMMA nanocomposite was determined by XRD and TEM. Tran-

sient plane source (TPS) technique was used to determine the effective thermal con-

ductivity of nanocomposites over the temperature range from room (30°C) to 120°C.
Thermal conductivity was increased up to 6 wt% and beyond this wt%, it was

decreased. The TEM data revealed that the particles were well dispersed at lower

wt% while agglomeration was enhanced as the wt% increased.

Tang et al. [32] studied the synthesis of polyacrylamide-calcium phosphate

nanocomposites (PAM-CP) by two methods. In the first method (Sample A) in a basic

medium, CaCl2�2H2O, (NH4)2S2O8 and acrylamide were dissolved in deionized water

under magnetic stirring. An aqueous solution of (NH4)2HPO4 was added to the above

solution. The pH value of the solution was maintained at 10 by using NH4OH. The

suspension was then heated to 80°C for 45 min by microwave heating. The obtained

colloidal solution was added to ethanol to form a precipitate. The precipitate was fil-

tered, washed with absolute ethanol, dried in air at 60°C and ground to powder. For the

preparation of a typical sample in a weak acidic medium (sample B), the phosphate

buffer solution was used. An aqueous solution containing Ca(CH3COO)2�H2O was

added to buffer solution (0.090 g Na2HPO4�12H2O and 0.041 g NaH2PO4�2H2O,

pH 5), then acrylamide and (NH4)2S2O8 were dissolved in the solution. The solution

was heated to 80°C by microwave for 1 h. The formation of nanocomposite was con-

firmed by FT-IR and morphology was determined by XRD and TEM. TGA was used

to determine its degradation. PAM-HAP (hydroxyapatite) nanocomposite were pre-

pared in basic medium (Sample A) while PAM-ACP (amorphous calcium phosphate)

nanocomposite were prepared in weak acidic medium (Sample B). TEM results

showed that HAP phase consists of nanorods with diameter of 10–20 nm and lengths
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of 25–40 nm while ACP phase consists of nanoparticles instead of nanorods with

much smaller sizes (<10 nm). TGA analysis exhibited that the thermal stability of

PAM is enhanced to some extent by the presence of small amount of ACP nanofiller.

The similar result was also observed for the PAM-HAP nanocomposite.

Liu et al. [33] reported the synthesis of MoS2/graphene nanocomposites. MoS2/GS

were prepared using ammonium tetrathiomolybdate (ATTM), functionalized

graphene nanosheets (FGS), and deionized water at 70–80°C. The ATTM/FGS was

dried in a vacuum oven at 60°C for 12 h. M-MoS2/GS, T-MoS2/GS and MoS2/AC

(activated carbon) were also prepared using microwave irradiation (at 800 W, 40 s)

and conventional thermal annealing at 400°C for 1.5 h in flowing N2/H2 (1:1) and

coconut shell activated carbon as support material, respectively. The characterization

was determined by means of FT-IR and Raman spectroscopy. The morphology and

size were determined by FESEM, TEM, and XRD. TEM results indicated particle

sizes between 10 and 20 nm. Hydrodesulfurization (HDS) activity was studied by cat-

alytic reduction of carbonyl sulfide (COS) and also from TEM which revealed cata-

lytic activity of M-MoS2/GS is superior to that of T-MoS2/GS. MoS2/AC displayed a

lower catalytic activity for COS hydrogenation compared to M-MoS2/GS. It had a

higher specific surface area than M-MoS2/GS hybrid.

Tavares et al. [34] studied the synthesis of polydimethylsiloxane (PDMS)/TiO2

nanocomposite. TiO2 nanoparticles were prepared by mixing titanium IV

isopropoxide with ethanol under stirring for 5 min at room temperature. Then, acetic

acid was added followed by the addition of sulfuric acid under constant stirring. Sub-

sequently, the clear solution obtained was sonicated at 60°C for 1 h. Milky colloidal

solution was obtained which was transferred to a Teflon-lined autoclave for hydro-

thermal treatment irradiated by microwave (2.45 GHz, 800 W) at 120°C for 2 h (at

25°C/min rate). After cooling, the precipitate was centrifuged, washed with distilled

water and ethanol to decrease the solution acidity, and then dried at room temperature.

PDMS/TiO2 nanocomposite was prepared by adding polydimethylsiloxane (PDMS)

with the polymerizing agent at a ratio of 10:1. Then the mixture was diluted with hex-

ane in 1:2 ratio (PDMS: hexane) with subsequent dispersion of TiO2 nanoparticles in

three different proportions, i.e., 0%, 0.5%, and 1%. Then the mixture was sprayed on

glass slides. Subsequently nanocomposites were placed in an oven with air circulation

for 30 min at 60°C for polymerization. The formation of nanocomposite was con-

firmed by UV-Vis and FT-IR spectroscopy. The morphology and size was determined

by XRD and FEG-SEM. FEG-SEM studies revealed that TiO2 nanoparticles are

spherical with different sizes from 70 to 300 nm. It was reported that spherical

nanoparticles have large surface area and pore volume that increases the contact sur-

face between particles. These nanoparticles can also be used as photocatalyst.

Nanocomposite coating with 1% TiO2 showed degradation rate of methylene blue

dye slightly higher than 0.5% wt TiO2.

Sedaghat et al. [35] reported the synthesis of polyaniline/MnO2 nanocomposite

(PANI/MnO2). To HCl solution, MnO2 and aniline were added simultaneously. Dark

colored solution was obtained and kept for sonication in an ice bath for 30 min. The

temperature of the solution decreased to 0°C until polymerization was stopped. It

was filtered, washed, with deionized water followed by ethanol. The product was then
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dried at 60°C in an oven for 1 h. the characterization was done by FT-IR while the mor-

phology and size were determined by SEM. Polyaniline being intercalated between

manganese oxide layers was revealed through FT-IR studies. SEM analysis showed that

PANI/MnO2 nanocomposite comprises plate-like particles of 50 nm thicknesses.

8.3 Conclusion

From this review, it can be concluded that biosynthetic method is a successful method

for green synthesis of nanoparticles and nanocomposites. It has been found to be low

cost, rapid eco-friendly approach for single-step synthesis of nonpathogenic

nanoparticles and nanocomposites. UV-Vis and FTIR confirms the formation of

NPs and NCs while the morphology has been determined by SEM and XRD. The syn-

thesized NPs and NCs exhibit multiple green properties such as antibacterial, antifun-

gal, and antioxidant property incorporated from green plant extract.
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9.1 Introduction

The green chemistry aims to design environmentally benign chemical processes and

sustainable synthetic methodologies in order to eliminate or reduce the use of hazard-

ous and toxic chemicals at any stage of production in the industry or laboratory [1].

According to the principles of green chemistry, the chemical reaction should be:

(i) catalytic, (ii) atom-economical, (iii) environmentally friendly, (iv) with mild reac-

tion conditions, and (v) operational simplicity and proceed without the need for

protecting the atmosphere. The conventional organic solvents used extensively for

dissolving reactants, extracting and washing the products and for separating the mix-

tures are generally volatile, flammable, explosive, and toxic for human beings, ani-

mals, and even plants. The conventional organic solvents are hazardous not only to

the environment but also show acute and chronic toxicity, carcinogenicity, ecological

toxicity, and nonbiodegradability. The precautions to minimize the effects of these

solvents by improved recycling processes have limited success and cannot avoid some

losses into the environment. Therefore, the replacement of these hazardous solvents

with green and sustainable alternative solvents seems to be the only valid alternative

for a sustainable use of solvents. The development of bio-renewable and biodegrad-

able solvents that are not based on crude petroleum depends mainly on the substitution

of petrochemically fabricated solvents with “bio-solvents” from renewable resources

[2], and the substitution of hazardous solvents with ones that show better EHS

(Environmental, Health, and Safety) properties [3]. Although the last couple of

decades has seen a considerable sustainable development in chemical research with

green technology in organic syntheses and catalysis with the use of a variety of uncon-

ventional solvents, such as water [4], ionic liquids (ILs) [5], fluorous media [6], super-

critical fluids [7], and polyethylene glycol [8], but probably even a single system, in its

own right, will ever be able to replace completely all conventional reagents and sol-

vents as a truly environment friendly alternative because the use of these solvents is

still subject to strict limitations, such as the instability and solubility of some reactive

reagents or substrates in water, high prices and lack of data about the toxicity and
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bio-compatibility for ILs, including the requirement of sophisticated equipment for

supercritical fluids. It means that an ideal and universal “green” solvent for all situ-

ations does not exist because of the drawbacks associated with all of these systems,

both from the point of view of applicability and sustainability. Therefore, the search

for new reaction media is thus gaining prominence in organic synthesis.

In the last decade, ILs have attracted increasing interest in view of their uses in

organic syntheses, catalysis, biocatalysis, and biomass pretreatment due to their

unique chemical and physical properties such as biocompatibility, high viscosity, ther-

mal and chemical stability, negligible volatility, high solubilization capacity for wide

spectrum of solutes, high heat capacity, density, and conductivity [9]. ILs have been

proposed as “fully green” alternative solvents because of their negligible vapor pres-

sure and low flammability. The significance of ILs concerns not only to academia but

also to the industry because their “green character” offers an interesting alternative

solvents to toxic organic solvents in organic synthesis [10]. The exploration of ILs

as alternative sustainable solvents can also be confirmed by the incredible amount

of works in the literature [11]. However, several disadvantages such as limited solute

solubility, high viscosity, poor biodegradability, environmental toxicity, and high cost

are associated with the ILs. Many ILs, however, are dangerous environmental contam-

inants, with a toxicity similar to or even higher than that of organic solvents. Further,

high purity is required for ILs, as even trace impurities affect the physical properties of

ILs. Commonly used imidazolium and pyridinium-based ILs are not environmentally

benign and show a wide range of toxicities toward microorganisms, vertebrates, and

invertebrates because of their relatively high solubilities in water and their poor bio-

degradability [12]. Although, in view of the low vapor pressure of ILs, these may

reduce the air pollution with respect to the typical volatile organic solvents, the release

of ILs from industrial processes into aquatic environments may lead to water pollution

because of their high solubility in water. Moreover, due to their high stability in water,

the ILs could become as persistent pollutants in wastewaters and may have a toxic

influence on the environment.

The development of alternative solvents from components that are inexpensive,

nontoxic toward the environment, and are biodegradable or obtainable from biodegrad-

able resources is therefore highly desirable to overcome these drawbacks. Deep eutectic

solvents (DESs) have been regarded as one of the most promising environmentally

benign and cost-effective alternatives to conventional ILs and volatile organic solvents.

DESs not only retain the excellent merits of ILs but also overcome their shortcomings as

these are constituted from natural and renewable nontoxic bio-resources. Thus DESs are

emerging as a new generation of green and sustainable solvents.

DESs show similar physical and chemical properties to ILs, but they are much

cheaper and safer for their use as solvents as compared to ILs in synthetic transforma-

tions. As compared to ILs, DESs have, however, notable advantages such as (i) their

convenient synthesis with 100% atom economy, (ii) DESs can be prepared from read-

ily accessible chemicals, and (iii) their low toxicity. The term “DESs” refers to low

melting mixtures or low transition temperature mixtures (LTTMs) based on a combi-

nation of readily available, biodegradable, recyclable, and inexpensive components

that are formed by mixing a quaternary ammonium or metal salt with a simple
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hydrogen bond donor (HBD), such as acids, amides, amines and alcohols, and mostly

exist as liquid at or below 100°C because the melting point is drastically reduced after

mixing two components as compared to the melting points of the original two com-

ponents. The charge delocalization occurring through hydrogen bond formation

between the halide anion and the hydrogen donor moiety is responsible for the

decrease in the freezing point of the mixture relative to the melting points of its indi-

vidual components (Fig. 9.1). Moreover, DESs do not produce toxic metabolites and

are biodegradable. Additionally, the synthesis of ILs is not environmentally friendly

and generally requires a large amount of salts and solvents in order to completely

exchange the anions. These drawbacks together with the high price of common

ILs, unfortunately, restrict their industrial emergences such as metal electroplating,

electrodeposition, and biocatalysts [13]. Like ILs, one of the most promising advan-

tages of DES is their extremely low vapor pressure, i.e., low volatility, which is very

attractive for their use in greener catalytic technologies [14].

DES’s can be used as sustainable, greener, and safer alternatives tomany petroleum-

based organic solvents in synthetic organic chemistry to increase the efficiency of

organic transformations. Although DESs have attracted the attention of chemical

research in many fields particularly, in the area of electroplating, the ability of deep

eutectic mixtures to serve as solvents, however, has not been adequately explored in

the field of synthetic organic chemistry. If a solvent displays slightly acidic or basic

nature, it can also act as a catalyst for those reactions which are catalyzed in these con-

ditions. The polar and protic DES may be acidic and basic depending on the nature of

HBD. Besides this, the acidity/coordination properties of DESs can be tuned according

to requirements of different reactions or processes by changing the combination of their

cations and anions. So theoretically, large numbers of DES are possible with various

combinations of cations and anions which provide great opportunity to design themost

suitable catalytic conditionwith green approach.Moreover, like ILs, ionic characters of

DES due to the presence of hydrogen bond interaction between cation and anion show

improved catalytic activities over those conducted in conventional organic solvents.

Therefore, DES is able to function not only as a modest inexpensive and environmen-

tally benign solvents but also recyclable and reusable organocatalysts and can play a

dual role in organic transformations. In the present article, the recent advances in the

synthesis of heterocyclic scaffolds with the use of sustainable organic transformations

involving the dual role ofDESs as environmentally benign sustainable solvents and cat-

alysts along with the recent literature have been presented.

HO N NH2

H2N

O

HO N

NH2

H2N

O
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Fig. 9.1 Deep eutectic solvent with hydrogen bond interaction.
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9.2 Organic transformations in deep eutectic solvents

9.2.1 Synthesis of heterocyclic scaffolds

9.2.1.1 Synthesis of pyrroles

Pyrrole nucleus is one of the most relevant simple heterocycles present in the core

structures of many biologically active products such as alkaloids, vitamins, anticancer

agents, and antibiotics [15]. The syntheses and further functionalization of pyrroles

have received considerable interest and a number of synthetic methods including

Hantzsch synthesis [16], Paal-Knorr synthesis [17], Clauson-Kaas synthesis [18],

Buchwald-Hartwig coupling [19], and Barton-Zard synthesis [20] have been reported.

The Paal-Knorr synthesis of pyrroles is a versatile method with the use of different

reaction conditions, including Lewis acid catalysis [21], heterogeneous catalysis

[22], microwaves [23], different solvent variations (RTIL and solvent-free) [24],

and ultrasound (US) or microflow conditions [25]. In recent years, DESs have

emerged as a promising green reaction media for organic transformations [14b, 26]

and used as effective solvents/catalysts for Paal-Knorr reactions to synthesize pyr-

roles. Handy et al. synthesized pyrroles via the Paal-Knorr synthesis by stirring the

equimolar mixture of dione and amine as a 1 M solution in choline chloride/urea at

80°C (Schemes 9.1 and 9.2). The synthetic strategy was also extended successfully

with less nucleophilic anilines, but required longer reaction times and the products

were obtained in nearly quantitative yields. These reaction conditions are simple

and highly environmentally friendly in view of nontoxic, and recyclable nature of

the DES [27].

80°C, 2–12 h

80°C, 12–48 h

Scheme 9.1 Paal-Knorr pyrrole synthesis.
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Zhang et al. reported the synthesis of N-protected functionalized pyrroles by one-

pot, four-component reaction of amines, aldehydes, 1,3-dicarbonyl compounds and

nitromethane in the presence of DES as catalyst and solvent [28] (Scheme 9.3).

Scheme 9.2 Paal-Knorr furan synthesis.

Scheme 9.3 Synthesis of functionalized pyrroles.
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The reaction was performed with the use of ChCl-based DESs such as

ChCl + oxalic acid (OA)/tartaric acid (TA)/citric acid/itaconic acid/fumaric acid/

malic acid/succinic acid/malonic acid FeCl3 and ZnBr2 to optimize the reaction con-

ditions ChCl-malonic acid was found to be more efficient medium and provided

desired product in remarkably high yield. The proposed reaction mechanism is pres-

ented in Scheme 9.4.

2,3,4-Trisubstituted 1H-pyrroles are the privileged scaffolds and are structural

constituents of bioactive natural products, pharmaceuticals, and agrochemicals

[15a, b, 29]; porphobilinogen [30], and marine natural products lamellarin O [31]

and lukianol A [32] (Fig. 9.2).

Scheme 9.4 Plausible mechanism for the synthesis of pyrrole.
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Chaskar et al. used choline hydroxide as an efficient basic catalyst as well as reac-

tion media for the regioselective synthesis of 2,3,4-trisubstituted 1H-pyrroles [33]

(Scheme 9.5).

The reaction was performed in acidic (such as ChCl:PTSA), neutral and basic

DESs (mixture of choline chloride:urea). Various copper salts were also tested under

this condition for their catalytic activity. The use of choline hydroxide as a base and

reaction media and CuI as a catalyst in the reaction provided the best results. The reac-

tion was considered to proceed through the 1,4-conjugate addition of methyl

2-isocyanoacetate with α,β-unsaturated ketones followed by intramolecular

cyclization-oxidation reaction to provide the final product as presented in Scheme 9.6.

Lamellarin O Lukianol A

Fig. 9.2 Bioactive pyrroles.

Scheme 9.5 Synthesis of 2,3,4-trisubstituted 1H-pyrroles.
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9.2.1.2 Synthesis of furans (naphthofurans)

2-Aminonaphtho [2,3-b]furan-4,9-diones [34] are promising cytotoxic agents operat-

ing through oxidative damage of DNA and alkylation of bioorganic molecules in

tumor cells [35]. Rad-Moghadam et al. synthesized 2-aminonaphtho[2,3-b]
furan-4,9-diones via the domino reaction among 2-hydroxy-1,4-naphthoquinone,

β-nitrostyrenes, and ammonium acetate in the presence of DES consisting of sorbitol

and metformin.HCl [36] (Scheme 9.7). The method offers operation simplicity and

mild reaction conditions with the use of the biocompatible and easily recyclable eutec-

tic mixture.

Scheme 9.6 Proposed reaction mechanism.

Scheme 9.7 Synthesis of 2-amino-3-phenylnaphtho[2,3-b]furan-4,9-diones.
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In the reaction, the efficiency of the eutectic melt that brings the two reacting com-

ponents in close vicinity to each other is partially due to multiple hydrogen-bonding of

MetHCl with β-nitrostyrenes and 2-hydroxy-1,4-naphthoquinone. According to plau-
sible mechanism [37], these zwitterionic intermediates undergo a dipolar dimerization

reaction to yield the intermediate 1,4,2,5-dioxadiazines followed by a chain of thermal

reactions involving electrocyclic scission of the dioxadiazine ring and conversion of

the resulting two fragments into naphtho[2,3-b]furan-4,9-diones. Upon heating, the

fragmented intermediate is presumed to undergo a direct cyclization, while its twin

undergoes cyclocondensation with ammonia to provide the product (Scheme 9.8).

9.2.1.3 Synthesis of thiophenes

The Gewald reaction is the most versatile reaction and involves one-pot

cyclocondensation of ketones or aldehydes with activated nitrile derivatives and ele-

mental sulfur to provide 2-aminothiophenes [38]. Gewald three-component reaction

has been valuable for the pharmaceutical industry [39], for example, olanzapine (I) is

Scheme 9.8 A plausible mechanism for synthesis of 2-amino-3-phenylnaphtho[2,3-b]furan-
4,9-diones.
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an antipsychotic drug used in the treatment of schizophrenia [40] and tinoridine (II) is

a nonsteroidal basic antiinflammatory drug with a potent antiperoxidative property

(Fig. 9.3).

The synergic effect of choline chloride/urea as a DESwas investigated by Shaabani

et al. in the synthesis of 2-aminothiophene derivatives via a three-component

cyclocondensation of a ketone or an aldehyde with activated nitriles and elemental

sulfur catalyzed by NaOH as base [41]. The reaction conditions were optimized using

various choline chloride-based DESs (hydrogen-bond donors: urea, citric acid, ethyl-

ene glycol (EG), imidazole, resorcinol, and metal salts such as ZnCl2 and FeCl3) in the

presence of different organic and inorganic bases. The results showed that the choline

chloride/urea in NaOH (0.1 cm3 of a 4 mol dm�3 aqueous solution) at 60°C provided

excellent yield in shorter reaction time (Scheme 9.9).

Olanzapine(I)

Fig. 9.3 Pharmaceutical agents-

containing 2-aminothiophene

ring.

4a–4m(65%–88%)

Scheme 9.9 Synthesis of 2-aminothiophene derivatives.
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The reaction proceeds with the initial formation of conjugated electron-deficient

heterodyne by Knoevenagel condensation of malononitrile and carbonyl compounds

to produce an acrylonitrile [A], followed by a base catalyzed thiolation at the meth-

ylene group with elemental sulfur. The sulfurated compound [B] undergoes ring clo-

sure via nucleophilic mercaptide attack at the cyano carbon to provide intermediate

[C] which on prototropic rearrangement affords 2-aminothiophenes (Scheme 9.10).

9.2.1.4 Synthesis of pyrazoles

Pyrazole derivatives have been reported to exhibit a wide range of applications in

medicinal chemistry and pharmacology. A large number of drugs incorporating

pyrazole structure have been utilized as partial agonists for nicotinic acid receptors

[42], CDK inhibitors [43], p38 kinase inhibitors [44], antidepressants [45], antimicro-

bial agents [46], antiviral agents [47], and antifungal agents [48] solely or along with

the combination of other structural motifs. The application of pyrazole derivatives in

the development of anticancer agents has been thoroughly investigated and verified

[49]. Moreover, the medicinal features of a number of natural products incorporating

pyrazole moiety such as pyrazofurin, pyrazofurin B, pyrazole-3(5)-carboxylic acid

and 4-methylpyrazole-3(5)-carboxylic acid have been reported [50] (Fig. 9.4).

Scheme 9.10 Plausible mechanism for the synthesis of 2-aminothiophenes.
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Pyrazole heterocycles have a great potential from the medicinal chemistry view-

points to be considered as the target for diversity-oriented organic synthesis (DOS)

involving high regioselectivity, diversity, and least number of synthetic steps [51].

Among pyrazoles, 4,4-(arylmethylene)-bis-(3-methyl-1-phenyl-1H-pyrazol-5-ols)
have gained much importance because of their uses as antiinflammatory [52], anti-

pyretic [53], antioxidant [54], antidepressant [55], and antibacterial agents [56].

Kamble et al. synthesized 4,40-(arylmethylene)-bis-(3-methyl-1-phenyl-1H-pyra-
zol-5-ols) by tandem Knoevenagel-Michael addition reactions of aldehyde, phenyl

hydrazine, and ethyl acetoacetate using a combination of DES (ChCl:TA) and US in

water (Scheme 9.11). A plausible mechanism is presented in Scheme 9.12. More-

over, the DES was recycled five times without considerable loss of activity. The

reaction conditions were optimized with various DES under different conditions

and observed that the amalgamation of DES with US facilitated the reaction at

benign conditions [57].

Aryan et al. synthesized highly substituted pyrazole-4-carbonitrile derivatives

using biocompatible glucose-based DES under catalyst-free condition involving the

reaction of malononitrile, aromatic aldehydes and various hydrazine derivatives as

Scheme 9.11 Synthesis of 4,4-(arylmethylene)-bis-(3-methyl-1-phenyl-1H-pyrazol-5-ols).

Fig. 9.4 Natural products incorporating pyrazole ring.
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nitrogen source at room temperature [58] (Scheme 9.13). The DES was also recycled

and reused at least four times with a slight loss in catalytic efficiency. A plausible

mechanism was proposed in which DES facilitated the reaction through hydrogen

bonding as presented in Scheme 9.14.

Scheme 9.12 Plausible reaction mechanism.

examples

Scheme 9.13 Synthesis of highly substituted pyrazole-4-carbonitrile derivatives.
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Annes et al. synthesized 1,3,5-trisubstituted pyrazolines involving regioselective

tandem one-pot intermolecular electrocyclization reaction of aldehyde, hydrazines,

and alkenes under metal-free DES mediated conditions [51] (Scheme 9.15). The

Scheme 9.14 Proposed reaction mechanism for the synthesis of pyrazole-4-carbonitriles.
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synthetic methodology was also used in the synthesis of a natural product alkaloid

obtained from aerial parts of Euphorbia guyoniana [59].

The authors screened various deep eutectic mixtures as media for this transforma-

tion in which ChCl:PTSA was reported to be more effective as compared to other cat-

alysts. The reaction mechanism is considered to involve the more stabilized benzylic

carbocation and directs the reaction pathway toward the formation of 5-phenyl

substituted product regioselectively as presented in Scheme 9.16.

9.2.1.5 Synthesis of pyranopyrazoles

Pyranopyrazoles have occupied an important position in medicinal chemistry because

of their pharmacological [60] and biological activities [61] such as antibacterial activ-

ity comparable with cefazolin and ciprofloxacin [62], antimicrobial [63], antifungal

[64], antitumor, anticancer [65], analgesic and antiinflammatory [66], anti-

Alzheimer’s disease [67], antioxidant [68], and also as potential inhibitors of human

Chk1 kinase [69].

Scheme 9.15 Synthesis of various pyrazolines.

Scheme 9.16 Regioselectivity in the formation of pyrazolines.
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Dehbalaei et al. synthesized 6-amino-4-aryl-2,4-dihydro-3-phenyl pyrano[2,3-c]
pyrazole-5-carbonitriles involving one-pot, four-component reaction of aryl alde-

hydes, hydrazine hydrate, ethyl benzoylacetate and malononitrile under ultrasonic

irradiation conditions [70] (Scheme 9.17). The reaction conditions were optimized

with the catalysts such as alumina, DABCO, L-proline, benzyl triphenyl phosphonium

chloride (BTPPC) and choline chloride:thiourea and choline chloride:urea (DES).

The reaction is considered to proceed with Knoevenagel condensation between

aryl aldehyde and malononitrile to form an intermediate which undergoes Michael

addition with pyrazolone (formed in situ from hydrazine hydrate and

ethylbenzoylacetate) and subsequently intramolecular cyclization to provide poly-

functionalized pyrano[2,3-c]pyrazoles (Scheme 9.18).

Dihydropyrano[2,3-c]pyrazole also represents a fascinating template in the phar-

maceutical field [71] and is responsible for a wide spectrum of biological activities

such as antimicrobial [72], anticancer [73], antiinflammatory [74], and inhibition

of human Chk1 kinase [69] activities. Bhosle et al. synthesized 6-amino-2H,
4H-pyrano[2,3-c]pyrazole-5-carbonitriles involving one-pot four-component cyclo-

condensation of aromatic aldehydes, malononitrile, ethyl acetoacetate, and hydrazine

hydrate in the presence of DES [75] (choline chloride:urea) (Scheme 9.19).

The reaction was also performed in various green solvents like PEG-400, ILs and

DES. But the reaction carried out in DES, derived from a mixture of choline chloride:

urea, provided the best results in terms of yields and reaction times. A plausible

mechanism, supporting the role of the DES in rate enhancement is presented in

Scheme 9.20.

Sanam et al. used morpholinium and piperidinium based DES with different HBDs

(urea, diethylene glycol (DEG), carboxylic acid, thiourea, ethanol, and methanol) to

synthesize pyranopyrazole-5-carbonitriles [76] (Scheme 9.21). Moreover, it was

experimentally observed that the DES melts with strong hydrogen bonds were consid-

ered suitable as compared to DES with weak hydrogen bonds.

Scheme 9.17 Synthesis of pyranopyrazoles.
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Scheme 9.18 Plausible mechanism for the synthesis of substituted pyrano[2,3-c]pyrazoles.
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9.2.1.6 Synthesis of imidazoles

Naturally occurring as well as synthetic derivatives of imidazoles play an important

role in chemical and biological systems. Many of the substituted imidazoles are

known as plant growth regulators and attractive targets in medicinal chemistry as

the antiulcerative agent cimetidine, the proton pump inhibitor omeprazole, the fungi-

cide ketoconazole, the benzodiazepine antagonist flumazenil and anticancer agents

[77] (Fig. 9.5).

Tetrasubstituted imidazoles were synthesized by Aziizi et al. involving the

four-component reaction of aldehydes, amines, ammonium acetate, and

1,2-diphenylethane-1,2-dione. The reaction progressed smoothly in the presence of

deep eutectic mixture stabilized iron oxide nanoparticles at 60°C to give a range of

imidazole derivatives in moderate to good yields. Initially, solvent-free conditions

and a wide variety of solvents were also explored but yield of the desired product

in these systems was not satisfactory. Furthermore, it was also observed that when

the reaction was carried out in DES without ferrofluids, yield of the desired product

reduced to 25%. In this synthetic protocol, DES played a triple role: as ionic reaction

media, as hydrogen bond catalyst, and as a stabilizer of Fe3O4 nanoparticles [78]

(Scheme 9.22).

Wang et al. used a Brønsted acidic DES based on choline chloride and

p-toluenesulfonic acid for the one-pot synthesis of 2,4,5-trisubstituted and 1,2,4,5-

tetrasubstituted imidazoles with high yields [79].

Amiri et al. also synthesized 2,4,5-trisubstituted- and 1,2,4,5-tetrasubstituted imid-

azoles by the condensation reaction of benzil, aldehydes, and ammonium acetate/ani-

line in the presence of DESs as eco-friendly IL catalysts under solvent-free conditions

at 100°C. The reaction conditions were optimized with the model reaction of benzil

(1 mmol), benzaldehyde (1 mmol), and ammonium acetate (3 mmol) in the presence

of five ILs and observed that ChCl�2ZnCl2 IL showed superiority over other ILs as a

catalyst to produce 2,4,5-triphenylimidazole. The one-pot four-component reaction of

benzil (1 mmol), benzaldehyde (1 mmol), ammonium acetate (1.5 mmol), and aniline

Scheme 9.19 6-Amino-4-(4-substituted phenyl)-3-methyl-1,4-dihydropyrano[2,3-c]pyrazole-
5-carbonitriles.
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Scheme 9.20 Plausible mechanism for the synthesis of pyranopyrazoles.

Scheme 9.21 Synthesis of pyrazole-5-carbonitriles in morpholinium-based deep eutectic

solvent.
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(1 mmol) was also examined and showed the superiority of ChCl�2ZnCl2 IL over other

catalysts. The reaction was successfully extended under optimized reaction conditions

with different aldehydes (Scheme 9.23) [80].

In the proposed mechanism, ChCl�2ZnCl2 catalyst activated the carbonyl groups of
benzaldehyde and benzil, and then nucleophilic attack of the nitrogen of ammonia

(obtained from ammonium acetate) and aniline to the activated carbonyl group of

benzaldehyde produced diamine intermediate 1. In the presence of ChCl�2ZnCl2,
benzil is condensed with diamine intermediate 1 to form diamine intermediate 2,

which is rearranged with the elimination of water to provide the corresponding imid-

azole. Similarly, in the case of ChCl�2urea catalyst, the hydrogen of urea can activate
the carbonyl group of benzaldehyde and benzil via the formation of hydrogen bonding

(Scheme 9.24).

Fig. 9.5 Examples of bioactive 2,5-diarylimidazoles.

Scheme 9.22 Synthesis of 1,2,4,5-tetrasubstituted imidazoles.
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Scheme 9.23 Synthesis of 2,4,5-trisubstituted and 1,2,4,5-tetrasubstituted imidazoles.

Scheme 9.24 Proposed reaction mechanism for the synthesis of 1,2,4,5-tetrasubstituted

imidazoles.
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9.2.1.7 Synthesis of substituted hydantoins

The hydantoin moiety is an important structural scaffold present in a number of bio-

logically active compounds [81]. Many hydantoin derivatives have been identified as

anticonvulsant, antiulcer, antiarrhythmic, antimuscarinic, antiviral, and antidiabetic

agents [82]. Some hydantoin derivatives have also been used as antidepressants as

well as platelet aggregation inhibitors [83] (Fig. 9.6).

A number of synthetic methods have been reported in the literature for the prep-

aration of hydantoin derivatives from diverse starting materials [84]. The classic

methods for the synthesis of hydantoin include the Bucherer-Bergs synthesis and

the reaction of urea with carbonyl compounds [85]. In particular, the synthesis of

highly substituted hydantoins is accomplished by reacting N-substituted α-amino

acids or their esters with isocyanates [86]. Alternative strategies for the synthesis

of substituted hydantoins used transition metal-catalyzed reactions [87], Ugi reaction

[88], the reaction of α,β-unsaturated carboxylic acids with carbodiimide [89], and the

reaction of α-amino amides with phosgene [90]. K€onig et al. reported mild and envi-

ronmentally benign domino synthesis of 1,3,5-trisubstituted hydantoin involving the

exposure of β,γ-unsaturated ketoacid to the low melting mixture of L-(+)-

TA-dimethylurea (DMU). The melt medium serves simultaneously as a solvent, a cat-

alyst, and a reactant in the reaction. The reaction was extended with various

β,γ-unsaturated ketoacids derived from electron-rich as well as electron deficient alde-

hydes under the melt conditions and synthesized the corresponding substituted

hydantoin derivatives in good to excellent yields (84%–92%) [91] (Scheme 9.25).

Fig. 9.6 Biologically active hydantoins.
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9.2.1.8 Synthesis of isoxazoles

Isoxazoles and related 4,5-dihydroisoxazoles constitute a class of heterocyclic

compounds and find their applications in pharmaceutical chemistry and in

agriculture [92]. The synthetic methods reported for the construction of isoxazole

and 4,5-dihydroisoxazole framework involve regioselective cycloaddition reaction

using metallic derivatives, but the use of toxic transition metals is undesirable and

therefore the metal-free protocols are necessarily required.

Ramón et al. synthesized 3,5-disubstituted isoxazoles and related isoxazolines from

aldehydes and alkynes or alkenes in a one-pot three-step reaction using choline chloride:

urea as DES [93]. In this method, hydroxylammonium chloride and solid NaOH were

added to form the corresponding oxime. The addition of N-chlorosuccinimide to the

basic reaction mixture results in the formation of hydroxyiminoyl chloride which on

reaction with present phenylacetylene provides the corresponding isoxazole. The use

of highly nucleophilic functionalized DES did not affect the process where highly elec-

trophilic reagents or intermediates are involved.

Various DESs such as ChCl:glycerol, ChCl:trifluoroacetamide, ChCl:EG,

Ph3P
+MeBr�:glycerol, AcChCl:urea were also examined in the reaction, but DES

ChCl:urea proved its superiority in terms of yield and reaction time (73%, 4 h)

(Schemes 9.26 and 9.27).

syn

Scheme 9.25 Synthesis of 1,3,5-trisubstituted hydantoin derivatives.

°

°

°

Scheme 9.26 Preparation of isoxazoles.
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Isoxazoline derivatives were synthesized also by the reaction of chalcones and

hydroxylamine hydrochloride using ultrasonic radiations. The chalcones were synthe-

sized by Claisen-Schmidt condensation using 2-bromo-4-chloroacetophenone with

substituted aldehydes through the solvent-less mechano-chemical grinding method

in the presence of solid NaOH. DESs consisting of benzalkonium chloride and urea

in a 1:2 M ratio were used in combination with US for the synthesis of selective iso-

xazoline derivatives The reactions were also performed by nonultrasonic (NUS)/ther-

mal method using the conventional solvent system. The results showed advantages in

terms of reaction time and energy consumption when DES and US combination was

used for the synthesis of isoxazolines (Scheme 9.28).

9.2.1.9 Synthesis of oxazoles

Oxazole derivatives have attracted the considerable interest in pharmaceutical

research and organic synthesis in view of their biological activity such as antibacterial,

antifungal, antitubercular, antiinflammatory [94], etc. and their utility as valuable

°

°

°

Scheme 9.27 Synthesis of isoxazolines.

Scheme 9.28 Thermal and ultrasonic mediated synthesis of isoxazolines.
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precursors in many useful synthetic transformations [95]. Oxazoles have shown their

importance also in colorant chemistry especially as scintillating compounds and as

fluorescent whitening agents for textiles [96] (Fig. 9.7).

Recently, Shankarling et al. reported the synthesis of oxazole derivatives by the

reaction of 40-substituted phenacyl bromide and amide derivatives in DES. In their

work, the organic synthesis was performed using an effective combination of DESs

and US technique. The reaction was also conducted by thermal method (NUS) and

observed that applying US not only improved yields and reduced reaction times

but also saved more than 85% energy consumption. The advantages of using

DES as a reaction medium was highlighted from the fact that it is biodegradable, non-

toxic, recyclable, and can be easily prepared using inexpensive raw materials [57]

(Scheme 9.29).

In this reaction, the urea component in DES (choline chloride:urea) facilitated the

reaction via hydrogen bond catalysis. Urea component in DESmight stabilize the oxy-

gen atom of carbonyl group via hydrogen bonding that facilitated the attack of amide

on phenacyl bromide derivative resulting in cyclization with the formation of oxazole

(Scheme 9.30).

The present synthetic protocol with the combined use of DES and US radiation was

extended for the synthesis of 2-aminooxazoles involving the reaction of phenacyl bro-

mide derivative with urea in DES. It was observed that US-assisted method gave 90%

yield in just 8 min as against 3.5 h required to obtain 69% yield by the conventional

method. It was observed that the use of US radiation not only increased the rate of

reaction but also improved the quality of the product obtained in terms of crystallinity.

In addition, US-assisted synthesis also saved more than 70% energy. Moreover, the

use of DES in sonochemical organic synthesis is quite suitable in view of their neg-

ligible vapor pressure [97] (Scheme 9.31).

Fig. 9.7 Oxazole-containing bioactive natural products.
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NUS method

US method

US method = 5 examples (82%–90% yield in 12–17 min)

NUS method = 5 examples (45%–65% yield in 3.5–5 h)

Scheme 9.29 Synthesis of oxazole derivatives.

Scheme 9.30 Proposed reaction mechanism.
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9.2.1.10 Synthesis of thiazoles

Thiazole derivatives have been reported to be associated with several biological activ-

ities which have made them extremely useful in the treatment of hypertension, schizo-

phrenia, inflammation, and HIV infections [98]. Its derivatives like aminothiazoles

are known to be ligands of estrogen receptors and also adenosine receptor antagonists

[99] (Fig. 9.8).

In view of their extensive biological properties, many improved methods have been

reported for the synthesis of thiazoles using various catalysts [100]. Although these

methods are efficient in terms of yields and some even use greener methods, however,

NUS method

US method

US method = 4 examples (79%–90% yield in 8–20 min)

NUS method = 4 examples (51%–69% yield in 3.5–5 h)

Scheme 9.31 Synthesis of 2-aminooxazole derivatives.

Tyrphostin AG825

Fig. 9.8 Synthetic drugs-containing thiazole moiety.
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most of these methods suffer from some limitations. Synthesis of thiazoles has also

been performed in ILs, however, the ILs based on imidazole and fluorinated anions

suffer from the demerits of being toxic and commercially expensive [101].

Shankarling et al. used ammonium-based deep eutectic mixture (choline chloride-

urea) as an efficient catalyst for aqueous-phase synthesis of methylthiazole and

aminothiazole derivatives involving the reaction of phenacyl bromide and thioamide

derivatives. The deep eutectic catalyst, easily synthesized from choline chloride and

urea, is inexpensive, recyclable and biodegradable, thus making it suitable for indus-

trial applications [102] (Scheme 9.32).

9.2.1.11 Synthesis of thiazolidin-4-ones

Thiazolidin-4-one derivatives constitute an important class of heterocyclic com-

pounds and find their uses in organic syntheses to prepare heterocyclic compounds

with diverse biological and pharmaceutical activities [103]. The functionalized

thiazolidinones have been used as antimicrobial [104], antitubercular [105],

antiinflammatory [106], HIV Inhibitor [107], antihypertensive [108], anticonvulsant

[109], antihepatitis [110], antihyperglycemic [111], antioxidant [112], antifungal

[113], and antiproliferative agents [114].

Thiazolidinones were earlier prepared by two- or three-step procedures [115]. But

Amiri et al. proposed a one-step synthetic strategy involving the reaction of thioureas

with chloroacetyl chloride and an aldehyde in natural DES (urea/choline chloride) to

synthesize thiazolidin-4-ones. The methodology is mild and rapid for green synthesis

of various 4-thiazolidinones in good to excellent yields in natural DES as a catalyst

and reaction media [116] (Scheme 9.33).

Mane et al. proposed an alternative synthetic route for an antidiabetic drug,

rosiglitazone, incorporating thiazolidine-2,4-dione nucleus. The reaction involves four

steps. The first step involves Knoevenagel condensation of 4-fluorobenzaldehyde and

2,4-thiazolidinedione providing 5-(4-fluorobenzylidene) thiazolidine-2,4-dione. The

condensation was carried out using a safer nonvolatile solvent. The reaction conditions

were optimized for the condensation of 4-fluorobenzaldehyde and 2,4-thiazolidinedione

to synthesize 5-(4-fluorobenzylidene) thiazolidine-2,4-dione by using various reaction

media and organic/inorganic bases. It was observed that freshly prepared DES worked

Scheme 9.32 Synthesis of thiazoles.
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as a better medium and catalyst. It was also noted that maximum conversion was

obtained at 80°C and DES could be recovered and recycled for another batch of reaction

[117] (Scheme 9.34).

Yedage et al. reported the synthesis of biologically active 1,3-thiazolidin-4-ones

involving the multicomponent reaction of substituted anilines, aromatic aldehydes

and thioglycolic acid in the presence of DES, as a catalyst and reaction media. The

reaction conditions were optimized with several choline chloride-based DESs as a

reaction media at 85°C. Choline chloride:glycerol (1:2) DES was found to be an effi-

cient catalyst that provided an excellent yield of 1,3-thiazolidin-4-one derivatives

(Scheme 9.35) [118].

The plausible DES catalyzed mechanism involved in the synthesis of

1,3-thazolidin-4-ones is presented in Scheme 9.36. In the first step, DES interacts with

the oxygen atom of the carbonyl group of the aldehyde and increases the electrophi-

licity of the carbonyl group of the aldehyde to facilitate the formation of imine inter-

mediate (I). Sulfur atom of thioglycolic acid attacks the activated imine intermediate

Scheme 9.34 Synthesis of rosiglitazone drug.

ChCl/ 2 urea (0.2 mL)

Scheme 9.33 Synthesis of thiazolidin-4-one derivatives.
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(I) and thereby, facilitates the formation of intermediate (II). Further, the DES acti-

vates intermediate (II) to undergo subsequently intramolecular cyclization to provide

the desired product.

9.2.1.12 Synthesis of triazole derivatives

Triazole is a medicinally privileged heterocyclic system and incorporated in synthetic

pharmaceuticals and bioactive natural products. Triazoles have shown bactericidal

[119] and antihistamine activity [120], in addition to their uses as potassium channel

activators [121] and tuberculosis and protein inhibitors [122]. The heterocycles with

triazole skeleton are important pharmacophores for the development of drugs, mainly

because they are stable compounds that can mimic peptide bonds [123].

ChCl:glycerol

Scheme 9.35 DES catalyzed synthesis of 1,3-thiazolidin-4-ones.

Scheme 9.36 Plausible mechanism for the synthesis of 1,3-thiazolidin-4-ones.

274 Green Approaches in Medicinal Chemistry for Sustainable Drug Design



The reaction of alkynes and azides is themost common 1,3-dipolar cycloaddition and

is considered as the most used synthetic route for 1,2,3-triazoles. The importance of this

synthetic route increased when Sharpless and Meldal introduced copper as the catalyst

in this reaction, which made it possible to obtain 1,4-disubstituted 1,2,3-triazoles with

high regioselectivity. Martins et al. synthesized 4-acyl-1-substituted-1,2,3-triazoles by

the reaction of β-enaminones with an azide using DES-containing ChCl and EG (1:2

ratio) as the reaction medium [124] (Scheme 9.37).

In the proposed mechanism, one equivalent of EG interacts with the azide, and

other equivalent interacts with the carbonyl of β-enaminone via hydrogen bonds.

Additionally, the choline hydroxyl group can form a complex with the double bond

of β-enaminone. These interactions probably facilitate the reaction (Scheme 9.38).

9.2.1.13 Synthesis of pyridines

Pyridines constitute an important class of heterocyclic compounds including bioactive

natural products and synthetic pharmaceuticals with a wide spectrum of biological

activities [125] and photophysical properties. Among numerous pyridine derivatives,

Scheme 9.37 Synthesis of 4-acyl-1-substituted-1,2,3-triazoles.

Scheme 9.38 Proposed

mechanism for

4-acyl-1-substituted-1,2,3-

triazoles.

Use of sustainable organic transformations 275



2,4,6-triarylpyridine derivatives, specifically, are widely practiced as anticancer drugs

[126]. Kamble et al. synthesized 2,4,6-triarylpyridines involving one-pot mul-

ticomponent reaction of aldehydes, acetophenone, and ammonium acetate in the pres-

ence of DESs using concentrated solar radiations (CSRs) [127] (Scheme 9.39).

The reaction was performed in the presence of choline hydroxide (ChOH), and also

in different acidic DES, such as ChCl:oxalic acid (ChCl:OA), ChCl:malonic acid

(ChCl:MA), ChCl:tartaric acid (ChCl:TA), and ChCl:ZnCl2. The authors reported

excellent results with DES-containing ChCl:malonic acid and DES served as catalyst

and solvent in the reaction.

The 2-amino-3,5-dicarbonitrile-6-arylthiopyridine scaffold is of significant medic-

inal relevance and various compounds with this structural motif exhibit diverse bio-

logical activities [128] (Fig. 9.9).

Therapeutic agents incorporating 6-arylthiopyridine molecular framework have

been reported as antiviral, antitumor, antibacterial, analgesic, antiinflammatory,

and anticancer agents [129] in addition to their uses in the treatment of asthma,

nephropathy, cancer, and Parkinson’s disease [130]. Azizi et al. synthesized highly

substituted 6-arylthiopyridines involving the multicomponent reaction of aromatic

aldehyde, malononitrile, and thiophenol using DES in dual role as a catalyst and as

solvent (Scheme 9.40) [131].

A plausible mechanism for the synthesis of pyridines in DES is presented in

Scheme 9.41. In the proposed mechanism DES has two functions: (i) to activate

carbonyl and nitrile groups through hydrogen bonding to enable the nucleophilic

addition of malononitrile; (ii) to simultaneously, act as a base for capturing a pro-

ton of malononitrile and thiophenol to form the corresponding anions. Activation

of aldehyde by hydrogen bonding increases the electrophilicity of the aldehyde

and assists the Knoevenagel condensation with malononitrile. Then, the second

molecule of malononitrile undergoes Michael addition followed by simultaneous

thiolate addition to the activated CN of the adduct. The cyclization leading to

dihydropyridine is followed by oxidative aromatization to provide the highly

substituted pyridine.

Scheme 9.39 Synthesis of 2,4,6-triphenylpyridines.
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9.2.1.14 Synthesis of 1,4-dihydropyridines

1,4-Dihydropyridines (1,4-DHPs) constitute an important class of bioactive mole-

cules. 1,4-Dihydropyridines are well known for their role as calcium channel modu-

lators and used extensively for the treatment of hypertension [132]. The derivatives of

Fig. 9.9 Biologically active 2-amino-3,5-dicarbonitrile-6-arylthiopyridine scaffold.

Scheme 9.40 Synthesis of 6-arylthiopyridines.
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1,4-DHPs have shown their uses as vasodilators, bronchodilators, and antitumors,

including their hepatoprotective and geroprotective activity [133]. Commercial drugs

incorporating 1,4-DHP structure has been used extensively in both antianginal and

antihypertensive treatment [134] (Fig. 9.10).

Pednekar et al. reported the one-pot multicomponent synthesis of

1,4-dhydropyridines by the reaction of aldehydes, dimedone, ethyl acetoacetate,

and ammonium acetate in the presence of biocompatible DES. Initially, the reaction

conditions were optimized with water, various DES and some polar and nonpolar con-

ventional organic solvents. But results clearly indicated that DES has more potential

than conventional organic solvent for the synthesis of 1,4-DHPs. The synthetic pro-

tocol provided excellent yields with the recyclability of DESs without any appreciable

loss in activity up to five recycles [135] (Scheme 9.42).

Scheme 9.41 The proposed mechanism for the synthesis of 6-arylthiopyridines.
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9.2.1.15 Synthesis of imidazo[1,2-a]pyridines

Functionalized heterocyclic scaffolds derived from imidazo[1,2-a]pyridines have

been reported to exhibit antimicrobial [136], antiviral [137], antituberculosis [138],

antitubercular [139], antimicrobial [140], VEGFR2 kinase inhibitor [141], IGF-1R

tyrosine kinase inhibitor [142], ASK1 inhibitor [143], and antiepileptic activities

[144]. The imidazo[1,2-a]pyridine nucleus appears in bioactive natural products

and synthetic pharmaceuticals. The representative examples include alpidem,

zolpidem, necopidem, zolimidine, and miroprofen (Fig. 9.11).

Lu et al. synthesized imidazo[1,2-a]pyridines involving one-pot, three-component

reaction of 2-aminopyridines, aldehydes, and alkynes using CuFeO2 as a catalyst in

citric acid-dimethylurea (DMU) melt as solvent (Scheme 9.43) [145].

The influence of different solvents on the reaction was investigated and observed

that the reaction was not successful in methanol, ethanol, water, toluene, acetonitrile,

N,N-dimethylformamide, poly(ethyleneglycol), D-(�)-fructose-DMU, mannose-

DMU-NH4Cl, lactose-DMU-NH4Cl, and L-(+)-tartaric acid-choline chloride at their

minimal melting temperatures but the yield increased to as high as 95% when citric

Nicardipine

Fig. 9.10 Clinically used dihydropyridyl cardiovascular drugs.

Scheme 9.42 Synthesis of 1,4-dhydropyridines.
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acid-DMUwas used as solvent. It was also observed that 2-aminopyridines with either

electron-donating or electron-withdrawing substituents provided the desired products

in good to excellent yields.

Imidazo[1,2-a]pyridines were synthesized also by Groebke multicomponent reac-

tion of 2-aminopyridine, aromatic aldehydes and cyclohexyl isocyanide using choline

chloride-based DES (Scheme 9.44). The reaction conditions were optimized with six

different choline chloride-based DESs and reported urea-choline chloride as an effi-

cient solvent for this isocyanide-based multicomponent reaction [146].

Fig. 9.11 Imidazo[1,2-a]pyridine nucleus-containing drugs.

Scheme 9.43 Synthesis of imidazo[1,2-a]pyridines.
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DES catalyzed mechanism of the reaction is presented in Scheme 9.45. DES facil-

itates imine intermediate (A) formation through the nucleophilic addition of an amine

to activated aldehyde. DES can activate imine for isocyanide nucleophilic attack.

Cycloaddition reaction of intermediate (A) with cyclohexyl isocyanide produces bicy-

clic adduct (B) which on internal rearrangement via 1,3-H shift provides the target

product as presented in Scheme 9.45.

9.2.1.16 Synthesis of pyrazolo[3,4-b]pyridines

Pyrazolo[3,4-b]pyridines constitute a promising class of nitrogen-containing hetero-

cyclic compounds present in many active biological products, natural products, and

functional materials with applications in diverse areas, such as pharmaceuticals

[147], dyes [148], and luminescence materials [149]. Pyrazolo[3,4-b]pyridines have
also been reported to possess diverse biological activities, such as antimicrobial

[150], antibiofilm [151], antimicrobial [152], and antioxidant [153], antiplatelet

[154], antifungal [155], anticancer [156], antimicrobial, and antiproliferative [150].

Moreover, they have also been reported to behave as potent dual orexin receptor

antagonists [157], c-Met [158], selective FGFR kinase inhibitors [159], and also as

corrosion inhibitors for metals and alloys in acid medium.

Zhang et al. synthesized 3,6-di(pyridin-3-yl)-1H-pyrazolo[3,4-b]pyridine-5-
carbonitriles via one pot, three-component reaction of 1-phenyl-3-(pyridin-3-yl)-

1H-pyrazol-5-amine with 3-oxo-3-(pyridin-3-yl)propanenitrile and aldehydes in the

presence of choline chloride/glycerol (DES) under microwave irradiation using mag-

netically separable graphene oxide anchored sulfonic acid catalyst (Scheme

9.46) [160].

The reaction conditions were optimized under various solvents and obtained the

best results with the use of DES ChCl/glycerol. It was also observed that the product

yield increased with the increasing proportion of glycerol in the DES. A number of

aromatic aldehydes substituted with electron-rich or electron-poor groups on aromatic

ring provided the desired products in high yields.

A plausible mechanism for the formation of 3,6-di(pyridin-3-yl)-1H-pyrazolo[3,4-
b]pyridine-5-carbonitriles in the presence of CoFe2O4-GO-SO3H is presented in

Scheme 9.44 Synthesis of imidazo[1,2-a]pyridines.
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Scheme 9.47. The reaction proceeds with the initial Knoevenagel condensation of

aldehyde and 3-oxo-3-(pyridin-3-yl)propanenitrile to afford the intermediate (I).

The CoFe2O4-GO-SO3H-activated intermediate (I), subsequently undergoes Michael

addition with 1-phenyl-3-(pyridin-3-yl)-1H-pyrazol-5-amine (1) via attack of the

Scheme 9.45 DES catalyzed mechanism for the synthesis of imidazo[1,2-a]pyridines.
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Scheme 9.46 Synthesis of 3,6-di(pyridin-3-yl)-1H-pyrazolo[3,4-b]pyridine-5-carbonitriles.

Scheme 9.47 Plausible mechanism for synthesis of 3,6-di(pyridin-3-yl)-1H-pyrazolo[3,4-b]
pyridine-5-carbonitriles.



nucleophilic C-4 of the pyrazolamine, followed by intramolecular cyclization with

loss of H2O to afford the desired product.

9.2.1.17 Synthesis of pyrimidines

Pyrimidine is a medicinally privileged scaffold and is incorporated in synthetic phar-

maceuticals and bioactive natural products with wide-ranging activities including

antitumor, analgesic, antiarrhythmic, antibacterial, antifungal, antimalarial, anticon-

vulsant, etc. [161]. Pyrimidine is also a key constituent of some important drugs used

for the treatment of hyperthyroidism, acute leukemia in children and adult granulo-

cytic leukemia [162]. Pyrimidines also find their applications in polymer and supra-

molecular chemistry [163]. In addition, the compounds incorporating pyrimidine

nucleus with extended conjugation are potential candidates for light-emitting devices

[164] and molecular wires [165].

Vadagaonkar et al. reported the synthesis of substituted pyrimidines from α,β-
unsaturated ketones and benzamidine hydrochloride using choline hydroxide

(ChOH) in a dual role, as a catalyst and reaction medium (Scheme 9.48) [166].

The reaction was screened in different solvents, including ChOH under reflux con-

ditions, but obtained excellent results with ChOH. The reaction proceeds with the DES

catalyzed facilitation involving conjugate addition of benzamidine to the α,β-
unsaturated ketone to provide an intermediate (enolate), which is stabilized through

hydrogen bonding. This intermediate after tautomerization undergoes intramolecular

cycloaddition and subsequent dehydration to produce dihydropyrimidine (DHPM)

which is aromatized in the presence of molecular oxygen to provide substituted pyrim-

idine as presented in Scheme 9.49.

Scheme 9.48 Synthesis of substituted pyrimidines.
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9.2.1.18 Synthesis of dihydropyrimidines

DHPM-5-carboxamides constitute an important class of N-heterocycles and exhibit a
wide spectrum of biological and pharmacological activities including antitubercular

[167], antihypertensive [168], antiinflammatory [169], anticancer [170], antimicro-

bial [171], anti-HIV-1 [172], and antimycobacterial activities [173]. DHPM-

5-carboxamides are active specifically against dormant TB bacilli [174] and herpes

simplex virus [175]. In addition, DHPM-5-carboxamide analogs have also been

reported to be excellent templates for selective α1a receptor subtype antagonists to

warrant further consideration for the treatment of benign prostatic hyperplasia

(BPH) [176].

Liu et al. reported the synthesis of DHPM-5-carboxamides involving one-pot reac-

tion ofN-acetoacetanilide with various aldehydes using a lowmelting mixture of beta-

ine hydrochloride/urea (DES) which plays a triple role: as a catalyst, solvent, and

reactant (Scheme 9.50) [177].

Subsequently, the reaction was investigated in various low melting mixtures (such

as ZnCl2/urea or tartaric acid/mannitol/urea) and observed excellent yield (92%–93%)

with betaine hydrochloride/urea-based DES. It was also observed that the yield of the

product decreased with the use of aliphatic aldehyde as a substrate, but the presence of

electron-rich/electron-poor groups on the phenyl ring of N-acetoacetanilides provided
comparatively better yields of the corresponding DHPM-5-carboxamides.

In the proposed mechanism, the first step involves acid-catalyzed reaction of an

aldehyde with urea to form intermediate A, which on dehydration gives acylimine

Scheme 9.49 Plausible reaction mechanism for the synthesis of substituted pyrimidines using

DES as catalyst.
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intermediate B. Subsequently, the addition of enol tautomer of N-acetoacetanilide to
the electron-deficient acylimine intermediate B produces an open-chain ureide inter-

mediate C, which subsequently on cyclization and dehydration provides DHPM-5-

carboxamide (Scheme 9.51).

9.2.1.19 Synthesis of dihydropyrimidinones

Dihydropyrimidinones occupy an important place in the realm of natural and synthetic

organic chemistry (Fig. 9.12) [178]. In addition to their wide-ranging pharmacological

activities, dihydropyrimidinones have emerged as potent calcium channel blockers

[179]. Numerous marine alkaloids containing the dihydropyrimidinone skeleton have

shown interesting biological properties [180].

Scheme 9.50 Synthesis of dihydropyrimidine-5-carboxamides.

Scheme 9.51 Proposed mechanism for the synthesis of dihydropyrimidine-5-carboxamides.

286 Green Approaches in Medicinal Chemistry for Sustainable Drug Design



Azizi et al. reported synthesis of 3,4-dihydropyrimidin 2(1H)-ones via Biginelli

reaction involving the reaction of aromatic and aliphatic aldehydes, 1,3-dicarbonyl

compounds, and urea using simple DES based on tin (II) chloride as a catalyst and

environmentally benign reaction medium. The reaction conditions were optimized

with the screening of five choline-based DESs and ChCl:SnCl2 DES reported to be

the most appropriate with excellent yields of the products. Under optimized reaction

conditions, the reaction was extended with structurally diverse 1,3-dicarbonyl

compounds, aromatic and aliphatic aldehydes, and urea using choline chloride and

tin chloride as a solvent to produce the corresponding dihydropyrimidinones

(Scheme 9.52) [181].

Koenig et al. reported that these heterocycles can also be synthesized by one-pot

multicomponent reaction of benzaldehyde, ethylacetoacetate under mild reaction con-

dition by using low melting mixtures of L-(+)-tartaric acid and urea derivatives as a

reaction medium. The melt played a triple role: as a solvent, as a catalyst, and as a

reactant, providing highly functionalized dihydropyrimidinones in good to excellent

yields. Initially, five melt systems were screened for optimization of the reaction con-

ditions with the model reaction of 4-nitrobenzaldehyde, ethylacetoacetate, and

Fig. 9.12 Pharmacologically active DHPMs.

ML)

Scheme 9.52 Synthesis of dihydropyrimidinones.
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dimethylurea, as one of the melt components at different temperatures. It was

observed that the reaction progressed fastest in L-(+)-tartaric acid-DMU melt and

the corresponding DHPM was isolated in excellent yield (96%). The multicomponent

reaction was extended with different aldehydes and β-ketoesters to provide the library
of highly functionalized DHPMs (Scheme 9.53) [182].

Dihydropyrimidin-2(1H)-ones were also synthesized via one-pot three-component

reaction of active methylene group containing compounds, urea/thiourea, and alde-

hyde using Rhizopus oryzae lipase biocatalyst in DES by Shukla et al. To check

the feasibility of reaction and to optimize the reaction conditions, various conven-

tional catalysts such as K2CO3 and t-BuOK and biocatalyst such as proline, L-histi-

dine, and lipase were used to afford the product, but the catalytic activity of the

lipase biocatalyst was found to be more effective than the other biocatalysts and con-

ventional catalysts used in the reaction. Different organic solvents were also screened

with lipase to observe their efficiency in the reaction. It was observed that the reaction

progressed smoothly and in a better way in DES solvents than progressed in water,

methanol, dioxane, and DMF in terms of yield of desired product and reaction time.

The quantity of the lipase was also optimized and 5% w/w of lipase was found to be

optimal. Under the optimized conditions, various substituted aromatic aldehydes were

reacted to obtain the corresponding products. The reported synthetic protocol was

characterized by high efficiency and selectivity with short reaction time and environ-

mentally friendly reaction conditions. The yields were found to be significantly higher

and the reuse of both lipase and DES was possible up to four consecutive cycles. The

products were found to exhibit appreciable in vitro antibacterial activity against

Escherichia coli, Pseudomonas neumoniae, and in vitro antifungal activity against

Aspergillus niger and Candida albicans (Scheme 9.54) [183].

Scheme 9.53 Synthesis of dihydropyrimidinones.

288 Green Approaches in Medicinal Chemistry for Sustainable Drug Design



9.2.1.20 Synthesis of triazolopyrimidines

Martins et al. reported the synthesis of a methylthiotriazolo[1,5-a]pyrimidines involv-

ing the reaction between 4-dimethylamino-1-phenyl-3-buten-2-one and

3-amino-5-methylthio-1H-1,2,4-triazole in the presence of choline chloride-based

DES (Scheme 9.55) [184]. The reaction conditions were optimized and the best results

were reported with ChCl:TsOH (1:2 ratio).

9.2.1.21 Synthesis of pyridopyrimidines

Pyrido[2,3-d]pyrimidines are the privileged motifs present in the medicinally signif-

icant compounds with diverse bioactivity effects [185]. Palbociclib [186] with

pyridopyrimidine skeleton plays a key role in regulating the G1- to S-cell-cycle tran-

sition phase via regulation of phosphorylation of the retinoblastoma (Rb) protein (Fig.

9.13A). Also, voxtalisib [187] has been used extensively in clinical trials in order

to treat cancer, melanoma, lymphoma, glioblastoma, and breast cancer (Fig.

9.13B). Partially saturated pyrido[2,3-d]pyrimidine derivatives (Fig. 9.13C) have

°

Scheme 9.54 Synthesis of DHPMs.

Scheme 9.55 Synthesis of a methylthiotriazolo[1,5-a]pyrimidines.
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been reported for calcium channel blocking effects [188]. Pyridopyrimidines have

also been reported recently to exhibit anticancer activity [189], HCV NS5A inhibition

[190], highly selective inhibition of protein tyrosine phosphatase 1B [191], antip-

roliferative inhibition of CDK2 [192], and mTOR kinase inhibition [193].

Aryan et al. reported the synthesis of highly substituted pyrido[2,3-d]pyrimidines

involving the reaction of 4-chlorobenzaldehyde, malononitrile, and 4(6)-aminouracil

in the presence of DESs as reaction media and promoters [194] (Scheme 9.56).

The authors reported choline chloride/urea (1:2) mixture as the best DES in terms

of product yields and reaction times without using any extra oxidant and/or catalyst.

9.2.1.22 Synthesis of pyrimidopyrimidinediones

Fused pyrimidine systems, particularly, pyrimidopyrimidine (Fig. 9.14), have attracted

the increasing interest of synthetic and medicinal research and reported to exhibit wide-

ranging potential biological activities and inhibitory action regarding the tyrosine kinase

domain of epidermal growth factor receptor [195], 5-phosphoribosyl-1-pyrophosphate

synthetase [196], and dihydrofolate-reductase [197].

(A) (B) (C)

Fig. 9.13 Medicinally important pyrido[2,3-d]pyrimidines. (A) Palbociclib, (B) Voxtalisib,

(C) Pyrido[2,3-d]pyrimidines.

Scheme 9.56 DES catalyzed synthesis of pyrido[2,3-d]pyrimidines.
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Koenig et al. synthesized pyrimidopyrimidinediones, six-membered analogs of

glycoluril, by the reaction of acetophenone derivatives and paraformaldehyde using

lowmelting L-(+)-tartaric acid-dimethyl urea mixture as reaction medium. In the reac-

tion, the melt acted not only as the solvent but at the same time acted also as a catalyst

and reactant. In order to improve the efficiency of the synthesis, initially, the reaction

was carried out under various melt conditions. It was observed that in the case of L-(+)-

tartaric acid-DMU melt (tartaric acid: pKa ¼ 2.95), the reaction provided the

corresponding pyrimidopyrimidinedione in excellent yield (90°C, 7 h, 95%) and indi-

cated the catalytic role of an acidic component in DES. The reaction with optimal con-

ditions was extended with different aryl ketones and obtained the products in good to

excellent yields (79%–96%) (Scheme 9.57) [198].

Scheme 9.57 Synthesis of pyrimidopyrimidinediones.

Fig. 9.14 Bioactive fused pyrimidine derivative.
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9.2.1.23 Synthesis of chromenothiazolopyrimidinones

Chromene fused derivatives constitute an important class of heterocyclic compounds

because of their incorporation in pharmaceuticals and agrochemicals [199]. Chromene

scaffolds with thiazolopyrimidine moiety have also been reported to exhibit wide

spectrum of activity [200] including anticancer [201], antituberculotic [202], antimi-

crobial [203], antiinflammatory [204], and analgesic [205], insecticidal [206], herbi-

cidal [207], antioxidant [208], acetylcholinesterase inhibitors [209], antimalarial

[210], anti-HIV [211], etc.

Reddy et al. reported the synthesis of chromeno fused thiazolopyrimidines [212],

but these methods suffered from some limitations such as the use of expensive

reagents and solvents, longer reaction time, and lower selectivity of catalyst, environ-

mental hazards, and the problem relating to catalyst reusability. In view of signifi-

cance of DES as eco-friendly and bio-renewable solvents, DES consisting of

glycerol and proline with proportion (1:1) was prepared and used as a reaction pro-

moting medium for the synthesis of chromeno[4,3-d]thiazolo[3,2-a]pyrimidinones

involving the reaction of 4-hydroxycoumarin, 4-chlorobenzaldehyde, and 2-amino-

5-methylthiazole using different reaction conditions. The reaction conditions were

optimized with the use of a variety of polar and nonpolar solvents including DES

and observed that glycerol:proline (1:1) provided the better yield of the product

(Scheme 9.58) [213].

The proposed mechanism for the synthesis of 7-(aryl)-10-methyl-6H,7H-
chromeno[4,3-d]thiazolo[3,2-a]pyrimidin-6-ones is presented in Scheme 9.59. The

reaction is considered to proceed through a sequence of reactions involving

Knoevenagel condensation-aza Michael addition-intramolecular cyclization-

dehydration to provide the desired product. The catalyst increases the electrophilicity

of the carbonyl groups in the reaction and the recycled DES was successively reused

for the next reactions without any appreciable loss in catalytic efficiency.

Scheme 9.58 DES mediated synthesis of chromeno[4,3-d]thiazolo[3,2-a]pyrimidines.
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Scheme 9.59 Mechanistic pathway of 7-(aryl)-10-methyl-6H,7H-chromeno[4,3-d]thiazolo
[3,2-a]pyrimidin-6-ones.
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9.2.1.24 Synthesis of quinoline derivatives

The quinoline ring system is present in many naturally occurring alkaloids, therapeu-

tics, and synthetic analogs with interesting biological activities [214] (Fig. 9.15).

Quinoline derivatives have received much attention in view of their broad range of

bioactivities such as antiviral [215], antimalarial [216], antibacterial [217], anticancer

[218], antifungals [219], antiinflammatory [220], and antihypertensive [221] activi-

ties. Quinolines find their applications in the formation of conjugated molecules

and polymers [222]. These materials combined enhanced electronic, optoelectronic,

or nonlinear optical properties with excellent mechanical properties [223]. Quinoline

derivatives have also been used in the synthesis of fungicides, biocides, and flavoring

agents [224]. Furthermore, these compounds are useful in the chemistry of transition

metal catalysts, uniform polymerization, and luminescence chemistry [225], in addi-

tion to their applications as antifoaming agents in refineries [226].

Biologically important quinoline derivatives were synthesized by Zhang et al. via

the Friedl€ander heteroannulation reaction of 2-aminoaryl ketones and α-methylene

ketones using low melting mixtures of L-(+)-tartaric acid and urea derivatives as an

inexpensive, nontoxic, easily biodegradable reaction medium. The melt acts as both

the reaction medium and catalyst, providing quinolines in high to excellent yields

(Scheme 9.60) [227].

Tavakol and Shahabi synthesized quinolines involving one-pot, three-component reac-

tion of anilines, aromatic aldehydes and enolizable aldehydes using choline chloride/tin(II)

Fig. 9.15 Natural products incorporating quinoline moiety.

°

Scheme 9.60 Synthesis of quinoline derivatives.
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chloride (ChCl�2SnCl2) DES. In the reaction, DES plays both roles of solvent and catalyst

as presented in the proposed mechanism (Schemes 9.61 and 9.62) [228].

°⋅

Scheme 9.61 Synthesis of quinoline derivatives.

Scheme 9.62 Proposed mechanism of quinoline derivatives.
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9.2.1.25 Synthesis of quinazolines

Quinazoline is one of the privileged nitrogen heterocycles commonly found in a wide

variety of natural products, pharmaceutical molecules, and functional materials [229].

Quinazoline derivatives have been reported to possess diverse biological and thera-

peutic properties such as antibacterial, antiinflammatory, antiplasmodial, antitumor,

antimicrobial, and antioxidant [230]. In addition, they have also been used as photo-

chemotherapeutic agents, DNA-gyrase, JAK2, PDE5, and EGFR tyrosine kinase

inhibitors, as well as CB2 receptor agonists [231].

Certain quinazolinones marketed as drugs, like methaqualone (quaalude),

mebroqualone, mecloqulaone (Casfen) possess sedative, hypnotic, and anxiolytic

properties and are used for the treatment of insomnia. In 2011, Wang and Che group

isolated two alkaloids, penipanoid C, and 2-(4-hydroxybenzyl)quinazolin-4(3H)-one
from the marine sediment-derived fungus Penicillium paneum SD-44 that exhibits

cytotoxicity against the human lung carcinoma cell line A549 and BEL-7402 cell lines

with IC50 values of 17.5 and 19.8 μM, respectively [232]. Due to this undeniable

impression of quinazolinone alkaloids over pharmacological industry, there is a con-

tinuous interest among the researchers to develop new methods for synthesis of

quinazolinone core.

In recent years, low melting mixtures consisting of carbohydrates, urea, and

inorganic salts have been introduced as new alternative sustainable solvents for organic

transformations. Zhang et al. employed a low melting mixture of maltose-dimethylurea

(DMU)-NH4Cl as an inexpensive, nontoxic, easily biodegradable and effective

reaction medium in the catalyst-free synthesis of quinazoline derivatives. The screening

of solvent was performed on model reaction of 2-aminobenzophenone with

4-nitrobenzaldehyde and ammonium acetate in different solvents under aerobic oxida-

tion conditions. Only a trace amount of product was detected when the reactions were

carried out in EtOH or H2O. Poor to low yields were observed when the reactions

proceeded in CH3CN, DMF, DMSO, toluene, or in neat conditions. The reaction con-

ditions were optimized with the screening of the various DESs such as citric acid-DMU,

D-(�)-fructose-DMU, L-(+)-tartaric acid-DMU, L-(+)-tartaric acid-choline chloride,

mannose-DMU-NH4Cl, lactose-DMU-NH4Cl, and maltose-DMU-NH4Cl at their min-

imal melting temperature. The reaction progressed smoothly in these melt mixtures, and

the corresponding product was obtained in 75%–92% yields. Further investigation of

this reaction was achieved by using these melt mixtures at 90°C. At this temperature,

Maltose-DMU-NH4Cl was found to be superior to other melts and provided 93% yield

of the product.

The optimized synthetic protocol was extended with a wide range of 2-aminoaryl

ketones and aldehydes under aerobic oxidation conditions and products were obtained

in good to excellent yields with operational simplicity and mild reaction conditions

(Scheme 9.63) [233].
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2,3-Dihydroquinazolinones possess a wide range of biological and pharmaceutical

activities [234]. Some examples of very significant quinazolinone molecules include

medicinally approved drugs like metolazone, quinethazone, raltitrexed, fenquizone as

well as bioactive natural products such as febrifugine and isofebrifugine (Fig.

9.16) [235].

2,3-Dihydroquinazolin-4(1H)-ones were synthesized via one-pot multicomponent

reaction of isatoic anhydride, aldehyde, and aromatic amines by Shankarling et al.

using DES (choline chloride:malonic acid) in methanol. Initially, various deep eutec-

tic mixtures were screened as catalysts in methanolic media to derive the best out-

come. The DESs generated from glycerol or urea provided very poor yields due to

their lower acidity than DES consisting of acidic components. However, the eutectic

mixture of choline chloride: malonic acid provided the best results among all other

eutectic mixtures and 20% (v/v) of DES catalyst in methanol was suggested the

optimum quantity for effective results. Moreover, such eutectic mixtures are

Febrifugine Methaqualone Raltitrexed

Rhymitaq Isofebrifugine

Fig. 9.16 Bioactive dihydroquinazolinone derivatives.

°

Scheme 9.63 Synthesis of quinazolines.
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cost-effective, recyclable, nontoxic, and biodegradable. The reaction was extended

with a variety of aromatic as well as heteroaromatic aldehydes and amines to provide

2,3-dihydroquinazolin-4(1H)-one derivatives (Scheme 9.64) [236].

Nagarajan and Ghosh synthesized substituted quinazolinones and dihydroqui-

nazolinones involving DES mediated cyclization with a series of aliphatic, aromatic,

heteroaromatic aldehydes. Initially, few of the DESs mixture like, citric acid-N,-
N0-Dimethylurea (DMU), D-(�)-fructose DMU, L-(+)-tartaric acid-DMU, and

mannose-DMU-NH4Cl were screened for the synthesis of 2-(o-tolyl)quinazolin-4
(3H)-one with model substrates anthranilamide (1.0 equiv.) and o-tolualdehyde
(1.2 equiv). Among them, L-(+)-tartaric acid-DMU (3:7) mixture melt at 90°C was

found to be the most effective to give the maximum yield of the desired compound.

The reaction was carried out in an open-air atmosphere to aromatize the initially

formed dihydroquinazolinone to quinazolinone product via aerobic oxidation.

A variety of aldehydes (aromatic, aliphatic, and heterocyclic) were exposed to these

conditions with substituted/unsubstituted anthranilamides and corresponding

dihydroquinazolinones/quinazolinones were obtained depending on the time of the

reaction (Scheme 9.65) [237].

°

Scheme 9.65 Synthesis of quinazolinones and dihydroquinazolinones.

°

N

Scheme 9.64 Synthesis of quinazolinones.

298 Green Approaches in Medicinal Chemistry for Sustainable Drug Design



Effects of electron-donating and electron-withdrawing substituents were also

observed on the yield of the products. Further, the present DES-mediated protocol

was also applied for synthesizing indoloquinazoline alkaloids such as bouchardatine

and schizocommunin (Scheme 9.66).

2,2-Disubstitued quinazolinones with wide spectrum of pharmacological activities

were also synthesized by the reaction of ketones (aliphatic-aliphatic, aliphatic-

aromatic, aromatic-aromatic, cyclic ketones, and isatin) with anthranilamide at

90°C in the presence DES (Scheme 9.67).

This protocol was also successfully applied for the synthesis of 2,3-disubstitued

quinazolinones which have numerous pharmacological properties. Penipanoid C, a

quinazoline alkaloid shows moderate inhibitory activity against tobacco mosaic virus

(TMV) and human gastric cancer cell SGC-7901. Similarly, 2-(4-hydroxybenzyl)

quinazolin-4(3H)-one alkaloid, reported for its significant cytotoxic activity against

the A-549 and BEL-7402 cell lines cell with IC50 values of 17.5 and 19.8 μM, also

°

°

Scheme 9.66 Synthesis of bouchardatine and schizocommunin, indoloquinazoline alkaloids.

°

Scheme 9.67 Synthesis of 2,20-disubstitued quinazolinone derivatives.
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exhibits strong inhibitory activity on the replication of TMV. Hence, synthesis of these

natural quinazoline alkaloids is very fascinating due to their low abundance and wide

biological spectrum.

Nagarajan and Ghosh also reported synthesis of penipanoid C, 2-(4-

hydroxybenzyl)quinazolin-4(3H)-one and NU1025 drug by using DES mixture. Ini-

tially, 2-(4-(benzyloxy)phenyl)acetaldehyde was reacted with anthranilamide in the

presence of L-(+)-tartaric acid-DMU mixture (3:7) at 90°C and corresponding

dihydroquinazolinone was obtained in 80% yield. Further, aromatization of

dihydroquinazolinone was carried out in DDQ/DCM and corresponding aromatized

product 2-(4-(benzyloxy)benzyl)quinazolin-4(3H)-one was obtained in 82% yield.

The benzylic oxidation was achieved with KBr/Oxone in DCM-MeNO2 solvent. Next,

the deprotection of the benzyl group with H2 on Pd/C and again reoxidation of

hydroxyl group in presence of pyridinium chlorochromate (PCC) in DCM provided

penipanoid C in 85% yield (Schemes 9.68 and 9.69) [238].

Similarly, for the synthesis of NU1025 2-(4-hydroxybenzyl)quinazolin-4(3H)-one,
initially, 2-amino-3-methoxybenzamide was synthesized from 3-methoxy-

2-aminobenzoic acid via two-step process which on treatment with acetaldehyde

solution in low melting mixtures at 90°C provided 8-methoxy-2-methyl-2,-

3-dihydroquinazolin-4(1H)-one which further aromatized to quinazolinone with

10% Pd/C at rt. Deprotection of the methoxy group by BBr3 in dry DCM provided

NU1025 in 73% yield (Scheme 9.70).

°

°

Scheme 9.68 Synthesis of penipanoid C.

Scheme 9.69 Synthesis of 2-(4-hydroxybenzyl)quinazolin-4(3H)-one.
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9.2.1.26 Synthesis of acridines

Acridines constitute an important class of bioactive heterocycles and present in bio-

active natural products and synthetic dye-stuffs [239] with their applications as phar-

maceuticals, optical materials, and sensors [240]. Furthermore, acridines have been

reported to exhibit antibacterial [241], antimalarial [242], antifungal [243], antitumor

[244], anticancer [245], cytotoxic [246], and antimultidrug-resistant properties (Fig.

9.17) [247].

There are various reports in the literature for three-component Hantzsch-type syn-

thesis of acridines involving condensation of aromatic aldehydes, anilines, and

dimedone via the conventional methods [248], under MW irradiation [249], and using

catalysts, for example, p-toluenesulfonic acid [250], p-dodecylbenzenesulfonic acid

[251], ceric ammonium nitrate [252] (CAN), InCl3-IL [253], montmorillonite

[254], Fe3O4@SiO2-MoO3H nanoparticles [255], silica-bonded N-propyl sulfamic

°

°

Scheme 9.70 Synthesis of NU1025.

Fig. 9.17 Bioactive acridines.
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acid (SBNPSA) [256], amberlyst-15 [257], benzyltriethylammonium chloride

(TEBAC) [258], etc. However, many of these methods suffered some limitations.

Bhosle et al. synthesized N-substituted decahydroacridine-1,8-diones involving

three-component reaction between aromatic aldehydes, dimedone, and aromatic

amines in the presence of ChCl:urea DES as a recyclable organocatalyst and reaction

medium (Scheme 9.71) [259].

This reaction was examined in different catalysts such as CAN, p-TSA, acetic acid,

N-methyl pyridinium tosylate, DIPEAc, dicationinic IL, ChCl:2glycerol and ChCl:

urea but best results were obtained with ChCl:urea. Probably, hydrogen bonding

and the Brønsted basicity of urea are the main factors that influence the reactivity

and selectivity of the process. Moreover, it was also observed that aromatic and het-

eroaromatic aldehydes-containing electron-donating, electron-withdrawing, and hal-

ogen substituents provided excellent yields of acridinones.

The proposed mechanism of ChCl:urea catalyzed reaction is presented in Scheme

9.72. The reaction is considered to proceed with Knoevenagel condensation—

Micheal-type addition and dehydrative cyclization to produce N-substituted
decahydroacridine-1,8-dione derivatives.

9.2.1.27 Synthesis of naphthyridines

Functionalized naphthyridines and their benzo/heterofused analogs are present in

numerous marine products and reported to possess wide-ranging activities such as

antiproliferative [260], antiaggressive [261], and HIV-1 integrase inhibition [262]

in addition to their use as anti-HCV agents [263] (Fig. 9.18).

Shaabani et al. synthesized naphthyridines involving domino four-component

reaction of diamine, 1,1-bis(methylthio)-2-nitroethylene, 2-aminoprop-1-ene-1,1,

3-tricarbonitrile, and carbonyl compounds using DES, choline chloride/urea

(Scheme 9.73). The reaction conditions were optimized with different bases in ethanol

including DES (choline chloride/urea) solvents on model reaction and observed that

the use of choline chloride/urea as DES provided excellent results [264].

°

urea

Scheme 9.71 Synthesis of acridinones.
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Scheme 9.72 Plausible mechanism for the synthesis of N-substituted-1,8-
dioxo-decahydroacridines.
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The proposed mechanism of the reaction is presented in Scheme 9.74.

The reaction was extended with various diamines and carbonyl compounds which

included various benzaldehyde derivatives, isatins, ninhydrin, and naphthyl-2-

carbaldehyde to synthesize naphthyridines.

9.2.1.28 Synthesis of pyran derivatives

The pyran is an important pharmacophore and incorporated in the bioactive com-

pounds with antitumor, antibiotic, antibacterial, antiallergic, hypolipidemic, and

immunomodulating activities [265]. Furthermore, the substitution of the hydrogen

atom of pyran with an amino or cyano group makes these compounds as synthons

for natural products [266] (Fig. 9.19).

Azizi et al. presented an eco-friendly one-pot multicomponent synthetic protocol

involving the reaction of 1,3-dicarbonyl compounds, aldehydes, and malononitrile in

DES based on choline chloride, to synthesize highly functionalized benzopyran and

pyran derivatives under catalyst-free conditions. To check the feasibility of reaction

and to optimize the reaction conditions, various conventional solvents and ChCl-

based DESs were screened on the model reaction of benzaldehyde, malononitrile,

and dimedone. The effect of temperature was also screened on the efficiency of

ChCl:urea DES. After screening different solvents with reaction conditions, the

°

Scheme 9.73 Synthesis of 1,8-naphthyridines derivatives via a domino four-component

reaction in ChCl/urea.

Fig. 9.18 Biologically active compounds with naphthyridine scaffold.
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DES, ChCl:urea, at 80°C showed superiority over other solvent systems as the desired

product was obtained within 60 min with excellent yield (95%). The DES, urea:cho-

line chloride, was considered the best solvent and applied successfully to a wide range

of aldehydes and active methylene compounds. The products were obtained with high

yields (75%–95%) in short reaction times (1–4 h). The present method offers the

advantages of catalyst-free reaction, easy purification, short reaction time, and high

yield (Scheme 9.75) [267].

The proposed mechanism involves the catalytic role of DES in the synthesis of

pyran derivatives. The reversible hydrogen bonding between urea and carbonyl

Scheme 9.74 Proposed reaction mechanism for the synthesis of 1,8-naphthyridines.
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groups giving substrate-solvent complex-activated aldehydes. The initial condensa-

tion of carbonyl groups with activated malononitrile with urea in the DES leads to

the formation of arylidene malononitrile with the loss of a water molecule. The nucle-

ophilic addition of the enolizable ketone to arylidene malononitrile followed by intra-

molecular cyclization provided 4H-pyran derivatives (Scheme 9.76).

9.2.1.29 Synthesis of 4H-chromenes

Chromenes or benzopyrans constitute an important class of heterocycles with their

pharmaceutical activities such as spasmolytic, diuretic, antiviral, antitumoral, and

antianaphylactic, among others [268]. Furthermore, the chromene skeleton is present

Fig. 9.19 Biologically active pyran derivatives.

°

Scheme 9.75 Synthesis of pyran and benzopyran derivatives.
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in numerous natural products used as pigments, photoactive compounds, and biode-

gradable agrochemicals [269] (Fig. 9.20).

In view of wide-ranging properties of chromenes, considerable efforts have been

diverted to develop synthetic methods of chromenes. Azizi et al. presented a facile,

atom-economic, and environmentally benign one-pot synthetic protocol involving

the reaction of salicylaldehyde and malononitrile with various nucleophiles, including

indoles, thiols, secondary amines, cyanide, and azide in choline chloride-based DES.

In this protocol, the formation of the products depend on the nature of the nucleophile

used in the reaction. The reaction of salicylaldehyde derivatives and malononitrile

with thiols, indoles, and cyanide gave 2-amino-3-cyano-4H-chromene derivatives.

But the use of secondary amines in the reaction provided benzopyrano[2,3-d]pyrim-

idines due to further reaction of salicylaldehyde with 4H-chromene under the reaction

conditions. The DES was recycled and reused without any appreciable reduction in

activity or yield [270] (Scheme 9.77).

2-Aminochromenes are present as the main components of many naturally occur-

ring products employed as cosmetics and pigments [271] and utilized as potential

Scheme 9.76 Proposed reaction mechanism.
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Fig. 9.20 Natural products with chromene skeleton.

Scheme 9.77 Synthesis of 4H-chromenes and benzopyrano[2,3-d]pyrimidines.
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biodegradable agrochemicals [272]. Multifunctional 2-aminochromenes were synthe-

sized by Chaskar et al. in aqueous medium at room temperature using a deep eutectic

mixture of choline chloride: urea. In the reaction benzylidenemalononitrile formed by

Knoevenagel condensation of aldehyde and malononitrile eventually underwent

Michael-type addition-cyclization with dimedone and provided the chromenes in

good to excellent yields (Scheme 9.78) [273].

9.2.1.30 Synthesis of xanthenes and tetraketones

Xanthene derivatives also constitute an important class of heterocyclic compounds

present in bioactive natural products and pharmaceuticals exhibiting wide-ranging

pharmaceutical and biological activities, such as antimicrobial [274], antiproliferative

[275], antibacterial [276], antiviral and antinociceptive activities [277], and antioxi-

dant activity [278]. Xanthenes can also be used in the preparation of stable laser dyes

[279], fluorescent sensor [280] and protein labeling fluorophores [281] used in laser

technology [282], functional materials for visualization of biomolecular assemblies

[283], photodynamic therapy [284], and as antagonists [285].

Tetraketones are important structural units in heterocycles with three-ring systems,

such as xanthenedione and acridinedione. Meanwhile, tetraketones are also interesting

because their properties are similar to those of 1,4-dihydropyridines, and their struc-

tures are similar to those of biologically important compounds, such as NADH and

NADPH [286].

The tandem Knoevenagel condensations and Michael addition of aldehydes with

active methylene compounds in the presence of acid or alkaline catalysts are widely

used as important versatile methods for the synthesis of tetraketones [287]. Because of

their practical importance, several methods have been proposed, employing different

catalysts and promoters, such as NaOH [288], KOH [289], piperidine [290], and pro-

line [290]. Furthermore, catalyst-free reactions in pure water [287], in the solid state,

and in melts have been reported. Similarly, the numerous methods involving the con-

densation of aldehydes with active methylene compounds in the presence of an acidic

catalyst or a promoter have been reported for the synthesis of xanthene in the literature

[291]. Some of these methods suffer from prolonged reaction times, high cost, or the

catalysts’ sensitivity to moisture.

Scheme 9.78 Synthesis of 2-aminochromenes.
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Azizi et al. proposed three-component tandem synthesis of xanthenes and

tetraketones from aldehydes and active methylene compounds in choline chloride-

based DESs. In the optimization experiment on the model reaction of benzaldehyde

and dimedone, it was observed that the DES-based choline chloride-urea and choline

chloride-SnCl2 provided tetraketones in higher yields and shorter reaction times than

methods using other DESs. On the other hand, in choline chloride-ZnCl2 and choline

chloride-malonic acid mixtures, the reaction proceeded selectively to generate xan-

thene derivatives. The synthetic protocol was extended with a range of functionalized

aromatic aldehydes and dimedone to examine the substrate scope of the reaction in

choline chloride-urea for tetraketones and choline chloride-ZnCl2 for xanthene deriv-

atives. The reaction can be extended with a wide range of structurally varied alde-

hydes, and the electronic variation on the aryl aldehydes caused no appreciable

changes in the efficiency of the condensations. Electron-rich, electron-poor, aromatic,

heterocyclic, and sterically encumbered aldehydes were all well tolerated in these

reaction conditions. The procedure has been reported to be simple with mild reaction

conditions and operational simplicity as compared to the other reported methods

(Scheme 9.79) [292].

Liu et al. reported the synthesis of 13-aryl-5H-dibenzo[b,i]xanthene-5,7,12,14
(13H)-tetraones by the reaction of 2-hydroxynaphthalene-1,4-dione with various

°

°

Scheme 9.79 Synthesis of xanthenes and tetraketones.
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aldehydes using choline chloride and itaconic acid-based DES as an effective catalyst

and reaction medium (Scheme 9.80) [293].

But the reaction of 2-hydroxynaphthalene-1,4-dione with p-phthalaldehyde in the

presence of DES (choline chloride and itaconic acid) provided (1,4-phenylene)bis

(5H-dibenzo[b,i]xanthene-5,7,12,14(13H)-tetraone) (Scheme 9.81).

The reaction was extended for the synthesis of 14-phenyl-14H-dibenzo[a, j]
xanthene and 3,3,6,6-tetramethyl-9-phenyl-3,4,5,6,7,9-hexahydro-1H-xanthene-1,8
(2H)-dione using the reaction of benzaldehyde with β-naphthol or dimedone as pres-

ented (Scheme 9.82).

°

Scheme 9.80 Synthesis of 13-aryl-5H-dibenzo[b,i]xanthene-5,7,12,14(13H)-tetraones.

°

Scheme 9.81 Synthesis of (1,4-phenylene)bis(5H-dibenzo[b,i]xanthene-5,7,12,14(13H)-
tetraone).
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Shahabi et al. also reported synthesis of xanthene derivatives by the reaction of

2-naphthol derivatives with aromatic or aliphatic aldehydes using choline chloride/

tin(II) chloride (ChCl�2SnCl2) DES, alone, or in the presence of Fe3O4/γ-carra-
geenan/Zn(II) magnetic bionanocatalyst (Scheme 9.83) [294].

The proposed mechanism involving the role of the catalyst (DES or DES and

nanomagnetic) is presented in Scheme 9.84.

Navarro et al. used sodium acetate trihydrate-urea DES as a reaction media for the

Biginelli reaction to synthesize polyhydroquinoxaline derivatives but obtained unex-

pected products: methylenebis(3-hydroxy-5,5-dimethylcyclohex-2-enones),

hexahydroxanthene-1,8-diones and hexahydroacridine-1,8-diones [295].

Initially, when the reaction was carried out between dimedone, 4-chlo-

robenzaldehyde, and urea in DES at 90°C for 6 h, the expected polyhydroquinoxaline

was not synthesized, and instead, under the reaction conditions the hexahydroxacridine-

1,8-dione was obtained (Scheme 9.85).

Furthermore, when the same reaction was performed at 60°C and after 2 h a white

solid of bis-hydroxy derivative was obtained (Scheme 9.86).

The reaction was further applied using different aldehydes where the same type of

bis-hydroxy derivatives were obtained in moderate to good yields (Scheme 9.87).

°

°

Scheme 9.82 Synthesis of 14-phenyl-14H-dibenzo[a, j]xanthene and 3,3,6,6-

tetramethyl-9-phenyl-3,4,5,6,7,9-hexahydro-1H-xanthene-1,8(2H)-dione.

Scheme 9.83 Synthesis of xanthene derivatives.
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9.2.1.31 Synthesis of spirooxindoles

The heterocyclic spirooxindoles are very promising and attractive targets in organic

and medicinal chemistry research because the spirooxindoles are encountered in

the core structure of many pharmaceuticals and bioactive natural products

(Fig. 9.21) [296]. Spirooxindoles are considered as privileged scaffolds for the drug

development [297].

An efficient and environmentally benign one-pot four-component domino protocol

has been reported byKumar et al. for the synthesis of structurally diverse spirooxindoles.

Four series of spirooxindoles spiroannulated with pyrazolopyrimidophthalazines, inde-

nopyrazolophthalazines, chromenopyrazolophthalazines, and indazolophthalazines

have been synthesized in DES (choline chloride:urea: 1:2) by the reaction of phthalic

anhydride, hydrazine hydrate, isatins, and cyclic diketones/diamides. The reaction con-

ditionswereoptimizedwith the screeningofDESand twoother solvent systems,butDES

Scheme 9.84 Proposed mechanism for the synthesis of xanthenes catalyzed by ChCl�2SnCl2/
Fe3O4/γ-carrageenan/Zn(II).
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°

Scheme 9.85 Unexpected one-pot multicomponent synthesis of the hexahydroxacridine-

1,8-dione.

°

°

°

Scheme 9.86 Synthesis of the bis-hydroxy derivative and the hexahydroxacridine-1,8-dione in

sodium acetate trihydrate urea DES under different conditions.
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showed superiority over the other solvent systemwith its dual role as catalyst and solvent

and the desired productswere obtained in excellent yields in shorter reaction time.More-

over, the DES used as a catalytic solvent system in the reaction was recycled up to four

times without an appreciable loss in catalytic activity (Scheme 9.88) [298].

The reaction proceeds to involve the following reaction mechanism

(Scheme 9.89).

Scheme 9.87 Synthesis of bis-hydroxy derivatives and hexahydroxanthene-1,8-diones.
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Structurally diverse spirooxindoles spiroannulated with pyranopyridopyrimidines,

indenopyridopyrimidines, and chromenopyridopyrimidines were also synthesized by

Kumar et al. by an efficient and environmentally benign domino protocol involving

three-component reaction of aminouracils, isatins, and cyclic carbonyl compounds in

DES (choline chloride-oxalic acid: 1:1) which acts as an efficient catalyst and envi-

ronmentally benign reaction medium. Initially, four DESs were screened to check the

feasibility of the reaction and to optimize the reaction conditions. But it was observed

that when the reaction was performed in DES (ChCl:OA), the excellent yield of the

desired product was obtained in shorter reaction time than that obtained with the use of

other DESs. Thus, the results clearly indicate that DES (ChCl:OA) shown superiority

over the other systems as solvents and catalyzed the reaction efficiently to facilitate

the synthesis of spiroheterocycles in excellent yields. The DES (ChCl:OA) catalyzed

synthetic protocol was extended with 6-aminouracil using different isatins and car-

bonyl compounds to synthesize structurally diverse spirooxindoles in excellent yields.

The present protocol offers several advantages such as operational simplicity with

easy workup, shorter reaction times excellent yields with superior atom economy

and environmentally benign reaction conditions with the use of cost effective, recy-

clable, nontoxic, and biodegradable DES as catalyst/solvent (Scheme 9.90) [299].

The reaction mechanism proposed for the synthesized structurally diverse hetero-

cycles is presented in Scheme 9.91.

Azizi et al. also synthesized spirooxindole derivatives via multicomponent reaction

of isatin or acenaphthoquinone and malononitrile or cyanoacetic ester with

1,3-dicarbonyl compounds, naphthol and 4-hydroxycumarin in biodegradable choline

chloride-based DES. The reaction conditions were optimized with the screening of the

various ChCl-based DES applied onmodel reaction to check their catalytic efficiency.

It was observed that urea-choline chloride provided excellent results (95%) and

proved to be the most effective reaction media and catalyst. The optimized synthetic

protocol was further extended with a variety of 1,3-dicarbonyl compounds,

malononitrile or cyanoacetic ester and isatin. The results clearly demonstrated that

DES is an excellent catalyst and reaction media in terms of yields and times

(Scheme 9.92) [300].

Spiropyrazolo[3,4-b]pyridines also represent an important class of heterocyclic

compounds. Incorporation of pyrazolo[3,4-b]pyridine backbones and spirooxindole

motif into one molecular structure results in a series of structural and biologically

interesting compounds with enhanced pharmacological activity. Zhang et al.

Scheme 9.90 Synthesis of spirooxindoles.
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Scheme 9.91 Plausible reaction mechanism for the synthesis of spirooxindoles.
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synthesized spiro[indoline-3,40-pyrazolo[3,4-b]pyridines] and other similar spir-

oheterocycles via three-component one-pot reaction of 1H-pyrazol-5-amin, isatin

and enolizable ketone (CdH activated compound) by combining the microwave-

assisted organic synthesis (MAOS) with natural DES (Scheme 9.93) [301].

The reaction conditions were optimized with the use of various DES such as ChCl/

ZnCl2, ChCl/ZnBr2, ChCl/glycerol (G), ChCl/proline (Pro), ChCl/malonic acid (MA),

ChCl/EG, ChCl/1,3-dimethylurea (DU), ChCl/TA, and ChCl/Lac and observed high

yield in ChCl/Lac (1:2). The presence of substituents, electron-rich or electron-poor

groups, in various positions does not affect the yield of the product.

The proposed mechanism is presented in Scheme 9.94. The first step involved

Knoevenagel condensation of isatin and 5,5-dimethylcyclohexane-1,3-dione to

give intermediate I in the presence of a NDDES. Michel-type addition of

1,3-diphenyl-1H-pyrazol-5-amine to the C]C bond of intermediate I occurred with

the formation of the adduct II. Subsequently, intramolecular cyclic condensation

between the amino and the carbonyl groups of the Michael adduct II produces inter-

mediate III, which upon elimination of water provides the expected product. In the

reaction, DES acts as a solvent and also participates as a hydrogen-bonding catalyst

and is responsible for the formation of Knoevenagel condensation product as well as

enhanced electrophilic character of carbonyl carbons in both intermediates I and II.

L

Scheme 9.92 Synthesis of spirooxindole derivatives.

Scheme 9.93 Synthesis of pyrazolo[3,4-b]quinoline spirooxindoles in ChCl/Lac.
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Spiropyrrolidine is a privileged core structure present in many naturally occurring

compounds exhibiting numerous biological activities, e.g., coerulescine, the simplest

spirooxindole-pyrrolidine hybrid exhibits local anesthetic effect, pteropodine modu-

lates the function of muscarinic serotonin receptors [302]. The spirotryprostatins

A has been identified as a novel inhibitor of microtubular assembly [303], and the

recently discovered small-molecule MDM2 inhibitor MI-219 and its analogs are in

advanced preclinical development for cancer therapeutics [304] (Fig. 9.22). In addi-

tion, spiro[5.5]undecane and heterospiro[5.5]undecane motifs with their unique struc-

tural properties [305] are present in several naturally occurring products such as elatol,

isoobtusol, and (�) sibirine [306] (Fig. 9.22).

Singh et al. reported a regio- and diastereoselective synthesis of trispiro hybrid het-

erocycles comprising spiropyrrolidine/pyrrolothiazole and spiro[5.5]undecane by the

1,3-dipolar cycloaddition reaction of azomethine ylides (generated “in situ” in the

reaction) from dipolarophile 8,10-bis[(E)arylidene]-3,3-dimethyl-1,5-dioxaspiro

[5.5]undecan-9-one, sarcosine and isatin/acenaphthenequinone using choline chloride

and urea-based DES (Scheme 9.95) [307].

Scheme 9.94 A plausible mechanism for the formation of pyrazolo[3,4-b]quinoline
spirooxindoles.

320 Green Approaches in Medicinal Chemistry for Sustainable Drug Design



For optimization of three-component reaction of bis-arylidene-1,5-dioxaspiro[5]

decane, sarcosine and isatin, different choline chloride-based DES were screened

and observed that the urea-choline chloride DES (mixture of 1:2 composition) pro-

vided an excellent yield of the desired product. The stronger hydrogen bonding

Fig. 9.22 Some naturally occurring products with spiropyrrolidinyl oxindole and spiro[5.5]

undecane.

Scheme 9.95 Synthesis of trispiropyrrolidine derivatives.
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capabilities of DES activated the electrophilic character of carbonyl carbons of the

isatin as well as dipolarophile and catalyzed the reaction as presented in Scheme 9.96.

The pyrroloisoquinoline structural framework is present in a number of alkaloids

including the ecteinascidin family, and cactus and Hippeastrum genus alkaloids (Fig.

9.23), and reported to exhibit not only remarkable activities in the central nervous sys-

tem (CNS) [308] but also antitubercular [309], antihypertensive [310], anti-HIV-1

[311], antileukemic [312], and anticancer activities [313]. The analogs of

Scheme 9.96 Plausible mechanism for the formation of the trispiro adducts.
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pyrroloisoquinolines can be used as radiotracers in positron emission tomography

(PET) for imaging serotonin uptake sites [314].

Periyasami et al. reported synthesis of multifunctionalized linear tricyclic

spiropyrrolo[1,2-b]isoquinolines in good to excellent yields (85%–92%) involving

1,3-dipolar cycloaddition reactions of azomethine ylides generated in situ from an

equimolar amount of a cyclic amino acid, a diketone and various substituted

dipolarophiles in an eco-friendly acetylcholine iodide (ACI)-EG deep eutectic mix-

ture (Scheme 9.97) [315].

Spiropyrroloisoquinoline with a chalcone group is an excellent candidate in medic-

inal chemistry particularly inAlzheimer’s disease treatment [316], and it is also capable

of inducing apoptosis [317] anduncouplingmitochondrial respiration [318]. In general,

chalcone compounds did not show genotoxic effects and they may be devoid of this

significant side effect [319]. It was observed that the chalcone group was retained in

the spiro adduct during the synthesis, which may be due to the stability of the

monoadduct and to avoid the formation of the sterically hindered bis cycloadduct.

Fig. 9.23 Pyrrolo[1,2-b]isoquinoline core and spirocenter natural products.
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9.2.1.32 Synthesis of seven-membered heterocycles

Seven-membered heterocycles constitute an integral part of natural alkaloids,

antibiotics, and synthetic drugs [320]. Benzo-fused seven-membered heterocycles,

1,4-benzodiazepine, and 1,4-benzoxazepine derivatives find their applications in

medicinal chemistry due to their wide spectrum of biological activities (Fig. 9.24)

[321]. 1,4-Benzodiazepines have demonstrated considerable utility in CNS-drug

design, and as key intermediates for the preparation of fused ring compounds

[322]. 1,4-Benzodiazepines; diazepam; and chlordiazepoxide act as antianxiety drugs

and 1,4-benzoxazepines are used as nonnucleoside HIV-1 reverse transcriptase inhib-

itor [323], a histamine receptor agonist [321d], and calcium antagonists [324], as well

as antidepressants and analgesics [325].

Shaabani et al. synthesized benzo-fused seven-membered heterocycles,

1,4-benzodiazepines, and 1,4-benzoxazepines, via one-pot, three-component reaction

of o-phenylenediamine or 2-aminophenol, dimedone, and various aromatic aldehydes

at 80°C in the presence of choline chloride and urea as a DES [326].

The scope and limitations of this reaction were explored by utilizing various

o-phenylenediamines or 2-aminophenols, dimedone, and various benzaldehyde

derivatives. It was observed that the benzodiazepines were obtained in higher yields

Scheme 9.97 Synthesis of spiropyrrolo[1,2-b]isoquinolines.
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(80%–94%) with shorter reaction times (20–30 min) relative to the benzoxazepines

(68%–88%, 30–40 min). The presence of electron-withdrawing groups on

benzaldehyde showed increased yields in comparison to electron-donating groups

(Scheme 9.98).

In the proposed mechanism, DES facilitates the reaction with the activation

of the carbonyl group of dimedone and then undergoes condensation with

o-phenylenediamine to form an intermediate imine [A]. The nucleophilic addition

of NH2 group of [A] with the DES activated carbonyl group of benzaldehyde deriv-

atives and then subsequent intramolecular cyclization provides the products.

Benzoxazepine derivatives may undergo an analogous mechanism in which interme-

diate [B] is replaced by the corresponding oxonium intermediate. DES can play a dual

role in this reaction: (i) as a solvent and (ii) as a catalyst which activates the carbonyl

and imine functional groups via hydrogen bonding. The proposed mechanism is pres-

ented in Scheme 9.99.

Fig. 9.24 Benzo-fused seven-membered heterocyclic scaffolds.

Scheme 9.98 Synthesis of benzo-fused seven-membered heterocycles via a three-component

reaction in DES.
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9.3 Conclusion

The present chapter includes the recent advances in the synthesis of heterocyclic scaf-

folds with the use of sustainable organic transformations involving the use of DESs as

green and sustainable solvents and catalysts. DESs have been regarded as one of the

most promising environmentally benign and cost-effective alternatives to conven-

tional ILs and volatile organic solvents. DESs not only retain the excellent merits

of ILs but also overcome their shortcomings as these are constituted from natural

and renewable nontoxic bio-resources. Thus DESs are emerging as a new generation

of green and sustainable solvents. AlthoughDESs have attracted the attention of chem-

ical research in many fields, the ability of deep eutectic mixtures to serve as solvents,

however, has not been adequately explored in the field of synthetic organic chemistry

field The heterocyclic scaffolds with structural diversity and molecular complexity

will contribute not only to chemical research but also significantly to medicinal and

pharmaceutical chemistry research. It will be an important contribution to drug discov-

ery research in view of the synthesis of hybrid molecules using multicomponent reac-

tions. Academically, it will be a significant contribution for the advanced graduates

pursuing research in green and sustainable organic transformations.

Scheme 9.99 Proposed mechanism for the synthesis of benzo-fused seven-membered

heterocycles in choline chloride/urea.
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10.1 Introduction

Improving the efficiency and environmental compatibility of a chemical reaction is

perhaps one of the most challenging areas in contemporary organic and medicinal

chemistry. A convergent organic synthetic protocol needs to address these issues

effectively. Synthesis of valuable target molecules on diverse interests is highly

demanding. In the past few decades, one-pot synthetic strategy has gained tremendous

attention from the scientific community across the globe. It offers multiple synthetic

transformations and bond formations simultaneously in a single-pot reaction in a

highly effective manner. In addition, it also circumvents several tedious purifications

and reduction time that are required.

In fact, many years ago, one-pot synthetic approach was employed in chemistry.

For instance, Robinson in 1917 reported the total synthesis of tropinone alkaloids

using one-pot procedure (Scheme 10.1) [1].

IM

Scheme 10.1 Robinson double Mannich reaction one-pot synthesis of tropinone (1917).
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Many other classical efforts were also made in the synthesis of numerous natural

products. The most notable examples were biomimetic approaches for one-pot total

synthesis of progesterone [2], endiandric acid [3–6], and proto-daphniphylline [7].

The multicatalytic system is one of the fast-growing diverse organic transforma-

tions using organo-catalyzed [8–11] and metal-catalyzed transformations in a one-

pot reaction protocol [12–15]. Herein, we report some novel synthesis based on

one-pot multicomponent strategies in diverse field of organic chemistry.

10.2 One-pot synthesis in carbohydrate chemistry

Synthetic carbohydrate chemistry is one of the fast-growing areas in organic chemis-

try. The structural complexity and multifaceted significance of carbohydrates in

diverse disciplines of synthetic organic chemistry, biochemistry, medicinal chemistry,

microbiology, and many other branches of science occupy the central importance.

Carbohydrates serve as one of the most fundamental units in stereoselective synthesis

of biologically relevant molecules. Carbohydrate motifs are frequently encountered in

blood groups [16] and surface materials [17]. The carbohydrate conjugates in the form

of glycolipids and glycoprotein are important in cell interaction process in nature. Tra-

ditionally, carbohydrates are widely distributed as energy storage materials, structural

materials, and metabolites and as building blocks (BBLs) of living systems. The struc-

tural diversity of these molecules in living systems poses a challenge to structure elu-

cidation, configurational and conformational analysis, and development of new

synthetic methodology. The most notable reaction in carbohydrate is glycosylation

for the synthesis of biological relevant glycosides [18–21].

10.3 One-pot glycosylation strategy in synthesis of
medicinally privileged glycosides

Glycosides are the main structural motif in a large number of naturally occurring com-

pounds. A considerable effort has been made in the stereoselective synthesis of gly-

cosides. One-pot glycosylation (OPG) strategy was first reported by Kanhe and

Raghavan in 1993 in sulfoxide-based stereoselective synthesis of naturally occurring

ciclamycin-O-trisaccharide. This strategy offered the direct synthesis of trisaccharide
unit of ciclamycin O in a single-pot operation with 25% yield (Scheme 10.2) [22]. The

most notable point of this study was sequential glycosylation of glycosyl sulfoxide

donor 5–7 in the presence of triflic acid as glycosyl activator at �78 to 70°C.
Mechanistically, this approach describes the triflation of glycosyl sulfoxide at the

rate-determining step. The rate of sequencing reaction was greatly influenced by

the substitution pattern of the aromatic ring at para-position on the glycosyl donor.
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It was noted that the electronically rich aromatic ring makes the glycosyl

donor more reactive than electron-deficient congener. The reactivity order was

OMe > H > NO2. The major product trisaccharide 9was isolated in 25% yield. Other

trisaccharides were isolated during this investigation. This protocol suffered from low

yield and it was due to the instability of the glycosyl donor 5. It decomposed substan-

tially at room temperature even in the presence of glycosyl activator.

This methodology was further extended in the stereoselective synthesis of an

important class of anthracycline antibiotic ciclamycin O. To complete the synthesis

of ciclamycin O (12), the trisaccharide 10 was simply hooked up with aglycone

pyrromycinone 11 in the presence of triflic anhydride under controlled condition at

low temperature (Scheme 10.3) [23].

−70°C (fast)

−78 to 70°C, 45 min

5

5

6 7

8

9

Scheme 10.2 One-pot sequential glycosylation for the synthesis of trisaccharides.
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Over the last two decades, significant development has been made in OPG in syn-

thesis of numerous compounds of multifaceted importance. This strategy has several

significant advantages over conventional methods in glycosylation chemistry. This

advantage includes circumventing of the separation, extraction, and exhaustive puri-

fication of the products. Recently, OPG approach has received tremendous attention

across the globe. This synthetic method realizes on three broad categories: (I)

chemoselective (arm-disarm thioglycosides), (II) orthogonal donors and activators

condition, and (III) preactivation of donors.

The protecting groups played a pivotal role in chemoselective glycosylation. The

one-pot chemoselective glycosylation was introduced by Fraiser-Reid and coworkers

based on the concept of armed/disarmed glycosyl donors (Fig. 10.1) [24, 25].

The activated donor reacted preferentially with the promotor followed by glyco-

sylation with less activated donor/acceptor. The stereoselectivity of glycosylation

reaction greatly depended on the nature of the protecting groups at the C-2 position

of glycosyl donor [26]. Moreover, the refinement of the strategy of glycosylation

was dependent on the nature of the protecting groups, conformation, solvent, and

temperature of the reaction conditions [27–29]. These conditions were maintained

L L

Fig. 10.1 Chemoselective one-pot glycosylation (OPG) method.

mCPBA, −78–60°C

−78–50°C
9

10

11

12

Scheme 10.3 Synthesis of ciclamycin O.
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carefully to create a newly desired glycosidic bond in regio- and stereoselective

manner.

The recognition of carbohydrates as therapeutically relevant biomolecules

inspired scientists for further development in this area. A significant development

was made in using synthetic carbohydrate as a drug candidate for the treatment

of various diseases. The most important carbohydrate-based chemotherapeutic

agents include cancer vaccine [30–34], sialidase inhibitors for the treatment of influ-

enza virus [35–37], and small molecule selectin inhibitors [38]. The primary stage of

the microbial infections recognized glycoconjugates in the host cell by the assailant

microorganism [39]. The biological activity merely depended on the glycoconjugate

structure not on the monosaccharide unit. Due to its complex structure and multiple

stereogenic centers, synthesis of oligosaccharides and their conjugates was

extremely difficult. The development of a program for the synthesis of oligosaccha-

rides was immensely demanding. The traditional synthesis of this class of molecule

was based on sequential protection/deprotection strategy with complete ste-

reocontrol [40]. However, further advancement in automated synthesis of the poly-

saccharides was also achieved [41–46].

A new synthetic strategy based on themerger of chemical and enzymaticmethodwas

introduced byWong et al. in 1999 (Fig. 10.2) [26, 47]. The programmable one-pot syn-

thesis of oligosaccharides provided complete structure and reactivity correlation in

designing the synthesis of complex oligosaccharides of diverse interests. It offered

an elegant information of the complex structure of the carbohydrates. The relative reac-

tivity value (RRV) of the starting compoundwas calculated. This value greatly helped in

designing the program for performing one-pot sequential glycosylation. The authors

reported the synthesis of various oligosaccharides, building block ofmedicinally crucial

molecules. A representative example reported by Wong et al. in synthesis of

tetrasaccharides programmable one-pot approaches is delineated (Scheme 10.4).

Theoretical calculation of RRV helped in predicting the reactivity of the glycosyl donor.

A higher value of RRV indicated greater reactivity of glycosyl donor molecules. The

RRV database offered the information for the possible combination of glycosyl BBLs

in practical synthesis of oligosaccharides. In this investigation, authors used the reactiv-

ity difference for the synthesis of 13–14 and for 15–16 for the two glycosylation steps.
This difference was fairly suitable for the synthesis of target tetra saccharides (17).

Fig. 10.2 Programmable one-pot synthesis of oligosaccharides.
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The noticeable point for this investigation was the low efficiency of this protocol

than predicted by OptiMer analysis (82% as predicted). This was explained due to the

fact that OptiMer program does not recognize any decomposition, deactivation after

the new glycosidic bond formation and any other side reaction during the process of

the reaction. The theoretical yield predicted by OptiMer program is actually 100% of

any normal reaction.

The major sequencing in OPG toward complex oligosaccharides was as follows:

[I] [1+2+2] one-pot strategy in heparin pentasaccharides

[II] [1+3+2] one-pot hexasaccharides synthesis

[III] [2+1+3] one-pot synthesis of sialic acid saccharides

In connection of programmable one-pot synthesis of structurally complex saccharides,

Wong and his groups developed a pioneer work in this area using a diverse possible

combination of monosaccharides units viz. [1+2+2], [1+3+2], and [2+1+3] pattern
in synthesizing a number of chemotherapeutic oligosaccharides. This group published

an elegant method for the synthesis of heparin pentasaccharides based on programmable

and experimental OPG toward this endeavor. The heparin pentasaccharides with

stereodefined pattern of sulphite group exhibited excellent anticoagulant properties

[48]. Heparin and heparinsulfates are important class of compounds that belong to gly-

cosaminoglycans (GAGs) family. The chemical synthesis of this complex molecule ini-

tially involved the coupling of azio glucosyl thio donor 18 (RRV57.3) with disaccharide

13

14

13

14

15

16

17
15

16

17

Scheme 10.4 One-pot synthesis of programmable tetrasaccharides.
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acceptor 19 (RRV 18.2) in the presence of N-iodosuccinimide and triflic acid as pro-

moter at �45°C to room temperature followed by the addition of methyl disaccharides

acceptor 20 (RRV 0). Under this stated condition the fully protected heparin

pentasaccharide 21was obtained in 20% yield. The oligosaccharide 21was transformed

into polyanionic sulfated heparin derivative 22 by base-assisted hydrolysis,

hydrogenolysis, and chemoselective sulfonation (Scheme 10.5).

The authors recently modified the protocol by manipulating the protecting groups

in glycosyl donor and acceptor in order to get a better yield. The modified synthetic

route for one-pot synthesis of heparin pentasaccharides was based on the coupling of

azido-thioglucosyl donor 23 (RRV 132) with disaccharides 24a–b (RRV 18.2, 34.2)

followed by the addition of reducing disaccharides 25a–d in the presence of

NIS/TfOH as activator/catalyst to furnish the title saccharides 26a–d in moderate

to good yield (Table 10.1, Scheme 10.6) [49, 50].

18

19

20

21

22

Scheme 10.5 One-pot synthesis of heparin pentasaccharides based on [1+2+2]

sequence. Reagent and conditions: (a) (i) NIS, TfOH, CH2Cl2, �45 ! 25°C; (ii) NIS, TfOH,
CH2Cl2, �45 ! 25°C, 20%; (b) (i) LiOH, THF; (ii) Et3N�SO3, DMF; (iii) H2, Pd/C;

(iv) Pyr�SO3, 33%.
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The stereochemistry at the anomeric position was established by the coupling con-

stant of the CdH bond which is easily measured by C13 coupled HMQC experiment.

The 1JC–H coupling values for 26b were found 1JC–H ¼ 178.15 Hz (α), 176.06 Hz (α),
177.65 Hz (α), 172.56 Hz (α), and 163.3 Hz (β), signifying the existence of four

α-glycosidic bonds and one β-glycosidic bond in pentasaccharides.

The [2+1+3] one-pot strategy was employed in the synthesis of onco-glycosides

SSEA-4 for embryonic malignant tumor cell markers [51, 52]. This saccharide con-

sisted of [a-2,3]-sialic acid as the main structural components which serves as a

42% (over three steps)

23

24

25

26

26

26 a

Scheme 10.6 Improved synthesis of heparin pentasaccharides in one-pot procedure. Reagent
and Conditions: (a) NIS, TfOH, CH2Cl2, AW 300 MS, �40! �25°C (b) (i) DDQ, CH2Cl2:

H2O (10:1), rt, 1 h; (ii) BAIB, TEMPO, CH2Cl2:H2O (2:1), rt, 2 h; (iii) CH3I, KHCO3, DMF,

0°C to rt, 4 h.

Table 10.1 One-pot synthesis of heparin-pentasaccharides at�40 ! �25°C.

Entry

24(a–b) 25(a–d) 26(a–d)

Yield

(%)R RRVs R1 R2 RRVs R R1 R2

01 CO2Me 18.2 Ac OCH3 0 CO2Me Ac OCH3 54

02 CO2Me 18.2 Lev OCH3 0 CO2Me Lev OCH3 48

03 CO2Me 18.2 Ac (CH2)5NCbzBn 0 CO2Me Ac (CH2)5NCbzBn 50

04 CO2Me 18.2 Lev (CH2)5NCbzBn 0 CO2Me Lev (CH2)5NCbzBn 42

05 CH2OPMB 38.2 Ac OCH3 0 CO2Me Lev (CH2)5NCbzBn –
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nonreducing unit in SSEA-4. Because of low reactivity, sialic acid failed to act as a

glycosyl donor BBL for this reaction.

A programmable one-pot synthetic protocol was designed for the synthesis of com-

plex hexasaccharide 30. This synthetic route comprised a series of reactions. For

example, sialic acid disaccharide 27was coupled with thioaminoglycosides 28 as gly-

cosyl acceptor followed by the addition of trisaccharide 29 which eventually led the

title compound 30 with 43% yield. The relative rate velocity of each BBL was deter-

mined computationally to establish the reactivity order of each donor and acceptor

(Scheme 10.7) [49].

Fucose GM1 (31) is a sialic acid containing important class gangliosides having

hexasaccharides motif with reducing terminal ceramide group (Fig. 10.3). This

tetrasaccharide was first isolated from thyroid gland tissue of bovine in 1979 [53].

This was usually traced in tumor tissue of small cell lung-cancer of animal and com-

prised 20% of lung cancer in bovine in United States. Among other cancer antigen,

Fuc-GM1 had very restricted spread in normal tissue. Due to this activity, this antigen

became a good target for active immunization. Among the discoveries in the area of

27

28

29

30

Scheme 10.7 Synthesis of SSEA-4 hexasaccharides in one-pot procedure. Reagent and
Condition: (a) (i) TfOH, NIS, CH2Cl2, �40°C, 3 h; (ii) TfOH, NIS, CH2Cl2, �20°C.
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cancer vaccine immunization program based on oligosaccharides structure, it was

developed to use for diverse cancers [31, 54–56]. The first cancer vaccine based on

carbohydrate-based Fuc-GM1 glycoside was developed by Danishefsky and

coworkers [57]. In this context, Wong and coworkers developed a programmable

one-pot strategy for the total synthesis of anti-Fuc-GM1 vaccine based on glycosyl-

ation reaction [58].

Based on retrosynthetic analysis, the glycosides 33, 34, and 35were found to be the

main BBLs for this target molecule. The author stated that the per benzylated fucosyl

thioglycosides 33were synthesized by known literature method (Fig. 10.4). The disac-

charides BBL 34 was assembled by the glycosylation between glactosyl donor and

glactosaminyl acceptor. The sialylated trisaccharide BBL 35 was synthesized by

glycosylation of sialylphosphite and lactoside acceptor in 53% isolated yield.

Fig. 10.3 Structure of Fuc-GM1 (31) anticancer vaccine.

Fig. 10.4 Retrosynthetic analysis of fucose GM1 (31).
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The final target molecule was synthesized by NIS/TfOH-promoted glycosylation

in 36% yield of Fuc-GM1 31. In order to improve the yield, the strategy was modified

to include a better promoter. Using1-benzenesulfinyl/triflicanhydride (BSP/Tf2O)-

promoted OPG reaction originally developed by Crich and Smith [59] gave a prom-

ising yield of 47% (Scheme 10.8).

33

32

3
2

33

34

35

GM1 (31)

34

35

Scheme 10.8 One-pot programmable total synthesis of Fuc-GM1 carbohydrate epitope.

Reagent and Condition: Route (a) (i) NIS, TfOH, CH2Cl2, 70°C, 36%; (ii) DMTST, 0°C, 36%.

Route (b) (i) BSP, Tf2O, CH2Cl2, 70–10°C, 47%; (ii) BSP, Tf2O, CH2Cl2, 70–0°C, 47%. Route

(c) (i) Zn dust, acetic anhydride/CH2Cl2, 4-(dimethylamino) pyridine; (ii) NaOMe, CH2Cl2/

MeOH; (ii) NaOH, THF/MeOH/H2O; (iii) Pd-black, MeOH with 10% (vol/vol) formic acid, H2

(1 atm), 44% over four steps.
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Polyphenolic naturally occurring glycoside has a wide spectrum of biological activ-

ity like antitumor and antiviral and these are because of specific polyphenol-protein

interactions [60, 61]. In this area, ellagitannins, naturally occurring polyhydroxy bis-

phenolic glycosides can be mentioned (Fig. 10.5).

Ellagitannins have been known for long time in literature, owing to its complex

structure. The potential bioactivity of these compounds attracted the attention of sci-

entific community for their chemical synthesis. Strictinin 36 and tellimagrandin II 37

are important compounds in this class. These compounds specially show anti-HSV

[62], antitumor [63], antiinfluenza virus [64], and antiallergic activity [65]. Kawabata

et al. developed a program for the synthesis of strictinin 36 based on one-pot

stereoselective glycosylation as the key reaction. The rational retrosynthetic analysis

for the synthesis of this molecule is given here (Fig. 10.6).

"Polyhydroxybisphenyl"

Tellimagrandin II (37)Strictinin (36)

Fig. 10.5 Naturally occurring polyhydroxy bis-phenolic glycosides “ellagitannins.”

Strictinin (36)

38

39

Fig. 10.6 Rational retrosynthetic analysis.
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The synthetic procedure of this target molecule was based on highly stereoselective

direct glycosylation of unprotected D-glucose as glycosyl donor 39 with MOM-ether

of gallic acid as glycosyl acceptor 40 under Mitsunobu condition. The reaction

involved in the treatment of D-glucose suspension in 1,4-dioxane with diisopropyl

azodicarboxylate (DIAD) followed by the addition of triphenylphosphine (PPh3) at

room temperature over 30 min to produce the target compound 41 in 78% yield with

excellent anomeric selectivity (1:99) (Scheme 10.9) [66].

The β-glycoside was employed for the one-pot regioselective organocatalyzed

O-galloylation at C-4 position followed by C-6 O-galloylation to the target compound

46 ina single-potoperation.Thisprotocolhadanexcellent scalabilityand reproducibility.

The β-glycoside 46 was employed in the total synthesis of strictinin 36 and

tellomagrandin 37 based on global protection and deprotection of the hydroxy

function in glucose and aromatic group in compound 46 followed by the

Scheme 10.9 Direct glycosylation and regioselective organo-catalyzed substrate controlled

acylation. Reagent and Condition: (i) 40 (1.0 equiv.); DIAD (2.0 equiv.); PPh3 (2.0 equiv.);

1,4-dioxane; 30 min; (78% β/α ratio: 99:1); (ii) Cat. 45 (10 mol%); 44 (1.06 equiv.); �40°C,
72 h; (iii) DMC/DMAP; Py; 5°C 8h (51%); one-pot.

One-pot strategy: A highly economical tool 365



copper-catalyzed oxidative coupling to generate 11-membered rings on the sugar

moiety (Scheme 10.10) [66].

A phosphorylated trisaccharide was found in the cell wall of Providencia
alcalifaciens O22, a genus of Gram-negative bacteria of Enterobacteriaceae family.

Scheme 10.10 Total synthesis of strictinin 36 and tellomagrandin 37. Reagent and Condition:
Route A (i) H2; Pd(OH)2/C; THF; rt; (ii) CuCl; MeOH/CHCl3 (1:1), rt; (iii) conc. HCl/

iPrOH/

THF (1:50:50); rt; 21%; overall yield (36); Route B (i) 40; EDCI�HCl, DMAP, CH2Cl2, rt; and

then H2, Pd(OH)2/C, THF, rt; same as (ii) and (iii) 18%; overall yield (37).
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This phosphorylated trisaccharides structurally constitute units of O-polysaccharides
having two BBLs of 2-acetamido-4-amino-2,4,6-trideoxy-D-galactose (D-FucNAc4N)

and D-glyceramide-2-phosphate (GroAN-2-P). The complete structure was

established to be -4)-(D-GroAN-2-P-3-)-β-D-GalNAc-(1–4)-β-D-Gal-(1–3)-β-D-
Fuc-NAc4N-(1-) (Fig. 10.7) [67].

These bacteria were isolated and identified from a wide variety of organisms

including fruit flies, marine animal, and human [68] and known to be as opportunistic

pathogens. Some of the species such as P. alcalifaciens, Providencia rustigianii,
Providencia rettgeri, and Providencia stuartii were the main causative agents espe-

cially for urinary tract infection, and enteric diseases [69]. This pathogen caused

the erratic meningitis [70] and ocular infection [71]. It was proved that such

carbohydrate-based phosphorylated zwitterionic saccharides activate the T-cell recep-

tors in conjugation with carrier protein which provoked greater immunological

response [67].

Kulkarni et al. in 2017 developed a one-pot synthetic protocol for the total synthe-
sis of the trisaccharides which is an integral part of O-polysaccharides found in

P. alcalifaciens O22. The biggest challenge was to find the orthogonally protected

rare sugar AAT and subsequent phosphorylation of secondary alcohol functionality

in D-glyceramide unit next to the amide linkage. To combat this challenge author pro-

posed the plausible retrosynthetic analysis for this target (Fig. 10.8). The main BBL of

the trisaccharide was 56–58 which is effectively designed to access 53. A highly

regioselective NIS/TfOH-promoted glycosylation was performed by thioglycosyl

donor 57 and glycosyl acceptor 58 for 1 h. The generated disaccharide reacted with

glycosyl donor 56 in the same pot. The excess acidic promotor quenched with

triethylamine and deprotection of Fmoc group gave 3-OH free trisaccharides in

72% yield in overall three steps in a single-pot reaction. The complete structure

was established by 1H NMR, 13C NMR, 1H-13C HSQC, and 1H-1H COSY analysis

(Scheme 10.11) [72].

Fig. 10.7 Repeating unit of O-polysaccharides (51).
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The corresponding disaccharides and trisaccharide intermediates (IMs) were

also established by NMR analysis and TLC development prior to performing

OPG of the target molecule. The D-glyceramide BBL was easily accessible from

dicyclohexylidene D-mannitol. The synthesis of the final target molecule was com-

pleted by phosphorylation of 3OH group and followed by the global deprotection

of the diverse functionality in 51. The first total synthesis of immunologically

potent zwitterionic phosphorylated trisaccharide was reported in 64% isolated

yield. The key feature of this protocol was highly stereoselective glycosylation

and synthesis of appropriately protected rare sugar AAT BBL. The final compound

51 was characterized by conducting extensive 1H, 13C, 31P NMR, and HRMS

analyses.

51

55 54 53

585756

596061

52

Fig. 10.8 Retrosynthetic analysis.
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10.4 One-pot synthesis of iminosugar

Iminosugars are important class of naturally occurring N-analogs of carbohydrates in

which the ring oxygen is replaced by nitrogen atom. Therefore, iminosugars are con-

sidered as polyhydroxylated secondary and tertiary amine with close resemblance

with monosaccharides in which endocyclic nitrogen atom is located instead of oxygen

(Fig. 10.9). This alteration and close stereochemical similarities make iminosugars as

Scheme 10.11 One-pot synthesis of trisaccharides 53. Reagent and Conditions: (i) NIS (2.0

equiv.); TMSOTf (1.0 equiv.); CH2Cl2; 1 h; (ii) NIS (2.0 equiv.); TMSOTf (1.0 equiv.); 1 h;

(iii) TEA (64%).

62 63

Fig. 10.9 Basic structure of iminosugars.
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glycosidase inhibitors [73] and glycotransferase [74]. These compounds are also

known as azasugar, glycosidase inhibitors, and sugar analogous. Like the carbohy-

drates, iminosugars are frequently encountered in nature with piperidine and

pyrrolidine ring systems. Other bicyclic iminosugars are analogs to disaccharides that

include pyrrolizidines, indolizines, and notropanes (Fig. 10.10). These class of com-

pounds believe to exhibit glycosidase inhibitor properties and these characteristics are

supported by isolation and synthesis [75]. However, it is clear from several studies that

these compounds do not act as glycosidase inhibitors for displaying their pharmaco-

logical bioactivity rather acts as immunological modulator and chaperones off

misfolded protein without inhibiting glycosidases [76, 77].

These classes of molecules have numerous chemotherapeutic applications. Many

N-alkylated iminosugar Miglitol was used as drug candidates for combating the

diabetes mellitus type 2 [78]. In the past few decades, a wide range of iminosugar

was isolated from different parts of the mulberry tree (Morus spp.). The most notable

were 1-deoxynojirimycin 65, fagomine 67, N-methyl-deoxynojirimycin 66, and

1,4-dideoxy-1,4-imino-D-arabinitol 72 [79–81].
Due to the excellent drug profile and diverse stereogenic centers, these molecules

attracted the attention of the scientists to develop a synthetic strategy for their prep-

aration and biological activity evaluation.

In 2008, Zhang et al. reported an expeditious highly diastereoselective synthesis of
1,6-dideoxy N-alkylated iminosugar and analog of nojirimycin in single-pot operation

using double reductive amination by NaCNBH3 of the IM 78. Authors used methyl

α-D-glucopyranoside 76 as key starting material for the synthesis of diverse

Pyrrolizidines

64 65 66 67

72 73 74 75

68 69 70 71

Fig. 10.10 Nojirimycin 64; 1-Deoxynojirimycin 65;N-methyl-deoxynojirimycin 66; Fagomine

67; Lentiginosine 68; Swainsonine 69; Hyacinthacine C1 70; Australine 71; 1,4-Dideoxy-1,4-

imino-D-arabinitol 72; Broussonetin B 73; Calystegine B4 74; Calystegine B1-3-O-β-D-
glucopyranoside 75.
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iminosugar derivatives. The unsaturated glycoside 76 was treated with catalytic

amount of triflic acid to allow the facile hydration of the exocyclic double to give

the compound 77 which underwent concomitant loss of methoxy group followed

by rearrangement to 1,5-dicarbonyl IM 78. The IM allowed to react with diverse

amines in the presence of sodium cyanoborohydride (NaCNBH3) to afford the

iminosugar 79a–e in good to excellent yield. In this present study the noteworthy point
was stereoselective amination that produces a single stereoisomer in all cases. The

catalytic hydrogenolysis of the compounds 79a–e over Pd/C in THF/H2O/CH3COOH

gave free hydroxy derivative of iminosugar 80a–e in excellent yield. It was found that
the synthetic N-alkylated iminosugars show inhibitory effects on the release of the

cytokines IFN-γ and IL-4 from the mouse splenocytes (Scheme 10.12) [82].

Barbas III et al. reported a simple and powerful methodology to prepare pyranoside

analog of iminosugar having talo- and manno-cofiguration based on organocatalytic

intermolecular Michael-Henry reaction in a single one-pot operation starting from

Scheme 10.12 One-pot synthesis of 1,6-dideoxy-N-alkylated nojirimycin analogs. Reagents
and Conditions: (a) CF3COOH; MeOH then RNH2; NaCNBH3; CH3COOH; (b) Pd–C H2.
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achiral noncarbohydrate as the key starting material. TheMichael reaction of silylated

aldehyde 82 with nitrostyrene 81(a–e) in the presence of 20 mol% of thiourea-based

primary amine as organocatalyst afforded high anti-selective Michael adduct 84 (anti/

syn, 98/2) in excellent stereochemical control [83]. The anti-Michael adduct without

purification was allowed to react with p-toluene sulfonyl imine 85 in the presence of a

variety of bases at room temperature. This reaction afforded the compounds 86 and

87(a–e) in moderate to good yield. A wide range of bases was screened to obtain a

better yield. The base, N,N,N,N-tetramethylguanidine in combination with acetic acid

was found to be an excellent choice. Under this optimized condition, this group per-

formed the reaction of diverse β-nitro styrenes with both electron donating and with-

drawing groups and produced iminosugar derivatives in good yield with excellent

enantiomeric selectivity (Scheme 10.13, Table 10.2) [84].

81 a–e
86 a–e 87 a–e

82

84

83

85

Scheme 10.13 Organo-catalyzed one-pot enantioselective synthesis of iminosugar derivative

based on anti-Michael-anti-aza Henry reaction. Reagent and Conditions: (i) 83 (20 mol%);

CH2Cl2; rt; 4 h; (b) N,N,N,N-tetramethylguanidine (1.5 equiv.); AcOH (0.5 equiv.); 0°C; 0.5 h.

Table 10.2 Optimized conditions and substrate scope of the one-pot anti-Michael-aza-Henry

reaction in synthesis of iminosugars.

Entry

β-Nitrostyrene (R) Time Yield (%) dra (%)

ee
b

(%)

81(a–e)

h 86 + 87 86:8781 R

1 81a Phenyl 4 68 7:1 99

2 81b 4-Methoxy phenyl 8 64 10:1 99

3 81c 4-Bromophenyl 4 69 4:1 99

4 81d 3-Bromophenyl 4 59 4:1 99

5 81e 2-Trifluromethy

phenyl

24 65 0:1 99

a Determined by 1H NMR analysis of the crude mixture of 86 and 87.
b Determined by chiral-phase HPLC analysis of the major diastereoisomers.
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The noteworthy point indeed of this study was the induction of chirality in aza-Henry

reaction.The twocontiguous stereocenterwas fixed and the stereochemical outcomewas

controlled in the later stage in the synthesis of pyranoid iminosugar derivatives [84].

The polyhydroxylated indolizidines and quinolizidines are vital scaffolds fre-

quently encountered in castanospermine, swainsonine, and lentiginosine bicyclic

iminosugar. These classes of iminosugars have received considerable attention due

its diverse therapeutic applications in medical field.

Many strategies have been developed to access the bicyclic iminosugar based on

chiral pool or enantio and diastereoselective approach as the key reaction [75, 85–90].
In this connection, a remarkable one-pot asymmetric synthesis was reported by Stecko

et al. A one-pot reduction, Mannich and Michael sequence of reactions of sugar-

derived imine in situ from corresponding lactam was investigated (Scheme 10.14,

Table 10.3) [91].

Scheme 10.14 One-pot strategy for the synthesis of indolizidines and quinolizidines via
reduction/Mannich/Michael domino reaction of sugar-derived lactam(s).
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The sugar-derived imines was easily accessible by the reduction of sugar lactams

with Zirconocene hydrochloride (Schwartz’s reagent) [92–97]. The diverse

sugars-derived lactams, pyrano, and furano 88a–h were successfully reduced to

corresponding imines with Swartz’s reagent 89 (1.6 equiv.) in THF. The in situ gen-

erated corresponding imines was employed for the one-pot reduction, aza-Mannich,

and Michael reaction in the presence of Yb(OTf )3 (10 mol%) with Danishefsky’s

diene (2.0 equiv.) at�25°C to room temperature. This strategy offered diverse bicy-

clic enaminones 90a–h in good yield with excellent diastereoselectivity (dr 94:6)

(Table 10.3). The absolute stereochemistry at bridgehead position was determined

by 1H NMR coupling constant and NOE corelation experiment. An effort was made

to modify the reaction strategy by changing the protecting groups in diene. The

derivatization of the resulting products with various other protecting groups such

as silyl, benzoyl (Bz), p-methoxy benzyl ether, and tetrahydropyran was also

attempted.

Furman and coworkers devolved an efficient one-pot synthetic route to access the

densely functionalized polyhydroxylated pyrrolidine and piperidine scaffold present

in iminosugar. This strategy was based on reduction of lactams to sugar imine which

on direct functionalization with diverse nucleophiles produced the target scaffold in

good yield with high degree of stereoselectivity. The present one-pot lactam

reduction/addition of nucleophile offered the shortest route for the synthesis of the

central core structure of the medicinally relevant carbohydrates mimetics-azasugar.

The authors extended the scope of this methodology for the synthesis of potential

β-mannosidase and α-glucosidase inhibitor as pyrrolidine derivatives of

6-deoxy-DMP and radicamine B (Scheme 10.15, Table 10.4) [94].

Baskaran and coworkers developed an efficient and operationally simple versatile

strategy for the stereoselective synthesis of β-nitromethyl C-glycoside of medicinally

privileged iminosugar scaffold frequently encountered in diverse naturally occurring

iminosugar alkaloids. The synthetic approach involved in the amination of tosylate

of D-ribose/D-xylose with allylamine at room to elevated temperature followed by the

alkylation of in situ generated iminium ion with nitromethane. This method offered

Table 10.3 One-pot reduction/aza_Mannich/Michael domino reaction for indolizidines and

quinolizidines.

Entry

Lactam(s) Product(s) Yielda

Entry

Lactam(s) Product(s) Yielda

88(a–d) 90(a–d) (%) drb 88(e–h) 90(e–h) (%) drb

1 88a 90a 80 98:2 5 88e 90e 61 87:13

2 88b 90b 73 94:6 6 88f 90f 55 90:10

3 88c 90c 81 90:10 7 88g 90g 63 86:14

4 88d 90d 67 88:12 8 88h 90h 63 80:20

a Isolated yield.
b Determined by 1H NMR or performing analysis of HPLC of the crude reaction mixture.
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the β-C/α-C-nitromethyl pyridine-based iminosugar glycosides in good to excellent

yield with a high degree of diastereoselectivity in a single-pot reaction.

This methodology was further extended to access the pyrrolidine-based iminosugar

glycosides from L-rhamnose mesylate. The structure of the newly synthesized

iminosugar glycosides was firmly established by single-crystal analysis. The scope

of this synthetic methodology was established with diverse primary amines and the

result was summarized (Scheme 10.16, Table 10.5) [98].

The nitromethyl functionality in α/β iminosugar C-glycosides served as a potential
precursor for accessing a wide range of densely functionalized bicyclic iminosugar

derivatives. It was worthy to note that the authors reported unusual nitro-olefin dipolar

cycloaddition without using any promoters en route to bicyclic polyhydroxylated

indolizidine derivatives of (Z/E) mixture of inseparable oxime at room temperature

or refluxing toluene.

1. (1.6 equiv.)

91a

91b

89

IM

92a 92b 92c 93a 93b 93c

92a–c n = 2
93a–c n = 1

Scheme 10.15 One-pot reduction/addition to sugar-derived lactam 91a–b and direct

functionalization to iminosugar analogs.

Table 10.4 Direct functionalization of in situ generated sugar imines.

Entry Lactams

Nucleophiles

(equiv.)

Lewis

acida
Major

products

Yield
b

drc(%)

1 91a (n ¼ 2) 1 (2.0) TMSOTf 92a 65 >95:5

2 2 (6.0) – 92b 72 2.3:1

3 3 (2.0) TMSOTf 92c 94 >95:5

4 91b (n ¼ 1) 1 (2.0) TMSOTf 93a 88 60:40

5 4 (6.0) – 93b 65 >95:5

6 3 (2.0) TMSOTf 93c 65 60:40

a Lewis acid 1.0 equiv.
b Isolated yield of the pure compounds.
c Determined by 1H NMR of the crude reaction mixture.
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Mechanistically, the formation of bicyclic C-glycosides was possible via oxidative
SET (single-electron transfer) pathway. The N-allyl or propargyl piperidine and

pyrrolidine (97b and 97c) underwent facile 5-exo-trig cyclization smoothly to afford

the title compounds in excellent yield. Silver (I) oxide and DBU mediated condition

were used and it was established by Kamimura et al. [99, 100].

94

95

96

97a–f

98a–f

99a–f

Scheme 10.16 One-pot synthesis of α/β-C glycoside iminosugar.

Table 10.5 Synthesis of iminosugar α/β-C-nitromethyl glycosides derived from D-ribose/

xylose tosylate and L-rhamnose mesylate.a

Entry

Product Time Yield

dr Entry

Product Time Yield

drMajor (h) (%)b Major (h) (%)b

1

97a

20 77 1:0 6

99a

24 75 n.d

2

97b

12 83 1:0 7

99b

18 75 n.d

3

97c

24 71 1:0 8

99c

16 84 n.d
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Molecular iodine produced cyclopropyl ring embedded indolizidines in good yield

with high stereoselectivity (Scheme 10.17).

Table 10.5 Continued

Entry

Product Time Yield

dr Entry

Product Time Yield

drMajor (h) (%) Major (h) (%)

4

97d

12 78 9:1 9

99d

20 75 n.d

5

97e, R = H
97f, R = OMe

14

16

92

75

9:1

9:1

10

99e

24 72 n.d

6

98a

20 81 3:1 11

98b

24 70 9:1

a Reagents and conditions: (i) R�NH2 (2.0 equiv.); anhy�CH2Cl2; Et3N (1.0 equiv.); CH3NO2 (5.0 equiv.); rt, 12–24 h;
(ii) R�NH2 (2.0 equiv.); anhy�DMF; Et3N (1.0 equiv.); CH3NO2 (5.0 equiv.); rt, 16–24 h.

b Isolated yield after column chromatography.

(2.0 equiv.), DBU (1.5 equiv.), THF, 0°C –rt, 4 h

(2.0 equiv.), DBU (1.5 equiv.), I2 (2.0 equiv.), THF, 0°C –rt, 4 h

100 100 100 100

Scheme 10.17 exo-trig radicle cyclization to indolizidines and its cyclopropane derivatives.
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The scope of this novel intramolecular radical cascade cyclization was further

exploited in the stereoselective synthesis of the analog of natural products such as epi-

quinamide, indolizidines, and benzoquinolizidines.

10.5 One-pot synthesis of bioactive heterocycles

Heterocycles are an important class of molecules, widely spread in nature of numer-

ous significances. Due to their intriguing structures and wide range of pharmacolog-

ical properties, research on heterocycles becomes highly significant. This property

of heterocyclic compounds makes them as one of the prime interests in pharmaceu-

tical industries. The heterocyclic compounds play an important role in regulating the

biochemical process in living system. The compounds may be genetic material, hor-

mones, and enzymes. The common heterocyclic compounds that serve as potential

leading drug candidates include amino acid, vitamins, and coenzymes. The piperi-

dine, pyrimidines, pyrroles, oxadiazoles, and their derivatives are important hetero-

cyclic compound and they play a vital role in determining the chemotherapeutical

applications as antibacterial, anticancer, hypnotics, antiplasmodial, antidiarrheal,

cardiovascular activities, and antidiabatic agents. The heterocycles are not only used

as a regular clinical compound but they also play a crucial role in material science

research.

10.6 Nitrogen-based bioactive heterocycles

N-Heterocycles are the ubiquitous motif of various bioactive compounds which

serve as privileged structures in drug discovery. The unique feature of

N-heterocyclic moiety present in medicinally active molecules improves the oral

solubility and biocompatibility significantly in living systems. Piperidine and its

derivative are one of the important precursors for the synthesis of novel chemother-

apeutics of diverse applications. Piperidine is nonfused six-membered saturated

nitrogen-containing ring and this system is present in many life-saving agents

(Fig. 10.11).

Piperidine structural motifs are also frequently encountered in numerous alkaloids

having various pharmacological activities. The most significant alkaloids containing

piperidine from a pharmacological point of view derived from deferent natural sources

with remarkable bioactivities are shown here (Fig. 10.12).

It is worth to develop a synthetic route to access this unique molecule.

A significant achievement was made for the chemical synthesis of piperidine motif

for the past many years. There were several methodologies known for this endeavor.

However, most of the methods were either lengthy or involved several steps. One-

pot multicomponent reaction strategies for this synthesis of piperidine motif were

developed.
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10.7 Regioselective ring opening/ring expansion of chiral
aziridine

In connection with this endeavor elegant one-pot multicomponent reaction strategy

for the stereocontrolled synthesis of enantiopure 2,6-cis-disubstituted piperidine alka-
loids starting from chiral aziridine was developed [101].

Droperidol (101)

Alogliptin (104)
(antidiabetic drugs)

Methylphenidate (105)
(ADHD)

Tiagabine (106)
(anticonvulsant)

Solifenacin (107)
(antimuscarinic)

Timiperone (102) Bezitramide (103)

Fig. 10.11 Piperidine ring containing chemotherapeutic agent of diverse bioactivity.

Prosopinine (108) Sedamine (109) Histrionicotoxin D (110)

Pumiliotoxin 251D (111) Solenopsin (112) Lobelanine (113)

Carpaine (114) Himbacine (115)

Conhydrine (116) (S)-Coniine (117)

Fig. 10.12 Piperidine ring containing natural products.
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The main crucial points of this synthetic method included a facile aziridine ring

opening (ARO), hydrogenolysis of N-benzyl protecting group followed by intramo-

lecular reductive amination of the 2-amino-6-alkanone generated in situ. The plausi-

ble retrosynthetic route for the synthesis of numerous piperidine alkaloids was

proposed (Fig. 10.13).

The synthesis of advanced precursors 119 and 122 of piperidine derivatives 118

and 121 was easily accessible from commercially available (S)-1-((S)-1-phenylethyl)
(aziridin-2-yl) methanol 120 by chemical manipulation [102, 103].

The advanced synthons 119 and 122 were employed under hydrogen atmosphere

with 20% PdII(OH)2 as a catalyst. Four consecutive sequential reactions including

reduction of alkyne, regioselective ARO, debenzylation followed by ring closure to

afford the piperidine nucleus of various chemotherapeutically active alkaloids was

achieved in excellent yield (Schemes 10.18 and 10.19).

119

118

118

118a

118b

118b

118c

Scheme 10.18 Synthesis of dihydropyrimidine and solenopsin derivatives.

118 119 120

121 122 120

Fig. 10.13 Retrosynthetic analysis.

122

122

121

121

Scheme 10.19 Synthesis of (+)-deoxocassine and (+)-spectaline.
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A plausible reaction pathway was described. A facile regioselective ARO ring from

the less hindered site (a-face) was the first step during catalytic hydrogenolysis step.

The diastereoselectivity presumably depends on the steric hindrance caused by the

axial methyl group which allows the approach of hydrogen from the less hindered

phase of the C]N bond. The driving force for easy opening of the aziridine ring

may also be attributed to the cooperating attraction of the aziridine ring and the

appended carbonyl group of the side chain (Fig. 10.14).

Coldham et al. developed a powerful method for the stereoselective synthesis of

piperidine motif following ring expansion/rearrangement of keto-aziridines using

aza-Wittig reaction as the key steps. In an initial attempt the keto-aziridine

123a!c was transformed into the corresponding vinyl aziridine by Wittig

olefination. It was worthy to note that the bulkier groups such as n-butyl and isopropyl
in vinyl-aziridine ring makes the ring unstable significantly (123b!c). For example,

N-alkylation with butlybromoacetate produced product with low yield. The low yield

was attributed to the ARO. The vinyl-aziridine was very unstable and they underwent

simultaneous 1,5 hydrogen shift at room temperature.

Aziridines on reaction with LDA or Lewis acid-mediated reaction failed to give

piperidines. Rather decomposition of the starting materials was noted. However,

the aziridine R!Me gave the rearranged product as single diastereomer (cis-isomer)

upon treatment with lithium isopropylamide (LDA) at �78°C.
A significant fall in the yield ofpiperidinegets noticed if the startingmaterial aziridine

isnot utilized for rearrangement reaction immediately.Toovercome this drawbackand in

searchof robustmethods for the rearrangement en route topiperidine synthesis single-pot

strategy involving Wittig olefination followed by rearrangement was investigated.

N-protected keto-aziridine 123a!c was treated with two equivalents of phosphonium

ylidewithn-BuLi indimethoxyethane (DME)at roomtemperature.Under this condition,

a concomitantolefination followedby [2,3]-Wittig rearrangementwasobserved toafford

exclusively cis diastereomer of piperidine in good to excellent yield. A high degree of

diastereoselectivity was achieved during this investigation (Scheme 10.20) [104, 105].

The viability of the rearrangement reaction was likely to depend on the orientation

of the vinyl group with respect to the butyl ester group. A cis orientation facilitated the
reaction. However, it was necessary to keep the ester group in endo form in a five-

membered transition state (Fig. 10.15).

Densely functionalized azepanes are valuable aza-heterocyclic compounds. They

represent a ubiquitous structural motif in a variety of interesting naturally occurring

Fig. 10.14 Plausible reaction course for the hydrogenolysis steps.
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bioactive molecules such as cephalotaxine, tubrostemonine, and balanol [106–110].
The biological activity is attributed to the stretchy and conformational diversity in

their structures (Fig. 10.16).

Due to the wide spectrum of chemotherapeutically relevant target, huge global

efforts have been paid for the synthesis of these classes of molecules.

Yeung et al. reported a novel stereoselective synthesis of highly functionalized

azepane ring using bromo-amino cyclization of enantiomerically pure olefinic

aziridine 132a!g. The starting compound was synthesized from L-glutamic acid

and allowed to react with N-bromosuccinimide as electrophilic reagent and NsNH2

(nosyl amine) as the nucleophile. This process produced azepane 133a–g in good

to excellent yield (Scheme 10.21) [111]. It was found that at�30°C, ethyl acetate sol-
vent was the best choice for this investigation.

The plausible mechanistic pathway for this cyclization involved NsNH2-activated

electrophilic addition of bromine to olefinic double bond to give cyclic bromonium

ion (IA) which was opened by a nucleophilic attack of the aziridine ring to give

cyclopropylpiperidinium ion IM (IIA). Furthermore, the NsNH2 opened the ring in

SN2 fashion to give azepane 133 exclusively (Scheme 10.22).

123 124

124

124a 124a:125a

124b:125b

124c:125c

124b

124c

125

Scheme 10.20 Synthesis of 2,4,6-trisubstituted piperidines via ring expansion of aziridines

through aza-Wittig reaction.

123

TS

124a–c

Fig. 10.15 Possible transition state for [2,3]-Wittig rearrangement.
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(126) (127) (128)

(129) (130) (131)

Fig. 10.16 Bioactive azepane natural products.

°

132 133

133

132

Scheme 10.21 N-Bromosuccinimide induced aziridine ring expansion in synthesis of azipine.a

133

Scheme 10.22 Mechanistic pathway of cyclization.
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However, the reaction pathway IB! IIB was not helpful to cyclization due to the

steric repulsion of the aromatic group in pseudo six-membered transition state (IB).

An elegant protocol was established for the facile synthesis of diverse structurally

complex 1,4-benzo-oxazepinones based on one-pot ring opening/carboxamidation

of a wide range of N-tosylaziridine of 2-halophenol as the key steps mediated by

phase transfer catalysis [112]. The cyclic/acyclic N-tosylaziridine allowed to react

with a series of o-halophenol under 200–400 psi of carbon monoxide pressure at

high temperature using high boiling solvent, like DMF. This facile ARO ring/

carboxymidation domino reaction was achieved in the presence of PdCl2(PPh3)2
(1.5 mmol%), triphenylphosphine (1.5 mmol%), 10 mmol% of base and

benzyltriethylammonium chloride (TEBA) as a phase transfer catalyst in good to

excellent yield (Scheme 10.23).

This protocol was also equally applicable to the synthesis of pyrido-1,-

4-oxazepinones from o-hydroxy halogenated pyridines. The mechanistic pathway

was established for this investigation. Initially, the reaction proceeded with nucleo-

philic ARO with halophenol under base-assisted phase transfer catalytic system to

afford the amine chain tethered aromatic ether 137a. Then oxidative insertion took

place in the presence of Pd0 complex to 137b. Subsequently, carbonyl insertion took

place through aryl-palladium bond cleavage to generate another IM 137c in the

catalytic cycle. Ultimately, a nucleophilic attack of N-tosyl amine to aryl palladium

complex generated IM 137dwhich underwent reductive elimination to afford the aryl-

1,4-oxazepinones 136a–f. The entire process made Pd0 free and thus completed the

catalytic cycle (Fig. 10.17).

Vinyl aziridines are well-known important strained (27 kcal mol�1) heterocyclic

molecules and these serve as electrophilic partners in organic chemistry. Because

(200 psi), 80°C, 24 h

134 135 136

136a–f

Scheme 10.23 Domino one-pot sequential ring opening/carboxymidation of aziridine en route

to synthesis of 1,4-azapinone. Reagent and conditions: 134a!c (1.0 mmol); 135a!e

(1.1 mmol); PdIICl2(PPh3)2 (3.0 mmol); K2CO3 (3.0 equiv.); TEBA (10 mmol%); DMF

(5.0 mL); 130°C; 48 h. Reaction was carried out at 200! 400 psi CO(g) pressure in DMF.
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of their energy, these rings are highly reactive and versatile starting materials in the

synthesis of natural products and pharmaceuticals with diverse biological and medic-

inal properties. Vinyl aziridine chemistry is studied and well explored in the synthesis

of complex heterocyclic molecules.

Zhang et al. developed a catalytic method for the enantio-specific synthesis of

fused 2,5-dihydroazepines starting from chiral vinyl aziridine via intramolecular het-

ero [5+2] cycloaddition strategy with inactivated alkyne. In this investigation, a vari-

ety of Rh(I) catalysts was screened toward the synthesis of novel enantiopure fused

2,5-dihydroazepines. Initially, the compound 138awas chosen as the starting material

and allowed to react with di-μ-chlorotetracarbonyldirhodium(I) catalyst at 80°C. But
this reaction failed to produce the desired product. Then, 5 mol% of [Rh (BND)2]. BF4
in combination with dichloroethane at ambient temperature was found the choice for

this investigation.

To explore the versatility and scope of the method, a diverse enantiomerically pure

olefinic aziridine 138a–f was synthesized from commercially available amino acid

methyl ester hydrochloride of D-serine in excellent yield with high degree of enantio-

meric excess (99%) (Scheme 10.24, Table 10.6) [113].

136

135 134

137a

137b

137c

137d

Fig. 10.17 Plausible mechanistic pathway of PdII catalyzed annelation.
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A diverse stereodefined aryl, alkyl, and heteroaryl substituted 2,5-dihydroazepines

were synthesized with excellent enantiomeric excess. Noteworthy, the condition was

well compatible with terminal and internal alkynes.

The stereochemistry of the products at the junction of the ring depended on the

conformation of the olefinic bond in aziridine chain. It was important to observe that

the (S)-E configuration delivers the R-azepines while (R)-Z gives corresponding oppo-
site stereoisomeric (S)-azepines (Scheme 10.25).

° 90%–95%
73%–99%

138 139a–f

Scheme 10.24 [5+2] Cycloaddition reaction synthesis of 2,5-dihydroazepines 139a–f.a

Table 10.6 A summary for the synthesis of 2,5-dihydroazepines catalyzed by Rh(I) catalyst

via intramolecular [5+2] cycloaddition reaction.

Entry 138 ee (%) 139 Yielda (%) eeb (%)

1 (S)138a 90 (S)138a!(R)139a 90 90

(R)138a 99 (R)138a!(S)139a 99

2 (S)138b 87 (S)138b!(R)139b 94 90

(R)138b 98 (R)138b!(S)139b 95

3 (S)138c 90 (S)138c!(R)139c 93 90

(R)138c 99 (R)138c!(S)139c 99

4 (S)138d 99 (S)138d!(R)139d 91 97

(R)138d 99 (R)138d!(S)139d 99

5 (S)138e 84 (S)138e!(R)139e 95 85

(R)138e 73 (R)138e!(S)139e 73

6 (S)138f 88 (S)138f!(R)139f 93 90

(R)138f 93 (R)138f!(S)139f 92

a Average isolated yield of the product formed from (S)-138 and its enantiomers.
b Determined by HPLC analysis using chiral stationary phase.
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In continuation, a seminal study was carried out by the same group in the divergent

synthesis of azepines and related azaheterocycles based on Rh(I) catalyzed inter-

molecular [5+2] cycloaddition strategy using chiral vinyl aziridines as starting mate-

rials. The most notable feature of this study was the synthesis of different classes of

compounds from identical starting materials by controlling or altering the catalyst

which changes the mode of cycloaddition and led the formation of enantiomerically

pure 2,3-dihyropyrroles via [3+2] cycloaddition (Schemes 10.26 and 10.27).

The chiral aziridine (R)-145 and rac-142 were easily obtained from commercially

available methyl hydrochloride ester of (L)-serine [114–116]. The racemic N-tosyl
vinyl aziridine was employed under the optimized condition A with diverse terminal

142 143 144

Scheme 10.26 Intermolecular [5+2] cycloaddition approach for the synthesis

2,5-dihydroazepines (144) via aziridine ring expansion.

°

140 141

Scheme 10.25 [5+2] Cycloaddition reaction synthesis of 2,5-dihydroazepines 141.

145

143

146

Scheme 10.27 Intermolecular [3+2] cycloaddition approach for the synthesis

2,3-dihydrophrole (146) via aziridine ring expansion.
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alkyne 143a!h with 5 mol% of the catalyst [Rh (ɳ 6-C10H8) (COD)] SbF6 in

1,2-dichloroethane as a solvent at 0°C to rt. By extending this concept, synthesis of

2,5-dihydroazepines derivatives 144a!h was achieved with high to excellent yield

via [5+2] cycloaddition reaction (Table 10.7). It was important to note that this

method has limitation and did not proceed with internal alkynes.

Interestingly, switching the catalyst, alkyne 143a!h and internal alkyne under-

went different mode of cycloaddition via [3+2] procedure (condition B). This method

afforded an enantiomerically pure densely functionalized 2,3-dihydropyrroles

146a!h with promising yield. It was worthy to note that the chirality of aziridine

((R)-145) was completely transferred in the products with 90%–99% ee

(Table 10.8). There were a number of other methods based on one-pot transition

Table 10.7 2,5-Dihydroazepines (144) via [5+2] cycloaddition.a

Entry

R1 R2

Yieldb (%)143(a ! h) [R
1!R

2
]

1 Ph H 90 (144a)

2 p-EtOC6H4 H 94 (144b)

3 p-tBuC6H4 H 93 (144c)

4 p-MeC6H4 H 90 (144d)

5 p-FC6H4 H 91 (144e)

6 p-ClC6H4 H 75 (144f)

7 p-BrC6H4 H 60 (144g)

8 p-AcC6H4 H 17 (144h)

a rac-142 (0.25 mmol); 143a!h (1.5 equiv.); 5 mol% [Rh (ɳ6-C10H8) (COD)] SbF6;
1,2-dichloroethane (2.5 mL); 0°C, 30 min (0°C) ! 15 min (rt).

b Isolated yield.

Table 10.8 Optically active 2,3-dihydropyrroles (146) via [3+2]

cycloaddition.a

Entry

R1 R2

ee (%) Yieldb (%)143 (a ! h) [R
1!R

2
]

1 Ph H 80 97 (146a)

2 p-EtOC6H4 H 70 98 (146b)

3 p-tBuC6H4 H 93 96 (146c)

4 p-MeC6H4 H 72 97 (146d)

5 p-FC6H4 H 91 98 (146e)

6 p-ClC6H4 H 82 96 (146f)

7 p-BrC6H4 H 86 94 (146g)

8 p-AcC6H4 H 70 97 (146h)

a (R)-128 (0.25 mmol); 143a!h (1.2 equiv.); [Rh (NBD)2]BF4 (5 mol%);
1,2-dichloroethane (2.5 mL); rt; 15 min;

b Isolated yield.
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metal-catalyzed synthesis of diverse pyrrolidine derivatives. Vinyl aziridine was used

as the starting material via [3+2] cycloaddition reaction extensively [117–121].

10.8 N, O, and S-based bioactive heterocycles

Morpholine and piperazine ring are essential motifs in diverse marked drugs and nat-

ural products. (R,R)-Reboxetine 147 is a well-known antidepressant drug that acts as a
selective noradrenaline reuptake inhibitor (NaRI) [122]. Levofloxacin 149, a

morpholine-based broad spectrum antibiotic demonstrated a wide range of

antibacterial efficacy against the treatment of variety of infectious diseases and com-

plicated urinary tract infections [123]. Also, the gefitinib 151 is an anilinoquinazoline

class of molecule having a morpholine motif serves as a potential anticancer drug in

treatment of lung cancer [124]. Aprepitant 152 is a potential neurokinin-1(NK1)

receptor antagonist that has effective clinical application in the prevention of acute

and delayed chemotherapy-induced nausea and vomiting associated with single or

multiple cycles of highly emetogenic chemotherapy (HEG). It is also very effective

against postoperative nausea and vomiting (PNV) [125].

Gatifloxacin is a novel broad-spectrum antibiotic with a fluoroquinolone nucleus

and piperazine motif 154 demonstrated excellent antibacterial activities and effective

against pneumonia, chronic bronchitis, tuberculosis, and gonococcal infection [126].

Buclizine (BCZ) 155 is another important drug of piperazine derivative which has an

excellent pharmacological profile, antihistaminic, antiemetic, antimuscarinic, and

moderate sedative properties. It demonstrated powerful curative properties against

the motion sickness, nausea, and vomiting caused by prolonged medication of anal-

gesic drugs. It is also used for the treatment of migraine and appetite stimulant owing

to its orexigenic effect. BCZ hydrochloride salt was also effective against the treat-

ment of vertigo-related disorder of the vestibular system (Fig. 10.18) [127].

Owing to the excellent pharmacological profiles and medicinal properties, these

molecules have driven the recent attention of the scientific community in developing

a powerful and general strategy for the synthesis and constructing the skeleton of this

class of bioactive natural products.

10.9 Regioselective oxirane ring opening/expansion

Oxiranes are three-membered strained heterocyclic molecules. Some of the architec-

turally complex natural products can be synthesized by the regioselective ring opening

of oxiranes. The synthesis of brevotoxin, yessotoxin, ciguatoxin, and related polyether

was achieved by sequential reaction or “cascade” of epoxide ring opening through

catalytic system or in aqueous medium [128–131]. The ring strain makes the epoxide

vulnerable with various reagents like acid/base, electrophiles, and nucleophiles to

afford the diverse scaffolds for molecules synthesis. Toward the synthesis of

morpholine-derived compound, phenmetrazine (preludin) 150, Yeung and coworkers

developed a facile and efficient one-pot metal-free novel electrophilic MCRs amino

alkylation of an alkene (Scheme 10.28) [132]. Initially, the mixtures of alkene 156,
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epoxide 157, N-bromosuccinimide 158, and nosylamine 159 in anhydrous dic-

hloromethane at room temperature for 8 h produced 160c in 74% yield which was then

transformed into morpholine derivative 161 by the reaction of K2CO3 in acetonitrile in

AprepitantGefitinib

147 148 149 150

151 152 153

154 155

156

antidepressant

Fig. 10.18 Representative examples of biologically active molecules having morpholine and

piperazine motif as central core structure.

°

°°
158

156

157

159

160c
161

150

150

Scheme 10.28 Metal-free electrophilic aminoalkylation of an epoxide in synthesis of an

morpholine derivatives.
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96% yield. The N-nosyl group was then deprotected and subsequent N-methylation to

obtain the norepinephrine-dopamine–releasing agents (150 and 150a).
Based on electrophilic cascade, the author envisioned that the epoxide acts as the

nucleophile and opens the cyclic bromonium IM (A) which is formed by the NBS-

mediated electrophilic addition of bromonium ion to π-bond of an olefin (I) to gen-

erate the other IM oxonium ion B. The reaction of B with amine (IV) produced the

amino ether derivative C. The amino ether was successfully transformed into diverse

morpholine scaffolds under based-assisted annellation (Fig. 10.19).

Cossy et al. developed an elegant method for the diastereoselective synthesis of

densely functionalized morpholine scaffold starting from readily available vinyl

oxirane and amino alcohol under one-pot sequential Pd0 and Fe (III)-catalyzed

hetero-annulation strategy. This method offered an easy accesses of diversely

substituted morpholines with high diastereoselectivity at ambient temperature through

the formation of ω-hydroxy allylic alcohol IM in situ (IMa!e, Scheme 10.29) [133].

It was worthy to note that the diastereoselectivity of the product formation is indepen-

dent on the configuration of the olefinic bond in vinyl aziridine. In contrast, dia-

stereoselectivity of other methods was dependent on the configuration of the

olefinic bond and was most likely favorable with Z-configuration [134, 135].

The iron-catalyzed cyclodehydration reaction of ω-hydroxy allylic alcohol IM was

deactivated and it was noticed with THF solvent and high Pd0 catalyst loading. This

was attributed to the complexing nature of Fe (III) with either Pd0 or solvent which

161

Fig. 10.19 Mechanism of one-pot MCRs to functionalized morpholine scaffolds.
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further decreases the yield of the reaction. A switch to a noncoordinating solvent like

dichloromethane and reducing the amount of Pd0 catalyst improved the conversion

rate of the reaction.

To prove generality and the scope of the methodology, diversely substituted amino-

alcohols 163a–ewere reacted with 1 mol% Pd(PPh3)4 and 20 mol% of FeCl3�6H2O in

anhydrous dichloromethane at 50°C for 4 h. A very clean reaction was observed with

good to excellent yield of cis-2,6-disubstituted morpholine 164a!e along with excel-

lent diastereoselectivity (Scheme 10.29). During this investigation, it was noticed that

the reaction is also feasible even at room temperature with poor diastereoselectivity

with 10 mol% of Fe (III) catalyst. At elevated temperature with high amount of

FeCl3�6H2O catalyst, diastereomeric ratio (dr) of the products was increased signifi-

cantly. It appeared that Fe-catalyzed reaction underwent a cis-trans isomerization

toward the most stable isomer [136, 137].

This methodology was further extended for the synthesis of polysubstituted, cis-2,3
and 2,5-disubstituted morpholine successfully. A diverse alkyl, aryl, and heteroaryl

cis-2,5-disubstituted morpholines 169a!ewere synthesized with good yield and dia-

stereoselectivity (Scheme 10.30).

°

162 163a–e 164a–e

Scheme 10.29 Diastereoselective one-pot synthesis of 2,6-cis-disubstituted morpholine (164).

°

162 165a–e 166a–e

Scheme 10.30 Diastereoselective one-pot synthesis of 2,5-cis-disubstituted morpholine (166).
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The yield of cis-2,5-substituted morpholine was comparatively lower than

2,6-disubstituted products. This was probably due to the substituent R1 which causes

steric hindrance. Owing to the flexible structure, morpholine ring preferred to adopt a

chair conformation and the N-tosyl group oriented in an equatorial position. In the

2,6-cis-morpholine the favored conformation was (II) over (I). The conformation

(I) corresponding to the trans diastereoisomer suffered greater 1,3-diaxial interac-

tions. The 2,5-cis morpholine was formed through the most favorable conformation

(III) with low steric hindrance (Fig. 10.20, Tables 10.9 and 10.10).

Table 10.9 Cis-2,6 disubstituted morpholine derivatives (164).

164 R
1 Cis/Trans

Yield

(%)

a Phenyl 95:5 89

b Vinyl 93:7 71

c Cyclopropyl 92:8 87

d n-Pentyl 92:8 83

e Cyclohexyl – 93

Low steric hindrance

Zero steric hindrance Steric hindrance

Fig. 10.20 Diastereoselectivity in 2,6 and 2,5-disubstituted morpholine derivative.

Table 10.10 Cis-2,5 disubstituted morpholine derivatives (166).

166 R1 Cis/Trans

Yield

(%)

a Phenyl 85:15 72

b Isopropyl 95:5 60

c Ethyl 95:5 60

d (MM)Pha 90:10 62

e 2-(M)TPb 94:6 50

a (MM)Ph: (Methoxymethyl)phenyl.
b 2-(M) TP: 2-(Methyl)thiophenyl.
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The 2-hydroxymethyl-substituted morpholine scaffolds are imperative synthetic

precursors in the synthesis of advanced heterocyclic compounds.

Breuning et al. developed an expeditious one-pot stereoselective approach for the

synthesis of enantiomerically rich 2-hydroxymethyl morpholine with densely

functionalized structure. The key step of this methodology was involved in high

regioselective Lewis acid-mediated nucleophilic ring opening of enantiomerically

pure (R/S) epichlorohydrin with various substituted β-amino alcohols followed by

base-assisted 6-exo-tet intramolecular annellation.

In one-pot procedure the protocol was demonstrated for the synthesis of diverse

chiral morpholines in good to excellent yield with outstanding chirality transfer. Pri-

marily, a diverse substituted chiral β-amino alcohols 167a!e was reacted with com-

mercially available (S)-epichlorohydrin (97% ee) 168 in the presence of LiClO4 in

toluene at 20–50°C for 14–18 h to enhance a complete transformation of IM(III)

(Fig. 10.21). Addition of the base (NaOMe) in MeOH to the same reaction flask

and continued stirring for additional 14–72 h at the same temperature furnished the

compounds 169a!e in good to excellent yield (Scheme 10.31) [138].

The structure of newly synthesized morpholines derivatives was explicitly

established by extensive 2-D NMR analysis.

The reaction followed a highly selective ring opening of epoxide by nucleophilic

attack of amino alcohols through the formation of various IMs following the path

B!C in stepwise and this process forms morpholine B!C!D (Fig. 10.21). The

Fig. 10.21 Sequential and one-pot reaction pathway.
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reaction probably took a concerted route in a one-pot reaction delivering the targeted

compound adopting the pathwayA (Fig. 10.21). It was important to note that endo-trig
cyclization eventually took place to circumvent the exo-trig cyclization which leads to
the formation of 1,4-oxazepines.

Panda et al. discovered a general method to access the diverse cis-3,6-disubstituted
morpholines and 3,6-disubstituted 1,4-oxazepanes derivatives, derived from the base-

catalyzed tandem one-pot regioselective aziridine/epoxide ring opening as the key

reactions [139].

Initially, (S)-2-isopropyl-1-tosylaziridine 170awas chosen as the model substrate

to investigate the reaction with (R)-glycidol 171 in the synthesis of morpholine and

1,4-oxazepane derivatives through regioselective nucleophilic ARO by NaH-

mediated reaction. It was important to note that a very clean reaction proceeded at

room temperature and an inseparable mixture of compounds 172a and 173a were

formed in 2.1:1 ratio which was confirmed by NMR analysis (Scheme 10.32).

°

°

167a–e 168

(169a) (169b)   (169c) (169d) (169e)

169a–e

Scheme 10.31 Stereoselective one-pot synthesis of 2-(hydroxymethyl)-morpholine(S)-
epichlorohydrin (169) under Lewis acid catalyst.

170a 171 172a 173a

Scheme 10.32 Investigation on the synthesis of cis-2,6 and 3,6-disubstituted morpholine and

1,4-oxazepanes.
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Itwasworthy tonote the reactionproceeds throughthe facile tandemaziridine-epoxide

ring opening sequence. It was found that tBuOK (1.2 equiv.) in DMSO is the best reagent

for this investigation, but it failed to improve the diastereomer ratios of the products dis-

tribution. The scope of the methodology was examined with diverse substituted chiral

aziridines 170b–f with (R)-glycidol in the synthesis of a wide range of stereodefined

cis-3,5 and 3,6-disubstituted morpholines and 1,4-oxazepanes (Scheme 10.33).

It was found that high steric appealing group present in aziridine ring (sec-butyl,

isobutyl, and indole-substituted) fail to give the morpholine derivatives. It produced

azepanes which are further supported by an extensive NMR and chemical analysis of

the products. This was attributed to exo-trig ring opening of the epoxide and follows
the reaction path B to furnish the corresponding azepane derivatives exclusively

(Fig. 10.22).

170 171

172

173 173

173

173

173

172

172e–f 173b–f

Scheme 10.33 One-pot synthesis of 3,5 and 3,6-disubstituted morpholine and 1,4-oxazepanes

by tandem ring opening of chiral aziridine and (R)-glycidol at room temperature.
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10.10 Regioselective ring opening/expansion of oxetanes

Oxetanes are an important four-membered cyclic ether principally occupied as an

attractive structural motif in diverse medicinally and bioactive molecules. Apart from

this, oxetane serves as a powerful IM in advanced synthesis of a wide range of phar-

macologically active molecules. The inherent ring strain (106 kcal mol�1) associated

with oxetane enhanced the efficacy of its synthetic utility in organic and medicinal

chemistry. The ring opening reaction of an oxetane ring depended on the nature of

the nucleophiles and the substitution pattern of the ring system. An extensive research

was performed in the field of oxetane and its synthetic application [140–144].
The synthesis of multifaceted heterocycles through oxetane ring opening/ring

expansion strategy in a one-pot operation is discussed here.

The opening of oxetane was used for an expeditious route in the synthesis of

densely functionalized heterocyclic molecules.

170 171a 171

173 172

Fig. 10.22 Regioselectivity of epoxide ring opening in synthesis of cis-3,5 and

3,6-disubstituted morpholine and 1,4-oxazepanes.
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10.11 Synthesis of morpholine/piperazine/thiazine

Carreira and coworkers devolved a powerful strategy for the rapid access of diverse

heterocycles corresponding to morpholine, piperazine, thiomorpholine, and

spirocyclic congers efficiently. These were based on Lewis acid-mediated intramolec-

ular ring expansion of masked spirocyclic oxazolidines which were derived from com-

mercially available oxetan-3-one and substituted β-amino-alcohols [145].

The oxazolidine 174a was treated with 2 mol% of In(OTf )3 in the presence of

trimethylcynide (TMSCN) (1.5 equiv.) which leads to the morpholine derivative

175a in 92% yield with excellent diastereoselectivity (>20:1). A nucleophilic attack

by TMSCN produced the oxetane amino acid nitrile derivative 174a1 under Strecker

condition followed by the oxyphilic ring expansion of the activated oxetane ring

through the TS1 (intramolecular exo-trig cyclization) eventually generated the mor-

pholine 175a (Scheme 10.34).

The X-rays analysis supported theTS1 in which the CN group prefers to occupy the

axial position while the bulkier group adopts the equatorial position.

With this existing result in hand, this group next focused to develop the synthesis of

substituted morpholine (X5 O), piperazine (X5 N), and thiomorpholine (X5 S)

derivatives in good to excellent yield in a highly stereocontrolled fashion (Scheme 10.35).

The use of diethyl trimethylsilyl phosphite was proven to be an excellent nucleophilic

regent for this type of study and lead the formation of phosphonates 176 and 177 deriv-

atives in excellent yield with consistent diastereoselectivity (Scheme 10.36). The nitrile

functionality was directly converted to several other groups under different reaction

174a

174a1
174TS1

175a

Scheme 10.34 Synthesis of morpholine derivatives from ring expansion of oxetane hemiaminal

ether under Lewis acid catalysis.
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conditions. It was worthy to note that important BBLs are created that are useful for the

preparation of azetidine, triazole, and lactams fused with morpholine ring.

Very recently, the same group reported boron trifluoride etherate-catalyzed nucle-

ophilic ring opening of N,Oacetal of spirocyclic oxetane 179 with potassium trifluo-

roborate to 181a–f. This was a viable route for the synthesis of benzo morpholine

derivatives (Scheme 10.37) [146].

174 175b–i

175

b

175

f

175

g

175

h

175

i

175

c

175

d

175

e

Scheme 10.35 Substrate scope and diversity in product formation.

174 176 177 178

Scheme 10.36 Synthesis of phosphonate morpholine using diethyl trimethylsilyl phosphite.

One-pot strategy: A highly economical tool 399



10.12 Synthesis of functionalized isoxazoles

Isoxazoles are five-membered heterocyclic compounds having nitrogen and oxygen in

the ring. Owing to their excellent chemotherapeutic profile, isoxazole occupied a

dominant position in the industry and medicinal chemistry research. A wide range

of isoxazoles was used to fight against infectious diseases. For instance, flucloxacillin

182, a new isoxazole penicillin antibiotic including its analog cloxacillin 183, and

oxacillin 184 are well-established antibiotics with wide spectrum of clinical applica-

tion. This class of antibiotics have antimicrobial activities and are active against

penicillinase-producing strain of Staphylococcus aureus. Isoxazoles were also found

in valdecoxib 185, a nonsteroidal antiinflammatory drug (NSAID) and a COX-

inhibitors used in the treatment of the pain associated with osteoarthritis, rheumatoid

arthritis, and menstrual complication. It is also very effective against the pain associ-

ated with postsurgical analgesia [147–149].
Leflunomide 186 is an immunomodulator antirheumatic cytotoxic drug that

inhibits cell proliferation of lymphocytes in a patient suffering from acute rheumatoid

arthritis [150].

The development of general and versatile synthetic methodology for the isoxazole

synthesis is of great interest for the chemists and a significant development has also

been made toward the synthesis and chemotherapeutic evaluation of this unique class

of molecules (Fig. 10.23).

Gold (I)-catalyzed cycloisomerization of α,β-unsaturated acetylenic oxime [151],

iodine (III)-mediated [3+2] cyclization for synthesis of benzo-fused isoxazole [152],

epoxide ring opening reaction [153], Fe (III)-catalyzed reaction of alkyne [154],

Cu-catalyzed reaction of amine and alkyne [155], β-enaminodiketone [156], cesium

carbonate-mediated reaction [157], and ruthenium-catalyzed cycloaddition of nitrile

oxide to alkyne [158] are few of the notable synthesis of isoxazoles.

Carreira and co-workers [159] developed a cascade one-pot approach for the syn-

thesis of 3-substituted isoxazole-4-cabaldehyde in a one-pot operation. This synthesis

was realized through three-step sequence of reactions by the base-catalyzed Henry

addition reaction of nitroalkane 190 with oxeta-3-none 189, an elimination followed

by rearrangement to isoxazole derivatives 191 (Scheme 10.38).

179 180 181

Scheme 10.37 Synthesis of benzo[1,4]-oxazin derivatives via spirocyclic oxetane ring

expansion.
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The nitroalkane 190 and oxeta-3-one 189was taken together in the presence of cat-

alytic amount of triethylamine (0.2 equiv.) at room temperature and then the reaction

mixture was diluted with THF and allowed to cool at�78°C followed by the addition

of Et3N andmethane sulfonyl chloride. After the addition of iPr2Net (N,N-di-isopropyl

(analog of  cloxacillin) (chlorinated derivative of  oxacillin)
Flucloxacillin (182)

Valdecoxib (185) Leflunomide (186) Mofezolac (187) Ibotenic acid (188)

Cloxacillin (183) Oxacillin (184)

Fig. 10.23 Representative isoxazole drugs candidates in chemotherapy.

189 190 191a–g

191

Scheme 10.38 A cascade one-pot approach to isoxazole from oxetane rearrangement. Reagent
and conditions: nitroalkane (0.75 mmol, 1.0 equiv.); oxetan-3-one (0.98 mmol, 1.3 equiv.),

THF (0.1 M); [a] yield reported is isolated yield (%) after column chromatography.
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N-ethyl amine) and keeping the reaction at room temperature produced the isoxazole

in good yield.

Mechanistically, this cascade reaction to isoxazole followed the deprotonation of

exocyclic oxetane nitrone B by iPr2NEt in a rate-limiting steps to form.

Oxetane IM C which then undergoes ring expansion to give another IM D!D*.
This IM on dehydration furnished the targeted isoxazole 191a!g in good to excellent

yield. All newly synthesized 3-substituted isoxazole-3-carbaldehyde has a great scope

for synthetic application and these can serve as advanced BBLs in drug discovery.

10.13 Synthesis of polycyclic azaheterocycles

The Diels-Alder reaction is one of the most popular reactions that creates high level of

molecular complexity in concerted fashion. In 2013, Sun and coworkers [160] reported

very powerful methods to access the complex bio-active indole alkaloids. This method-

ology realized a stereoselective organo-catalyzed multicomponent reaction based on an

intermolecular aza [3+2] cycloaddition strategy in a single-pot operation.

This synthesis required the presence of an oxetane ring in close proximity of an

aldehyde group to influence on the reaction. It minimized the energy required to reach

the transition state of the reaction and thus the reaction proceeds at room temperature.

It is worthy to note that four consecutive CdC and CdN bonds and formation of four

contiguous centers was achieved successfully in a single-pot operation with excellent

yield along with high degree of enantioselectivity (Scheme 10.39, Table 10.11).

192

193

193

194

195

196a–d

Scheme 10.39 One-pot multicomponent aza-[3+2] cycloaddition reaction in synthesis of

polycyclic heterocycles.
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The resulting molecules have a close structural resemblance to the naturally occur-

ring indole alkaloids, (+)-melonine, and MCH-I receptor antagonist [161]. These

molecules demonstrated promising anticancer activity against human lung carci-

noma (A549) and human cervical carcinoma (HeLa cell) when tested through MTT

assay.

10.14 Synthesis of pyrone derivatives

Pyrone derivatives are six-membered oxa-heterocycles and extremely prevalent struc-

tural motif in diverse naturally and synthetically occurring bioactive molecules having

a broad array of chemotherapeutic potentials. The macrolide antibiotic with

dihydropyran ring (DHP) as principle structural motif is (+)-sorangicin. This exhibited

potential antibiotic activity against both Gram-positive and Gram-negative

rifampicin-resistant bacteria [162, 163]. Some examples of this group included Psy-

mberin (inhibitory action of cancer cell proliferation) [164], Aspergillide B (cytotoxic

activity against lymphocytic leukemia cell in mouse) [165], and Diospongin B

(antiosteoporotic activity) [166].

Owing to their excellent biological activity and complex structural features they

received much attention toward their synthesis and evaluation as drug candidates.

The notable methods in literature for their synthesis were Oxa-Michael reaction

[167], Maitland-Japp reaction [168], Prince cyclization [169, 170], and [4+2]

cycloaddition [171].

Njardarson and coworkers developed a facile one-pot asymmetric synthesis of

diverse substituted dihydropyrans via catalytic ring expansion of vinyl oxetane

(Scheme 10.40) [172].

Table 10.11 Aza-[3+2] cycloaddition reaction result and substituents.

196 Ar Z R
1

R
2

R
3

R
4

Yield (%) ee (%) dr

a 2,3-Phenyl H H OMe OMe OMe 45 66 >95:5

b 2,3-Phenyl H OAc OMe H OMe 67 63 >90:10

c 4-(F)-2,3-

Phenyl

Br H OMe H OMe 67 88 >95:5

d 3,4-Perinyl Br H OMe H OMe 93 78 >95:5
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The reported method equally worked with Brønsted acid (1 mol%, TfOH) at low

temperature and Lewis acid (1 mol%, Cu(OTf )2). The vinyl derivative of oxetane

197a!e was treated with either 1 mol% of either Cu(OTf )2 or 1 mol% of TfOH

in anhydrous dichloromethane at �78°C. A facile ring expansion was reported with

excellent yield of the products 198a!b (Table 10.12). This method had a wide scope

with diverse substrates. The ring expansion proceeded through the formation of allyl

cationic IM(I) which then undergoes endo cyclization through oxygen atom to give

DHPs. Notably, there was no detrimental effect of cationic stabilizing group present

on the allylic cationic IM.

The authors also employed chiral catalyst for the desymmetrization of divinyl

oxetane successfully with a high level of enantioselectivity. It was observed that

using copper catalyst 200, the ring expansion proceeds smoothly with poor

enantioselectivity while the use of chiral phosphoric acid derivative catalyst 201

gives promising result in moderate yield with high enantioselectivity (Scheme

10.41, Tables 10.1 and 10.2). The best enantioselectivity was observed with phos-

phoric acid (X!NHTs, Ar!9-anthracene) at 10°C (Table 10.13, entry f,

Table 10.14)

°
197 198

Scheme 10.40 Ring expansion of vinyloxetane in synthesis of dihydropyrons (DHPs).

Table 10.12 Cu(OTf )2 catalyzed ring expansion of vinyl oxetane.

198 R4 R3 R2 R1 Yield (%)a

a Ph H H H 95

b Ph H H Me 91

c Ph Me H Me 89

d Ph Me H H 93

e C6H13 H H H 78

a Isolated yield after column chromatography.
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10.15 Cyclopropane ring expansion

Cyclopropane is a highly strained three-membered carbocyclic ring (27 kcal mol�1)

that shows high reactivity with nucleophilic reagent. The ring opening of cyclopropane

under thermal or photochemical condition was studied in organic synthesis. The strain

associated with ring was the main driving force for the catalytic cleavage of the CdC

bond. The electron-withdrawing group in cyclopropane ring was used to further acti-

vate the CdC bond cleavage with nucleophilic reagents in the synthesis of diverse het-

erocyclic scaffold of medicinally privileged molecules. In the past decades, several

reviews were published on the ring opening reaction of cyclopropane [173–177].
Therefore, the synthetic method based on cyclopropane ring expansion or

rearrangement was a pivotal step in a crucial synthetic strategy.

A few synthetic strategies based on cyclopropane ring expansion in a one-pot reac-

tion is described here.

202

200

199

201

202

Scheme 10.41 Catalytic desymmetrization of divinyl oxetane in synthesis of

DHPs. Condition A: 5 mol% of Cu(OTf )2 and 200, CH2Cl2, �78°C, 30 min.

Table 10.13 [Ar]!9-anthracene.

201 X ee (%) Yield (%)

d OH 71 51

e NHTf 73 38

f NHTs 90 41

Condition B: 10 mol% of 201(d–f), toluene, RT, 100 h.

Table 10.14 [Ar]!2,4,6-(iPr)3C6H2.

201 X ee (%) Yield (%)

a OH 19 55

b NHTf 23 42

c NHTs 59 47

Condition B: 10 mol% of 201(a–c), toluene, RT, 100 h.
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10.16 Synthesis of aza-heterocycles in one-pot ring
opening

Piperidine is ubiquitous structural motif widely occurred in diverse synthetically and

naturally occurring bioactive molecules. The most notable natural products of this class

include Lofentanil, (�)-Arbaricine, (+)-Pergolide, and (+)-Lepadin. Kerr et al. [178]
developed a versatile synthesis of densely functionalized piperidine scaffold based

on a catalytic one-pot ring opening of cyclopropane followed by conia-ene cyclization.

This synthesis depended on the nucleophilic ring expansion of gem-cyclopropanediester
with N-benzyl protected propargyl amine as the nucleophile. This produced the sub-

strate for the conia-ene cyclization step in the presence of Lewis acid catalyst. It was

discovered that Zn(NTf2)2 is the best catalyst for carrying out the two-steps reaction

of ring opening and subsequent cyclization in a single-pot operation (Scheme 10.42).

(%)a

Furyl

°
203

204

205

205

Scheme 10.42 One-pot synthesis of piperidine via tandem cyclopropane ring opening/conia-

ene cyclization.
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It was realized that 5 mol% of the Zn(NTf2)2 facilitated the reaction but took longer

reaction time to complete while 10 mol% of the catalyst was very effective. The meth-

odology has a diverse scope with aryl rings that have activating/deactivating groups.

Heteroaryl-substituted cyclopropyl ring was opened regioselectively with

N-propargyl amine with excellent yield.

Pyrrolidine rings are interesting scaffold and are often found in many natural prod-

ucts. The typical pyrrolidine alkaloids are kainic acid, condonopsinine, isodomoic

acid C, and nicotine. Some novel synthetic methodologies based on one-pot ring

expansion of cyclopropane ring toward pyrrolidine scaffolds are described below.

In this connection Lautens et al. [179] reported an efficient diastereoselective mag-

nesium iodide-mediated (MgI2) ring expansion of methylenecyclopropane ring 207

with chiral N-sulfinimines 206. This methodology was employed for the preparation

of substituted N-sulfinimines 206a–e which were used in the synthesis of pyrrolidine

derivatives 208a–e successfully (Scheme 10.43). The substitution pattern in aromatic

ring had no effects on the diastereochemical outcome of the products (Table 10.15).

206

206

207

208

208

207

207

Scheme 10.43 Diastereoselective ring expansion of methylenecyclopropane in synthesis of

pyrrolidine.

Table 10.15 Substrate scope and dr ratio.

208 Z Yield (%)a dr (%)b

a Ph 90 >20:1

b p-OMeC6H4 76 >20:1

c p-NO2�C6H4 72 >20:1

d p-Me�C6H4 85 >20:1

e p-CF3�C6H4 94 >20:1

a Isolated yield.
b Determined from crude 1H NMR.
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However, the yield of pyrrolidine depended on the substitution pattern of the aro-

matic rings present in the N-sulfinimines.

A highly efficient method based on rare earth metal-catalyzed diastereoselective

synthesis of 2,5-cis pyrrolidine scaffold of medicinally privileged molecules was

achieved by Kerr and coworker [180].

This synthesis realized the [3+2]-cycloaddition of imine A derived from the con-

densation of amine 210 and aldehyde 209 in situ with gem-cyclopropanediester 211 in
the presence of Yb(OTf )3 as a catalyst. The presence of a high electron-withdrawing

group (i.e., NO2) in aldehyde failed to deliver the expected product. The disposition of

the substituents in the aromatic of imines greatly influenced the diastereoselectivity of

the products formation. It was observed that the aldimine derived from to 2-furyl

(entry b, Table 10.16) and 2-thiophenyl (entry e, Table 10.16) gave a poor dia-

stereoselectivity as a comparison to the aldimine derived from phenyl group.

A model to explain the formation of pyrrolidine was proposed (Fig. 10.24). The

formation of the major syn products was favored via the conformation B in which

the bulkier R2 are present in an equatorial position causing less steric hindrance

Table 10.16 Synthesis of 2,5-cis pyrrolidine (212).

212 R
1

R
2

R
3

Yield (%) Syn/anti

a Bn Ph Ph 96 93:7

b Bn 2-Furyl Ph 93 55:45

c Bn p-OMeC6H4 Ph 95 >99:1

d nBu Ph Ph 82 96:4

e Bn 2-Thiphenyl Ph 96 85:15

Disfavored

Fig. 10.24 Proposed model for the products formation.
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and leads the formation of 2,5-cis derivatives of pyrrolidine 212a–e as the major prod-

ucts (Scheme 10.44, Table 10.16). The E/Z configuration of imine played a crucial

role in dictating the products formation.

The same group developed a highly diastereoselective intramolecular method to

access the cis and trans pyrrolo-isoxazolidines as the precursor for pyrrolidine starting
from (Z) and (E) isomer of oxime ether tethered with activated cyclopropane ring

[181]. The oxime ethers 213 and 214 corresponding to diverse aryl, hetroaryl, and alky

groups were annulated to pyrrolo-isoxazolidines 215 and 216a–e derivatives with

5 mol% of Yb(OTf )3 in excellent yield (Scheme 10.45, Table 10.17). The dia-

stereoselectivity greatly depended on the configuration of the oxime ethers. It was

found that (E)-oxime ether gives 2,5-trans products while (Z)-isomer gives

corresponding 2,5-cis-pyrrolo-isoxazolidine derivatives exclusively. This method

210

209

211

212

Scheme 10.44 Multicomponent reaction (MCRs) for the synthesis pyrrolidine via
cyclopropane ring expansion.

(B)(A)

216

213 214

215

Scheme 10.45 (A) Synthesis of 2,5-trans-pyrrolo-isoxazolidines from (E)-isomer of oxime

ether. (B) Synthesis of 2,5-cis-pyrrolo-isoxazolidines from (Z)-isomer of oxime ether.
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offered the stereospecific annulation to access the cis and trans products from the

same starting materials. A cleavage of the NdO bond of the isoxazolidines provided

the access of highly substituted complex pyrrolidine in very high yield.

Tang et al. developed a highly stereoselective synthesis of tetra-substituted

pyrrolidines by the direct nucleophilic ring of activated 1,1-cyclopropanediesters

under Sc(OTf )3-catalyzed reaction. The annulation of 1,1-cyclopropanediester 218

with varied substituent to highly substituted pyrrolidines 219a–e was achieved with

the reaction of imine 217 in the presence of 5 mol% of Sc(OTf )3 as a catalyst in dic-

hloromethane as the solvent. The protocol was successfully employed in the synthesis

of a wide range of pyrrolidine derivatives with varied substitution patterns proving the

generality and scope of the methodology [182] (Scheme 10.46, Table 10.18). The

cycloaddition reaction worked equally with electron-rich and deficient imines.

Table 10.17 Synthesis of trans-pyrrolo-isoxazolidines.

216 R Yield (%)

a Ph 98

b p-BrC6H4 99

c p-OMeC6H4 99

d p-NO2C6H4 99

e 2-Pyridyl 97

217 218 219

Scheme 10.46 Sc(OTf )3 catalyzed cycloaddition of imine to gem-cyclopropanediesters.

Table 10.18 Reaction of gem-cyclopropanediester with imines.a

219 R1 R2 Z drb Yield (%)c

a Ph Styryl CO2Me 9:1 91

b 4-FC6H4 Styryl CO2Me 10:1 94

c 4-MeOC6H4 Styryl CO2Me 9:1 86

d 4-CIC6H4 Vinyl CO2Me 6:1 92

e 4-CIC6H4 Ph CO2Et 24:1 85

a 0.25 mmol scale of reaction.
b dr determined by 1H NMR.
c Isolated yield.
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Mechanistically, the cycloaddition pathway was assisted by the direct nucleophilic

attack of imine to the cyclopropylcarboxy ester to give dipolar IMB and C. The 1,3-cis
conformation C was energetically and sterically favored and undergoes facile annu-

lation to afford cis-pyrrolidine derivatives as the major products (Fig. 10.25).

10.17 Synthesis of oxacyclic heterocycles in one-pot

Tetrahydropyrans and furans principally constitute as a central motif in diverse

medicinally privileged molecules [183]. The most notable anticancer agent, bry-

ostatin, and eribulin are marine macrolides having intriguing tetrahydropyran and

furan motif [184, 185]. There is large number of marine macrolide natural products

that contain tetrahydropyran and tetrahydrofuran ring together. For instance,

goniodomin A (actin targeting polyether), prorocentrolide (toxin halistatins), and

percentotoxine [186].

Due to their promising biological activity it attracts the attention of the scientific

community for their synthesis and structural elucidation. The synthetic strategy for

the synthesis of tetrahydrofuran scaffolds based on one-pot ring expansion of cyclo-

propane ring was developed. The activated cyclopropane is valuable synthetic pre-

cursor in organic synthesis. The dual behavior (donor-acceptor) of cyclopropane is a

good choice for performing cascade reaction with high degree of molecular

complexity.

Johnson and group developed a powerful synthetic approach for the

enantioselective synthesis of 2,5-substituted cis-tetrahydrofuran based on Lewis

acid-mediated [3+2] cycloaddition of enantiomerically rich donor-acceptor

S-cyclopropanediester with various aldehydes [187]. The synthesis was accomplished

by the reaction of (S)-dimethyl 2-phenylcyclopropane-1,1-dicarboxylate (220, 1.0

equiv.), benzaldehyde (R!Ph, 3.0 equiv.) in the presence of Sn(OTf )2 (5 mol%)

to form tetrahydrofuran (222) in quantitative yield with 96% of enantioselectivity

at room temperature (Scheme 10.47). A chirality transfer from cyclopropane to prod-

ucts was achieved. To establish the scope and the generality, various aldehydes

(electron-rich/deficient) were tested and successful results were realized

(Table 10.19). An electron-deficient aldehyde needed longer reaction time with high

Disfavored

Fig. 10.25 Proposed conformation for the product formation.
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catalyst loading, furnishing the product with enantioselectivity (ee < 96%). This

method was not effective with aliphatic aldehydes. The use of SnCl4 greatly improved

the synthesis of title compound with excellent diastereoselectivity and

enantioselectivity. All newly synthesized tetrahydrofuran scaffolds were transformed

into other valuable medicinally privileged molecules by chemical manipulation.

It was believed that the mechanism followed a concerted SN2 pathway for the

major product. The HOMO of the cyclopropane has a strong interaction with LUMO

of the aldehyde regardless of the nature of the aldehyde.

The same group developed a synthetic protocol based on cyclopropane-aldehyde

[3+2]-cycloaddition at the quaternary donor site of cyclopropane ring in

stereoselective synthesis of highly substituted tetrahydrofuran motif under Lewis

acid-catalyzed condition [188]. The cyclopropane was exploited in the synthesis

of biologically relevance tetrahydrofuran scaffolds principally constituted in a wide

range of natural products. The quaternary center in D-A cyclopropanediester 223ac–
were involved in CdO bond formation by the nucleophilic attack of aldehyde

224a–i with complete stereochemical inversion at the donor site (Scheme 10.48,

Table 10.20).

Table 10.19 Scope of [3+2] cycloaddition reaction of aldehyde

and cyclopropane (donor-acceptor).a

222 R dr ee (%) Yield (%)b

a C6H5 >100:1 96 100

b p-Cl-C6H4 >83:1 96 97

c p-OMe-C6H4 >84:1 99 99

d 2-Furyl 24:1 99 83

e 2-Thienyl >92:1 98 98

a Cyclopropane (1.0 equiv.), aldehyde (3.0 equiv.), Sn(OTf )2 (5 mol%), 23–29°C.
b Isolated yield.

220

221

222

TS

Scheme 10.47 [3+2]-Cycloaddition for synthesis of 2,5-substituted tetrahydrofuran (THF).
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10.18 Conclusions

It can be seen that a number of one-pot methods are discovered for the green synthesis

of numerous medicinally active compounds. The reactivity differences of the starting

compounds and catalysts are the key factors to realize the successful one-pot strategy.

Many of these structures are highly complex and functionalized. It is very crucial to

prepare many of these molecules in optically active forms. Interestingly, synthesis of

many of these compounds may not prove to be effective if these are attempted to pre-

pare through a stepwise process. However, designing one-pot synthesis remains a

great challenge for the chemists.
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Table 10.20 Scope of [3+2] cycloaddition reaction and selectivity.a

Entry

D-A cyclopropane (223a!c)

225(a! i) Yieldb (%) drcR
1

R
2

R
3

1 Isopropenyl Me Ph 225a 90 96:4

p-Cl�C6H4 225b 90 99:1

Et 225c 55 99:1

2 p-CNC6H4 Me Ph 225d 90 95:5

p-Cl�C6H4 225e 90 95:5

Et 225f 59 96:4

3 p-MeOC6H4 Me Ph 225g 91 96:4

p-Cl�C6H4 225h 87 97:3

Et 225i 74 90:10

a Reaction was performed with 1.0 equiv. of 223(a!c); 3.0 equiv. of aldehyde 224 followed with 5.0 mol% of
Sn(OTf )2 in a sealed Teflon vessel.

b Isolated yield.
c Determined by H1NMR analysis.

223

224

225

Scheme 10.48 [3+2]-Cycloaddition for synthesis of 2,2,5-substituted tetrahydrofuran (THF)

motifs.
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11.1 Introduction

In chemistry, a catalyst is any substance that can be added to a reaction to accelerate

the reaction without getting consumed in the process. Catalyst typically speedup the

reaction by lowering the activation energy or alter the mechanistic pathways of the

reaction and achieving the goal under milder reaction condition. Based on their chem-

ical composition, catalyst may be homogeneous or heterogenous in nature [1–3].
Transition metal and organometallic catalysis emerge as a powerful tool for organic

synthesis for many years [4–8]. However, the use of biocatalysts for organic transfor-
mations also plays a key role in this area [9–14]. In contrast, the use of metal-based

catalysts imposes a great environmental concern mostly owing to their toxicity and

waste created by this process [15].

In this context, identifying a greener catalytic system for sustainable development of

the reaction system in synthesis is worth for the scientists. Toward this goal, organ-

ocatalysis plays a pivotal role in the design and synthesis of a vast number of challeng-

ing molecules of diverse interests in an efficient manner. In past few decades,

organocatalysis has become a promising tool in the development of challenging

asymmetric synthesis. The most challenging areas include asymmetric biomimetic

synthesis [16], Mannich reaction [17], Michael reaction [18], Cascade reaction [19],

Friedel-Crafts reaction [20–23], glycosylation reaction in carbohydrates [24, 25], aldol
reaction [26], Morita-Baylis-Hillman reaction [27, 28], Streker reaction [29], and

flurocyclization [30]. The focal point of this chapter is to consider cycloaddition

reaction catalyzed by using small organic molecules. Cycloaddition reactions are

fascinating tool for chemists to creating high level ofmolecular complexity and stereo-

selectivity in concertedpathwaysunder thermal andphotochemical conditions [31, 32].
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11.2 [4 + 2] Cycloaddition reaction

The Diels-Alder reaction is incredibly a valuable classical reaction that offers an ele-

gant method for the synthesis of six-membered cyclic compounds in high regio- and

stereoselective manner. This method basically involves the reaction of a diene (4-π
electron) and a dienophile (2-π electron) under thermal condition. The main driving

force of this reaction is the formation of new σ bond which is energetically more stable

than the π bonds. In general, this reaction follows molecular orbital rule developed by

Woodward and Hoffmann rules for pericyclic reactions. An overlap of the highest

occupied molecular orbital (HOMO) of the diene and lowest occupied molecular

orbital (LUMO) of the dienophile takes place in this process. The reaction is acceler-

ated by the electronically rich dienes and deficient dienophiles.

The regioselectivity is greatly controlled by the relative size of the orbital coeffi-

cient of the HOMO and LUMO involved in the reaction [33].

As shown in Scheme 11.1, endo transition is sterically highly congested and ther-

modynamically less favored but the endo adduct is the predominant product due to the

secondary orbital overlap of diene HOMO.

With its diverse synthetic application and simple operation, theDiels-Alder reaction

has become the most powerful synthetic method for the synthesis of unsaturated

six-membered rings.This reaction has been exploited extensivelyby the scientific com-

munity. It is a highly atom economical method and generally does not require any cat-

alysts under thermal conditions.However, sometimes itmay require a high temperature

for completing the reaction.Over a fewdecadesanextensive studyhasbeenmade in this

area and lots of modifications have been made to perform this reaction at ambient tem-

peraturewith excellent stereoselectivity. In this context, Lewis acid-catalyzed [34, 35],

chiral auxiliary-controlled [36–38], and catalytic asymmetric Diels-Alder reaction

[39–41] are the major achievements. This methodology has also been further exploited

toward the total synthesis of bioactive complex natural products [42–49].
Despite several spectacular extensive studies, challenging efforts have been

applied in the seminal areas for utilizing small organic molecules as catalyst in

Diel-Alder reaction. This catalyst has received an incredible attention by the scientific

community due to its widespread availability in enantiomeric pure forms. Some of the

excellent methods are described here.

Exoselectivity (disfavored) Endoselectivity (favored)

Scheme 11.1 Regioselectivity in Diels-Alder reaction.
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11.3 [4 + 2] Cycloaddition via iminium ion activation

In 2000, MacMillan and his coworkers developed an elegant strategy based on

organocatalytic enantioselective Diels-Alder reaction. The authors hypothesized a

reversible condensation of aldehydic function with chiral amines to produce iminium

ion which lowers the LUMO energy of the dienophile and facilitates the reaction.

Keeping this hypothesis in mind a reaction of diverse α,β-unsaturated aldehyde with

cyclic diene in the presence of 10 mol% of chiral amines were performed in high yield

(up to 99%) and good to excellent endo:exo selectivity (2.7:1–1.3:1) at ambient tem-

perature using methanol and water as the solvent (Scheme 11.2) [50].

This methodology was further exploited with a series of chiral secondary amine

hydrochloric acid salt (11213). This catalytic system lowered the LUMO energy with

catalytic amount of chiral amines (S-proline methyl ester (11) and S-arbine methyl

ester) and produced cycloadduct in excellent yield. The use of sterically constrained

imine (13) demonstrated the greatest enantioselectivity (>99% ee) and proved the

optimal catalyst for further exploration of this methodology.

This group extended the methodology for the total synthesis of marine metabolite

Solanapyrone D through intramolecular Diels-Alder reaction (IMDA) through

Scheme 11.2 Enantioselective organocatalyzed Diels-Alder reaction in MeOH/H2O.

Scheme 11.3 IMDA approach for central core of Solanapyrone D.
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iminium ion activation of α,β-unsaturated aldehyde as dienophiles as a key reaction

(Scheme 11.3) [51]. For these transformations the catalyst 13/14worked equally well,

affording bicycloadduct in excellent yield and demonstrated excellent enatio- and dia-

stereoselectivity as well.

In this context a long-standing challenge associated with [4 + 2] cycloaddition

reaction, the MacMillan group in 2001 demonstrated a remarkable study on catalytic

enantioselective Diels-Alder reaction of a series of simple α,β-unsaturated enones

(cyclic/acyclic) with cyclic/acyclic diene via imidazolidinone-derived iminium ion

as an activator.

A computational model was established to explain the asymmetric induction in

cycloadduct through the formation of isomeric cis and trans iminium ion reactive

intermediate (17a/17b) which could eventually form during the course of reaction.

The delineated model showed that when R group in dienophile is methyl or bulky

group, Re face of the dienophiles is blocked and therefore, not accessible for the diene.

The suitable formation of the transition state allowed when the R group is hydrogen.

trans-Iminium intermediates were energetically disfavored and authors envisioned

that it is due to a nonbonding interaction between the R group and benzyl group of

the catalyst. Importantly the reaction went through the si-face of the iminium cis-iso-
mer which are accessible for diene in the transition state affording the cycloadduct in

excellent enantiomeric selectivity (Scheme 11.4) [41].

11.4 [4 + 2] Cycloaddition via enamine activation

HOMO activation, inverse electron demand strategy of Diels-Alder reaction of

dienophiles through dienamines formation from the reaction between amine and unsat-

urated carbonyl compounds arewell documented inDiels and hetero-Diels-Alder reac-

tion [52, 53]. In this context a pioneer work was reported by Meyers and Jorgenson

et al. [54–56] independently in the stereoselective synthesis of tetrahydropyranone

with contiguous stereocenters based on inverse electron demand silica gel-assisted het-

ero Diels-Alder protocol in good to excellent yield. In this reaction the proline-based

catalyst (21) initially reactedwith the aldehyde (20) generating the reactive enamine as

an intermediate which serves as dienophile and approaches electron-deficient 4π elec-
tron system of α,β-unsaturated esters which acts as a hetero diene. The main driving

force for this reaction was due to a lowering of the energy of theHOMOof dienophiles.

Yield: 80%–88%

ee: 48%–93%
0°C

0–10n

n n

17a cis-iminium 17b trans-iminium

Scheme 11.4 Organocatalytic enantioselective Diel-Alder reaction of α,β-unsaturated enones.
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This methodology was further extended for the synthesis of densely functionalized

core structures of tetrahydroquinoxaline, piperidines, and cyclohexanes of diverse

interests. (Scheme 11.5) [57–59].

In 2008, a pioneer study was carried out by Christmann and his coworker for the

synthesis of cyclic system mediated through dienamine activation of α,β-unsaturated
aldehydes using Jørgensen-Hayashicatalyst (25). This protocol was possible because

of an intramolecular [4 + 2] cycloaddition reaction of in situ generated dienamine

intermediates. In this catalysis combination, benzoic acid was required as an additive.

This author achieved good to excellent yield of bicycloadduct with high

enantioselectivity (Scheme 11.6) [60].

–15°C-rt

Yield: 62%–93%

Enantioselectivity: 84%–94%

Scheme 11.5 Enamine mediated inverse electron demand Hetero Diels-Alder reaction.

antielimination

Scheme 11.6 Intramolecular [4 + 2] cycloaddition reaction via dienamine activation.
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This work was undertaken by Gil Santo and his group to perform a computational

study of density functional theory (DFT) calculation to establish the enantio and dia-

stereoselectivity of the product formation. This study also explored to identify the role

of the additive for this reaction [61]. It was interesting to note that benzoic acid is

required for the dienamine formation and help in the elimination process toward

the formation of the conjugated system.

In 2013, Yang and his coworkers proposed the synthesis of dihydrodibenzofurans

scaffold through dienamine-mediated intramolecular [4 + 2] cycloaddition reaction

using sterically hindered organocatalyst (30) with moderate enantioselectivity. The

low enantioselectivity was due to highly strained Z-dienamine intermediate

(Scheme 11.7) [62]. Dihydrodibenzofurans are an important scaffold found in many

naturally occurring molecules.

This strategy worked with a wide range of substrates and provided a facile route for

the synthesis of cis-diastereoisomers of dihydrodibenzofurans in high yield with

excellent enantioselectivity. Based on the enantioselectivity, authors proposed con-

certed exo-transition state for product formation.

In 2009, Xu and his coworkers [63] demonstrated efficient organocatalytic

enantioselective Diels-Alder protocol for cyclic enones with aromatic nitro olefins

via enamine activation in the synthesis of densely functionalized bicyclic scaffolds

under aqueous solution of salt. It was known that Diels-Alder reaction under aqueous

medium may proceed with acceleration in reaction rate and produced products with

selectivity. Initially, the reaction of cyclohexanone and β-nitrostyrene was carried out
in tetrahydrofuran (THF) as solvent using amine as catalyst at room temperature. The

very low conversion with poor enantioselectivity was recorded. On the other hand, this

reaction in aqueous medium had a dramatic acceleration in conversion rate with good

enantioselectivity in comparison to the THF medium. The Diels-Alder reaction was

further improved by using water and saturated brine solution or seawater as the solvent

for this study. The author achieved the best results when the reaction was carried out in

fresh seawater. This investigation suggested that the salt has important role in the

50°C, 7h

antielimination

Scheme 11.7 Intramolecular [4 + 2] cycloaddition reaction via dienamine activation in the

synthesis of dihydrobenzofuran.

432 Green Approaches in Medicinal Chemistry for Sustainable Drug Design



reaction profile. The concentration of aqueous salt solution deeply affected the course

of reaction in terms of the conversion rate, high diastereo- and enantioselectivity. For

example, 100% conversion rate and excellent diastereoselectivity were achieved with

7.5% of aqueous brine solution.

A variety of organocatalyst was tested for this reaction in combination with addi-

tives. It was found that the combination of p-(trifluromethyl)-benzoic acid 39 and

hydroxyl methyl proline-derived catalyst 38 is the ideal asymmetric catalytic system

for investigating this Diels-Alder reaction in the aqueous salt solution. In general, it

took 12–20 h for complete conversion with 94%–96% enantioselectivity.

A diverse cyclohexan-2-enones and substituted β-styrene were treated with 7.5%

aqueous NaCl solution in the presence of catalyst 38 (20 mol%) and acid additive 39

(20 mol%) at room temperature (Scheme 11.8). A smooth reaction was observed.

Interestingly, the substitution pattern of the aromatic ring in nitro-olefins 36 had no

detrimental effect on diastereo- and enantioselectivity of the reaction. However, it

appeared the p-substituted aryl ring formed in greater yield comparatively 37a!c

(o, m, and p). The stereochemical assignment of the cycloadduct was established

on the basis of single-crystal X-ray data.

The scope of the present methodology was extended to diversely substituted nitro-

olefins. It was worthy to note that heterocyclic nitro-olefins react smoothly under the

20 h [99% ee 94%]

20 h [98% ee 95%]

38 (20 mol%)
39 (20 mol%)

20 h [97% ee 93%] 20 h [97% ee 95%]

20 h [99% ee 94%] 20 h [96% ee 93%]

Scheme 11.8 Enamine mediated organocatalyzed [4 + 2] cycloaddition reaction in the

synthesis of substituted bicyclo-[2,2,2]-cyclooctane derivatives. (All reaction(s) was carried out

either in seawater or 7.5% of sodium chloride solution (1.0 mL) using 20 mol% of catalyst 38

and acid additive 39, cyclohe-2-enone 35 (1.0 mmol) and nitro-olefine 36 (0.75) at room

temperature with consistent stirring.)
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delineated condition to give desired bicyclic compounds with excellent

enantioselectivities and good yield (96%, 92%–94% ee).

Furthermore, the 3- and 4-substituted cyclohexanones surprisingly underwent fac-

ile Diels-Alder reaction to give corresponding cycloadducts 37j!k with excellent

yield and high level of enantioselectivity. The diverse functional groups present in

diene and dienophile were well tolerated under this condition.

It was important to note that the seawater and the brine solution both give excellent

results with a high level of enantioselectivity.

The author, proposed a mechanistic pathway for this Diels-Alder reaction. At the

beginning the catalyst 38 was condensed with cyclohexanone 35 that leads the equiv-

alent chiral enamine intermediate analogsof diene A which then forms a complex B

with nitro-olefins 36. A [4 + 2] cycloaddition took place between the activated nitro-

olefins and diene-enamines through the complex transition state B which was further

transformed to the other enamine intermediate C. The intermediate C was eventually

hydrolyzed to equivalent cycloadduct 37a!k and finally released the active catalyst

which further sustained the catalytic cycle (Fig. 11.1). It was worthy to note that the

existence of reactive intermediates A and C was established through conducting

electrospray ionization-mass spectrometry (ESI-MS) experiment. The peak

corresponding 273.1 for A and 422.2 for C supported the proposed catalytic cycle.

It was also evident that the salt solution plays a crucial role in stabilizing the transition

state B via formation of hydrogen bond with acid additive. In this study, the authors

concluded that no Michael adduct was formed during this investigation, rather the

reaction proceeded through the concerted cycloaddition pathways.

Chen and his coworkers [64] described a versatile asymmetric synthetic [4 + 2]

cycloaddition strategy in the synthesis of bicyclic scaffold via amine-catalyzed

Fig. 11.1 Catalytic cycle and T.S for enamine-mediated cycloaddition reaction.
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regioselective cycloaddition of α,β-unsaturated cyclic enones. In this study, the

authors expanded the application of dienamine derived from cyclic enones as the

diene equivalent, with extended conjugated malononitrile as dienophiles in a

regioselective [4 + 2] cycloaddition reaction. This reaction was catalyzed through

hydrogen bond-assisted chiral primary amine as organocatalyst.

In this study, the authors screened a variety of organocatalysts derived from nat-

urally occurring cinchona alkaloids and noticed successful reaction with excellent

selectivity. However, the catalyst 46 and 47 (20 mol%) in the presence of salicylic

acid 45 (40 mol%) as additive was found to be an ideal catalytic system for this reac-

tion in all respects to its enantioselectivity and diastereoselectivity.

Under this optimized condition a wide range of cyclohexanone 40 and conjugated

malononitriles 41a!d and 43a!d in the presence of catalyst 46/47 and acid additive

45 were allowed to react at elevated temperature using toluene as solvent.

It was worthy to note that a diversely substituted dienophiles with electron with-

drawing or electron donating groups are well tolerated to proceed smoothly and gives

corresponding cycloadducts 42a!d and 44a!d in good to excellent diastereo- and

enantioselectivity along with excellent yield (Scheme 11.9). The heterocyclic-derived

ee = 99% t=12 h

ee = 99%] t=19 h ee = 99%] t=22 h ee = 98%] t=19 h ee = 99%] t=24 h

Toluene, 35°C
Toluene, 35°C

45(40 mol%)
45(40 mol%)

44 a (n = 1)

42 a (n = 1) 42 b (n = 1) 42 c (n = 1) 42 d (n = 1)

44 b (n = 1) 44 c (n = 1) 44 d (n = 2)

ee = 85% t=18 h ee = 97% t=15 h ee = 85% t=28 h

Scheme 11.9 Highly endo-selective [4 + 2] cycloaddition reaction of cyclic enone with

allylidenemalononitriles and alkynylidenemalononitriles via dienamine activation.
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conjugated malonontrile gave comparable results 42d (Scheme 11.9). This protocol

worked well in the synthesis of a wide range of densely functionalized bicyclo

[2.2.2]-octanes.

The mechanistic insights were also investigated. Usually an amine-catalyzed reac-

tion of this type proceeded through the initial formation of 2-amino-1,3-butadiene in

situ followed by the concerted [4 + 2] cycloaddition reaction. Herein, the author pro-

posed a stepwise mechanism for dienamine amino catalysis for [4 + 2] reaction

involving double Michael addition pathway that has direct experimental evidences

[65]. An excellent stereodivergent product formation was achieved due to

hydrogen-bond interaction with the substrate.

Trienamine catalysis served as a powerful tool in the synthesis of architecturally

complex bioactive molecules which was first documented by the Jørgensen and his

group in asymmetric organocatalyzed [4 + 2] cycloaddition reaction [66].

11.5 Ox-indoles in the synthesis of spirocyclic indoles

Chen and Jorgensen and his coworkers [66] explored the elegant methodology for the

synthesis of complex spirocyclic indoles via asymmetric organocatalytic [4 + 2]

cycloaddition reaction through the formation of trienamine catalytic activation. In

support of this strategy, the authors performed DFT-calculation. The promising results

encouraged to perform the reaction of 3-olefinicoxindoles 49a! I as dienophiles and

2,4-hexadienal 48a!c as diene in the presence of diphenylprolinolsilylether 50 and

O-flurobenzoic acid. The reaction worked very well in the presence of chlorinated

50°C

Scheme 11.10 Trienamine mediated activation of [4 + 2] cycloaddition reaction of 3-olefinic.
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solvent (i.e., chloroform) at room temperature to 50°C to afford the

spirocyclicoxindoles 52a! i in good yield along with excellent enantioselectivity.

The proposed methodology worked with a wide range of substrates with excellent

yield (Scheme 11.10, Table 11.1).

Table 11.1 Substrate scope of [4 + 2] cycloaddition reaction of 3-olefinic-oxindoles.

Entry 48 49 52

Yield
a

[%]

dr

[%]

ee
b

[%]

1 48a R!H 49a R1!Boc Z!CO2Et 52a 92 Single 98

2 48b R!H 49b R1!Me Z!COMe 52b 99 Single 97

3 48c R!H 49c R1!Boc Z!COPh 52c 97 Single 98

4 48d R!H 49d R1!Boc Z!CN 52d 90 93:7 98

5 48e R!H 49e R1!Boc Z!Ph 52e 67 92:8 97

6 48f R!H 49f R1!BocZ!p-Me.C6H4 52f 58 92:8 98

7 48g R!H 49g R1!Boc Z!p-Cl.C6H4 52g 82 88:12 99

8 48h R!Me 49g R1!Boc Z!COPh 52h 94 79:21 94

9 48i R!n-C

4H9

49i R1!Boc Z!COPh 52i 90 91:9 96

aIsolated yield.
bDetermined by chiral-phase HPLC analysis.

20 mol%
10 mol%

10 mol%
5 mol%

20 mol%
10 mol%
5 mol%
5 mol%

Scheme 11.11 Trienamine mediated [4 + 2] thio-cycloaddition reaction in the synthesis of thio-

cyclohexene derivatives.
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This group also reported the thio-Diels-Alder reaction via trienamine activation

[67]. This method offered the synthesis of sulfur-based enantioenriched heterocycles

and their transformation to the advanced medicinally privileged molecules. It was

worthy to note that the thio-dienophiles have different reactivity pattern than the con-

ventional dienophiles used in the Diels-Alder reaction. The character of sulfur

dienophiles was different since it has high reactivity and poor coordinating ability

to the chiral catalyst. This challenge was met by employing different catalytic systems

in the synthesis of chiral thio-dihydropyrans using [4 + 2] cycloaddition with remark-

able stereoselectivity.

To validate the synthetic design, the author had chosen the diversely substituted

dienal 53 as diene and thiocarbonyl 54 as a diene in the presence of 5–20 mol% of

catalyst 56 and benzoic acid in the presence of halogenated solvent. Under this con-

dition a smooth and facile reaction to diverse substituted thio-dihydropyrone 55a!h

was achieved successfully (Scheme 11.11).

This synthetic methodology was tested with a wide range of aldehydes as diene

precursor in the development of organocatalyzed trienamine mode activation in the

synthesis of sulfur heterocycles (Table 11.2). This method offered the synthetic useful

Table 11.2 Substrate scope for amino-catalytic thio-[4 + 2]cycloaddition reaction.

Entry 55

T

[°C]
Time

[h]

Yielda

[%]

dr

[%]

eeb

[%]

1 55a R1!H

R2!H

R3!Me

4.0 72 87 94:6 92

2 55b R1!Me

R2!H

R3!Me

rt 48 95 91:1 93

3 55c R1!Me

R2!H

R3!H

rt 48 82 90:10 93

4 55d R1 R3!Indoyl

R2!H

40 48 84 80:20 92

5 55e R1!H

R2!H

R3!Ph

rt 48 78 >95:5 85

6 55f R1

R3!Cyclohexyl

R2!H

40 48 84 86:14 90

7 55e R1!H

R2!H

R3!H

40 48 82 90:10 91

8 55h R1!H

R2!Ethyl

R3!H

40 48 62 85:8:7 85

aIsolated yields.
bDetermined by chiral-phase HPLC analysis.
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precursor of diverse interests. To explore the mechanistic pathway, DFT calculation

was performed. It was envisioned that reaction adopts the stepwise mechanism via the

formation of zwitterionic intermediates.

Chen et al. reported the aza-Diels-Alder reaction of 2-aryl-3H-indol-3-ones and

2,4-dienals via trienamine catalysis and proline-based chiral catalyst [68].

To validate the design of synthetic protocol, this group selected densely substituted

2-phenyl-3H-indol-3-one 58 and 2,4-dienal 57 in the presence of catalyst 61 and

benzoic acid 62 in xylene at 10°C to afford the cycloadduct 60 after NaBH(OAc)3 with

excellent diastereoselectivity (exo/endo > 19:1) (Scheme 11.12).

It was found that the enantioselectivity was further reduced under THF and aceto-

nitrile solvent system. The similar observation was made under halogenated solvents.

Xylene gave excellent enantioselectivity. For this study a variety of acid activators

was screened. The better result was obtained using salicylic acid.

Under the optimized reaction conditions, a wide range of tricyclic indanes 60a! j

was synthesized using 20 mol% of amine catalyst 61 and 20 mol% of OHBA

62 (O-hydroxybenzoic acid) followed by the reduction of cycloadduct with

NaBH(OAc)3 to the corresponding alcohols. The results were summarized in

Table 11.3. The reaction proceeded through the formation of trienamine intermediate

A.

The presence of either electron withdrawing groups or electron donating groups in

phenyl ring of dienophiles had no effects on the reaction course and the reaction

proceeded smoothly with a high degree of enantioselectivity regardless of the groups

present in the systems. This method offered a synthetically useful tricyclic

polyhydropyrido[1,2-a]indole scaffolds having quaternary center with high degree

of molecular complexity.

60(20 mol%)
61(20 mol%)

Xylene 10°C

Scheme 11.12 Trienamine mediated [4 + 2]-azacycloaddition reaction in the synthesis of

tricylces.
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Table 11.3 Substrate scope of trienamine catalyzed [4 + 2]-aza-Diels-Alder reaction.

Entry 60 [a! j] Time [h] Yield
a
[%] ee

b

[%]

1 60a R1!H Z1!Ph

Z2!H Z3!H Ar!Ph

12 95 91

2 60b R1!4-Me Z1!Ph

Z2!HZ3!H Ar!Ph

12 77 83

3 60c R1!5-OMe Z1!Ph

Z2!HZ3!H Ar!Ph

4 97 90

4 60d R1!5-Cl Z1!Ph

Z2!H Z3!H Ar!Ph

8 74 85

5 60e R1!6-Cl Z1!Ph

Z2!HZ3!H Ar!Ph

8 76 84

6 60f R1!5-Br Z1!Ph

Z2!HZ3!H Ar!Ph

8 82 85

7 60g R1!H Z1!Ph

Z2!HZ3!H Ar!p-Me-C6H4

8 69 89

8 60h R1!H Z1!Ph

Z2!HZ3!H Ar!m-Me-C6H4

10 72 87

9 60i R1!H Z1!Ph

Z2!HZ3!H Ar!p-MeO-C6H4

6 84 91

10 60j R1!H Z1!Ph

Z2!HZ3!H Ar!p-Cl-C6H4

12 84 82

aIsolated yield(s).
bDetermined from chiral HPLC analysis.

Scheme 11.13 Oxidative-dearomatization strategy in tandem trienamine/dienamine catalyzed

Diels-Alder/Michael addition in tricyclic architectures.
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Greck et al. developed a synthetic strategy based on an oxidative de-aromatization

and trienamine/enamine tandem catalysis in enantioselective synthesis of enantio-

enriched tricyclic scaffold having contiguous stereocenters in a single-pot

operation [69].

This single-pot operation proceeded through the formation of hydroquinone deriv-

ative 66 by PhI(OAc)2-mediated oxidative dearomatization of benzene-1,4-diol 65.

The generated acetic acid of this reaction acted as a cocatalyst to trigger the transfor-

mation of trienamine/enamine intermediates 67 and 68 toward the formation of 69 via

[4 + 2] cycloaddition followed by intramolecular Michael addition reaction (Scheme

11.13).

Under the optimized reaction condition this protocol was tested with a wide range

of hydroquinone’s derivatives in the presence of 10 mol% of catalyst 64 and 1.4 equiv.

of PhI(OAc)2 in chloroform at 55°C. Excellent level of enantioselectivity was

achieved irrespective of the electronic and stearic factor of diene substituents

(Table 11.4).

Jørgensen et al. established an organocatalyzed tandem reaction in diversity-

oriented synthesis (DOS) of highly functionalized hydroisoquinoline scaffolds via

trienamine-mediated enantioselective [4 + 2] cycloaddition of cyno-acrylamide as

dienophile with conjugated dienal followed by nucleophilic ring closer reaction

[70]. This method was based on trienamine activation organocatalytic Diel-Alder/

nucleophilic ring-closer cascade reactions through DOS.

Table 11.4 Substrate scope of tricyclic architecture through Diels-Alder/Michael addition

reaction.

Entry 69 Time

[h]

Yielda

[%]

eeb

[%]

1 69a R1& R2 ! H

Z1 ! H Z2 ! H Z3! Me

16 53 97

2 69b R1& R2 ! H

Z1 ! Me Z2 ! H Z3! Me

16 43 94

3 69c R1& R2 ! H

Z1 ! H Z2 !Me Z3! H

72 30 90

4 69d R1& R2 ! H

Z1 ! H Z2 ! H Z3! Ph

16 48 98

5 69e R1& R2 ! H

Z1 ! iPr Z2 ! H Z3 ! Ph

65 43 94

6 69f R1& R2 ! H

Z1 ! H Z2 &Z3! N-Boc-

2,3-Indoyl

40 40 92

7 69g R1& R2 ! H

Z1 ! H Z2 ! p-MeOC6H4 Z3 ! H

16 25 n.d.

aIsolated yield.
bDetermined by chiral HPLC analysis.
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Awide range of hexa-2,4-dienal 70 and N-benzylcynoacrylamide 71 was treated in

the presence of 20 mol% of silylated proline catalyst 72 and p-nitrobenzoic acid in

1,4-dioxane as the solvent at 70°C. This method produced densely functionalized

hydroisoquinoline derivatives 73a!g (Scheme 11.14, Path A, Table 11.5). All the

reactions proceeded very well with excellent stereoselectivity. The stereoselectivity

greatly depended on the stearic bulkiness of the substituents of the silyl protecting

groups. The catalyst having the Ph3Si-protecting group offered an excellent stereo-

selectivity in product formation. After the cycloaddition, a nucleophilic addition reac-

tion had occurred between the nitrogen atom of the acrylamide and the aldehyde group

of dienal to get the corresponding hydroisoquinolinein excellent yield with a high

degree of enantioselectivity and diastereoselectivity.

The hydroisochromene was synthesized by the same group following enamine cas-

cade strategy under organocatalytic condition. The [4 + 2] cycloaddition/nucleophilic

ring closure strategy was followed toward the synthesis of stereodefined

hydroisochromene scaffolds 75a!g. The substitution pattern in dienal had no effects

on the reaction course. The electron withdrawing and donating groups present in the

substituents maintained a high conversion rate and excellent stereoselectivity [71].

Under this condition a variety of dienal 70 and (E)-nitroalcohols 74 was allowed to
react in the presence of 20 mol% of catalyst 61 and 20 mol% of DPTU

(N,N0-diphenylthiourea) in toluene at 70°C (Scheme 11.14 Path B, Table 11.5).

This method offered a synthetically useful method for the synthesis of

hydroisochromene with contiguous stereo centers. The functionalized

hydroisochromenes was further transformed into other useful synthetic intermediates

of the diverse interests.

61(20 mol%)

DPTU(20 mol%)
p-NBA(20 mol%)

Toluene, 70°C
Dioxane 70°C

72(20 mol%)

Path B Path A

Scheme 11.14 Trienamine catalyzed [4 + 2] cycloaddition cascade in the synthesis of

hydroisoquinoline and hydroisochromenes.
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Table 11.5 Substrate scope of cascade Diels-Alder reaction in the synthesis of Hydroisoquinoline (73a!g) and Hydroisochromine (75a!g).

Entry 73a!g

Yield dr ee

75a!g

Yield dr ee

[%] [%] [%] [%] [%] [%]

1 73a R1!Ph

Z1 ! H

Z2 !Me

Z3 ! H

80 90:10 95 75a Ar!Ph

Z1 ! H

Z2 !Me

Z3 ! H

70 80:20 96

2 73b R1!p-BrC6H4

Z1 ! H

Z2 !Me

Z3 ! H

69 85:15 75b Ar!p-BrC6H4

Z1 ! H

Z2 !Me

Z3 ! H

44 78:22 92

3 73c R1!p-ClC6H4

Z1 ! H

Z2 !Me

Z3 ! H

79 84:16 94 75c Ar!p-NO2.C6H4

Z1 ! H

Z2 !Me

Z3 ! H

38 72:28 92

4 73d R1!p-ClC6H4

Z1 ! H

Z2 !Me

Z3 ! H

64 81:19 91 75d Ar!p-MeO.C6H4

Z1 ! H

Z2 !Me

Z3 ! H

70 77:23 92

5 73e R1!p-MeOC6H4

Z1 ! H

Z2 !Me

Z3 ! H

80 81:19 96 75e Ar!p-Me.C6H4

Z1 ! H

Z2 !Me

Z3 ! H

37 70:30 89

6 73f R1!2-Furyl

Z1 ! H

Z2 !Me

Z3 ! H

60 85:15 96 75f Ar!2-furyl

Z1 ! H

Z2 !Me

Z3 ! H

85 74:26 96

7 73g R1!2thiophenyl

Z1 ! H

Z2 !Me

Z3 ! H

74 90:10 95 75g Ar ! Ph

Z1 ! H

Z2 ! Ph

Z3 ! H

85 65 92

O
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n
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n
:
A

g
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fo
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4
4
3



11.6 Conclusions

The important organocatalyzed reactions toward cycloaddition are demonstrated. The

methods are extremely attractive, but complex to understand. The ideas of using these

types of catalysts and producing these complex organic molecules deserve significant

challenges. Clearly, this research will help to create additional methods which are

unprecedented and therefore, synthesis of manymolecules with complete stereochem-

ical control can be performed.
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12.1 Background on steroid

Steroids are extremely important medicinally active organic compounds with four

rings constructed in a highly specific perhydrocyclopentano[α]phenanthrene (Fig.

12.1) orientation. Many steroids are the constituents of plants, animals, and living

organisms [1]. In general, the steroid core structure has 17 carbon atoms connected

with 4 fused rings in a specific way. Three of these are cyclohexanes (A, B, and

C) and one is cyclopentane system (D ring). Sterols are obtained from steroids with

an alcoholic group at C-3 with a cholestane type of compound [2].

The structures of steroids are altered by a number of ways to make other types of

steroids. For example, a cleavage of one of the rings in steroid produces secosteroidal

compounds. Importantly, steroid hormones control endocrine systems and regulate

metabolic pathways. These hormones influence endocrine functions such as sexual

differentiation and reproductive life. They also maintain salt and sugar metabolism

in the human body. Several glucocorticoids, vitamin D, bile acids, progestin, and ste-

rols are also distributed in cells (Fig. 12.2).

Fig. 12.1 Steroid backbones.
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The chemical modifications of steroids have emerged as a great synthetic tool for

chemists. Cholesterol, stigmasterol, and lanosterol and the products obtained from

them are crucial molecules in the treatment of diverse cancers. Estrogen derivatives

are used in the treatment of breast cancer. Cortisones are useful against rheumatoid

arthritis. Testosterone derivatives serve as antilymphocytic leukemia. Glucocorticoids

are important antiinflammatory agents [3]. Numerous steroidal molecules isolated

from marine sources demonstrate cytotoxic properties [4]. Most importantly, many

steroids are accepted as clinical active medicines. Often, they serve as drug or enzyme

templates due to their ability to penetrate cells, strong lipophilic characters, and above

all conformational rigidities [5]. Although many of these steroids can be isolated nat-

urally or through synthetic methods, however, an easy access of medicinally active

steroids is essential and highly demanding topic.

12.2 Isolation of steroids molecules

Structurally steroids are not triterpenes because it has C19–C29 skeletons. In contrast, a
C30 skeleton is observed in the triterpene system. Steroids are obtained from the 30 car-

bon-containingmolecule, the squalene (1). The squalene (1) is made by the combination

of two trans-farnesyl systems connected through head to head [6]. It was obtained from

shark liver oil and found it was in almost all living organisms [7]. The squalene (1) to
steroid preparatory routewas demonstrated byBucourt et al. [8]. The chemical sequence

of squalene to steroid proceeded through acid-mediated reaction of epoxide and subse-

quent formation of cationic unstable species [6].

Squalene was converted to lanosterol in animal (2) and this sequence then formed

cholesterol. Hormones were prepared from cholesterol following numerous pathways.

In plants, squalene (1) produced cycloartenol (3) which generates diverse phyto-

sterols. Squalene (1) was also transformed into lanosterol (4) in lower organisms

through biochemical pathways. Lanosterol produced ergosterol (5) [9] (Scheme 12.1).

Fig. 12.2 Examples of naturally occurring steroids [2a].
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12.2.1 Bachmann’s synthesis of equilenin

In 1940, Bachmann et al. described the use of AB ! ABC ! ABCD approach for the

preparation of equilenin 7. 1-Naphthylamine-2-sulfonic acid 6 was selected as the

starting material that has the AB ring of this steroid. Ring C was constructed on

AB ring and then the D ring was prepared following a cyclization pathway

(Scheme 12.2) [10].

Scheme 12.1 Steroidal biosynthesis.

Scheme 12.2 Reagent and conditions: (i) KOH, heat, Me2SO4, NaOH, H
+; (ii) NaNO2, H2SO4,

KI; (iii) Mg; and (iv) PBr3, malonic ester synthesis, SOCl2, and SnCl2.
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12.2.2 Woodward’s synthesis of cholesterol

The synthesis of cholesterol by Woodward was complicated since it is difficult

to explain the ring construction strategy (Scheme 12.3) [11]. One pair of diastereomer

was prepared out of 256 optical isomers. However, this synthesis was stereospecific.

The D ring present in it served for further elaboration by variations in the chain. The

alkene bond in the C ring was helpful for the preparation of cortisone 9.

12.2.3 Synthesis of estrone

Because of the medicinal activities of estrone, 11 many synthetic chemists

had focused to synthesize this complex molecule. An important method for the

construction of the D ring, following a cyclization of the C ring was developed by

Chein (Scheme 12.4) [12]. Certainly, this method was very attractive and

modifications of this method to introduce different other functionalities were feasible.

Scheme 12.3 Reagent and conditions: (i) PhH, 100°C; (ii) KOH, dioxane, CAH, 2N H2SO4;

(iii) Ac2O, Py (iv) Zn/Ac2O; (v) HOOEt, EtOH, PhH; (vi) aq KOH, dioxane; (vii) OsO4, Et2O,

acetone, CuSO4; (viii) H2, Pd-SrCO3, PhH, rt.; (ix) Triton B, aq KOH; (x) NaOAc/HOAc;

(xi) MeMgI,�19°C; (xii) dil HCl, dioxane, rt.; (xiii) Na2CrO7, HOAc, rt., CH2N2; (xiv) Adam’s

catalyst, hydration; (xv) CrO3; (xvi) NaBH4; (xvii) H
+/H2O; (xviii) SOCl2, CH3Cd;

(xix) CH3COOH; (xx) Pd/C; and (xxi) H+/H2O.
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Weimar et al. reported the formation of CD ring using Dane’s diene as AB- and a

D-ring as dienophile (Scheme 12.5) [13].

Scheme 12.4 Reagent and conditions: (i) TsOH and (ii) HI/H2, K/NH2, CrO3, Py. HCl.

14

Scheme 12.5 Reagent and conditions: (i) Tf3O, 2,6-lutidine, EtSiH, PdCl2, DMF, 60°C;
(ii) LiHMDS, THF, �78°C, AcOH; and (iii) H2/Pd-C, PhH, 0°C, TFA, Et2SiH, rt.
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12.2.4 Synthesis of cortisone

Research on cortisone was challenging since it has a complicated structure with useful

medicinal activities. Sarrett used an ABC-ABCD approach that has all the components

present at the A, B, and C rings of cortisone 17. The D-ring was constructed using the

C11-OHgroup and ketone. Stereoelectronic restriction of anions reactions on a rigid six-

membered carbon-framewas used to construct theC/D trans system (Scheme12.6) [14].

12.3 Structural classifications, use, and importance

Steroids are classified based on their chemical structures (e.g., a side chain attached to

the D-ring), locations of production (e.g., ovarian or adrenal), biological actions (e.g.,

brain or sex organs), and molecular mechanism of actions [e.g., an estrogen receptor

(ER) agonist] and also their biochemical effects [15, 16].

Moreover, steroids were divided into three categories based on the type of organ-

isms in which they are found. For example, steroids were grouped as follows:

1. Insect steroids;

2. Vertebrate steroids; and

3. Plant steroids.

Scheme 12.6 Reagent and conditions: (i) t-BuOK, MeI; (ii) CrO3, py; (iii) aq. H2SO4, NaBH4,

K/NH3/PrOH; (iv) LAH, TsCl, CrO3, Py; (v) OsO4, HIO4 NaOEt, COOMe, NaOMe; (vi) H3O,

iodination, acetolysis KCN, POCl3, py, and (vii) KMnO4, piperidine.
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12.3.1 Insect steroids or ecdysteroids

Ecdysteroids or the insect steroids are composed of polyhydroxy derivatives with a

cis-AB-ring stereochemistry. These types of steroids produced by specific plants

(e.g., Cyanotis vaga) were accepted by insects as food. 20-Hydroxyecdysone is

a natural ecdysteroid hormone. Ecdysteroids were active in cell proliferation,

growth, and apoptosis. They controlled gene expressions that are involved in ecdy-

sis and metamorphosis process in insects. Ecdysone is a molting hormone in

insects, crabs, and some worms. This hormone interfered with their molting and

reproduction [17].

These were used in helping muscle growth and losing fat. They lowered side effects

that are associated with anabolic steroids [18]. Interestingly, this increased the pro-

duction of testosterone and dihydrotestosterone (DHT) in males. Some androgenic

alterations in females were also observed. These included the growth of facial and

body hair and the change of the voice [19]. They also used as immunomodulators

[20].

12.3.2 Vertebrate steroids

Vertebrate steroids are hormones, cholesterol, and neurosteroids.

Steroid hormones: The hormones are the chemical entities that manage a variety of

medical functions. Steroid hormones are grouped into sex steroids, corticosteroids,

anabolic steroids, and vitamin D. They control a number of biological processes.

For example, they regulate metabolism of carbohydrates, proteins, and fats; homeo-

stasis; immune system; blood amount; and renal excretion of electrolytes. Due to their

antiinflammatory nature (e.g., C60 glucocorticoid) [21], some of these are used

against arthritis and dermatitis. They are also active against autoimmune diseases.

They act as posttransplantory immunosuppressants medicine [22], against cancer

[23], and heart disease (e.g., digitoxigenin 15) [24].

The gonadal hormones (estrogens, androgens, and progesterones) involve in inter-

action with vertebrate androgen or ERs, induce the shape of the body, and help to

make primary and secondary sex characteristics [25].
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Themedicinal effects of these sex hormones were not for reproductive functions only. It

was found that citrate salt of androgenic steroid [26] and estrogen derivative

(2-methoxyestradiol 17) have anticancer activities. The 2-methoxyestradiol derivatives,

for example, [27, 28] estramustine 24 and furanosteroidal antibiotic viridian 25 [29], had
effects on cell proliferation and cytotoxicity in human cancer cell lines.Moreover, estro-

gen derivatives with substituents at C16 and lactones at C16, for example, estrone 26
were effective as estrogenic inhibitors of the 17β-hydroxysteroid dehydrogenase [30].

12.4 Classification based on medicinal properties

Steroids involved in an increased medicinal activities. Steroids demonstrate an

increased biological activity through chelation compared with the free ligand. There-

fore, a number of studies are performed to carry out the preparation of steroidal metal

complexes for their biological evaluation. Following a similar concept, metal
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complexes of estrogens are synthesized to explore the cellular delivery of metal to ERs

[31]. In continuation of research on steroidal metal complex, tin containing deriva-

tives (triphenyltin cholesteryl ether) 27 was prepared and evaluated as insecticide,

bactericide, and fungicide [32]. Hormones labeled with titanium were prepared and

their aromatase activity was examined. High level of aromatase in endometrium

cancer patients was not a good indication [33]. The organometallic complexes of male

sex hormones (testosterone and DHT) were synthesized and their use as tracers in

nonisotopic carbonyl-metal immunoassay (CMIA) was examined [34]. The

CpRe(CO)3-substituted steroids 28 obtained from fulvenes were tested as active

radiopharmaceuticals [35]. Testosterone acetate thiosemicarbazone (TATSC) was

converted to complex of the type [M(TATSC)CI2] (M ¼ Cu/Pt). This was tested

against human breast cancer cell lines [36].

12.4.1 Corticosteroids

These are involved in controlling various physiological disorders, such as body stress,

immune system, regulation of inflammation, food metabolism, protein catabolism,

mental function, and blood fluid and kidney function. The most important examples

of corticosteroids are cortisol and aldosterone. Synthetic corticosteroids are highly

medicinally active molecules widely used in the treatment of brain tumors and skin

disease. Medical applications of these types of molecules include bronchopulmonary

dysplasia (BPD) in infants [37], arthritis, dermatitis, allergy, asthma, hepatitis, sys-

temic lupus erythematosus, inflammatory bowel disease, sarcoidosis, and eye infec-

tions [38]. A few synthetic corticosteroid compounds are hydrocortisone (cortisol),

fludrocortisone, and dexamethasone.
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Immunosuppressive drugs are prescribed against autoimmune chronic active hepatitis.

The combination of glucocorticoids-antimetabolite azathioprine is used for the same

goal. It is known that liver transplant is the only choice for advanced-stage liver disease

thereby a great medical attention is made to this field. Some steroids with immunosup-

pressive activities demonstrate exciting results in preventing allograft rejection [39].

These are also effective in combination with cyclosporine and azathioprene in the treat-

ment of acute organ rejection. Consequently, they are used in patients with advanced

renal, liver, heart, and pancreas transplant-related medical problems [40].

However, an excessive use of corticosteroids is harmful and may cause hyperglyce-

mia, insulin resistance, diabetes, osteoporosis, anxiety, depression, gastritis, colitis,

ictus, hypogonadism, hypothyroidism, and amenorrhoea [41].

Anabolic steroids: Anabolic-androgenic steroids (AASs) are related to testoster-

one. They function by increasing the synthesis of proteins in cells. This process helps

to form better cellular tissue in muscles. Medicinally, they help to stimulate bone

growth [42] and appetite. They also stimulate puberty in men and treat complex dis-

eases, such as diverse cancers and AIDS [43]. The fluoxymesterone is active

androgenically and is recommended for hypogonadism and breast neoplasma. It also

demonstrates anticancer activity through interaction with prolactin and ERs [44].

Some countries allow using gestrinone 34 for the control of endometriosis [45]. This

molecule is also called dimetriose, dimetrose, and nemestran.

Anabolic steroids are helpful to build strong muscles and their growth (e.g.,

desoxymethyltestosterone 35 also called Madol or DMT). However, health risks

are associated with long-term use or excessive amounts of anabolic steroids [46].

In extreme cases, permanent testosterone replacement therapy (TRT) is required [47].

458 Green Approaches in Medicinal Chemistry for Sustainable Drug Design



Sterols: Sterols are important ingredients for the eukaryotes since these functions on

membrane structures [48]. Cholesterol is present in the blood, liver, spinal cord, brain,

heart, and in many other organs. It regulates numerous biochemical pathways that

include the maintenance of cell membranes and the synthesis of hormones [49].

The cholesterol-derived compounds were investigated to identify molecules that have

antioxidant properties [50] and follow cell signaling pathways in biochemical

methods [51].

The 7α and 7β-spermidinyl cholesterols 36 are examined for their antibacterial and

cytotoxic properties [52]. 7-Hydroxysterol 37 from a soft coral is active against

testosterone-5α-reductase [53]. The radioactive iodine in 19-iodocholesterol 38 is use-
ful as a contrast agent for patients [54].

Neurosteroids: This type of steroids is recommended against peripheral neurop-

athy (e.g., aging, cancer, sugar problems, and physical injury) [55]. The neu-

rosteroids alter neuronal excitability through interaction with neurotransmitter-

gated ion channels. These compounds can act as allosteric modulators of neurotrans-

mitter receptors, such as GABA(A), NMDA, and sigma receptors. Pregnenolone and

progesterone are common representatives of neurosteroids. Neurosteroids play an

important role in the development of nervous system and myelination, inhibition

of neuronal toxicity, ischemia and have potential to be an effective therapy

for Niemann Pick-type C disease (human childhood fatal neurodegenerative

disease) and other lysosomal storage diseases. Progress of aging deeply influences

morphological and functional parameters of peripheral nerves due to deterioration of

myelin in PNS. The neuroactive steroids are able to reduce aging associated

morphological abnormalities of myelin and aging associated myelin fiber loss in

sciatic nerves as well. Althesin is an intravenous anesthetic drug popular for its short

duration of action. It is composed of a mixture of two neurosteroids, alphadolone

and alphaxalone (also known as alfaxalone). Alphadolone is responsible for the

hypnotic effect of althesin whereas alfaxalone is responsible for the anesthetic effect

and is used in veterinary practice as anesthetic for dogs and cats and has the adva-

ntage of less side effects and low plasma elimination half-life in these animals.

Alfaxalone drug has been withdrawn from the market because of its severe

side effects it, however, has now been re-branded as “Saffan” for veterinary

anesthesia [56].
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Another neurosteroid called allopregnanolone (3α,5α-tetrahydroprogesterone or

THP) is responsible for neurogenesis and has been found to reverse neuron creation

and cognitive deficits in a mouse model of Alzheimer’s disease [57]. The sedative

effects of neurosteroids are counteracted by another steroid called

17-phenylandrostenol (17-PA) which binds to GABA(A) receptors; however, 17-PA

does not block the effects of benzodiazepines or barbiturates.

Vitamin D and secosteroids: Vitamin D is classified as a secosteroid in which the

9,10-C/C bond of ring B is broken. Several forms of vitamin D exist that include

vitamin-D1, D2, D3, D4, and D5. The two major forms are vitamin-D2

(ergocalciferol) and vitamin-D3 (cholecalciferol). Vitamin D plays an important role

in the maintenance of a physiological system, for example, it regulates the Ca and

P levels in the blood, which is necessary for a healthy skeleton system and promotes

immunosuppression. These are currently being used for the treatment of cancer,

tumor, hearing disorder, psoriasis, rickets, asthma, allergy, epilepsy, Fanconi

syndrome [58], osteomalacia and osteoporosis. Physalins, a group of vitamin

D isolated from Physalis angulate have been found to have in vitro antiinflammatory

action [59].

12.4.2 Plant steroids

Plant steroids are of two broad categories: phytosterols and brassinosteroids (BRs).

Phytosterols (also called plant sterols): These are a group of steroid alcohol that

occur naturally in plants. They are white powders with mild, characteristic odor,

insoluble in water and soluble in alcohols. They have many applications as food

additives and in medicine and cosmetics. Phytosterols (e.g., ergosterol) have

cholesterol-lowering properties [60] and can reduce cholesterol level in human sub-

jects up to 15% [61] and may act in cancer prevention. These are widely marketed as a

dietary supplement [62].
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Brassinosteroids: Brassinosteroids (BRs), such as brassinolide, have been shown to

elicit a broad spectrum of responses including the promotion of cell elongation and

cell division, repression of light-regulated genes in the dark and repression of

stress-regulated genes [58]. In view of their structural similarities with animal ste-

roids, it has been proposed that BRs might interact with a soluble receptor in order

to regulate the expression of specific genes [63]. The BRs tend to counter biotic as

well as abiotic stress in plants [64]. Application of BRs to cucumbers results in

increased metabolism and removal of pesticides. This property of BRs is beneficial

for reducing the human ingestion of residual pesticides from nonorganically grown

vegetables. The 24-epibranssinolide (EBL), a brassinolide isolated from Aegle mar-
melos Correa (Rutaceae), has been found to significantly reduce the maleic hydrazide

(MH) induced genotoxicity in Allium cepa chromosomal aberration assay, and protect

neuronal PC12 cells from 1-methyl-4-phenylpyridinium (MPP+)-induced oxidative

stress and apoptosis in dopaminergic neurons [65].

Some 5α-hydroxy-6-ketopregnanes 47 have been examined [66] as analogs of BR

plant growth regulators. The 17-substituted pregnadienes 48 have been prepared [67]
as potential inhibitors of testosterone-5α-reductase. An unusual Δ20-pregnene which

was obtained from an octocoral, has been shown to be an inhibitor of the mitochon-

drial respiratory chain [68].

The steroidal alkaloids represent an important class of alkaloids that contain a

perhydro-1,2-cyclopentanophenenthrene nucleus. This class of alkaloids invariable

Diverse synthesis of medicinally active steroids 461



occurs in plant kingdom as glycosidal combination with carbohydrate moieties. The

steroidal alkaloids like dihydroplakinamine K 49 from marine sponge Corcium niger
have been screened for cytotoxic activity [69]. Another unique class of steroidal alka-

loids batrachotoxins 50 isolated from the skins of poison arrow frogs (genus

Phyllobates) as well as from the skins and feathers of New Guinea birds (genus Pit-
ohui and Iflita) is extremely potent neurotoxins [70]. Samandarin 51 isolated from the

skin glands of fire salamander (Salamandra salamandra) causes muscle convulsions,

high blood pressure, and hyperventilation in vertebrates [71].

The bile acids are the steroid acids found predominantly in the bile of mammals. These

bile acids are made by the cytochrome P450-mediated oxidation of cholesterol in the

liver fromwhere these are stored in gallbladder conjugated with sulfates or amino acid

glycine. Bile acids and their salts are mainly responsible for the emulsification of fats

and also regulate the level of cholesterol in the body and regulate the population of

bacteria in the small intestine and in biliary tract. The cholic acid 52 and

chenodeoxycholic acid 53 are the most important human bile acids.

Endogenous bile acids act as activators of farnesol receptor and play a variety of

physiological roles related to the modulation of gene transcription. Some bile acid

analogs of mifepristone 55 have been synthesized as liver selective glucocorticoid

antagonists for the treatment of type II diabetes [72].

Certain steroidal derivatives have found their use as fluorescent detector for poly-

aromatic hydrocarbon (PAH), for example, 56 was derived from cholic acid which

has a tweezer-like structure and has been screened for its use for the detection of PAHs

[73]. The cholesteryl benzoate 57 forms cholesteric liquid crystals with helical struc-

tures and has applications in thermochromic liquid crystals. Cholesterol benzoate is

also used in hair color, make-ups, and in cosmetic preparations [74].
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12.5 Different classical synthetic methods

A combination of Heck reaction and SmI2-HMPA-induced cyclization was used for

the synthesis of azasteroids 59 with unnatural cis-cis annulation of rings B, C, and

D by Kang and his group (Scheme 12.7). The Heck reactions of quinolyl nonaflate

(nonafluorobutanesulfonate, Nf ) with 2-vinylcycloalkan-1-ols followed by oxidation

and hydrogenation, smoothly give the desired heteroaryl substituted ketones sub-

strates to SmI2HMPA promoted cyclization. The major products of Heck reactions

were unsaturated alcohols which were transformed into the desired ketones by oxida-

tion with the PySO3 complex in DMSO followed by hydrogenation [75].

Riccardis et al. described the synthesis of steroidal derivatives containing a quinone

moiety. Their strategy involved the synthesis of Grundmann’s ketone, which is readily

available by ozonolysis of vitamin D3, was converted to the vinyl triflate under kinetic

control, the latter then converted to the 1,3-diene by Stille coupling with vinyl tribu-

tyltin, catalyzed by tetrakis(triphenylphosphine)-palladium(0). This diene had already

been converted to the 1,4-dioxocholestane 61 by Diels-Alder cycloaddition with

p-benzoquinone and to several moderately cytotoxic steroid-anthraquinone hybrids

62 by cycloaddition/oxidation with naphthoquinones presented by De Riccardis

(Scheme 12.8) [76].

Scheme 12.7 Reagent and conditions: (i) NaH, THF, rt. (ii) NF, THF, rt. (iii) H2, Pd/C, Py SO3,

DMSO, Et3N, SmI2, HMPA, tBuOH, THF, rt.
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Szarkaa et al. described hydrazinocarbonylation of 17-iodo-androst-16-ene 63 in

the presence of palladium catalyst, a base and acetic or benzoic hydrazide. The desired

N-acetamido-carbamoyl 64 was obtained without any problems. A few of these com-

pounds were used for the preparation of steroidal 1, 3, 4-oxadiazoles (Scheme

12.9) [77].

Tietze et al. explored Suzuki and Heck’s reaction for the synthesis of the

B-norestradiol 67 related compounds. They used boronic ester 66 and ortho-2-

bromobenzylchloride 65 as reactants (Scheme 12.10) [78].

Scheme 12.8 Reagents and conditions: (i) Sodium bis(trimethylsilyl)amide, THF, 78°C, 1 h,

then N-phenyl-bis(trifluoromethanesulfonimide), 78°C to r.t., 2.2 h (67%); (ii) (PPh3)4Pd,

LiCl, vinyl tributyltin, THF, 75°C, 2 h (98%); and (iii) p-benzoquinone, toluene, 120°C,
12 h (36%).

Scheme 12.9 Reagent and conditions: (i) Pd(OAc)2, PPh3, Et3N, DMF, 60°C.
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Wang et al. synthesized 3-O-glycosyl steroid derivatives 71 using a poly-

hydroxysteroid 3,5,6-trihydroxypregn-16-en-20-one 68 with peracetylated 1-bromo

products of D-glucose (Scheme 12.11). A protection with acetic anhydride in pyridine

produced the 6-O-acetylated glycosides of steroids. Deprotection of the acetylated ste-
roid glycosides was performed with dibutyltin oxide. However, the acetyl group of the

steroid system part was unaffected [79].

Saraber et al., described a procedure for the synthesis of C17-substituted steroids 74
and D homo steroids using a ZnBr2-catalyzed coupling reaction of silyl enol ether with

a Torgov type of reagent and subsequent acid-catalyzed cyclization of the intermedi-

ates to (D-homo) steroids (Scheme 12.12) [80].

Scheme 12.10 Reagent and conditions: (i) Pd(OAc)2PPh3, nBu4NOAc, DMF, 70°C, 7 h and

(ii) nBu4NOAc, DMF, 115°C, 4.5 h.

Scheme 12.11 Reagents and conditions: (i) 2, 3,4,6-Tetra-O-acetyl-D-glucopyranosyl bromide,

Ag2CO3/diatomite (1:1), CaSO4, CH2Cl2; (ii) Ac2O, DMAP, pyridine; and (iii) Bu2SnO, MeOH.
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Chowdhury et al. studied the regioselective preparation of steroidal antiinflammatory

druganalogs76. Thesewerepreparedby the reactionof16-dehydropregnenoloneacetate
with numerous aldoximes in the presence of chloramine-T (Scheme 12.13) [81].

S€unnemann et al. investigated a method for the synthesis of optically pure steroidal

D-amino acids 78 (Scheme 12.14) [82].

Scheme 12.13 Reagent and conditions: (i) Chloramine-T.

Scheme 12.12 Reagent and conditions: (i) ZnBr2 and (ii) pTsOH.

Scheme 12.14 Reagent and conditions: (i) dppb, Et3N, DMF, H2O, 100°C.
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Bazzini et al. investigated the functionalization at the C-11 position of many ste-

roids 80 (Scheme 12.15). It is important to note that the C-11 position of the steroid

system is very crucial for the biological activities of a number of steroids, for example,

corticoid activities [83].

Yan et al. synthesized pyridine rings fused steroids 82 and 83. These

pyridine compounds were synthesized by a reaction of propargylamine with

17-hydroxyandrost-4-en-3-one, 17methyl-17-hydroxyandrost-4-and en-3-one,

17-hydroxyestr-4-en-3-one 81 in the presence of Cu(II) (Scheme 12.16) [84].

Sakac et al. investigated the preparation of triazoles 87 via intramolecular

1,3-dipolar cycloaddition of a steroidal 16,17-seco-17-diazo-16-nitrile 85 (Scheme

12.17). In vitro antiproliferative activity of the resulting triazoles against three tumor

cell lines was investigated [85].

Scheme 12.15 Reagent and conditions: (i) Pd(OAc)2, benzoquinone, HClO4, 0.3m, MeCN,

H2O, (ii) K2CO3, EtOH, D, and (iii) (COCl)2, EtOH.

Scheme 12.16 Reagent and conditions: (i) Cu(NO3)2�3H2O, C2H5OH.
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Linclau et al. reported an enantioselective synthesis of estrone 89 following Heck’s
reaction. In this procedure, a steroid system was constructed using three stereogenic

centers (C8, C13, and C14) on the D ring through a three-component conjugate addi-

tion/alkylation reaction, followed by cyclizations of the C- and B-ring (Scheme

12.18). The C was constructed by RCM reaction using Hoveyda-Grubbs catalyst.

The C9–C11 alkene group was ideally located for the B-ring closure [86].

Scheme 12.17 Reagent and conditions: (i) TsNHNH2, EtOH, reflux., 2 h, (ii) NaOH, dioxane/

H2O, reflux, and (iii) H2, 10% Pd/C, MeOH, CH2Cl2, rt.

Scheme 12.18 Reagent and conditions: (i) NBS, hv, (ii) Et2O/THF, (iii) LDA, THF, CH2O,

(iv) Zn, EtOH, BrCH2CH2Br, (v) Cl3C(CO)CCl3, PPh3, CH2Cl2, (vi) P(OEt)3, NaI,

(vii) Bu4NOAc, CH3CN, (viii) Pd/C, cyclohexadiene, EtOH, and (ix) AlCl3, NaI.
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Richmonda et al. reported a method for the preparation of disodium 2β, 3α-dis-
ulfoxy-5α-cholestan-6-one disulfate 91 using cholesterol 90 (Scheme 12.19). Sulfation

was accomplished using trimethylamine-sulfur trioxide complex in DMF [87].

Huang et al. synthesized numerous 6-substituted steroidal lactams 95 following

Beckman rearrangement using cholesterol 93. These compounds demonstrated anti-

cancer activities against MGC 7901, HeLa, and SMMC 7404 cancer cells lines

(Scheme 12.20) [88].

Shawakfeh et al. described the synthesis of symmetrical bis-steroidal pyrazines 97.
These were prepared by condensation of amino ketones with diosgenin 96 (Scheme

12.21) [89].

Scheme 12.19 Reagent and conditions: (i) MsCl, TEA, MEK, (ii) NaHCO3, (iii) CrO3, H2SO4,

MEK, (iv) LiBr, p-TsOH, DMF, (v) m-CPBA, Na2CO3, H2O-Cl2CH2, (vi) H2SO4, THF, and

(vii) Et3NSO3, DMF, Amberlite CC-120, MeOH.

Scheme 12.20 Reagents and conditions: (i) SOCl2/THF, 0°C; (ii) NaBH4/MeOH, rt.;

(iii) H2NOHCl/Na2Ac3H2O/EtOH, reflux; (iv) H2NC(S)NHNH2/EtOH, 60°C; and
(v) H2NC(O)NHNH2/EtOH.
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Khan et al. reported a procedure for the synthesis of steroidal oxazolo compounds

99 that demonstrates antibacterial properties (Scheme 12.22). The antibacterial prop-

erties of these steroids were examined by the disk diffusion method against two

Gram-positive and two Gram-negative bacteria. The minimum inhibitory concentra-

tion (MIC) of these molecules was identified [90].

Ibrahim et al. explored pentacyclic steroids 101 through an epoxidation and sub-

sequent epoxide opening reactions (Scheme 12.23) [91].

Scheme 12.21 Reagent and conditions: (i) PCC, CaCO3, CH2Cl2, 1.5 h, (ii) MCBPA, CH2Cl2,

2 h, (iii) HClO4, acetone, (iv) PTAB, THF, rt., 10 min, (v) NaN3, DMF, KI, 50°C, (vi) PPh3,
THF, H2O, 24 h, and (vii) Ethanol, TsOH, 24 h.

Scheme 12.22 Reagent and conditions: (i) Acetic anhydride, pyridine, (ii) t-butyl chromate,

(iii) CH3COONa, C2H5OH, and (iv) C2H5OH.
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Fernandez-Herrera et al. studied the preparation of glycoconjugates of steroids 103.
The preparation of glucosamines diosgenin and hecogenin was performed by reacting

the N-phthaloyl protected trichloroacetimidate of D-glucosamine and TMSOTf as a

catalyst (Scheme 12.24). The glycoconjugates were then converted to acetamido

derivatives. Some of these compounds were tested against HeLa, CaSki, and ViBo

cervicouterine cancer cell lines. However, these molecules demonstrated low cytotox-

icity against tumor cells and human lymphocytes, confirming that the cell death pro-

cess is not through necrosis process. Interestingly, the antiproliferative properties of

these molecules against cancer cells had no influence on the proliferative potential of

peripheral blood lymphocytes [92].

Scheme 12.23 Reagent and conditions: (i)MeOH, PTSA, (ii) Ac2O, pyridine, DMAP, (iii)MeCl,

pyridine, (iv) AcOK, HMPT, (v) m-CPBA, CH2Cl2, and (vi) RNH2, EtOH/toluene, 24 h.

Scheme 12.24 Reagent and conditions: (i) NaOMe/MeOH, phthalic anhydride, Ac2O,

pyridine, (ii) hydrazine acetate, DMF, (iii) CCl3CN, DBU, CH2Cl2, and (iv) TMSOTf, CH2Cl2.
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Ibrahim et al. studied an efficient strategy to functionalize 3 and 11 positions of the

steroid 105 with nitrogen (Scheme 12.25). The strategy used for this was an intramo-

lecular Diels-Alder reaction of o-quinodimethanes. These starting materials were pre-

pared from 3-azabicyclo[4.2.0]octa-1,3,5-trien-7-one [93].

Wolfing et al. prepared 16-spiro-1,3,2-dioxaphosphorinanes 108 and 109
through the phosphorylation reaction of 16,16-bis(hydroxymethyl)androst-

4-ene-3,17-dione 107 (Scheme 12.26). The dioxaphosphorinane system exists as

chair conformation. The antiproliferative properties of the analogs were estimated

in vitro using the MTT assay on three human cancer cell lines (HeLa, MCF7, and

A431) [94].

Bansal et al. reported a method for the preparation of 16-imidazolyl-substituted ste-

roids 111 (Scheme 12.27). Thesemolecules exhibited cytotoxic properties in 60 cancer

cell lines [95].

Scheme 12.25 Reagent and conditions: (i) m-CPBA, THF, 0°C and (ii) LAH, THF.

Scheme 12.26 Reagent and conditions: (i) CH2O/H2O, dioxane, NaOH and (ii) Et3N, CH2Cl2,

reflux.
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Nickisch et al. described the synthesis of 17-fluorinated steroids 116 (Scheme 12.28).

These molecules may have potential benefits in controlling estrogen and progesterone-

related medical disorders. The cytotoxicity of these compounds in T47D breast cancer

cells was investigatedwith respect to known antiprogestins. In addition, thesemolecules

wereanalyzedagainst receptor-bindingassays invitro.The impressiveantiprogestational

activity and lack of antiglucocorticoid activity demonstrate that these compounds can

probably be used against leiomyoma, endometriosis, and breast cancer [96].

Zhang et al. investigated the synthesis of steroids that have D-ring fused with het-

erocycles (pyridine imidazo [2,1-b]thiazoles or substituted thiazole imines 120) using

Scheme 12.27 Reagent and conditions: (i) Cupric bromide, MeOH, benzene, (ii) thermal

fusion, imidazole, (iii) NaBH4, MeOH, and (iv) acetic anhydride in dry pyridine.

Scheme 12.28 Reagent and conditions: (i) LDA, (ii) H2SO4, MeOH, H2O, (iii) Red-Al, and

(iv) H2SO4, MeOH, H2O.
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dehydroepiandrosterone 117 (Scheme 12.29). The cytotoxicity of the synthesized

compounds against EC-109 (human esophageal carcinoma), EC-9706 (human esoph-

ageal carcinoma), MGC-803 (human gastric carcinoma) was investigated [97].

Shamsuzzaman et al. studied steroid-based compounds as anticancer agents. For

example, 20-amino-30-cyanocholest-6-eno[5,7-de]4Hpyrans was used 122 (Scheme

12.30) [98].

Ning-Juan et al. demonstrated the preparation of 21E-benzylidene-pregn-
1,4-diene-3,20-dione 127 and 21E-benzylidene-4-chloro-pregn-1,4-diene-3,20-dione
126 derivatives from progesterone 123 (Scheme 12.31). These molecules were

Scheme 12.29 Reagent and conditions: (i) CuBr2, MeOH, reflux, (ii) thiourea, triethylamine,

MeOH, (iii) aromatic aldehyde, K2CO3, EtOH/THF, and (iv) NaBH4, MeOH, rt.

Scheme 12.30 Reagent and conditions: (i) Acetic anhydride, pyridine, (ii) t-butyl chromate,

Ac2O, CCl4, and (iii) CNCH2CN, piperidine, EtOH.
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screened for their anticancer activity against brine shrimp (Artemia salina) and murine

Lewis lung carcinoma cells (LLCs) [99].

Fan et al. prepared numerous steroidal C-17 pyrazolinyls 128 from progesterone

127 and tested their cytotoxic activity against brine shrimp and three human cancer

cell lines (NCI-H460, HeLa, and HepG2) (Scheme 12.32) [100].

Carrilho et al. studied steroid dimers 130 by catalytic diaminocarbonylation of

17-iodo-5a-androst-16-ene 129 (Scheme 12.33). The dimeric molecules containing

17,17 0-dicarboxamide spacers were prepared through chemoselective processes [101].

Scheme 12.31 Reagent and conditions: (i) H2O2, NaOH, MeOH-CHCl2, (ii) conc. HCl,

acetone, reflux, (iii) DDQ, TBDMSCl, dioxane, reflux, and (iv) benzaldehyde, EtOH-KOH.

Scheme 12.32 Reagent and conditions: (i) H2O2/NaOH, MeOH/CH2Cl2, (ii) conc HCl/

acetone, reflux, 1 h, (iii) DDQ/TMDMSCl, dioxane, reflux, 2 h, (iv) ArCHO, KOH, EtOH,

(v) NH2NH2, H2O, ACOH, reflux, 2 h.
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Shamsuzzaman et al. reported a simple method for the synthesis of ZnO

nanoparticles for the preparation of steroidal pyrazolines 132 (Scheme 12.34). The

synthesized ZnO nanoparticles were characterized by different types of

spectroscopy [102].

Waller et al. described a method for the preparation of steroid sulfates 134 (Scheme

12.35). These steroid sulfates are a type of metabolite [103].

Romero-Lopez et al. investigated an attractive method for the preparation of fused,

substituted, and spiro pyrazoline steroids 137 and 138 via cycloaddition reaction

(Scheme 12.36) [104].

Scheme 12.33 Reagent and conditions: (i) CO, Pd(OAc)2/PPh3.

Scheme 12.34 Reagent and conditions: (i) ZnO nano, EtOH, reflux.

Scheme 12.35 Reagent and conditions: (i) SO3.py, DMF, 1,4-dioxane, rt., 4 h and (ii) SPE.
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Fustero et al. reported the Sonogashira cross-coupling method for the preparation

of aminosteroids 140. The Sonogashira reaction proceeded between haloaldehyde and
trimethylsilylacetylene in the presence of Pd(dppf )Cl2 and CuI as catalysts (Scheme

12.37). It was followed by the addition of an allyl zinc reagent to tert-butylsulfinimine.

It was then completed through a Pauson-Khand reaction [105].

Zhang et al. reported a cascade reaction to prepare steroidal aniline derivatives 142
(Scheme 12.38). This method reported the creation of an aromatic ring and three con-

tinuous CdC bonds in a single step [106].

Scheme 12.36 Reagent and conditions: (i) EtOH, KOH, benzaldehyde and (ii) AcOH,

hydrazine acetate, reflux.

Scheme 12.37 Reagent and conditions: (i) Pd(dpp)2Cl2, CuI, Et3N, THF, 80°C.
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Zhang et al. explored the preparation of steroidal 3-cyano-2-aminopyridines 145 by
reacting enaminonitriles and amines (Scheme 12.39) [107].

Arenas-González et al. prepared a number of steroidal [1,2,4]triazolo[1,5-a]pyrim-

idines (TPs) 150 (Scheme 12.40). These compounds were synthesized using α,β-
unsaturated carbonyl compounds and 3-amino-1,2,4-triazole [108].

Scheme 12.38 Reagent and conditions: (i) (0.1 mmol), aldehydes (0.1 mmol), malononitrile

(0.1 mmol), base (0.1 mmol), in solvent (3 mL) at r.t. for about 36 h.

Scheme 12.39 Reagent and conditions: (i) Solvent free, rt., 2 h and (ii) solvent free, heat.

Scheme 12.40 Reagent and conditions: (i) CH2COOH, BF3 Et2O, NaNO2, Al2O3, (ii) TiCl4,

CH2Cl2, (iii) Ac2O, BF3, Et2O, CH2Cl2, and (iv) tBuOK, n-BuOH.
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Gavaskar et al. developed a one-pot procedure for the synthesis of steroidal dis-

piroindenoquinoxaline pyrrolidines 151 using multicomponent [3+2] reaction of

azomethine ylides in ionic liquid (Scheme 12.41) [109].

Rassokhina et al. reported the synthesis of steroidal imidazo[1,2-a]pyridine hybrids
153. Thus, androstene and estrane series containing imidazo[1,2-a]pyridine motifs

were synthesized from 17-ethynyl steroids 152 by copper-catalyzed cascade

aminomethylation/cycloisomerization with imines 151 (Scheme 12.42). The resulting

molecules were tested for cytotoxicity against numerous human breast (MCF-7,

MDA-MB-231, HBL-100, MDA-MB-453) and prostate (LNCaP-LN3, PC-3, DU

145) cancer cell lines. Most of the compounds demonstrated activities at μM
level [110].

Scheme 12.41 Synthesis of steroidal spiro-indenoquinoxaline-pyrrolidines.
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Mayorquı́n-Torres et al. investigated the preparation of benzannulated steroid spir-

oketals 158, 159 following Sonogashira coupling as one of the key steps (Scheme

12.43) [111].

Enrı́quez et al. reported the preparation of steroid dimers 161, 162 by BF3�Et2O-
induced aldol condensation of 2-formyl-estradiol diacetate 160 and sapogenins 161
(Scheme 12.44). The reaction proceeded through an exocyclic alkene group present

in C-23 or through a spiro present in C-22 [112].

Scheme 12.42 Reagent and conditions: (i) Cu(OTf )2, CuOTf, C6H6, toluene, 120°C.

Scheme 12.43 Reagent and conditions: (i) H2O2, NaOH, CH2Cl2/MeOH, (ii) Ac2O/Py,

(iii) NH2NHTS, CH2Cl2/AcOH, (iv) Pd(PPH3)4, Et3N, CuI, and (v) NaBH4, MeOH,

Pd(CH3CN)2Cl2, CH3CN, rt. 24 h.
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Joppa et al. reported the Suzuki-Miyaura process of 16-E-(triflyloxymethylidene)-

3-methoxy-estrone 163 for the preparation of 16-E-(arylidene)-3-methoxy-estrones

164 (Scheme 12.45) [113].

Song et al. studied pyridine heterocycles and their antitumor activity by molecular

docking software (Scheme 12.46). The molecules were prepared in a one-pot mul-

ticomponent process and the resulting compoundswere tested in vitro for their anticancer

properties [114].

Scheme 12.44 Reagent and conditions: (i) BF3.Et2O, CH2Cl2.

Scheme 12.45 Reagents and conditions: Pd(OAc)2, nBuPAd2, K3PO4, phenylboronic acid,

toluene.

Scheme 12.46 Reagent and conditions: (i) CH3COONH4, EtOH.
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Dara et al. prepared steroidal imidazolidinthiones 168 from steroidal thiosemi-

carbazones 167 (Scheme 12.47) [115].

Sethi et al. reported N-methyl-2-pyrolidonehydrogensulphate (NMP + HSO4�)-

catalyzed synthesis of diosgenin prodrugs 170 (Scheme 12.48). The yield of the

process was high. Diosgenin along the prodrugs were tested against anticancer activity

and apoptosis by MTT assay and ethidium bromide/acridine orange (EB/AO). These

compounds were active against prostate cancer [116].

Hryniewicka prepared steroid-based imidazolium salts which have demonstrated

interesting biological activities including antitumor and antimicrobial properties

(Scheme 12.49). The activity was against Candida albicans was very good. A few

of these salts exhibited antifungal activities against phytopathogenic organisms:

Botrytis cinerea and Cercospora beticola [117].

Scheme 12.47 Reagent and conditions: (i) CH2ClCH2Cl, AcONa, EtOH, reflux.

Scheme 12.48 Synthesis of diosgenin prodrugs.
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Hanson et al. investigated fluorescent imaging agents for the preparation of steroi-

dal antiestrogens, 11β-(4-oxyphenyl)estradiol 180 (Scheme 12.50). The molecules

were anticipated based on the affinity and selectivity of 11β-[4-(dimethylethoxy) phe-

nyl]estradiol (RU39411) as an ER antagonist. The 5-(dimethylamino) naphathalene-

Scheme 12.49 Reagent and conditions: (i) LiAlH4, P-TsCl, Et3N, THF, NaI, acetone,

(ii) imidazole, MaH, THF, and (iii) RI.

Scheme 12.50 Reagent and conditions: (i) CF3COCF3, H2O2, pyridine, CH2Cl2,

(ii) 4-bromophenoxy trimethylsilane, Mg, CuI, THF, rt., NH4Cl, (iii) CH3CO2H.H2O,

(iv) TsOCH2CH2OTs, Cs2CO3, CH3CN, (v) NaN3, ethanol, reflux, and (vi) acetic anhydride,

CH3COBr, CH2Cl2, rt.
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1-sulfonyl (dansyl) and 7-nitrobenzo[c][1,2,5] oxadiaol-4-yl (NBD) components were

chosen because of their fluorescent and physicochemical characteristics.

A convergent preparation was performed through [3+2] copper(I)-assisted alkyne-

azide cycloaddition reaction of the steroidal and fluorescent compounds. The steroid

part may be used to evaluate their ER affinity and selectivity [118].

12.6 Conclusion

In this chapter, the authors have updated the knowledge of important biologically

active steroids through their facile green synthetic route. Many of the synthesis

described herein are convergent and highly efficient. The synthetic steps require nec-

essary reagents and solvents to prepare these molecules with complete stereo control.

Importantly, this chapter suggests the vast importance of steroids in medicinal chem-

istry and clinical science. Clearly, the medical benefits of these steroids are so signif-

icant that one can extrapolate their properties in diverse health disorders. Although

many claims that drug discovery should be performed by modern techniques (e.g.,

computer-based drug design). However, many of the molecules described here were

chosen without advancing any modern concepts. Nevertheless, important molecules

were prepared. Probably, steroid skeletons have something special that many scien-

tists ignore. It is believed that additional sustainable approaches will be undertaken

to prepare steroids that may demonstrate clinically useful medicinal agents.
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Abbreviation

Al2O3 aluminium oxide

°C degree centigrade

CH3CN acetonitrile

CH3OH methanol

DBSA 4-dodecylbenzenesulfonic acid

DKPs 2,5-diketopiperazines

DMF dimethylformamide

EtOH ethanol

H2O water

HTW high-temperature liquid water

INH isoniazid

MIC minimum inhibitory concentration

mL millilitre

MWI microwave irradiation

MeCN acetonitrile

MTB Mycobacterium tuberculosis
MDRTB multidrug resistant Mycobacterium tuberculosis
Na2CO3 sodium carbonate

NaI sodium iodide

NaOH sodium hydroxide

NEt3 triethylamine

PSSA polystyrene sulfonic acid

μg microgram

SnCl2 tin dichloride

THF tetrahydrofuran

W watt

13.1 Introduction

Green or sustainable chemistry provides intensive research areas which led to the

design of clean and benign chemical reactions with the development of new technol-

ogies. For this purpose, attempt is made to replace the use of toxic and volatile organic
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solvents with their safe alternate solvent like water. Water is considered as suitable

solvent for various chemical reactions due to its low cost, safety, and environmental

friendly nature [1]. With the help of green technologies such as microwave, ultra-

sound, UV-visible, milling, and grinding, the utilization of water as solvent in chem-

ical reactions provides numerous advantages such as high product yield, better purity

of the products, enhanced rate of reaction, and shorter reaction times. In case of water,

the dipole arises due to the different affinities of oxygen and hydrogen atoms for the

available electron density and the angular shape of water molecule. As the electron

density is concentrated more on the electronegative oxygen atom, the net dipole

moment is increased for the water molecule.

The use of water as solvent provides several benefits such as improvement in

reactivity and selectivity toward chemical reactions, simple workup procedures,

enable recycling of the catalyst and mild reaction conditions and protecting group free

drug synthesis [2]. Hydrophobic interactions of water with organic substrates are

responsible for the origin of selectivity and rate enhancements of organic reactions

in water or even in suspensions. Many organic solvents like benzene, toluene,

chlorobenzene, and halogenated solvents are carcinogenic, harmful to human health,

and also cause environmental pollution. So, the replacement of volatile and non-

volatile organic solvents in organic reactions and drug development process is essen-

tial to avoid these problems. The protocol of using water as solvent in organic

synthesis is considered as one of the powerful tool of green chemistry because it

reduces the release of toxic chemicals in the environment thereby reducing pollution

[3]. It exhibits powerful hydrogen bonding and remains in liquid state in wide range of

temperature (Fig. 13.1). First, organic syntheses was carried out in water are Wohler’s

urea synthesis and Baeyer and Drewsen’s indigo synthesis.

(+)

H H
O

Shared pair of electrons
in H-O bonding

Unshared pair 
of electrons

(–)

H
O

H
H

O

Hydrogen bond connecting 
two water molecules

Fig. 13.1 Structure of water molecule and hydrogen bonding.
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13.2 Properties of water as solvent in synthesis

l Water is the universal solvent in nature.
l Water shows high dielectric constant and hydrogen bonding at normal condition. But it

changes its high polar nature to nonpolar at high temperature and pressure.
l Water has dielectric constant of 78 at 25°C and decrease to 20 at 300°C and at elevated tem-

perature. So, it acts as the pseudo-solvents.
l Water exhibits high activity and low density at high temperature and pressure.
l In case of microwave synthesis, water has critical temperature (Tc) of 374°C and critical

pressure (Pc) of 218 atm which is equivalent to 3204 psi or 221 bar.
l High-temperature (200–350°C) liquid water (HTW) is used as reaction medium for con-

ducting acid and base-catalyzed organic synthesis.
l Water has high heat capacity of 4.184 J/g.
l Very high heat of fusion of 334 J/g and very high heat of vaporization of water, that is,

2.259 J/g.
l Water has surface tension of 71.97 at 25°C.

13.3 Synthesis of biologically active compounds in water

Water is the nature’s solvent and many syntheses are carried in aqueous medium.Water

possesses unique structural feature which distinguishes its physical and chemical prop-

erties. So, there is an increase in demand to perform various chemical reactions in water

such as oxidation, reduction, cycloaddition, condensation, rearrangement, and coupling

reaction (Fig. 13.2). The introduction of polar functional groups on reactant molecules

enhances the water solubility to promote the reaction faster. The organic reactions can

also be conducted in aqueous medium in either heterogeneous or homogeneous phase in

which volume of water may differ from moderate to large quantity [2].

Reaction in water

OxidationReduction

Cycloaddition

Rearrangement reaction

Addition reaction

Diel's Alder reaction

Condensation reaction

Suzuki coupling reaction

Fig. 13.2 Various chemical reactions in water.
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Raju et al. synthesized substituted thiophenes via Pd/C-mediated Sonogashira cou-

pling in the presence of water. A series of 2-alkynyl-thiophenes were synthesized by

coupling 2-iodothiophene (1) with acetylinic compounds (2) using 0.026 equivalent of

10% Pd/C, PPh3, CuI, and ethanolamine in water (Scheme 13.1). Some of the

alkynylthiophenes were screened for their activity against three cancer cell lines

(LoVo, H460, and HT-29) (Table 13.1) [1].

Shi et al. reported the green chemoselective synthesis of thiazolo[3,2-a]pyridine
derivatives (7, 8) in the presence of water via microwave-assisted three-component

reactions of malononitrile (4), aromatic aldehyde (5), and 2-mercaptoacetic acid

(6) with molar ratios of 2:1:1.5 and 2:2.2:1, respectively, at 90–100°C and 250 W

(Scheme 13.2). These compounds were subjected to cytotoxicity studies against

Scheme 13.1 Synthesis of substituted thiophenes in the presence of water.

Table 13.1 In vitro anticancer activity of substituted thiophenes.

Compound Structure

Percentage growth at

100 μM in cell lines

LoVo H460

HT-

29

3a 78 105 95

3b

S

C C
H2
C O

47 88 63

3c

S

C C
H2
C O NO2

26 48 44
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carcinoma HCT-116 cells and mice lymphocytes. In addition, most of these com-

pounds showed cytotoxicity to HCT-116 cells and mice lymphocytes with no selec-

tivity (Table 13.2). Cytotoxicity was represented as percentage of inhibition

(mean � SD, n ¼ 3) of HCT-116 and lymphocyte. The concentration of tested com-

pound was 1 mg/mL [4].

Table 13.2 Cytotoxic activity of thiazolo[3,2-a]pyridine derivatives (7, 8).

Compound code R

Inhibition rate on cell lines (%)

HCT-116 Lymphocyte

7a 4-F-C6H4 47.77 � 2.85 66.88 � 0.88

7b 4-Br-C6H4 43.55 � 0.88 69.59 � 3.57

7c 2-Cl-C6H4 54.06 � 2.54 60.36 � 3.81

7d 2,4-Cl2-C6H3 29.93 � 4.66 55.35 � 6.79

7e C6H5 50.84 � 1.92 64.84 � 2.97

7f 4-OCH3-C6H4 50.17 � 2.61 70.60 � 2.08

7g 3,4-OCH2O-C6H3 51.78 � 2.57 62.02 � 3.35

7h 4-CH3-C6H4 47.42 � 2.35 63.77 � 4.76

8a 4-NO2-C6H4 35.45 � 1.87 51.69 � 1.83

8b 4-Br-C6H4 56.65 � 2.07 71.28 � 0.84

8c 4-OH-3-NO2-C6H3 52.99 � 1.61 60.35 � 4.40

NC CN
+ R-CHO + HS COOH

MWI, 90 °

°

C, H2O

4:5:6=2:1:1:5

MWI, 100 C, H2O

4:5:6=2:2:2:1

N S

R

CNNC

H2N

O

4 5 6

7

N S

R

CNNC

H2N

O

R8

Scheme 13.2 Synthesis of thiazolo[3,2-a]pyridine derivatives (7, 8) in the presence of water.
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Benzo[e][1,4]thiazepin-2(1H,3H,5H)-ones were synthesized via a microwave-

assisted chemoselective multicomponent reaction in aqueous media (Scheme 13.3)

[5]. This protocol had the advantages of better yields, less cost, and reduced environ-

mental pollution.

Manjashetty et al. reported the synthesis of novel isoniazid (INH) analogs by

microwave-assisted one-pot reaction of INH, various benzaldehydes and dimedone

in water with catalytic amount of DBSA (Scheme 13.4) [6]. The synthesized com-

pounds were evaluated for their anti-TB activity againstMycobacterium tuberculosis
H37Rv (MTB) and multidrug-resistant Mycobacterium tuberculosis (MDRTB)

(Table 13.3).

Scheme 13.3 Synthesis of benzo[e][1,4]thiazepin-2(1H,3H,5H)-ones.

Ar CHO +

O

O

+

N

CONHNH2

IsoniazidBenzaldehydes Dimedone

DBSA, H2O

MWI, 10–16 min

OO Ar

HN O

N

Isoniazid (INH) analogues

Scheme 13.4 Microwave-assisted one-pot synthesis of novel isoniazid analogs.
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A series of furo[3,4-b][4,7]phenanthroline and indeno[2,1-b][4,7]phenanthroline

derivatives were synthesized via a three-component reaction of aromatic aldehydes,

6-aminoquinoline, and either tetronic acid or 1,3-indanedione in water under micro-

wave irradiation (MWI) without use of any catalyst (Scheme 13.5) [7].

Eco-friendly, one-pot three-component syntheses of 2-(3H-imidazo[4,5-b]pyri-
dine-2-yl)-N-arylbenzamides (4) was developed by combining phthalic anhydride

(1) with anilines (2) and pyridine-2,3-diamine (3) in water without any catalyst

(Scheme 13.6). These reactions proceeded with an easy workup method and provided

good yields [8].

Table 13.3 Antitubercular activity against MTB and MDRTB.

Entry Ar

MIC in μM

MTB MDR-TB

1 -C6H5 6.66 –
2 2-CH3-C6H4 3.22 –
3 3-CH3-C6H4 6.44 –
4 4-CH3-C6H4 6.44 –
5 2-OH-C6H4 >12.87 –
6 3-OH-C6H4 >12.87 –
7 4-OH-C6H4 12.87 –
8 2-OCH3-C6H4 12.51 –
9 4-OCH3-C6H4 12.51 –
10 4-N(CH3)2-C6H4 6.10 –
11 4-CH(CH3)2-C6H4 1.52 –

Scheme 13.5 Synthesis of furo[3,4-b][4,7]phenanthroline and indeno[2,1-b][4,7]

phenanthroline derivatives.
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Banik et al. reported an efficient microwave-induced iodine-catalyzed method for

the synthesis of quinoxalines via condensation of 1,2-diamines with 1,2-dicarbonyl

compounds (Scheme 13.7). It involved reaction between o-phenylenediamine and

phenylglyoxal monohydrate in the presence of iodine as catalyst under MWI.

EtOH/H2O (1:1) was used as solvents to perform these reactions [9].

Singhal et al. reported an efficient, simple, and environmentally clean synthesis

of 3,4-dihydro-pyrimidinones with excellent yields in the presence of water with-

out using solvents or acid catalyst under conventional heating, MWI, or ultrasound.

MWI method involved the reaction between aldehyde (2 mmol), urea (2 mmol),

and β-dicarbonyl compound (2 mmol) in the presence of water (three to four drops)

at power level 750 W for 2 min (Scheme 13.8). A similar reaction condition was

maintained to carry out the reaction by using ultrasound irradiation (25 kHz). In the

case of conventional heating method, the same synthesis required longer reaction

time, that is, 2 h (Table 13.4). The presence of water was found to be vital and the

reactions were carried out faster with high products yield under microwave or

ultrasound irradiation as compared to conventional heating method [10].

Scheme 13.6 Syntheses of 2-(3H-imidazo[4,5-b]pyridine-2-yl)-N-arylbenzamides.

Scheme 13.7 Microwave-induced synthesis of quinoxalines.
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Varma et al. described green chemistry technique like microwave (MW) irradiation

method to synthesize various heterocycles in aqueousmedium. Dihydropyrimidinones

were synthesized by following environmentally benign aqueous Biginelli protocol

usingpolystyrene sulfonic acid (PSSA) as a catalyst (Scheme13.9). This reaction under

MWI proceeded efficiently in water without using any organic solvents [11].

β-dicarbonyl compound

Scheme 13.8 Synthesis of 3,4-dihydro-pyrimidinones.

Table 13.4 Synthesis of 3,4-dihydro-pyrimidinones and optimization data.

Compound

Conventional Microwave Ultrasound

Time

(min)

Yield

(%)

Time

(min)

Yield

(%)

Time

(min)

Yield

(%)

2a 45 92 2 98 30 96

2b 45 94 2 96 30 95

2c 50 90 2 96 35 92

2d 60 89 2 97 40 92

2e 65 90 2 96 40 94

2f 60 90 2 95 40 94

2g 55 80 2 88 35 85

2h 60 80 2 90 35 90

2i 75 92 2 90 50 82

Scheme 13.9 Microwave-assisted synthesis of dihydropyrimidinones in aqueous medium.
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A series of furo[3,4-e]pyrazolo[3,4-b]pyridine analogs of podophylloxin

were synthesized via three-component reaction of aldehydes,

3-methyl-1-phenyl-1H-pyrazol-5-amine, and tetronic acid in the presence of water

under MWI without using catalyst (Scheme 13.10). This method provided economical

and green synthetic strategy to generate titled compounds under microwave-assisted

synthesis in aqueous medium [12].

Jiang et al. described the reaction of 2,6-diaminopyrimidin-3H-4-one with

arylaldehydes and barbituric acids in water at 100°C for 6–9 min under MWI to

produce 6-spirosubstituted pyrido[2,3-d]pyrimidines with good product yield

(79%–90%) (Scheme 13.11). The product was found to be a mixture of diastereomers

in which cis-isomer is the major product [13].

Dehbi et al. reported an efficient and eco-friendly method for the synthesis of disub-

stituted 5-aminopyrimidines from vinyl azides and urea or thiourea (Scheme 13.12).

This reactionwas carried out in the presence ofwater as a solvent underMWI conditions

(Table 13.5). The significant features observed in this new protocol were faster conver-

sion of starting materials to products, shorter reaction times, cleaner reactions, and

simpler workup procedure.

Scheme 13.10 Synthesis of furo[3,4-e]pyrazolo[3,4-b]pyridine analogs in aqueous medium.

Scheme 13.11 Synthesis of 6-spirosubstituted pyrido[2,3-d]pyrimidines in water under MWI.
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Scheme 13.12 Synthesis of disubstituted 5-aminopyrimidines in the presence of water.

Table 13.5 Synthesis of disubstituted 5-aminopyrimidines in presence of water under MWI.

Product R1 R2 X

Microwave

irradiation

conditions

Time

(min)

Yield

(%)

3a

Br

O 10 97

3b

Br Br

O 10 88

3c

Br O

O 20 71

3d

Cl

O 20 79

3e

Cl O

O 76 20

3f

Cl Cl

O 97 10

3g

Cl F

O 96 10

3h

Cl Br

O 94 10

3i

Cl

S O 70 20
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To optimize the reaction conditions, the coupling of 2-azido-3-(4-bromophenyl)-1-

phenylprop-2-en-1-one with urea was carried out in the presence of different solvents

such as methanol (CH3OH), acetonitrile (CH3CN), tetrahydrofuran (THF),

dimethylformamide (DMF), toluene, dioxane, and water under MWI for 10 min

(Scheme 13.13). From this reaction, it was observed that water is the most efficient

solvent to carry out this reaction to produce the products in an excellent yield

(97%) (Table 13.6) [14].

Sanghvi et al. reported one-pot microwave-assisted synthesis of substituted guani-

dine derivatives using green chemistry approach in water. Various substituted guani-

dine derivatives were prepared by reacting symmetrical and asymmetrical thioureas

with different amines under alkaline condition using water as solvent under MWI

(100 W) with moderate yield within 10–95 min (Scheme 13.14). To reduce the chem-

ical hazards produced by organic solvents, water is used as a solvent. Sodium hydrox-

ide was used to catalyze the reaction and to trap the evolved H2S gas. Microwave

synthesizer was used to reduce reaction time and to make the reactions eco-

friendly [15].

Scheme 13.13 Synthesis of 5-amino-6-(4-bromophenyl)-4-phenylpyrimidin-2(1H)-one.

Table 13.6 Optimization of reaction conditions using different solvents.

Entry Solvents Reaction time (min) Yield (%)

1 CH3OH 10 36

2 CH3CN 10 12

3 THF 10 79

4 DMF 10 82

5 Toluene 10 53

6 Dioxane 10 46

7 Water 10 97
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Marı́a et al. carried out efficient synthesis of 2,5-diketopiperazines (DKPs) fromNα-
Boc-dipeptidylmethyl esters and tert-butyl esters underMWI at 250 Wfor 10 minwith

excellent yields (Scheme 13.15). This protocol provided rapid, safe, environmental

friendly, and highly efficient technique to get the final products (Table 13.7) [16].

Sharma et al. developed a simple, clean, rapid, efficient, and green protocol for the

synthesis of coumarin-3-carboxylic acids [17]. It involved the reaction of

2-hydroxybenzaldehydes with Meldrum’s acid (2,2-dimethyl-1,3-dioxan-4,6-dione)

in aqueous medium under MWI for 2 min (Scheme 13.16). This protocol was eco-

friendly because it avoids the use of hazardous organic solvents throughout the reac-

tion (Table 13.8).

Scheme 13.14 Synthesis of substituted guanidine derivatives under MWI.

Scheme 13.15 Synthesis of 2,5-diketopiperazines under MWI.

Table 13.7 Optimization study on synthesis of 2,5-diketopiperazines under MWI.

Entry Solvents Temp (°C) Power (W) Time (min) Yield (%)

1 Toluene 170 160 10 No reaction

2 Xylene 200 300 10 No reaction

3 DMF 200 300 5 61

4 H2O 200 250 1 22

5 H2O 200 250 2.5 85

6 H2O 200 300 5 89

7 H2O 250 250 10 86
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Gutierrez et al. reported microwave-assisted one-pot synthesis of carbonylpyrazolo

[3,4-b]pyridine derivatives catalyzed by InCl3 in the presence of water (Scheme

13.17). It involved in the sonochemical or microwave-assisted condensation of alde-

hydes with formaldehyde (as paraformaldehyde) and β-diketones to obtain

pyrazolopyridine derivatives. This technique was advantageous because of simple

operation, higher yields, low cost with environmentally benign procedure [18].

Guirong et al. reported microwave-assisted synthesis of 6-substituted aminopurine

analogs in water [19]. It involved in the amination of 6-chloropurine with

various amine under MWI at power level 200 W for 10 min (Scheme 13.18). The

products were obtained with moderate to high purity in much less reaction time

(Table 13.9).

Scheme 13.16 Green synthesis of coumarin-3-carboxylic acids.

Table 13.8 Reaction time and yield of coumarin-3-carboxylic acids.

Compounds R1 R2 R3

Reaction time

(min)

Yield

(%)

a H H H 2 85

b H Br H 2 90

c H Cl H 2 89

d H CH3 H 2 88

e H dOCH3 H 2 86

f dOCH3 H H 2 85

g dOCH3 H dOCH3 2 80

Scheme 13.17 Microwave-assisted synthesis of carbonylpyrazolo[3,4-b]pyridine derivatives.
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Wei et al. carried out the base-free, ultrasound-accelerated one-pot synthesis of

2-sulfonylquinolines in water (Scheme 13.19). While comparing with conventional

heating method, the use of ultrasound technique not only improves the efficiency

of chemical reaction but also enhances the rate of reaction, simplifies scale-up and

minimizes any side reactions or by-product formation. This reaction process followed

green protocol as it provides good product yields (61%–91%) with chemo- and

regioselectivity, high energy efficiency, and atom economy of 70.7%, E-factor of
1.17, and eco-scale score of 71 [20].

Scheme 13.18 Microwave-assisted synthesis of 6-substituted aminopurine analogs in water.

Table 13.9 Influence of different irradiation time on the yields of

compound 1b in water.

Entry Aniline equiv. Irradiation time (min) Yield (%)

1 3 5 72

2 3 8 85

3 3 10 87

4 3 13 84

Scheme 13.19 Ultrasound-accelerated one-pot synthesis of 2-sulfonylquinolines in water.
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Bagher et al. reported green and efficient method for the synthesis of

5-aryl-4-hydroxy-2-methyl-1H-pyrrole-3-carboxylic acid esters (3) and

6-aryl-3-methylpyridazine-4-carboxylic acid esters (4) via a three-component reaction

of arylglyoxal hydrates (1) with β-dicarbonyl compounds (2) in the presence of ammo-

nium acetate and hydrazine hydrate using water as solvent under ultrasonic irradiation

(Scheme 13.20). Thismethodologywas advantageous in terms of simple operation, high

yields, short reaction times, mild reaction conditions without using any catalysts, eco-

nomic, and environmental friendly [21].

Sapkal et al. developed a highly efficient and green protocol for the synthesis of

various structurally diverse 2,20-arylmethylene bis(3-hydroxy-5,5-dimethyl-

2-cyclohexene-1-one) (3) and 2-substituted-1H-benzimidazole derivatives

(5) (Scheme 13.21). This reaction was performed under ultrasound irradiation, using

BiOCl nanoparticles as a catalyst in the presence of water. It was observed that the

nanocatalyst is reusable for seven subsequent reactions without loss in catalytic activity.

This green methodology provided mild reaction conditions with easy workup in short

reaction time [22].

Koorosh et al. accomplished a simple and efficient synthesis of the

spirooxindoles (4) via a three-component reaction between isatins (1),

4-hydroxy-2H-quinolin-2-one (2), and malononitrile or ethylcyanoacetate (3) in

aqueous medium under ultrasound irradiation (Scheme 13.22). This reaction

gained importance due to simple operation, faster rate of reaction, good yield,

and easy workup (Table 13.10) [23].

Scheme 13.20 Synthesis of pyrroles (3) and pyridazines (4) using water as solvent under USI.
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Scheme 13.21 Green protocol for the synthesis of compounds (3) and (5).

USI, 50°C

Scheme 13.22 Ultrasound-assisted three-component synthesis of spirooxindoles in water.

Table 13.10 Synthesis of the spirooxindoles in

aqueous medium under ultrasound irradiation.

Entry Catalyst Time (min) Yield (%)

1 Piperidine 10 79

3 NEt3 10 78

3 KBr 45 48

4 Al2O3 45 32

5 Na2CO3 45 80

6 L-Proline 20 77
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Pal et al. performed ultrasound-assisted rapid synthesis of 2-substituted quinoline

derivatives (4) in the presence of SnCl2�2H2O as a catalyst in water [24]. The reaction

involved in a one-pot, three-component reaction of aniline (1), aldehyde (2), and

ethyl 3,3-diethoxypropionate (3) to produce the desired products in good yields

(Scheme 13.23).

Sadegh et al. described a green, efficient, rapid, high-yielding, catalyst-free method

for the synthesis of rhodanines in water using ultrasonic radiation [25]. It involved in

the one-pot, three-component reaction between dimethyl acetylene-dicarboxylate (1),

benzylamine (2), and carbon disulfide (3) in the presence of water as the solvent under

ultrasonic irradiation for 3–5 min with the highest yield of 94% (Scheme 13.24,

Table 13.11).

Scheme 13.23 Ultrasound-assisted rapid synthesis of 2-substituted quinoline derivatives.

Scheme 13.24 Ultrasound-mediated synthesis of rhodanines in water.

Table 13.11 Synthesis of rhodanines in water using ultrasonic radiation.

Products R1 R2 Time (min) Yield (%)

3a PhCH2 CO2Me 3 94

3b 4-Cl-C6H4-CH2 CO2Me 4 93

3c 2-Cl-C6H4-CH2 CO2Me 4 91

3d 2-Cl-C6H4-CH2 CO2Et 4 92

3e PhCH(Me) CO2Me 3 92

3f i-Bu CO2Me 5 88

3g Allyl CO2Me 5 90

3h i-pro CO2Me 5 86
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Vanelle et al. reported microwave-assisted synthesis of new quinazoline deriva-

tives in aqueous medium as anticancer agent precursors [26]. The reaction proceeded

via S-alkylation or SRN1 reaction of 2-chloromethyl-3-methylquinazolin-

4(3H)-one derivatives with different benzenesulfinic acids and nitronate anions

(Scheme 13.25).

Yildirim et al. developed a green procedure to prepare a new series of thiazolo

[3,2-c]pyrimidine derivatives through Mannich reactions under MW-irradiation.

This method involved in a multicomponent cyclization of 2-(nitromethylene)

thiazolidine, various aliphatic or aromatic amines and formaldehyde in water

(Scheme 13.26). The use of MW radiation promoted the high product yields and con-

siderably reduced the reaction times in relation to conventional heating. This green

protocol did not require any organic solvents to carry out the reaction or purification

of final compounds [27].

Varma et al. described an elegant protocol for synthesis of substituted

3,4-dihydropyrimidin-2(1H)-ones (4) under MW-irradiation [28]. This involved in

the condensation of substituted benzaldehyde (1), acetoacetate (2), and urea or thio-

urea (3) using PSSA as a catalyst (Scheme 13.27). The reaction proceeded efficiently

in water in the absence of any organic solvent.

Scheme 13.25 Microwave-assisted synthesis of new quinazoline derivatives in aqueous

medium.

Scheme 13.26 Green protocol for synthesis of thiazolo[3,2-c]pyrimidine derivatives.
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Aseriesofnewpolycyclic-fused isoxazolo[5,4-b]pyridineswereproducedbyone-pot
synthesis under MWI in water (Scheme 13.28). Without using any additional reagent or

catalyst, this synthetic process followedgreen protocol andmakes thismethodology suit-

able for generating compound library during drug development [29].

The reaction of 8-acetyl-7-hydroxy-4-methyl coumarin (1) with 2-bromo-1-

(4-bromophenyl)ethanone (2) in the presence of potassium carbonate, acetone produced

new furocoumarin,4-(p-bromobenzoyl)-3,10-dimethyl-5.13-dioxatricyclo[7.4.0.02,6]

trideca-1(9),2(6),3,7,10-pentaen-12-one (3). Compound 3 underwent Suzuki coupling

reaction with different aryl boronic acids (4a–i) to produce 4-[(4-biphenylyl)-

carbonyl]-3,10-dimethyl-5.13-dioxatricyclo[7.4.0.02,6] trideca-1(9),2(6),3,7,10-

pentaen-12-one analogs (5a–i) (Scheme 13.29). The reaction was carried out under

MWIusingwater as solvent. It providedeco-friendlyprocess, accelerated rate of reaction

with high yield, and followed green chemistry approach [30].

Scheme 13.27 Synthesis of 3,4-dihydropyrimidin-2(1H)-ones in aqueous media under MWI.

Scheme 13.28 Synthesis of new polycyclic-fused isoxazolo[5,4-b]pyridines.

Scheme 13.29 Synthesis of compound 5(a–i) undermicrowave irradiation usingwater as solvent.
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Dawoodetal. reportedmicrowave-assisted synthesis of2-acetyl-5-arylthiophenes and

4-(5-arylthiophen-2-yl)thiazoles via Suzuki coupling reaction in water.

2-Acetyl-5-bromothiophene and 4-(5-bromothiophen-2-yl)-2-methyl-1,3-thiazole were

prepared and used for Suzuki cross-coupling reactions with a number of aryl(hetaryl)

boronic acids in water or DMF as solvents. The cross-coupling reactions were carried

out under thermal heating as well as microwave irradiating conditions using

benzothiazole-basedPd(II)-precatalyst (Scheme13.30).Theuseofwater asgreen solvent

provided a clean, safe, and environmentally benign chemical process (Table 13.12) [31].

Scheme 13.30 Microwave-assisted synthesis of compound 4–8.

Table 13.12 Synthesis of compound 4–8 under and MW thermal heating.

Products Structures

Thermal

heating MW heating

Time

(h)

Yield

(%)

Time

(min)

Yield

(%)

4

S

O

1 93 1 95

5

S

O Cl

5 97 7 92

6

S

O OCH3

5 90 7 98

7

S

O CH3

7 89 9 93

8

S

O

S

10 91 9 95
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Deependra et al. describedmicrowave-accelerated cyclocondensation reaction for the

synthesis of pyrazolo[1,5-c]quinazolines derivatives (Scheme 13.31). It involved in the

reaction of 2-(3-aryl-1H-pyrazol-5-yl)anilines with different aryl aldehydes/triethyl

orthoformate in water or MeCN under MWI. 5-(2-Aminophenyl)-

4,5-dihydro-3-arylpyrazole-1-carbaldehyde in methanol underwent an internal

cyclocondensation and aromatization when heated under MW (Table 13.13).

Quinazolines are condensed ring aromatic organic compounds of the heterocyclic series

containing benzene ring fused to pyrimidine nucleus.Awide range of biologically active

compounds containing quinazoline ring systemwere also synthesized by atom efficient,

environmental friendly, and green methods such as MWI reactions [32].

A series of warfarin analogs, β-aminomethyl-hydroxyl coumarins, were obtained

in good yields by Mannich reaction of 4-hydroxycoumarin, aromatic aldehydes, and

secondary amines in water under MWI at 100°C (Scheme 13.32). The salient features

of the synthesis are: catalyst-free protocol, green solvent (water), complete avoidance

of organic solvents in the synthesis, facile workup, and high yields [33].

Scheme 13.31 Synthesis of pyrazolo[1,5-c]quinazolines derivatives under MWI.

Table 13.13 Synthesis of pyrazolo[1,5-c]quinazolines derivatives.

Entry Ar-CHO X Yield (%)

1 4-Hydroxy-3-methoxy benzaldehyde H 93

2 2-Nitrobenzaldehyde H 91

3 3-Nitrobenzaldehyde H 92

Scheme 13.32 Synthesis of warfarin analogs in the presence of water under MWI.
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Remaily et al. developed a simple, fast, cost-effective environmentally benign pro-

tocol for the synthesis of guanidinyltetrazoles and 5-substituted 1H-tetrazoles deriv-
atives via [2,3]cycloaddition reaction of nitriles and azide derivatives in water under

MWI (Scheme 13.33). All the synthesized products are screened for their in vitro anti-

microbial activity [34]. The synthesized compounds were obtained in an excellent

yield (85%–98%).

An efficiently green protocol was developed for the synthesis of methyl-

7-amino-4-oxo-5-phenyl-2-thioxo-2,3,4,5-tetrahydro-1H-pyrano[2,3-d]pyrimidine-6-

carboxylates (4a–4k). This synthesis was performed through a one-pot three-component

condensation reaction between various benzaldehydes (1), methylcyanoacetate (2), and

thiobarbituric acid (3) in the presence of water under MWI (Scheme 13.34). This meth-

odology offered several advantages such as high yields (78%–94%), short reaction time

(3–6 min), safety, and eco-friendlywithout using any catalyst (Table 13.14). The synthe-

sized compounds (4a–4k) demonstrated excellent in vitro antimicrobial and antifungal

activities against different strains. The compounds 4a, 4b, 4c, 4d, 4e, and 4f exhibited

significant antimicrobial activity against Staphylococcus aureus, Bacillus cereus
(Gram-positive bacteria), Escherichia coli, Klebshiella pneumonia, Pseudomonas
aeruginosa (Gram-negative bacteria). The synthesized compound 4f showedmaximum

antifungal activity against Aspergillus niger and Penicillium chrysogenum strains

(Table 13.15). Streptomycin andMycostatin were used as standard drug for antibacterial

and antifungal studies, respectively [35].

Scheme 13.33 Synthesis of guanidinyltetrazoles and 5-substituted 1H-tetrazoles derivatives.

Scheme 13.34 Synthesis of pyrimidine derivatives (4a–4k) under microwave irradiation.
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Pyrimidines and their oxo-derivatives exhibit various biological activities such

as analgesic, antiinflammatory, antimicrobial, antifungal, antiviral, and anticancer.

Therefore, pyrimidine derivatives with diverse structures were synthesized to build

up compound libraries for the development of new drug candidates. Synthesis of

2,6-diaryl-4-(3H)-pyrimidinones and 2,6-diaryl-4-aminopyrimidines was carried

out in two steps using ethanol as solvent and triethylamine as base. An alternative

synthetic method was developed to carry out multicomponent one-step reaction

between aromatic aldehydes (4a–j), ethyl cyanoacetate (5), and benzamidine

hydrochloride (6) in an aqueous media with potassium carbonate as base under

MWI for 40 min to produce 2,6-diaryl-4-(3H)-pyrimidinones (7a–j) in moderate

yields (Table 13.16). Similarly, aromatic aldehydes (4a–j) were allowed to react

with malononitrile (8) and benzamidine (6) under the same reaction conditions

to obtain 2,6-diaryl-4-aminopyrimidines (9a–j) (Scheme 13.35). This new method

was advantageous due to improvement in product yield, eco-friendly nature,

reduced usage of organic solvents, and less harmful residues. Pyrimidine deriva-

tives were evaluated for antinociceptive activity satisfactorily [36].

Table 13.14 Synthesis of compound (4a-4k) under conventional (4°C, 60°C), MW heating

(120°C) and at room temperature.

Products

Room

Temperature

Conventional heating

MW irradiation48°C 60°C

Time

(h)

Yield

(%)

Time

(h)

Yield

(%)

Time

(h)

Yield

(%)

Time

(min)

Yield

(%)

4a 2 82 2 73 1 71 4 82

4b 3 78 3 78 2 83 6 87

4c 4 76 3 79 2 81 5 91

4d 4 81 3 83 3 81 4 84

4e 7 79 6 82 4 82 6 77

4f 4 82 3 86 1 87 5 94

4g 6 78 5 83 2 86 3 83

4h 6 72 4 81 3 76 4 89

4i 3 67 2 78 1 73 5 86

4j 4 78 3 69 2 75 4 78

4k 3 81 2 83 1 79 5 82
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Table 13.15 Antibacterial and antifungal activities of compounds (4a-4k).

Comp.

MIC (μg/mL)a MIC (μg/mL)b

Gram-positive Gram-negative Fungi

S. aureus B. cereus E. coli K. pneumoniae P. aeruginosa A. niger P. chrysogenum

4a 12 18 17 21 19 ++ –
4b 15 12 16 19 21 +++ +++

4c 16 19 15 18 16 – ++

4d 17 21 17 17 20 +++ ++

4e 13 15 16 14 12 + ++

4f 21 18 21 22 18 +++ +++

Std. Drugc 28 28 28 28 28 29 29

a Zone of inhibition for antibacterial activity: 18–28 mm (very strong activity), 11–17 mm (strong activity), 6–16 mm (moderate activity), 0–5 mm (weak activity), dash (–) denotes no
activity.
b Zone area for antifungal activity: +++ (23–32 mm), ++ (12–22 mm), + (0-11 mm), dash (–) denotes no activity.
c Streptomycin and Mycostatin are used as standard drug for antibacterial and antifungal activity.
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A green approach was described for one-pot four-component sonochemical syn-

thesis of 5-methyl-7-aryl-4,7-dihydrotetrazolo[1,5-a]pyrimidine-6-carboxylic esters

(5) from the reaction of 2-cyano-guanidine (1), sodium azide (2), various aromatic

aldehydes (3), and methyl or ethyl acetoacetate (4) in the presence of catalyst

(Scheme 13.36). This method involved in an ultrasound-irradiated synthesis of the

biologically and pharmaceutically important heterocyclic compounds in water. This

novel sono-catalysis protocol offered several advantages such as high product yields,

Scheme 13.35 Synthesis of 2,6-diaryl-4-(3H)-pyrimidinones (7a–j) and
2,6-diaryl-4-aminopyrimidines (9a–j).

Table 13.16 Microwave assisted multicomponent reaction of compound (7a-j) and (9a-j).

2,6-diaryl-4-(3H)-pyrimidinones 2,6-diaryl-4-aminopyrimidines

Compounds Ar Yield (%) Compounds Ar Yield (%)

7a Ph 42 9a Ph 56

7b m-Tolyl 47 9b m-Tolyl 36

7c p-Tolyl 33 9c p-Tolyl 47

7d p-Cl-Ph 49 9d p-Cl-Ph 70

7e p-Br-Ph 46 9e p-Br-Ph 48

7f p-F-Ph 45 9f p-F-Ph 27

7g p-OCH3-Ph 41 9g p-OCH3-Ph 48

7h m-NO2-Ph 20 9h m-NO2-Ph 40

7i p-NO2-Ph 43 9i p-NO2-Ph 67

7j 3,4-Cl2-Ph 51 9j 3,4-Cl2-Ph 22
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short reaction times, environment-friendly reaction medium, easy isolation of the

products, and simple preparation of the compounds [37].

The first synthesis of ziprasidone (atypical antipsychotic agent) was not suitable for

pilot plant scale-up. Initially, the two fragments were joined by alkylation of com-

pound (1) with (2) in the presence of NaI and Na2CO3 in organic solvent to produce

ziprasidone with 20% yield. In contrast, the reaction proceeded highly efficiently in

water. The solubility of the reagents were improved in water and that leads to increase

in the yield (90%–94%) (Scheme 13.37) [38].

13.4 Advantage of using water as a solvent [39, 40]

l Water is the world’s cheapest solvent.
l It is safety to handle any reaction in water than in organic solvents.
l It is having no smell, nontoxic, and nonflammable.
l It is available abundantly than organic solvents.
l Most of the chemical reactions are performed better in water.
l Water possesses high surface tension due to hydrogen bonding. So, it increases surface con-

tact between reactants.

Scheme 13.36 Sonochemical synthesis of 5-methyl-7-aryl-4,7-dihydrotetrazolo[1,5-a]
pyrimidine-6-carboxylic esters.

Scheme 13.37 Synthesis of ziprasidone (atypical antipsychotic agent) in water.
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l Water is transparent to visible light to enable photosynthesis.
l It does not produce any chemical hazards during reaction.
l The use of water as solvent in chemical reaction follows green chemistry approach because it

reduces environmental pollutions by reducing the formation of waste materials.

13.5 Limitations of using water as a solvent [41, 42]

l The use of water as solvent is not suitable in some of the chemical reactions.
l Most organic compounds are not soluble in water.
l Reaction range is narrower as compared to organic solvents. But the scope can be increased

in the near future as can be seen from the description mentioned in this book chapter.
l Solubility may be increased by using organic cosolvents, pH control, surfactants, and hydro-

philic auxiliaries.
l It may cause corrosion of the heat sink.
l It expands in freezing condition.
l It has large heat of evaporation.
l It forms chelation with metals thereby may prevent catalysis. But, this has been overcome in

many chemical reactions.
l Instability of several intermediates and catalysts in water.

13.6 Conclusion

The use of water as solvent in various organic synthesis follows green chemistry

approach because it reduces the release of toxic chemicals in the environment and

thereby reduces the pollution. The reactions is carried out under mild conditions in

the presence of water so as to minimize the formation of chemical waste with easy

workup procedure and also enable the recycling of the catalyst. Microwave and other

green technologies like ultra-sonication, UV-visible irradiation assist many organic

reactions in the presence of water to improve product yields in less reaction time

by minimizing unwanted side reaction or the formation of by-product. These green

protocols are useful for rapid generation of lead molecules and their optimization

to produce the new chemical entities with diverse biological activities such as antimi-

crobial and antifungal, analgesic, antiinflammatory, antiviral, and anticancer. It can be

concluded that the use water as environmentally benign green solvent plays a major

role in new drug development in future.
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Abbreviations

cm centimeter

DHPMs dihydropyrimidinones

EPA Environmental Protection Agency

FeCl3 ferric chloride

g gram

GHz gigahertz

Hz hertz

ZSM Zeolite Socony Mobil

HCl hydrochloric acid

HSVBM high-speed vibratory ball milling

IR infrared

KF potassium fluoride

kHz kilohertz

KOH potassium hydroxide

MCM Mobil Composition of Matter

min minute

Mn(OAc)3 manganese(III) acetate

mL milliliter

mm millimeter

MHz megahertz

MAOS microwave assisted organic synthesis

MWI microwave irradiation

NSAID nonsteroidal anti-inflammatory drugs

PMA phosphor molybdic acid

PZT piezoelectric

% percent

RFTA riboflavin tetraacetate

SnCl2 stannous chloride

TsOH p-toluene-sulfonic acid
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TEBA triethyl-benzyl-ammonium chloride

UV/Vis ultraviolet-visible

USI ultrasound irradiation

W watt

14.1 Introduction

Green chemistry is defined as environmentally benign chemical synthesis. It is also

termed as sustainable chemistry, clean chemistry, benign by design chemistry, or atom

economy. It involves the set of principles which reduces or eliminates the use of haz-

ardous substances during design, manufacture, and application of chemical products.

This approach plays an important role in controlling the environmental pollution by

using safer solvents, catalysts, suitable reaction conditions and thereby increases the

atom economy and energy efficiency [1].

But a dry media reaction or solid-state reaction or solvent-less reaction is a reaction

system which can be carried out in the absence of solvent. It includes the neat meth-

odologies for the development of various drug substances by synthesizing the new

chemical entities without solvents consumption [2]. So, the solvent-less reactions

minimize the formation of by-products or waste by avoiding the use of conventional

volatile organic solvents. A solvent-free reaction is achieved by using the reactants

alone or by incorporating them in clays, zeolites, silica, alumina, etc. to get the

stereoselective products as well as enhance the rate of reaction [3].

14.1.1 Principles of green chemistry

Organic chemist, Anastas working in the Office of Pollution Prevention and Toxins at

the EPA, and John C. Warner developed the 12 principles of green chemistry in 1991

(Fig. 14.1). The green chemistry principles provide the following steps [4]:

1. Prevention of waste or by-products: It is essential to carry out the synthesis in such a way that

the formation of waste or by-products is less or absent. It is mainly significant because in

most of the cases, the cost involved in the treatment and disposal of waste adds to the overall

production cost.

2. Atom economy or efficiency: It represents the design of synthetic methods to maximize the

incorporation of reactants (starting materials and reagents) to get the final products. If the

product yield of a chemical reaction is 90%, then the reaction is considered to be good.

The percentage yield is calculated by the following formula:

%yield¼ Actual yield of the product

Theoretical yield of the product
�100

If 1 mol of a starting material is utilized to produce 1 mol of the product, then the yield

is 100%. So, the percentage atom utilization can be determined by using the following

equation:

%Atom utilization¼ Mol:wt:of desired product

Mol:wt:of Desired product +Waste productð Þ�100
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The concept of atom economy was developed by Trost. It represents how much the

reactants end up in the final product. Similarly, the percentage atom economy was

determined by Sheldon as follows:

%Atom economy¼ Final product of atoms utilized

Final product of reactants
�100

3. Use of less hazardous and toxic chemicals: Various synthetic methods should be designed

properly so that the use and generation of substances have less or no toxic effect on human

health and the environment. In case of chemical reaction, risk can be defined as a function

of hazard and exposure. So, risk can expressed as follows:

Risk¼ f hazard, exposureð Þ
4. Designing of safer chemicals: Chemical products should be designed to affect their desired

function while minimizing their toxicity.

5. Selection of most appropriate solvents: Avoid the use of auxiliary materials (solvents and

extractants) if possible, or otherwise make them innocuous.

6. Energy efficiency by design: Energy requirements should be minimized and the synthesis

should be performed at ambient temperature and pressure.

7. Use of renewable raw materials or starting materials: The raw material or feedstock should

be renewable rather than depleting whenever technically and economically practicable.

8. Shorter syntheses (avoid derivatization): Unnecessary derivatization (use of blocking

groups, protection or deprotection, and modification of physical or chemical processes)

should be minimized or avoided if possible, because these steps require supplementary

reagents and generate waste materials.

9. Catalytic rather than stoichiometric reagents: Catalytic reagents are superior to stoichio-

metric reagents.

10. Products obtained should be biodegradable: Chemical products should be designed in such

a way that these can be degradable to innocuous products when disposed.

11. Strengthening of analytical techniques to control hazardous compounds: Analytical meth-

odologies need to be further developed to allow for real-time, in-process monitoring, and

control prior to the production of hazardous substances.

12. Hazard and accident prevention: The manufacturing plants should be designed so as to

eliminate the possibility of accidents (explosions and fires) during operations.

Green 
chemistry
principles

Prevention of waste
Atom economy

Use of less hazardous chemicalsDesigning of safer chemicals

Selection of appropriate solventsEnergy efficiency by design

Use of renewable raw materials

Shorter syntheses

Efficient catalystBiodegradable products

Real-time monitoring

Safer process

Fig. 14.1 Principles of green chemistry.

Solvent-less reactions: Green and sustainable approaches in medicinal chemistry 525



14.1.2 Green chemistry approaches

There are various approaches of green chemistry to carry out solvent-less organic

reactions as given below. By using these technologies, the solvent-less reactions

become efficient and economic by increasing the rate of reaction with reduced

reaction time and high product yield [5].

a. Microwave (MW) technology

b. Ultrasonication

c. Photocatalysis [ultraviolet, visible, and infrared (IR) irradiation]

d. Grinding technique

e. Milling technique

14.1.2.1 MW technology

This technology utilizes the microwave irradiation (MWI) as heating source to carry

out various chemical reactions. MW is an alternative energy source to carry out chem-

ical transformations in minutes, instead of hours or even days. In the early 1990s, var-

ious laboratories focused on MW-expedited approach under solvent-free conditions

using MW oven in open reaction vessels [6]. MWs are the electromagnetic radiation

with wavelengths ranging from 1 m to 1 mm with frequencies between 300 MHz

(1 m) and 300 GHz (1 mm). MWs with high-frequency electric fields are applied

to heat the reactants of a chemical reaction with electric charges. In case of polar sol-

vents, these are heated due to their dipolar rotation with the field and loose energy

during collisions between molecules. By using MW heating methods, the rate of

organic reactions can be accelerated and the products can be produced selectively

by using suitable MW parameters [7].

Thus, microwave-assisted organic synthesis (MAOS) offers several advantages

such as instantaneous and rapid heating, high temperature, homogeneity, and selective

heating in comparison with conventional heating method. MW-accelerated chemical

reactions are mainly depending on the capacity of the reaction mixture to absorb MW

energy efficiently and also it depends on selection of solvents for conducting a chem-

ical reaction [8]. So, the ability of a specific solvent or material to convert MW energy

to heat is called loss tangent (δ). If the value of tan δ is higher, then the solvent is suit-
able for absorption of MW radiation that causes efficient heating [9].

An efficient synthesis of 3,4-dihydropyrimidinones (DHPMs) using sulfamic acid

as catalyst from an aldehyde, β-keto ester, urea, or thiourea under the conventional

heating and solvent-free MWIs is depicted. The solvent-free MW-assisted green pro-

cedure offers advantages such as shorter reaction times, simple workup, and excellent

yield over the conventional heating [10] (Table 14.1).

R-CHO +

O

H3C OC2H5

O

+

H2N NH2

X
NH2SO3H

MWI
N
H

NH

X

R

C2H5O

O

H3C

X= O, S
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Pinacol coupling reaction involves the formation of carbon-carbon covalent bond

between the carbonyl groups of an aldehyde or a ketone in the presence of an electron

donor via free radical process. The product obtained is called vicinal diol [11].

X
R

O

Zn-ZnCl2
Solvent-free

C

R

OH

C

R

OH

The synthesis of blockbuster anticancer drug, imatinib is based on MW-mediated

solid-phase reactions. It involves the expeditious, high yield, and convenient synthesis

of imatinib on an aldehydic, super acid-sensitive resin, through an efficient,

MW-assisted synthetic protocol [12].

CHO

OCH3

CHO
N

N

N

H
N NH

H
N

N

NH

O

Imatinib2-Methoxybenzaldehyde

Table 14.1 Conventional heating and solvent-free microwave irradiations for synthesis of

3,4-dihydropyrimidinones.

Product R X

Conventional

heating

Microwave

irradiation

Time

(h)

Yield

(%)

Time

(min)

Yield

(%)

4a C6H5 O 6 72 2 93

4b 4-OCH3dC6H4 O 6 75 2.5 87

4c 2-furyl O 7 65 2 88

4d C6H5dCH]
CHd

O 6 80 3 86

4e 4-OHdC6H4 O 6 67 3 92

4f 2-OHdC6H4 O 6 66 3 91

4g 2-CldC6H4 O 6 72 3 90

4h 3-NO2dC6H4 O 6 68 3.5 90

4i C6H5 S 6 70 3 90

4j 4-OHdC6H4 S 6 65 3 92

4k C6H5dCH]
CHd

S 7 64 3 84
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Kidwai and coworkers have carried out the MW synthesis of N-acetylated cephalo-

sporin without using solvents. The cephalosporic acid is a carboxylic acid which gets

adsorbed on the basic alumina and then it is brought in contact withMW radiation only

for 2 min. The time required is very less with high yield under MWI as compared to

the conventional method [13].

N

SH2N

O

C
OHO

OAc +
R O

OH

Cephalosporic acid Carboxylic acid

N

SNH

O

C
OHO

OAc

O

R

R= Heterocyclic moiety

Basic Alumina

N-acetylated cephalosporin

Heck, Suzuki, and Stille reactions involve the use of palladium catalyzed reactions

under MWI. These are having more usefulness to produce new drug molecule during

drug discovery process. The use of MW radiation for organic synthesis was

established in June 1888 byMills and coworker at Glaxo London. The following reac-

tion was carried out between iodobenzene and 1-decane and the reaction was com-

pleted in 10 min, whereas the conventional method requires 14 h to complete the

reaction [14].

+

1-decane

I

1-iodobenzene

Pd-Al2O3

MWI (E)-1-(dec-1-enyl)benzene

The solvent-free synthesis of 4-(substituted phenyl)-6-phenyl-3-cyano-2-pyridones

is carried out by the treatment of ethyl 2-cyano-3-(substituted phenyl)acrylates with

acetophenone using powdered potassium hydroxide (KOH) in the modified domestic

MW oven (300 W, 5 min). It leads to the formation of final product with better yields

in comparison to conventional procedure. It involves one-pot synthesis via three-

component cyclo-condensation under solvent-free conditions [15] (Table 14.2).

CN

O

OEt
X

C

O

H3C

CH3COONH4, KOH N
H

CN

O

X

4-(Substituted phenyl)-6-phenyl
-3-cyano-2-pyridones

Ethyl 2-cyano-3-(substituted-
phenyl)acrylates

X=4-Cl, 4-NO2, 3-NO2,
4-Br, 2-NO2, 4-CH3

MWI
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It has been reported that 1,3-dipolar cycloaddition of organic azides to acetylenic

amides under solvent-free MWI produces the corresponding N-substituted-1,2,3-

triazoles with excellent yields [16].

N3

+ H C C C

O

NH Ph

N-Benzylpropiolamide1-(Azidomethyl)benzene

NN

N
CONHCH2Ph

Ph

Solvent-free
MWI

N-Substituted-1,2,3-triazoles

The synthesis of quinoline is carried out by reacting the substrates like

2-nitro-benzaldehyde and enolizable ketones in the presence of SnCl2 under MWI

without using any solvent [17].

CHO

NO2

+

O

SnCl2.2H2O

MWI
N

Quinoline2-Nitrobenzaldehyde Cyclohexanone

Beckmann rearrangement of oxime of a ketone (acetophenone) is mixed with mont-

morillonite and irradiated for 7–10 min in MW oven to give corresponding anilide

(acetanilide) with 91% yield [18].

C

CH3

NOH
Mont. K10

MWI, 10min
NH C

O

CH3

AcetanilideAcetophenone oxime

Table 14.2 Conventional and microwave synthesis of 4-(substituted phenyl)-6-

phenyl-3-cyano-2-pyridones.

Sl. No. X

Yield (%)

Conventional synthesis Microwave synthesis

1 H 35 34

2 4-CH3 40 32

3 4-OCH3 30 34

4 4-Cl 32 33

5 4-NO2 No product 23

6 4-Br 14 20

7 3-NO2 35 40

8 3-Cl 26 29

9 2-NO2 12 16
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Green synthesis of 2-(2-methyl-3-trifluoromethylanilino)nicotinic acid is carried out

by reaction of 2-methyl-3-trifluoromethylaniline with 2-chloronicotinic acid under

solvent-free conditions in the presence of catalytic amount of boric acid [19].

2-methyl-3-trifluoromethylaniline

NH2

F F

F

CH3

2-chloronicotinic acid

N

OHO

Cl

+ Boric acid

Solvent-free

H
N

F F

F

CH3

N

OHO

2-(2-methyl-3-trifluoro-methylanilino)
nicotinic acid

A series of salicylaldimines with high yield is produced by condensation reaction of

salicylaldehyde and aryl amines under solvent-free MWI [20].

CHO

OH

+

Salicylaldehyde

H2N Ar
Solvent-free, MWI

Condensation

H
C

OH

N Ar

Salicylaldimines

The synthesis of 2,4,5-triarylimidazoles is carried out by three-component, one-pot

cyclo-condensation reaction of 1,2-diketones, aryl aldehydes, and ammonium acetate

under solvent-free conditions. It provides clean, safe, cost-effective, efficient, and

environmentally benign protocol for the synthesis of 2,4,5-triarylimidazoles with

good product yield [21].

O

O

R

R

+ C Ar

O

H

+ NH4OAc
TiO2

Solvent-free
NH

N

R

R

Ar

R=Ph, O-Furyl

4-methoxyphenyl chalcones are synthesized by crossed-aldol condensation of equi-

molar quantities of 4-methoxy-acetophenone and substituted benzaldehydes in the

presence of FeCl3/bentonite catalyst under solvent-free MWI [22].

H3CO

CH3

O

+

O

H

X
H3CO

H
C

O

CH

XMWI, 480W

FeCl3/Bentonite

X= H, 3-Cl, 4-Cl, 4-F, 2-OCH3, 4-OCH3, 4-CH3, 3-NO2, 4-NO2

4-Methoxy-acetophenone Substituted benzaldehydes 4-Methoxyphenyl chalcones
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14.1.2.2 Ultrasonication

Ultrasonic irradiation leads to the acceleration of various catalytic reactions including

both homogeneous and heterogeneous systems. The utilization of ultrasound to accel-

erate the chemical reactions is called as sonochemistry [23]. The use of ultrasound in

organic synthesis involves specific activation based on the physical phenomenon, i.e.,

acoustic cavitation. Cavitation is a process in which mechanical activation destroys

the attractive forces of molecules in the liquid phase. By applying ultrasound, the com-

pression of the liquid is made followed by rarefaction (expansion), in which a sudden

pressure drop forms small, oscillating bubbles of gaseous substances. These bubbles

expand with each cycle of the applied ultrasonic energy until they reach an unstable

size. Finally, they can collide or violently collapse as depicted in Fig. 14.2 [24].

Various chemical reactions can be conducted by using ultrasonic cleaning bath.

The amount of energy which reaches the reaction medium is only between 1 and

5 W cm�2 and temperature control is not proper. The first commercial application

of ultrasonics was made by Langevin in 1917. Richards and Loomis first reported

the effects of ultrasound in chemical reaction in 1927 [25].

The source of the ultrasound is a piezoelectric (PZT) materials such as lead-

zirconate-titanate ceramic or quartz. These materials are subjected to high-voltage

alternating current with an ultrasonic frequency (15 kHz–10 MHz). The PZT material

expands and contracts in this electric field and is attached to the walls of the cleaning

bath and converts electrical energy into sound energy. In most applications, the

sonicators operate at a fixed frequency in the range of 20–35 kHz. In cleaning baths,

the acoustic field is continuous, whereas it is in the pulsed form in probes [26]. So, the

large-scale reactions can be conducted using immersible ultrasonic probes that circu-

late the transfer of the energy throughout water and the reaction vessel. Luche pro-

posed an empirical classification of sonochemical reactions into three types as

follows:

Type-1: Homogeneous systems which proceed via radical or radical-ion intermediates. This

implies that sonication is able to affect reactions proceeding through radicals and further that

it is unlikely to affect ionic reactions.

Type-2: Heterogeneous systems proceeding via ionic intermediates. Here, the reaction is

influenced primarily through the mechanical effects of cavitation such as surface cleaning,

particle size reduction and improved mass transfer. This is what has sometimes been referred

to as “false sonochemistry.”

Cavitation bubble grow
in negative pressure

Bubble collapses
in compression

Cycle repeats and
new bubble growMaximum bubble size

Fig. 14.2 Process of reaction by ultrasonication.
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Type-3: Heterogeneous reactions which include a radical pathway or a mixed mechanism,

i.e., radical and ionic. Radical reactions will be chemically enhanced by sonication but the

general mechanical effect referred to above may well still apply. If the radical and ionic

mechanisms lead to different products, ultrasound should favor the radical pathway and this

could lead to a switch in the nature of the reaction products.

There are two types of effects mediated by ultrasound such as physical and chemical.

For example, when ultrasound is applied to an Ullmann reaction that normally

requires a 10-fold excess of copper and 48 h of reaction time, this can be reduced

to a fourfold excess of copper and a reaction time of 10 h. The particle size of the cop-

per shrinks from 87 to 25 μm, but the increase in the surface area cannot fully explain

the increase in reactivity. It was suggested that sonication also assists in the break-

down of intermediates and desorption of the products from the surface [27].

NO2

I
Cu, DMF

60°C

NO2

O2N
1-Iodo-2-nitrobenzene Biphenyl compound

The application of sonochemistry for the synthesis of different coumarins from active

methylene compounds and 2-hydroxybenzaldehydes or resorcinol is very effective on

a multigram scale with a higher yield of crystalline product in a shorter reaction time

as compared to the compounds produced by conventional methods [28].

2-Hydroxybenzaldehydes
OH

O

H

+

COOEt

COOEt

Diethyl malonate

Ultrasound

O

COOEt

O
Coumarin

Irradiation

Ultrasound irradiation (USI) promoted the cyclo-condensation of β-keto esters and

amidines with an excellent yield to produce substituted 4-pyrimidinols. Finally, ultra-

sound promoted the tosylation followed by a Suzuki-Miyaura cross-coupling reaction

to produce 4-aryl-pyrimidines [29].

O

R

R1

O

OEt

+

R2

HN NH3Cl
K2CO3

Ultrasound irradiation
N N

R2

R

R1

OH

R= Alkyl, CF3
R1= H, Me
R2= Ar, Alkyl
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He et al. proposed USI method to prepare 1,4-diaza butadiene by the condensation of

an α-diketone and an amine. This process has advantages like less reaction time,

environment-friendly conditions, low temperature, high yields, etc. [30].

R1 NH2

R2 R2

O O

+
Solvent-free, USI

Condensation
R2 R2

N NR1 R1

R1= 4-OCH3-C6H4, 4-CH3-C6H4, 4-C6H5
R2= H, CH3

1,2,3-Benzotriazole derivatives are synthesized with moderate to good yields in the

range of 71%–82% under ultrasonic and solvent-free conditions and their

anthelmintic activities are determined against adult earthworms (Pheretima post-
huma) [29].

N
H

N

N K2CO3, C2H5COOCl

Ultrasonic (90min)
Solvent-free, Esterification N

N

N

CO OC2H5

NH2-NH2

Ultrasonic (60min)
Solvent-free, Azotization

Ar-CHOUltrasonic (30min),
 Solvent free Condensation

N
N

N

CO NH

Ar= C6H4NO2, C6H4NCl, C6H5

1,2,3-Benzotriazole derivatives

1H-benzo[d][1,2,3]triazole ethyl 1H-benzo[d][1,2,3]triazole-1-carboxylate
NH2

1H-benzo[d][1,2,3]triazole-1-carbohydrazide

N
N

N

CO NH N CH-Ar

Puri et al. synthesized 4-substituted 2H-chromen-2-ones via von Pechmann conden-

sation of substituted phenols and β-keto esters in solvent-less media with excellent

yields using USI [31].

R4

R3

R2

R1

OH

O

OC2H5

OC2H5

O

+
Cu(ClO4)2

Ultrasound irradiation
O O

R4

R3

R2

R1

R5

Beta-keto estersSubstituted phenols 4-Substituted 2H-chromen-2-ones

Zhang et al. accomplished a straightforward synthesis of substituted pyrroles using

zirconium chloride-catalyzed modified Paal-Knorr method under USI. Compared

to conventional methods, this new method provides as easy access to various

substituted pyrroles in good to excellent yields with short reaction times [32].
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O

O

+ R-NH2

ZrCl4

Ultrasound irradiation
N CH3H3C

R

Substituted pyrrolesHexane-2,5-dione Substituted amines

14.1.2.3 Photocatalysis (ultraviolet, visible, and IR irradiation)

Photocatalysis involves the use of ultraviolet, visible light, and IR radiation to gener-

ate new pharmaceutically active compounds with diverse structures. Before per-

forming a photochemical reaction, UV/Vis spectrum of the photoactive compound

is recorded. The photoactive compound is the molecule which can be electronically

excited and undergoes chemical reaction from its excited state [33].

Photochemical alkene pericyclic reactions are capable of occurring in the solid

state in the absence of solvents. When (E)-cinnamic acid is irradiated with visible light

for 1 week a photochemical [2+2]cycloaddition occurs to form regioselectively and

stereoselectively truxillic acid stereoisomer. Truxillic acid is known as a “head-to-

tail” dimer in this reaction [34].

O

OH [2+2]cycloaddition

Visible light irradiation

OH

O

HO

O

Truxillic acid
(E)-cinnamic acid

The oxidation of 4,40-dimethoxybenzhydrol to 4,40-dimethoxybenzophenone is car-

ried out under solvent-free photocatalytic reaction in the presence of riboflavin

tetraacetate (RFTA) as photocatalyst. RFTA is a well-known blue-light absorbing

photocatalyst [35].

4,4′-Dimethoxybenzhydrol

OO

OH

RFTA

Photocatalysis

OO

O

4,4′-Dimethoxybenzophenone

1,4-Dihydropyridine and their derivatives are synthesized by reaction between four

components such as aldehyde, Dione, Meldrum acid, and ammonium acetate in the

presence of solid support montmorillonite KSF under solvent-free IR irradiation. It

is a greener method which involves multicomponent one-pot synthesis with higher

yield in less reaction time [36].

534 Green Approaches in Medicinal Chemistry for Sustainable Drug Design



R-C HO +

O

H3C CH3

O

+

O O

H3C CH3

+ NH4OAc
Montmorillonite KSF

IR irradiation

N
H

R

H3C

H3C O

O

1,4-DihydropyridineAldehyde              Dione                            Meldrum acid        Ammonium acetate

14.1.2.4 Grinding technique

Grinding technique is considered as an essential methodology to carry out the syn-

thetic reactions under solvent-free condition with high product yield. Grinding of

the reactants for a chemical reaction can be carried out by using mortar and pestle

or by using high-speed vibrating mill. Due to collision between the reacting mole-

cules, the chemical reaction is carried forward [37]. So, this makes the molecule to

collide which leads to formation of the final products. The time required to complete

the reaction is less as compared in the conventional heating techniques (Fig. 14.3).

The grinding process for the chemical reaction can be performed out at room tem-

perature also. Various organic reactions are carried out by using grinding technique

under solvent-free conditions are Grignard reaction, Knoevenagel condensation,

Aldol condensation, Dieckman reaction, Reformatsky reaction, oxidation, reduction,

rearrangement reaction, etc. as presented in Fig. 14.4 [38].

Pestle

Reaction mixture

Mortar

Fig. 14.3 Chemical reaction by grinding

technique.

Grinding 
technique

Aldol condensation

Knoevenagel condensation

Dieckman reaction

Reformatsky reaction

Oxidation Reduction
Rearrangement reaction

Grignard reaction

Fig. 14.4 Organic reactions performed by using grinding technique.
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Knoevenagel condensation of aromatic aldehyde with active methylene compound

is performed by using grinding technology. Ren et al. have reported the synthesis of

α-cyanocinnamate using calcium oxide based on grinding method [39].

CHOAr +

CN

COOC2H5

CaO

Grinding
HC

CN

COOC2H5

Ar

Rong et al. carried out Knoevenagel condensation using triethyl-benzyl-ammonium

chloride (TEBA) as catalyst under grinding technique [40].

CHOAr +

CN

Y
TEBA

Grinding
HC

CN

Y

Ar Y=CN or COOC2H5 

The synthesis of the 5-arylidene barbituric acid derivatives is performed by reacting

aryl aldehydes with pyrimidine-2,4,6-trione catalyzed by amino-sulfonic acid under

grinding condition [41].

Ar CHO +

NH

NH

O

O

O

Pyrimidine-2,4,6-trione

NH2SO3H

Grinding

NH

NH

O

O

O

HCAr

Shingare et al. reported the synthesis of polyhydroquinolines at room temperature

using MCM-41 catalyst (a mesoporous material/silica anchored with organic basic

moieties) via four-component coupling reaction using the grinding technique [42].

CHO

R +

O

O

+

O

EtO OEt

O
NH4OAc, MCM-41

Grinding

N
H

O

OEt

O

R

A series of 2,4,5-triaryl substituted imidazoles have been synthesized with high yield

under solvent-free conditions by grinding 1,2-diketones, aromatic aldehydes, and

ammonium acetate in the presence of molecular iodine as catalyst [43].
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CHO

+ R1

R

O

O

R

NH4OAc, I2

Grinding

R1
H
N

N

R

R

The synthesis of 4H-pyrans is performed by grinding aryl aldehydes, malononitrile with

3-methyl-2-phenyl-2-pyrazolin-5-one in the presence of potassium fluoride (KF) 2H2O [44].

Ar-CHO+

CN

CN

+N

N O

Ph

H3C

KF.2H2O

Grinding
O

N

N

Ar

CN

NH2

Ph

H3C

Malononitrile3-methyl-1-phenyl-1H-
pyrazol-5(4H)-one

The solid-state etherification reaction is of an utmost prebiotic importance, since ethers

are not easy to make under the aqueous conditions. The use of p-toluene-sulfonic acid

(TsOH) as a catalyst can probably be substituted by various acidic clays [45].

R1

OHH

R2

TsOH

Grind

R1

OH

R2

R1

R2

H

Leung and Angel described the preparation of (Z) and (E)-(4-bromophenyl)styrene

by a solvent-less Wittig reaction. The reaction involves grinding of

4-bromobenzaldehyde, benzyl-triphenyl-phosphonium chloride, and tribasic potas-

sium phosphate by using mortar and pestle for 20 min [46].

Benzyl-triphenyl-phosphonium chloride

P+

Cl-

4-Bromobenzaldehyde

O

Br

+

H

K3PO4

Grind, 20min

(E)-(4-bromophenyl)styrene

Br

(Z)-(4-bromophenyl)styrene

Br

+

Palleros demonstrated a range of chalcone products can be synthesized by following

grinding procedure in excellent yields. Substituted chalcone synthesis by a crossed-

aldol condensation [47].
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H O

X + Y

HO

NaOH

Grind, 10min

O

Y
X

X=4-CH3, 4-OCH3, 3-Cl
Y=4-CH3, 4-OCH3, 4Br, H

The synthesis of hydrazones catalyzed by citric acid is performed via reaction of

hydrazine hydrate with different carbonyl compounds (o-hydroxy acetophenone) in

1:2 molar ratios by employing grinding technique [48].

R2

R3

R4

R5

OH

O

R1

+ NH2.NH2.H2O
Citric acid

Grinding

R2

R3

R4

R5

OH

N

R1

NH2HydrazonesHydrazine hydrateo-Hydroxy acetophenone

A series of (E)-3-[4-(difluoromethoxy)-3-hydroxyphenyl]-1-phenylprop-2-en-1-ones

is synthesized by using solvent-free grinding technique. It involves reaction between

acetophenones and 4-difluoro-methoxy-3-hydroxy-benzaldedye in the presence of

base (sodium hydroxide). Mortar with pestle is used for grinding the above reactants

for 5 min and left to harden at room temperature for 30 min. The solid is dissolved in

cold water and acidified with dilute HCl and kept aside for overnight. The separated

solid product is filtered, dried, and recrystallized from ethanol [48] (Table 14.3).

O

CH3
R +

Acetophenones 4-difluoro-methoxy-3-hydroxy-benzaldedye

C

O

H

OH

O

F

F

Solvent-free

Grinding

H
C

C
H

OH

O

F

F

O

R

(E)-3-[4-(Difluoromethoxy)-3-hydroxyphenyl]
-1-phenylprop-2-en-1-ones

Table 14.3 Comparative data of conventional and grinding technique.

Entry R

Yield (%)

Conventional Grinding

1 H 70 86

2 F 75 88

3 Cl 80 90

4 dOCH3 85 92

5 d2NO2 50 85

6 Br 82 90

7 dCH3 78 88

538 Green Approaches in Medicinal Chemistry for Sustainable Drug Design



An efficient eco-friendly synthesis of flavones and 2-styrylchromones via cyclo-

dehydration of corresponding 1-(2-hydroxyaryl)-3-aryl/styryl-1,3-propanediones is

carried out under solvent-free conditions using grinding technique. Mortar with pestle

is used for grinding the above reactants for 10–15 min. The reaction mixture was

diluted with ice-cold water and the separated solid product is filtered at vacuum,

washed with water, and recrystallized from methanol to afford flavones/2-

styryl-chromones, respectively [49].

OHR1

R2

O O

R Grinding,10–15 min

Solvent-free

OR1

R2

O

R

R= R3, C
H

R3HC

1-(2-hydroxyaryl)-3-aryl/styryl-1,3-propanediones Flavones and 2-styrylchromones

The synthesis of 2-pyrazoline derivatives is achieved by reacting 20-hydroxy
chalcones with hydrazine hydrate under solvent-free grinding technique. Mortar with

pestle is used for grinding the above reactants at room temperature for 2–3 min. The

obtained solid product is diluted with cold water, filtered, and recrystallized from eth-

anol to produce 2-pyrazoline derivatives [50] (Table 14.4).

OH

R

O

R1

R2

R3

OH

R

NHN

R1

R2

R3

+ NH2.NH2.H2O

2-Pyrazoline derivatives
2′-Hydroxy chalcones Hydrazine hydrate

Solvent-free

Grinding, 2–3 min

Table 14.4 Synthesis of 2-pyrazoline derivatives under solvent-free conditions using grinding

technique.

Product R R1 R2 R3

Grinding technique

Time (min) Yield (%)

3a H dOCH3 dOCH3 dOCH3 8 94

3b I dOCH3 dOCH3 dOCH3 6 88

3c H dOCH3 dOCH3 H 9 92

3d H H Cl H 6 83

3e I H Cl H 5 89

3f I dOCH3 dOCH3 H 7 84

3g Br dOCH3 dOCH3 dOCH3 10 91

3h H H F H 12 78
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Electrophilic aromatic substitution of anisole can be achieved by solvent-less

acylation with a mixed acid anhydride generated in situ. Reaction of trifluoroacetic

anhydride with acetic acid on acidic alumina generates ethanoic trifluoroethanoic

anhydride, which reacts with anisole at room temperature to form

4-methoxy-acetophenone [49].

O

CH3

Anisole

O

F3C O

O

CH3

+

Generated in situ 

Acidic Alumina

4-methoxy-acetophenone

O

CH3

OHO

Synthesis of thiocarbonyl-imidazolide derivatives is carried out by reaction

between alcohol and thiocarbonyl-diimidazole under grinding technology [51].

R OH +

Thiocarbonyl-diimidazole

S

N
N

N
N

Alcohol

Grinding

S

N
N

RO

Thiocarbonyl-imidazolide

14.1.2.5 Milling technique

Ball milling is considered as one of the automated form of mortar and pestle. Elec-

tricity is applied as energy source to operate the ball mill. In case of ball mill, reacting

materials are placed in reaction vessel attached with grinding balls and covered with

lid. Vessel is allowed to shake at high speed to carry out the reaction. Based on the type

of chemical reactions, different ball mills are used such as Wig-L-Bug mill, Retsch

mixer mill, and planetary ball mill. Wig-L-Bug mill involves back and forth motion,

whereas Retsch mixer mill utilizes side-to-side motion. In case of planetary ball mill,

it provides planetary motion [52].

Ball milling is a mechanical method, used in organic synthesis to prepare various

heterocyclic compounds [53]. It is an economical and eco-friendly method applied

during synthesis and reactions of organic compounds as follows (Fig. 14.5).
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Ball milling involves mechanochemical reaction in which the chemical reaction is

induced by the direct absorption of mechanical energy by reacting molecules [54]. The

reaction process carried in ball milling involves various steps such as mechanical acti-

vation of solids, mechanical alloying, and reactive milling of solids (Fig. 14.6).

Three-component one-pot synthesis ofDHPMs derivatives is performed by reaction

of β-keto ester derivatives, aldehyde, and urea or thiourea in the presence of alkali-

treated H-ZSM-5 zeolite by using sustainable green technology, i.e., ball milling [55].

R O

EtOOC

+

R

HO

+

H2N

C X

H2N

X= O, S

enonidimirypordyhiDaeruoihtroaerUsedyhedlAretseotekateB

N
H

NH

X

EtOOC

R

R

Ball-milling

H-ZSM-5 zeolite

Ball-milling 
technique

Diels–Alder reactions

Halogenation

Nucleophilic reactions

Oxidation-reduction reactions

Asymmetric synthesis

Condensations

Cascade reactions

Polymerization

Fig. 14.5 Various chemical reaction performed by ball milling.

Reacting materials

Ball milling

Aggregation Reaction

Ball milling Ball milling

Product

H2N

NH2

N

NH2NNH

N
H

O

O

Fig. 14.6 Reaction process involved in ball milling.
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Dibenzo[a,c]phenazine is synthesized by reacting equimolar ratio of

9,10-phenanthrenequinone with 1,2-o-phenylenediamine by using solvent-free

solid-state grinding technology. Ball mill is used for grinding the reacting materials

and follows the principles of green chemistry [56].

O-Phenylenediamine

NH2

NH2

9,10-Phenanthrenequinone

O

O

+
Grinding

Dibenzo[a,c]phenazine

N

N

J2H2O

The one-pot synthesis of pyrano[2,3-d]pyrimidine-2,4(1H,3H)-diones is performed in

good to excellent yields by reaction of aldehyde, malononitrile, and barbituric acid

without using any catalyst or solvent. Ball milling is used to carry out the reaction [57].

O

HAr

+

CN

CN

Aldehyde Malononitrile Barbituric acid

NH

O

HN

O O

Solvent-free

Ball-milling

HN

O

N
H

O O

Ar

CN

NH2

pyrano[2,3-d]pyrimidine-
2,4(1H,3H)-diones

High-speed vibratory ball milling (HSVBM) green method is applied for synthesis of

cis-2,4-disubstituted tetrahydro-quinolines with good to excellent yields

(56%–76%). This process involves the mechanochemical activation of aniline and

N-vinyl acetamide in the presence of phosphor-molybdic acid (PMA) as catalyst

[58]. The reaction is carried out in Wig-L-Bug mixer mill at a frequency of

80 Hz using a 2.5-mL stainless steel grinding jar and a single ball (d¼10 mm,

1.05 g) (Table 14.5).

R1

NH2

+ N

O

R3

R2

N-vinyl acetamideAniline

Ball milling (80 Hz )

PMA

N
H

N

Me

R1

R2

O

R3

2,4-Disubstituted tetrahydro-quinolines
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Zeng et al. demonstrated mechanochemical and solvent-free synthesis for preparing

series of 2,5-dimethylpyrrole-3,4-dicarboxylates and 3,4-diphenylpyrroles in moder-

ate to excellent yields from various amines and acetoacetate or 2-phenylacetaldehyde,

respectively, in the presence of Mn(OAc)3 as mediator [59].

R NH2 +

O

R1

R2

Mn(OAc)3

Ball milling
Solvent-free

N

R

R1

R2R2

R1

R1= R2= (H, Ph) or (CH3, COOEt) 
R= alkyl, aryl

2,5-Dimethylpyrrole-3,4-dicarboxylates 
or 3,4-diphenylpyrroles

Amines
Acetoacetate 

or 2-phenylacetaldehyde

Paveglio et al. determined the mechanical parameters suitable for synthesis of

1H-pyrazole derivatives in the presence of para-toluenesulfonic acid (p-TSA) as cat-

alyst by using ball mill. The optimum conditions maintained to operate ball mill is

450 rpm with five balls (10 mm) for 3 min [57].

Ball milling

O

R NMe2
+ NH2.NH2.HCl

p-TSA

N
H

N

R

R= Ph, 4-CH3-C6H4, 
      4-Br-C6H4, 4-F-C5H4,

1H-pyrazole derivativesHydrazine hydrochloride

Ze et al. demonstrated one-pot and solvent-free synthesis of

3,5-diphenyl-1H-pyrazoles in an excellent yield under mechanochemical ball-milling

conditions using sodium persulfate as the oxidant [60].

O

R1 R2

NH2.NH2.H2O

Na2S2O8

Ball milling

NN

R2R1

3,5-Diphenyl-1H-pyrazoles

Table 14.5 Synthesis of cis-2,4-disubstituted tetrahydro-quinolines ball milling green

method.

Entry R1 R2 R3 Yield (%)

1 COMe H Me 63

2 OMe H Me 61

3 H H Me 89

4 OMe H H 60

5 COMe d(CH2)2 – 74

6 H d(CH2)2 – 55
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Ould et al. carried out the condensation reaction of an equimolar amount of aldehyde,

malononitrile, and thiourea/urea by ball milling in 40 min to produce 2-thioxo or

2-oxo-1,2,3,4-tetrahydropyrimidine-5-carbonitrile derivatives [61]. The reaction is

completed effectively without using any catalyst or solvent to get the final products

with excellent yields (up to 98%).

R CHO +

CN

CN

+

X

NH2H2N

Ball milling

Solvent-free

HN NH

CN

NH2R

X

R= p-CH3-O-C6H4,  p-OH-C6H4, p-Cl-C6H4, Ph

X= O, S

Aldehyde Malononitrile 2-thioxo or 2-oxo-1,2,3,4-tetrahydro-
pyrimidine-5-carbonitrile derivatives

Urea/thiourea

14.1.3 Experimental conditions for solvent-free reaction

There are two experimental conditions employed to carry out the chemical reactions

under solvent-free conditions such as (a) reaction on solid support and (b) reaction

without any solvent, solid support, or catalyst [62].

In case of reaction on solid support, the reactants are initially adsorbed either on

mineral support (alumina, silica clays) or polymer support (polystyrene, polyethylene

glycol) or via their solution in an appropriate organic solvent of low boiling. Then, the

solvent is removed and the reaction is carried out in dry media between adsorbed reac-

tants either by MW heating technology or by grinding method. Finally, the products

are obtained by elution using diethyl ether or dichloromethane and filtered to elimi-

nate the insoluble solid support [63].

While the reaction without any solvent, solid support or catalyst can be carried out

between neat reactants in quasi-equivalent amount without any adduct. In the case of

solid-liquid mixture, the reaction involves either solublization of the solid in the liquid

phase or adsorption of liquid on the solid surface as an interfacial reaction. When all

the reactants are in solid state, then they require proper mixing or homogeneity which

can be achieved by using grinding technology or MW heating methods. Various reac-

tions such as condensation, cycloaddition, rearrangement reactions, oxidation and

reduction, etc. are carried out based on this principle [64].
Advantages of solvent-free reaction

a. There is no reaction medium to collect, purify, and recycle, thus eco-friendly.

b. Product purity is high, so avoids extensive purification using chromatography, only recrys-

tallization is required in some cases.

c. Reactions are facile, regioselective.

d. High yield and less time for the completion of reaction.
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e. Process is cost effective.

f. Simple workup procedure and no need for specialized equipments.

g. Functional group protection-deprotection can be avoided.

h. Low energy consumption.

i. Solvent-free reactions are economic because organic solvents are expensive.

j. Solvent-free reactions are less or no hazardous but in case of reactions under solvents, sol-

vents are volatile, flammable, toxic, and carcinogenic.

k. More efficient with more selectivity as compared to reactions carried out in solvents.

Limitations

a. Homogenous reactants should mix to a reaction system.

b. Solvents are required during workup (e.g., extraction).

c. Unsuitable for solvent-assisted chemical reactions.

d. High viscosity in reaction system.

14.2 Conclusion

The solvent-less or solvent-free chemical reaction is carried out either using the reac-

tant materials or incorporating them into clays, zeolites, silica, alumina, or other matri-

ces. Green and sustainable approaches are followed to utilize external heating source

such as UV-visible, MW, ultrasound, IR irradiation and grinding, milling technique,

etc. These techniques are employed to make the reactions environmental friendly due

to the toxicity and volatile nature of most of the organic solvents. Various organic

reaction are carried out by using these techniques are solvent-free conditions are Gri-

gnard reaction, Knoevenagel condensation, Aldol condensation, Dieckman reaction,

Reformatsky reaction, oxidation, reduction, rearrangement reaction, etc. Thus, in cur-

rent scenario, the design of solvent-less catalytic reaction has received tremendous

attention in the field of green synthesis.
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15.1 Introduction

The displacement of the ring oxygen in a carbohydrate by other heteroatoms such as

sulfur, nitrogen, phosphorus, or selenium leads to pronounced changes in the physi-

cochemical and biological properties of carbohydrate. The modified carbohydrate

entities can lead to useful applications as a diagnostic or therapeutic agent. Sugar ana-

logs with sulfur or nitrogen instead of oxygen in the ring have attracted considerable

attention due to their pronounced biological activities compared to their parent oxygen

counterparts. But the introduction of phosphorus or selenium into oxygen position has

had lesser impact on carbohydrate chemistry because of the additional challenges

associated with their synthesis.

Among these sugar analogs, sulfur-containing carbohydrate acquired special atten-

tion because its close resemblancewith oxygen, as sulfur is positioned next to oxygen in

periodic table. Sulfur possess four different oxidation states (�2, +2, +4, and +6) that

make organosulfur compounds to exhibit awide range of properties. However, it is also

important to note that sulfur atom is larger than oxygen, the carbon-sulfur bond is lon-

ger, the bond is weaker, and less polar than the carbon-oxygen bond. The endocyclic

C-S-C angle ismore acute than that for a cyclic oxygen system. Sulfur-in-the-ring sugar

analogs demonstrate properties different than their oxygen counterparts, which include

anomeric effect, chemical reactivity, conformational behavior, molecular recognition

by proteins, and metabolic stability. Owing to these properties, sulfur-containing mol-

ecules have attracted considerable interest in organic and medicinal chemistry.

Thiosugars and their derivatives have shown potent inhibitory activities toward gly-

cosidases and some thiosugars have good specificity [1] due to the stronger hydrophobic

interaction between the sulfur-containing carbohydrates and the enzyme [2] inhibitory

activities. Thiosugars are used as potential therapeutical agents such as antineoplastic

[3, 4], antidiabetic [5], antiviral [6–8], and antithrombotic agents [9, 10]. Also they are

important precursors for the preparation of inositol and aminocyclitol derivatives [5].

Code�e et al. have reported that the thiosugars and thio-oligosaccharides are moderately
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active glycosidase inhibitors, with activity in themicro- tomillimolar range [11]. Many

techniques are now available for the preparation of thiosugars, including chemical and

biochemical transformations [12–14] owing to their diverse biological activities anduse
in organic synthesis. Two kinds of thiosugars were considered for this study: thiosugars

with sulfur atom as heteroatom or a disaccharide linked via a sulfur bridge.

15.2 Thiosugars with sulfur as a ring heteroatom:
Synthesis and medicinal activity

As the sulfur atom can participate in a variety of reactions and rearrangements, the

chemistry of thiosugars with sulfur in the ring is of particular interest. Several groups

had reported the synthesis of a considerable number of thiosugars and its derivatives

containing sulfur as a ring heteroatom [15–17]. A few examples are

40-thiopentofuranosyl nucleosides [18], and 5-thiopyranoses of the D-gluco, D-ribo,
and D-xylo configuration [17, 19–21]. In this section we describe the synthesis and

biological activities of different thiosugar derivatives.

Perlin et al. have reported the synthesis of 5-thio-D-galactoses in the form of its

crystalline anomeric methyl glycopyranosides [22]. The study also examined the pos-

sible influences of a ring-sulfur atom on the reactivity of the enzymes: D-galactose

oxidase [23] and α- and β-D-galactosidase [24].

Gonzalez et al. have described the applications of cyclic sulfates of vic-diols in the
synthesis of thiosugars (thiofuranoses and thiopyranoses) [25]. The vic-diols arewidely
used as precursors and easily transformed into thiiranes andolefins via cyclic sulfates in

an efficient and expeditious form: vic-diol!cyclic sulfite!cyclic sulfate!acyclic

sulfate potassium salt! thiirane or olefin. All the reactions produced good to high

yields. The synthesis of different four- and five-membered thiosugarswas not only per-

formed by conventional opening of the episulfide ring with sodium acetate but also by

direct hydride reduction of the thiocyanate sulfate potassium salt. 5-Thio-L-fucose and

2,5-dideoxy-4-thiofuranose were efficiently synthesized using this method.

A series of enantiomerically pure thiosugars such as 1,6-dideoxy-l,6-thio-D-

mannitol or L-iditol, 1,5-dideoxy-l,5-thio-L-gulitol or D-glucitol and

2,5-dideoxy-2,5-thio-L-iditol or D-mannitol, and their corresponding sulfoxide or

sulfone were synthesized by Merrer et al. via thiocyclization of C2-symmetric bis-

epoxides [26]. Thiocyclization of L-iditol bis-epoxides is shown in Scheme 15.1.
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Scheme 15.1 Thiocyclization of L-iditol bis-epoxides. Reagents and conditions: (a) Na2S�9H2O

(2 equiv), EtOH, Δ anh. KOH, MeOH; (b) CF2CO2, H2O, 20°C, 80%.
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Crystalline thiepane 2 was prepared from 1,2:5,6-dianhydro-3,4-O-methylidene-L-

iditol 1 by using proper reaction conditions (Na2S�9H2O, EtOH). Thus, thiocyclization

of L-ido bis-epoxide 1, in which the 3,4-diol is protected in a trans-dioxolane, gave
only corresponding thiepane 2 in 90% yield. All other compounds were prepared

in the similar way with appropriate reaction conditions.

The obtained thiosugars and their oxidative derivatives were evaluated as inhibitors

of different glycosidases: α- and β-D-glucosidases, α-D-mannosidase, and α-L-fucosi-
dase. All the thiosugar compounds were found to be weak inhibitors of glycosidases.

The results also showed that the oxidation of the thiosugar into sulfoxide and sulfone

reduce or abolish their inhibition activity.

Haudrechy et al. have reported a new thiosubstituted “D-arabino”-type derivative

obtained from an open carbohydrate via a cascade of four consecutive transformations

in a single reaction process [27]. This thiosugar 6 was formed as a side product during

the synthesis of α-C-(alky-nyl)-galactosides [28, 29]. An unexpected rearrangement,

which depends exclusively on reaction conditions, occurred during the synthesis of

epoxydithio compound 5 and resulted in compound 6 as shown in Scheme 15.2 [30].

Muraoka et al. have isolated a new class ofα-glucosidase inhibitors, neoponkoranol,
and neosalaprinol from the water extracts of salacia genus plants [31]. Along with that

they synthesized epimers of neoponkoranol and neosalaprinol and studied their inhib-

itory activities against rat small intestinal aglucosidases. Among them, isolated sulfo-

nium salts (10) showed potent inhibitory activity against three enzymes, and 30-epimer

of 10was themost active molecules [32], and revealed as potent as currently used anti-

diabetics, voglibose, and acarbose. The synthesis of neoponkoranol (10) and

30-epi-neoponkolanol (30-epi-10) is shown in Schemes 15.3 and 15.4.

Eskandri et al. have reported the synthesis of 10 and its 50-epimer (50-epi-10) and
commented that 50-epi-10 was more active than 10 itself, and was the most active

inhibitor in this class of molecules [33]. For the synthesis of neoponkoranol (10), ben-

zyl 2,3,4-tri-O-benzyl-b-D-glucopyranoside [34] (7) was derived from D-glucose on

treatment with Tf2O in dichloromethane in the presence of 2,6-lutidine produced 8.

Triflate (8) is then treated with thiosugar to get the desired sulfonium salt, 2,3,5-

tri-O-benzyl-1,4-dideoxy-1,4-[(S)-(1,2,3,4-tetra-O-benzyl-6-deoxy-b-D-glucopyran-
os-6-yl)episulfoniumylid-ene]-D-arabinitol trifluoromethanesulfonate (9). Sulfonium

salt 9was then converted to 10 by hydrogenolysis over Pd-C, followed by the treatment

with IRA 400J and finally by NaBH4 reduction.

Scheme 15.2 Synthesis of thiosugar 6. Reagents and conditions: (a) anh. KOH, MeOH.

Versatile thiosugars in medicinal chemistry 551



Commercially available 1,2:3,4-di-O-isopropylidene-a (α)-D-galactopyranose (11)
was treated with trifluoromethanesulfonic anhydride (Tf2O) in dichloromethane in the

presence of 2,6-lutidine to produce 1,2:3,4-di-O-isopropyli-dene-6-O-
trifluoromethanesulfonyl-a-D-galactopyranose (12). Triflate (12) was then treatedwith

thiosugar to get the desired coupled product, 2,3,5-tri-O-benzyl-1,4-dideoxy-1,4-[(S)-
(1,2:3,4-di-O-isopropyl-idene-6-deoxy-a-D-galactopyranos-6yl)ep-
isulfoniumylidene]-D-arabinitol trifluoromethanesulfonate (13). Product 13 was then

converted to 14 by hydrogenolysis over Pd-C, followed by the treatmentwith IRA400J

and finally by NaBH4 reduction.

Ye et al. have reported one-pot synthesis of polyoxygenated tetrahydrothiopyrans

and thiepanes from alditol derivatives with xylo, ribo, manno, gluco, galacto, and fuco

configurations [35]. Scheme 15.5 shows the synthesis of tetrahydrothiopyrans and

thiepanes from diols. The “one-pot” synthesis was started from diols, which were
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Scheme 15.3 Synthesis of neoponkoranol. Reagents and conditions: (a) Tf2O, 2,6-lutidine,

�20°C to 0°C; (b) thiosugar, THF, 40°C; (c) H2, 10% Pd-C, 80% aq AcOH, 60°C; (d) IRA 400J

(Cl form), CH3OH, rt; (e) NaBH4, H2O, 0°C.

Scheme 15.4 Synthesis of 30-epi-neoponkoranol. Reagents and conditions: (a) Tf2O,

2,6-lutidine, �20°C to 0°C; (b) thiosugar, THF, 40°C; (c) H2, 30% Pd-C, 30% aq TFA,

1,4-dioxane, 50°C; (d) IRA 400J (Cl form), CH3OH, rt; (e) NaBH4, H2O, 0°C.
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synthesized from natural sugars or alditols [36]. The activation of two hydroxyl groups

was done by mesylation, treated with Na2S�9H2O in DMF for cyclization. The two

reactions were performed in one flask, and the final products were acquired in high

isolated yields.

Chandrasekaran et al. have reported a short and efficient method for the synthesis

of biologically potent and novel 1-deoxythiosugars [37]. The group described

benzyltriethyl ammonium tetra thiomolybdate [BnEt3N]2MoS4 [38–43] as an efficient
sulfur transfer reagent for the synthesis of biologically active deoxythiosugars and

derivatives [44, 45] starting from aldonolactones [46, 47].

The presence of cis-hydroxy groups at C2 and C3 was not required for this method

and this enhanced the scope of tetrathiomolybdate-mediated synthesis of

deoxythiosugars from easily available carbohydrates. As a result, through selective

ditosylation of aldonolactones the synthesis of appropriate substrate/s for the sulfur

transfer reaction with tetrathiomolybdate was done easily. Scheme 15.6 shows the

synthesis of the thiosugar, 1,4-anhydro-4-thio-D-arabinitol 20, the core part of the

many natural products such as salaprinol, salacinol, ponkoranol, kotalanol, and

de-O-sulfonated kotalanol. The treatment of xylonolactone 17 with TsCl/pyridine

in acetone at 0°C afforded xylonoditosylate 18. The reaction of xylonoditosylate

18 with benzyltriethylammonium tetrathiomolybdate in DMSO at room temperature

provided the expected bicyclic thiosugar lactone, 1-deoxy-4-thio-D-lyxono-2,5-

lactone 19. Further reduction of lactone 19 with borohydride exchange resin (BER)

in methanol produced the desired 1-deoxythiosugar, 1,4-dideoxy-1,4-epithio-D-

arabinitol 20 in good yield.

X=H, CH3, CH2OBn; n=1 or 2

Scheme 15.5 Synthesis of

tetrahydrothiopyrans and

thiepanes. Reagents and

conditions: (a) MsCl, TEA,

DMAP, Na2S�9H2O, DMF.

Scheme 15.6 Synthesis of 1,4-dideoxy-1,4-epithio-D-arabinitol 20. Reagents and conditions:

(a) TsCl/pyridine:acetone, 0°C, 5 h, 28%; (b) [BnEt3N]2MoS4, DMSO, rt, 16 h, 53%; (c) BER,

MeOH, 0°C—rt, 7.5 h, 65%.

Versatile thiosugars in medicinal chemistry 553



To further illustrate the usefulness of this method 1,4-anhydro-4-thio-D-lyxitol 24, a pentose

sugar was also synthesized by the same group (Scheme 15.7). Tosylation of ribonolactone 21

with tosyl chloride/pyridine afforded ribono ditosylate 22 [48]. Further treatment of ribono

ditosylate 22 with benzyltriethylammonium tetrathiomolybdate generated the

1-deoxy-4-thio-D-arabino-2,5-lactone 23. Thiosugar 1,4-anhydro-4-thio-D-lyxitol 24 was

obtained by the reduction of 1-deoxy-4-thio-D-arabino-2,5-lactone 23 with borohydride

exchange resin in methanol.

Scanlan et al. have reported a versatile synthetic approach for the preparation of a

wide range of thiosugars and thioglycals by using the intramolecular thiol-ene and

thiol-yne cyclization reactions with intense control over regioselectivity and dia-

stereoselectivity [49, 50]. The endocyclic sulfur atom is introduced into the thiosugar

backbone via thiyl radical-mediated cyclization. Utilizing the intramolecular thiol-ene

cyclization pathway, both thiofuranose and thiopyranose products were attained from

a single acyclic starting material [51]. During the synthesis, multistep process involv-

ing Wittig olefination, SN2 displacement of OTf with KSAc, and base-catalyzed

hydrolysis of the thioester to the thiol were used to modify the commercially available

O-benzyl-protected arabinose into the corresponding alkene-glycosyl thiol derivatives
suitable for thiol-ene cyclization. As shown in Scheme 15.8 the intramolecular

Scheme 15.7 Synthesis of 1,4-anhydro-4-thio-D-lyxitol. Reagents and conditions: (a) TsCl/

pyridine:acetone, 0°C, 5 h, 63%; (b) [BnEt3N]2MoS4, DMSO, rt, 12 h, 68%; (c) BER, MeOH,

0°C—rt, 10 h, 67%.

Scheme 15.8 Intramolecular thiol-ene cyclization onto terminal alkene. Reagents and

conditions: (a) DPAP(2,2-dimethoxy-2-phenyl-acetophenone), hν.
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cyclization of a thiyl radical onto a terminal alkene produced 6-endo thiosugar 28

as a major product [51]. These findings were in agreement with those reported by

Surzur [52].

Both C-5 epimers 29 and 32 of the alkyne-glycosyl thiol derivative of

O-benzyl-protected arabinose were also investigated for intramolecular thiol-yne

cyclization process (Scheme 15.9). For D-sugar 29, the intramolecular thiol-yne reac-

tion produced 5-exo glycal 31 as the major product (58%) and L-sugar 32 gave a sep-

arable mixture of both 5-exo and 6-endo glycals, 34 and 35, respectively, in a

combined yield of 55 % [53]. These results were in contrast with the unsubstituted

pent-4-yne-1-thiol substrate where 6-endo cyclization was favored, as reported by

Surzur [52]. The study concluded that the regioselectivity of the cyclization process

is significantly influenced by the stereochemistry of the substituents on the carbohy-

drate backbone.

Scheme 15.9 Intramolecular thiol-yne cyclization on terminal alkyne.
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Yoshimura et al. have reported the synthesis of 40-thionucleosides as antitumor and

antiviral agents [54]. To achieve the synthesis, they developed the Pummerer-type

thioglycosylation reaction and the reaction was successfully applied for the synthesis

of dihydrothiopyranonucleosides as well as 40-thionucleosides. A series of nucleo-

sides were synthesized and tested for biological activity. Most of the nucleosides were

active against tumors or viruses. Among them, 40-thioFAC, a 20-fluoro analog of

40-thiocytidine, showed prominent antitumor activity in an in vivo assay. The study

demonstrated the significance of 40-thionucleosides for drug development and their

promise as drug candidates for antitumor and antiviral agents.

The synthesis of 40-thioribonucleosides [55] by constructing the skeleton of

4-thioribose via a ring-contraction reaction under reductive conditions from

2-mesylate 37 procured from 36 was developed (Scheme 15.10). As depicted, first

the episulfonium ion 38 was formed which is then triggered by intramolecular SN2

reaction at the 5-position by sulfur atom. Next ring contraction from thiopyranose

to thiofuranose occurred to produce 5-aldehyde 40. Finally, hydride reduction of

40 resulted in 4-thiofuranose derivative 41. The Pummerer-type glycosylation reac-

tion of 5-O-silylated sulfoxide 42, by further treatment with 2,4-bis(trimethylsilyl)

uracil (43) and excess diisopropylethylamine (DIPEA) in the presence of TMSOTf,

gave 40-thiouridine derivative 44 in good yield. The reaction was proceeded stereo-

selectively and due to steric hindrance of the 2,3-di-O-isopropyli-dene group the pre-
dominant β-anomer was formed.

Scheme 15.10 Synthesis of 40-thioribonucleosides. Reagents and conditions: (a) MsCl, Et3N,

NaBH4; (b) H2O; (c)dBH4; (d) TBSCI, mCPBA; (e) TMSOTf, iPr2NEt; (f ) Dowex 50W (H+

form).
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Due to their increased chemical stability [56], 4-thiofuranoside and its derivatives

showed biological activities such as antiviral, [57, 58] antibiotic, [59], and anticancer

[59, 60] activities. Codee et al. have reported the synthesis, reactivity, and stereo-

selectivity of 4-thiofuranosides [61].

The synthesis of 4-thiofuranosyl donors is shown in Scheme 15.11 [62]. The synthe-

sis of the 4-thio ribosyl donor 52 is started from D-ribose. On the protecting group

manipulationsmethod, 2,3,5-tri-O-benzyl ribose 46was produced in 88%yield in over

three steps. The corresponding ribitol was obtained after the reduction of the lactol with

sodium borohydride in methanol in which both hydroxyl functionalities were

mesylated to provide dimesylate 47. For the formation of thio-ribofuranosyl donor

52, a double inversion of the C-4-mesylate was required. Thus, both mesylates in 47

were substituted by bromines in a Finkelstein-type reaction. Also a second substitution

and concomitant ring closure were considered to produce thioether 51 in 63% yield. To

produce the required acetyl donor 52, thioether 51was oxidized with m-CPBA to give

the corresponding sulfoxide, which then has undergone a series of transformations

through a Pummerer rearrangement. For the construction of 4-thio lyxofuranosyl donor

49, dimesylate 47was also used. Compound 47was then exposed to the sodium sulfide

substitution/ring closure conditions to provide 4-thio L-lyxitol 48. This compound was

then oxidized to obtain, after a Pummerer rearrangement, 4-thio lyxosyl donor 49.

15.3 Thiosugars with sulfur outside the ring: Synthesis
and medicinal activity

Deoxy sugars have hydroxyl groups instead of hydrogen atoms. Numerous naturally

occurring, biologically active compounds, including the anticancer agents mithra-

mycin, chromomycin A3, and olivomycin A as well as many of the cardiac glycosides

Scheme 15.11 Synthesis of 4-thiofuranosyl donors. Reagents and conditions: (a) three steps: 1.

MeOH, AcCl, 2. DMF, BnBr, NaH, 3. H2O, HCOOH; (b) 1. MeOH, NaBH4, 2. DCM, MsCl,

Et3N; (c) DMF, Na2S; (d) 1. DCM, m-CPBA, 2. Ac2O; (e) 2-butanone, LiBr; (f ) DMF, Na2S;

(g) 1. DCM, m-CPBA, 2. Ac2O.
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such as digitoxin and digoxin, contain 2,6-dideoxy sugar system. Hence it is important

to synthesize more effective and less toxic analogs of these compounds.

Tatsuta et al. have described the synthesis of 2,6-dideoxy sugars by using

2,6-anhydro-2-thio sugars [63]. The group stereospecificaily synthesized L-cladinose,

L-mycarose, L-oleandrose, L-olivose, and all of their C-3 epimers, 2,6-dideoxy-3-C-

methyl-3-O-methyl-L-arabino-hexopyranose, 2,6-dideoxy-3-C-methyl-L-arabino-
hexopyranose (L-olivomycose), 2,6-dideoxy-3-O-methyl-L-ribo-hexopyranose
(L-cymarose), and 2,6-dideoxy-L-ribo-hexopyranose (L-digitoxose). The preparation

of 2,6-anhydro-2-thio sugars is shown in Scheme 15.12.

The synthesis started with the conversion of methyl α-L-glucopyranoside (53) into
compound 54 in five steps [64, 65]. Reaction of 54 with 3,4-dihydro-2H-pyran in the

presence of catalyst gave 55. Basic hydrolysis of 55 with methanolic sodium

methoxide led to the formation of a 2,6-anhydro-2-thio bridge (56) with deprotection

of benzoyl groups. Standard benzylation of 56 produced 57. All the 2,6-dideoxy

sugars and their C-3 epimers were synthesized from this common intermediate 57.

Vasodilators are used to open or widen blood vessels. They affect the muscles in

the walls of arteries and veins, preventing the muscles from tightening.

THP=tetrahydropyran-2-yl

Scheme 15.12 Synthesis of 2,6-anhydro-2-thio sugars. Reagents and conditions: (a) five steps:

Refs. [64, 65]; (b) 3,4-dihydro-2H-pyran, 4A mol. sieves 10-dl-camphorsulfonic acid, CH2Cl2;

(c) NaOMe, MeOH; (d) BnBr, NaH.
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Butler et al. have reported the synthesis of S-nitroso derivatives of 1-thiosugar and
its activity as vasodilator [66]. They synthesized a number of S-nitroso derivatives

(Scheme 15.13) from 1-thiosugar (glucose, galactose, xylose, maltose, and lactose),

1-thioglucose tetraacetate (58), 1-thiogalactose tetraacetate (59), 1-thioxylose triace-

tate (60), 1-thiomaltose heptaacetate (61), and 1-thiolactose heptaacetate (62). But

most of the compounds were unstable except S-nitroso-1-thio-2,3,4,6-tetra-O-
acetylglucopyranose (58), which was stable enough to be examined as a vasodilator.

It also showed effectiveness in human cutaneous vascular smooth muscle relaxation

when delivered transdermally.

α-L-Fucosidase is an enzyme that can breaks down fucose and plays an important

role in the cleaning of the nature by degrading hemicellulose and cellulose. It is also

helpful for the normal functioning of cells along with its roles in antibacterial defense

mechanisms and viral pathogenesis, and its deficiency leads to various metabolic dis-

orders. Hence, α-l-fucosidases are clinically important targets and the synthesis of

potent and selective inhibitors is a highly essential task.

Witczak et al. have designed and synthesized S-linked fucoside analogs, which

were tested for the inhibition of α-L-fucosidases [67]. The group used 2,3,4,-tri-O-ace-
tyl-l-thiofucose (63) as a starting material. A condensation of 63 with

bromonitromethane in the presence of a catalytic amount of triethylamine produced

thiosugar 64. The reduction of the terminal nitro group was achieved efficiently with

sodium borohydride/cobalt chloride complex (Scheme 15.14).

Scheme 15.13 S-nitroso derivatives of 1-thiosugars.
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The acetylation of the reduction product 64 produced an acetamido derivative 65.

The cleavage of ester groups of 65 was carried out with an aqueous/methanolic solu-

tion of triethylamine to produce 66a. The removal of the acetamido function was per-

formed with triethyloxonium fluoroborate to produce free amino derivative 66b.

Compounds 66a and 66b were tested for the inhibition of α-L-fucosidases from
bovine kidney, bovine epididymis, and human placenta. At pH 6.5, compound 66a

showed mixed/competitive inhibition against all fucosidases with the dissociation

constant of 4.4, 5.6, and 3.9 μM respectively. Similarly, at pH 6.5 compound 66b

showed mixed/competitive inhibition against all fucosidases with the dissociation

constant of 5.9, 6.8, and 6.1 μM, respectively. The result shows that free amino func-

tion does not have significance on the inhibitory activity against all the fucosidases.

Node et al. have reported the synthesis of thiosugars and thioglycosides using new

odorless organosulfur reagents, p-octyloxyphenylmethanethiol and

p-dodecylbenzenethiol [68]. p-Octyloxyphenylmethanethiol was prepared from the

p-hydroxybenzaldehyde and p-dodecylbenzenethiol was prepared from p-alkylphenols.
Theseodorless reagentswere thenused for the synthesis of thiosugars and thioglycosides.

Auranofin (AF) is a gold-containing drug and is largely used as an antiarthritic

agent. It consists of a gold(I) center linearly coordinated to triethylphosphine and

to a thiosugar (3,4,5 triacetyloxy-6-(acetyloxymethyl) oxane-2-thiolate). Molecular

structure of AF is shown in Scheme 15.15. Along with antiarthritic activity, auranofin

revealed a wide range of pharmaceutical applications [69–73]. Studies also show that

the gold(I) center of AF exhibit a high affinity for dithiol motifs, often present in the

active site of some crucial parasitic enzymes. Consequently, AF can act as an effective

antiparasitic agent.

Colotti et al. have described the antiparasitic activity of AF against Leishmania
infantum [74]. To test its ability, auranofin was challenged in vitro against

66a: R=Ac; 66b: R=H

Scheme 15.14 Synthesized S-linked fucoside analogs.
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trypanothione reductase, a key enzyme of L. infantum and the result showed a pro-

nounced enzyme inhibition. Gold has the ability to bind to the two active sites of

TR, while the thiosugar moiety of AF binds to the trypanothione binding site. Thus,

auranofin appeared to inhibit TR through a dual mechanism.

Witczak et al. have synthesized (1–4)-S-thiodisaccharides, 68–71 and assessed their cytotox-
icity and apoptosis against human cancer cell lines [75]. The molecular structure of the com-

pounds is shown in Scheme 15.16.

Scheme 15.15 Chemical structure of auranofin (AF).

Scheme 15.16 (1–4)-S-thiodisaccharides.
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The cytotoxicity of functional CARB-pharmacophore 68–71was tested at nine differ-
ent concentrations on four cell lines: lung (A549), cervix (HeLa), mammary gland-

breast (MCF-7), and colon carcinoma (LoVo). The result is illustrated in

Table 15.1. It shows that FCP 68 was more active against breast cancer line (IC50

47.1 μM) compared with other studied cancer cell lines.

FCP 68 has four hydroxyl groups in the sugar ring protected by acetyl groups.

A study showed that the hydroxyl group deprotection by removing the acetyl groups

(FCP 69) and/or substitution of glucose with galactose (FCP 71) did not increase the

cytotoxicity of compounds.

Borbas et al. have demonstrated the importance of free-radical hydrothiolation of

alkenyl sugars bearing an exocyclic double bond, which resulted in stable carbon-

sulfur-bridges glycomimetics. Photo-induced addition of thiols to exoglycal is shown

in Scheme 15.17 [76].

Enzyme thioredoxin reductase (TrxR) is essential in normal cells for protection

against oxidative damage, mutation, and for redox homeostasis. TrxR supports tumor

growth and progression when transformed into malignant cells. Gold(I) complexes

containing stabilizing ligands such as phosphines or N-heterocyclic carbenes

(NHCs) are known to be inhibitors of TrxR and therefore can act as potential

apoptosis-inducing anticancer drugs.

Zhu et al. have reported the synthesis, characterization, and biological activity of

four novel N-heterocyclic carbene-gold(I)-thiosugar complexes derived from lactose,

glucose, and galactose. Synthesis of two selected NHC-Au(I)-SR complexes is shown

in Schemes 15.18 and 15.19 [77].

Table 15.1 The cytotoxicity of studied functional Carb-pharmacophores on A549, MCF7,

HeLa and LoVo cells.

Compound 68 69 70 71

A549 (μM) IC50¼119.4 IC50¼691.5 IC50¼310.9 IC50¼466.6

MCF-7 (μM) IC50¼47.1 IC50¼365.9 IC50¼217.5 IC50¼343.9

HeLa (μM) IC50¼91.4 IC50¼1077.7 IC50¼434.0 IC50¼676.4

LoVo (μM) IC50¼165.8 IC50¼771.9 IC50¼640.7 IC50¼623.7

Scheme 15.17 Photo-induced addition of thiols to exoglycal. Reagents and conditions:

(a) DPAP (2,2-dimethoxy-2-phenylacetophenone), hν, 15 min.
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Commercially available 4,5-diphenylimidazole 75 was first dibenzylated with

BnCl in the presence of K2CO3 to give imidazolium chloride 76. Chloride 76was then

treated with Ag2O in CH2Cl2 under the exclusion of light at room temperature to gen-

erate NHC-Ag(I) chloride complex, which was in situ subjected to metal exchange

with chloro(dimethylsulfide)gold(I) to give NHC-Au(I) chloride 77. Chloride 77 then

served as the precursor to all other target molecules.

Appropriate thio-containing sugars 78 and 80 were prepared following different

procedures [78–82]. α-Thioglucose 78 was first coupled with chloride 77 in the pres-

ence of Et3N in CH2Cl2 to produce compound 79. α-Anomeric thiol, which was

known to be less nucleophilic than its corresponding β-counterpart [83], showed fairly

Scheme 15.18 Synthesis of NHC-Au(I) chloride. Reagents and conditions: (a) BnCl, K2CO3,

CH3CN; (b) 1. Ag2O, CH2Cl2, 2. (Me2S)AuCl.

Scheme 15.19 Synthesis of NHC-Au(I)-SR complexes. Reagents and conditions: (a) 77, Et3N,

CH2Cl2, rt, 6 h; (b) 77, K2CO3, EtOAc/H2O, rt, 24 h.
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good reactivity toward the NHC-Au(I) chloride. A mixture of 80 and 77 in EtOAc was

treated with an aqueous solution of K2CO3 to produce complex 81.

All the complexes were tested against the NCI-60 cancer cell line panel for cyto-

toxicity. All compounds showed good activity against a wide range of cancer cell

lines. Among them, complex 79 showed the best overall activity and exhibited better

activity than its β-counterpart. The study indicated that appropriate substitution of the
sugar moiety on the NHC-gold(I) complex can improve the activity against certain

cancer cells.

Komor et al. have reported the synthesis of 1-thiosugar with α-configuration [84].

The group also synthesized and tested biological activity of glycoconjugates analogs

of acyclic uridine derivatives. The synthesis of 1-thiosugars and the corresponding

1-thioglycosides is shown in Scheme 15.20.

82a: X1=H, X2=OBn; 82b: X1= OBn, X2= H

83a: X1=H, X2=OBn; 83b: X1= OBn, X2= H

84a: X1=H, X2=OBn; 84b: X1= OBn, X2= H

85a: X1=H, X2=OBn; 85b: X1= OBn, X2= H

86a: X1=H, X2=OBn; 86b: X1= OBn, X2= H

Scheme 15.20 Synthesis of 1-thiosugars and the corresponding 1-thioglycosides. Reagents

and conditions: (a) Lawesson reagent, 1,4-dioxane, reflux; (b) S]C]NCH3, K2CO3, toluene,

sonication; (c) TMSOTf, toluene, rt; (d) 1 M MeONa, THF/MeOH 1:1;

(e) 2-chloro-5-nitropyridine, K2CO3, acetone, rt; (f ) 2-chloro-5-nitropyridine, K2CO3, acetone,

MeOH, sonication.
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In this methodN-methyl thiolcarbamates was used for the synthesis of glycosyl thiols

(Scheme 15.20). Corresponding glycosylthiols were easy to obtain by alcoholysis and

used for the preparation of heteroaryl 1-thioglycosides. For the synthesis of (5-

nitro-2-pyridyl)-1-thioglycosides, the procedure of aromatic substitution of nucleophilic

halogen in negatively substituted aryl derivatives was used. The treatment of 2,3,4,6-

tetra-O-benzyl-1-thio-D-gluco- or 2,3,4,6-tetra-O-benzyl-1-thio-D-galactopyranose with
2-chloro-5-nitropyridine gave corresponding heteroaryl thioglycosides. Under the influ-

ence of ultrasound, the key step in the substitution of the chlorine atom in 2-chloro-

5-nitropyridine molecule was carried out. After purification by column

chromatography on silica gel, (5-nitro-2-pyridyl) 2,3,4,6-tetra-O-benzyl-1-thio-D-
glucopyranoside 86 (79% yield) or (5-nitro-2-pyridyl) 2,3,4,6-tetra-O-
benzyl-1-thio-D-galactopyranoside 87 (77% yield) were obtained as mixtures.

The first step to obtain glycoconjugate structure was the synthesis of the

1-thiosugar with the α-configuration, which was then converted into the

1-thioglycoside by a reaction with the corresponding nitropyridine derivative,

followed by a reduction of the nitro group to the amino group. The next step was

the synthesis of acyclic derivatives of uridine containing a carboxyl group in the ter-

minal position. Condensing the intermediates to form an amide bond and removing

protecting groups result in the formation of final glycoconjugates. The biological

activity of the synthesized compounds was determined on the basis of their ability

to inhibit the action of β-1,4-galactosyltransferase enzyme from bovine milk.

Heteroaryl-glycosides are commonly found in many compounds of enormous prac-

tical importance, ranging from natural compounds to pharmaceutical agents [85–88].
N-glycosyl quinolin-2-ones, in which a glycosyl unit is attached to a quinolin-2-one

core, is one of the most important members of heteroaryl-N-glycosides family,

because of its biological activity. Several studies have presented quinolin-2-ones as

biologically active compounds and pharmaceutical agents [89–95]. Thus, the coupling
of thiosugar derivatives with N-glycosyl quinolin-2-one nucleus had caused several

changes in their features, including their chemical, physical, biochemical, and biolog-

ical properties.

Messaoudi et al. have synthesized successfully various N,S-bis-glycosyl quinolin-
2-ones via the palladium-catalyzed coupling of α- or β-mono-, di-, and poly-

thiosugar derivatives with α- or β-3-iodo-N-glycosylquinolin-2-ones [96]. Coupling
reaction of structurally diverse mono-, di-, and tri-thiosugar derivatives (87a–f) with
various α- or β-N-lucosylquinolinones (86a–d) is shown in Scheme 15.21. The

thiosugar derivatives, O-acetylated 1-thio-β-D-galactopyranose 87a, O-acetylated

1-thio-β-D-glycopyranose 87b, O-acetylated N-Ac-1-thio-β-D-glucopyranose 87c,

and O-benzoylated 1-thio-β-D-glucopyranose 87d, were coupled easily with both

glucosylquinolinones β-86a and β-86d to give β-N,S-bis-glycosyl quinolin-2-ones
(88) without any loss of reactivity.

Thioglycosides are biologically important molecules [97–104] and more stable

than their O-glycosides analogs to both chemical and enzymatic degradations. Differ-

ent methods are available to synthesize thioglycosides [105–112]. Among them
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metal-catalyzed coupling of thiosugars with halogenated electrophiles was a superior

and highly versatile approach to the synthesis of thioglycosides. Copper-catalyzed

functionalization of 1-thiosugars for the synthesis of thioglycosides is shown in

Scheme 15.22 [113].

The reaction appeared to be suitable for both α- and β-anomeric configurations and

was conducted with per-O-acetylated 1-thio-β-D-glucose, galactose, N-acetyl-α-D-
glucosamine to give the corresponding products (91a–d). The reaction was also

influenced by the substituents on the iodoaryl triazenes moieties such as ester and acyl.

This methodology was extended to the construction of bivalent S-glycoclusters (91c)
by treating O,O0-dihaloaryl triazenes (1 equiv) with per-O-acetylated sugar mercap-

tans (2.2 equiv) under similar reaction conditions. This method also allowed the prep-

aration of symmetrical and unsymmetrical 1,3-bis(glycopyranosylthio)benzene

derivatives.

b-86a: X1=OAc, X2=H; a-86b: X1=OAc, X2=H; b-86c: X1=OAc, X2=4-OMePh; b-86d: X1=X2=H

Scheme 15.21 Coupling of the quinolones 86a–d with thiosugars 87a–f under the optimized

conditions. Reagents and conditions: (a) Pd G3-Xantphos (5 mol%) Et3N (1.5 equiv), THF (or

THF:H2O), rt, 3 h.
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Metal complexes with N-heterocyclic carbene (NHC) ligands has a wide range of
applications, such as in catalysis [114], as metal-based drugs [115, 116], and as mate-

rials [117]. In order to serve as a lipophilic part in drug-like molecules, NHC ligands

are easily chemically modified, like 1,3-dibenzyl-4,5-diphenylimidazol-2-ylidene.

Several groups have reported the potential antibiotic or anticancer activity of metal

NHC complexes [118–120].
The synthesis of anticancer drug candidate 1,3-dibenzyl-4,5-diphenyl-imidazol-2-

ylidene gold(I) chloride (NHC*-AuCl) and its derivative 20,30,40,60-tetra-O-acetyl-β-
D-glucopyranosyl-10-thiolate (NHC*-AuSR) [121–123] is shown in Scheme

15.23 [124].

Scheme 15.22 Copper catalyzed functionalization of 1-thiosugars. Reagents and conditions:

(a) Cul (1 equiv), K2CO3 (2 equiv), Pyridine (3 equiv), MeCN, 80°C, 24 h.

Versatile thiosugars in medicinal chemistry 567



NHC*-AuCl and NHC*-AuSR were tested in vitro against NCI-60 cancer cell

panel and both compounds showed very good activity against a wide range of human

cancer cell lines, including renal cancer cell with similar average GI50 values of 1.78

and 1.95 μM, respectively.

15.4 Naturally occurring thiosugars: Medicinal activity

Many functionalized thiosugars occur naturally. A few examples are salacinol and

kotalanol, tagetitoxin, thiolactomycin and analogs, mycothiol and analogs, and

S-nitrosothiols. Among them many are used as a potential target for the development

of carbohydrate-based therapeutics. 5-Thio-D-mannose is the first naturally occurring

free thiosugar, which was isolated from the marine sponge Clathria pyramida in 1987
[125]. Molecular structure of 5-thio-D-mannose (96) is shown in Scheme 15.24. The

other classes of naturally occurring thiosugars are 1,4-thioanhydrosugars (salacinol

and kotalanol) and thioglycosides (glucosinolates and lincomycins).

1,4-Thioanhydrosugar, salacinol and kotalanol, is a class of thiosugar that possess

potent sucrase inhibition, which bear a sulfonium salt-containing heterocycle in their

skeleton [126].

Yoshikawa et al. have synthesized α-glucosidase inhibitor salacinol with unique

thiosugar sulfonium sulfate structure [127]. It was extracted from the water-soluble

fraction from the dried roots of Salacia reticulata by silica gel column chromatogra-

phy and repeated various HPLC. The molecular structure of salacinol (97) is shown in

Scheme 15.24. Yoshikawae et al. have isolated also kotalanol (98), another potent

α-glucosidase inhibitor from the roots and stems of S. reticulate [128]; its molecular

structure is shown in Scheme 15.24.

Scheme 15.23 Synthesis of 1,3-dibenzyl-4,5-diphenyl-imidazol-2-ylidene gold(I) chloride

(NHC*-Au-Cl) and its 20,30,40,60-tetra-O-acetyl-β-D-glucopyranosyl-10-thiolate derivative.
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Salacinol (97) was tested in vitro against intestinal α-glucosidase and showed com-

petitive inhibition and IC50 values observed were 3.2 μg/mL tomaltase, 0.84 μg/mL to

sucrase, and 0.59 μg/mL to isomaltase. The inhibitory activity against isomaltase was

much more potent than that of acarbose (Table 15.2). The inhibitory activities of 97

against maltase and sucrase were nearly equal to those of acarbose. It was also

observed that this compound inhibited more strongly the increase of serum glucose

levels in sucrose-loaded rats than acarbose. Thus, salacinol (97) is a most important

α-glucosidase inhibitor isolated from natural medicine and is a significant constituent

of Kotala himbutu, traditional antidiabetic Ayurvedic medicine. Kotalanol (98) was

found to have more potent inhibitory activity against sucrase than salacinol and

acarbose (Table 15.2) when tested against intestinal α-glucosidases.

4-O-Acetyl-3-amino-1,6-anhydro-3-deoxy-D-gulose 2-phosphate commonly

known as Tagetitoxin (99) is a bacterial phytotoxin [129]. Tagetitoxin is produced

by the plant pathogenic bacteria, Pseudomonas syringae pv. tagetis. By specifically

inhibiting chloroplast RNA polymerase, tagetitoxin induces chlorosis in the apex

of the host plant making it potentially useful as herbicide [130].

Oishi et al. have isolated thiolactomycin (100) from Nocardia sp. [131]. It has a
unique pharmacological activity against parasitic and bacterial organisms. In vitro

studies showed that thiolactomycin is active against a wide range of Mycobacterium
tuberculosis strains. It selectively inhibited the mycobacterial acyl carrier protein-

dependent type II FAS (FAS-II) but not the multifunctional type I FAS (FAS-I) pre-

sent in mammals [132, 133].

Scheme 15.24 Molecular structure of 5-thio-D-mannose, salacinol, and kotalanol.

Table 15.2 Ki values of salacinol, kotalanol, and acarbose for rat intestinal disaccharidase.

Substrate Km (M)

Ki (μg/mL)

Salacinol Kotalanol Acarbose

Isomaltose 4.5�10�3 0.47 1.8 75

Sucrose 2.0�10�2 0.32 0.18 0.37

Maltose 2.7�10�3 0.31 0.23 0.12
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The low molecular weight thiol found in most actinomycetes, including

mycobacteria and streptomycetes, is the mycothiol (101) [134]. It was isolated first

in 1996 and is a conjugate of N-acetylcysteine, glucosamine, and myo-inositol, pro-

duced by most of the actinomycetes but not by other bacteria or eukaryotes [135]. Lee

et al. have reported the first total synthesis of mycothiol and its disulfide [136]. Dif-

ferent methods and protocols are now available to synthesize mycothiol [137–139].
Mycothiol has the ability to mimic glutathione function in Gram-positive bacteria

and thus instigated an interest in studying bacterial enzyme activity. Molecular struc-

ture of tagetitoxin (99), thiolactomycin (100), and mycothiol (101) are shown in

Scheme 15.25.

15.5 Conclusions

Many aspects of synthesis as well as biological activities associated with thiosugars

are extensively reviewed in this chapter. Thiosugars with sulfur atom as heteroatom or

a disaccharide linked via a sulfur bridge were treated separately and the data were

taken from recent literatures. New methodologies and techniques to synthesize almost

all representatives of functionalized analogs of thiosugars, oligosaccharides including

thiodisaccharides and simple functionalized thiosugars, were illustrated. The chemis-

try and biology of oxygen sugars are enormously popular. Oxygen sugar-containing

molecules are much more reactive than the thiosugars. The reactivity differences

should be helpful to use intermediate or final thio compounds for the preparation

of many other products even in relatively drastic conditions. The stability of thio-

sugars in the presence of electrophilic and nucleophilic reagents helps to maintain

the sugar-containing ring without damage, rearrangement, and epimerization. From

the past literature, it is known that sulfur-based compounds have diverse medicinal

effects. Because of the stable nature, the metabolism of sulfur compounds may

become slow and half-life of these molecules may also become high compared to their

oxygen analogous. Therefore, this subject is integrated with biomedical research and

should provide enormous opportunities for developing future research directions in

this area. The current developments in the area of thiosugars will ensure that this rap-

idly developing field of carbohydrate chemistry remains a rich area of investigation

for many years to come.

Scheme 15.25 Molecular structure of tagetitoxin, thiolactomycin, and mycothiol.
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Abbreviations

CFC chloro-fluoro carbon

CVD cardiovascular disease

CYP cytochrome P450

DERA deoxy ribose 5-phosphate aldolase

DHP 3,4-dihydro-2H-pyran

DMAP dimethylaminopyridine

DMB-S-MMP 2,2-dimethylbutyryl-S-methyl mercapto propionate

DMF N,N0-dimethylformamide

ee enantiomeric excess

EPA Environment Protection Agency

Et3N triethylamine

GDH glucose dehydrogenase

HHDH halohydrin dehydrogenase

HMG CoA 3-hydroxy 3-methylglutaryl coenzyme A

HN hydroxy nitrile

KPB potassium phosphate buffer

KRED keto-reductase

LDA lithium di-isopropyl amide

LDKS noniterative lovastatin diketide synthase

LDL-C low-density lipoprotein cholesterol

LNKS iterative lovastatin nonketide synthase

NADP nicotinamide adenine dinucleotide phosphate

PKS polyketide synthase

Py pyridine

Py-Py pyridyl pyridine

RP-HPLC reversed phase high-performance layer chromatography

RT room temperature

SAM S-adenosyl methionine

Stat stirred

TBDMS tertiary butyl dimethyl silyl

THF tetrahydrofuran
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16.1 Introduction

Green chemistry also known as sustainable chemistry is defined as a chemical process

that is environmentally friendly with minimum or no toxicological and harmful

impacts on the surrounding environments [1, 2]. The rationale of green chemistry

is based on the elimination or minimization of the use or creation of hazardous

materials during the process of design, manufacture, and application of chemical

agents. It is applicable to life cycle of a chemical product, including its design,

manufacturing method, and subsequent use. Chemical production and purification

of most agents of high pharmaceutical, medicinal, biological, or agricultural signifi-

cance are typically associated with the use of environmentally hostile and unfriendly

conditions such as nonaqueous organic solvent, harsh chemical reagent, catalytic

agent, high temperature, increased pressure, and/or high-energy associated methods

[3, 4]. In simple plain term, the main objective of green chemistry is to minimize

or prevent pollution, reduce toxic wastes, use renewable feedstocks, and least am-

ount of energy for most efficient reaction process. In fact, there are 12 basic principles

that govern the green chemistry platform. These are (i) waste prevention (minimize

waste production); (ii) atom economy (maximize incorporation of all materials

into the desired product); (iii) less hazardous chemicals production (with little or

no toxicity); (iv) developing safer chemicals (preserve efficacy of function reducing

toxicity); (v) safer solvents (minimum use of organic solvents and auxiliary sub-

stances); (vi) energy-efficient process (ambient temperature and pressure rec-

ommended); (vii) renewable feedstocks (raw materials should be renewable rather

than depleting); (viii) reduce derivatizations (avoid unnecessary protection/

deprotection steps); (ix) catalysis (use harmless catalytic agents with selectivity);

(x) design for degradation (chemical products should degradable into benign mate-

rials after the function); (xi) real-time pollution prevention (in real-time monitoring

and control prior to hazardous material formation), and (xii) safer chemistry (to pre-

vent accident) [5]. The United States Environment Protection Agency (US EPA)

(www.epa.gov/greenchemistry/basics-green-chemistry) and the American Chemical

Society (ACS) Green Chemistry Institute (www.acs.org/content/acs/en/green

chemistry/what-is-green chemistry/examples.html) both played major roles in

encouraging and promoting research and education on the development of environ-

mental safe and most efficient sustainable methodologies [6–9] (www.warner

babcock.com/green-chemistry/a-historical-perspective/). There is now an increased

level of awareness and interest in the field. Scientists and researchers in pharmaceu-

tical, chemical, and academic sectors are gradually embracing clean, sustainable,

economically sound, and renewable energy policy [10]. Owing to this shift in tho-

ught, significant achievements have been made possible on the development and

incorporation of green chemistry technology in many industrial and manufacturing

processes. In fact, this has now become a new norm and culture in all pharmaceu-

tical, chemical, and household processes. The significance of “green science” concept

in every aspect of society is well recognized through the award of prestigious

Nobel Prize in 2005 to Richard R. Schrock, Robert H. Grubbs, and Yves Chauvin
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for their contributions in the discovery of catalytic chemical process termed as

“metathesis” [11, 12] which uses significantly less energy and reduces greenhouse

gas emission [13].

Until now significant advancement has been achieved on the application of green

technology in the fields of computer chips [14, 15], medicine [16] (also see Univer-

sity of Nottingham, UK, report “Using Green Chemistry to Deliver Cutting-edge

Drugs,” Science Daily, 14 September 2007), paint and coating industry [17, 18],

agriculture [19, 20], and biomaterials [21, 22]. Since mid-20th century, the long-

term negative impacts of technological advancement in health science, medicine,

energy, and industry sectors were gradually realized. The implications of many envi-

ronmental chemicals in causing diseases such as cancer, neurological dysfunction,

cardiovascular, diabetes, and others could not be ignored [23]. As a consequence,

several countries have imposed new regulations in dealing with the production

and disposal of chemical and industrial wastes. In addition, environmental watch

dog agencies like EPA were established to overlook and enforce environmental reg-

ulations and laws in order to protect our environment and health. In particular,

pressure was exerted on industry and pharmaceutical sectors for adoption of gre-

ener cleaner technology for synthesis of their products [24]. Thus, the drug industry

is constantly making efforts to find new ways for generating medicines with mini-

mum harmful and toxic impacts on the environment [25]. This led to improved

and more economical process conditions for synthesis of drugs and their intermedi-

ate products. Currently, it becomes an integral part of Research and Development

program of all pharma industries. Maximum reduction or complete elimination of

toxic solvents and chemicals as well as incorporation of biocatalyst-based aqueous

chemistry wherever possible became an important part of commercial green chem-

istry technology. In order to inspire and encourage for adoption of green chemistry

methodology, the US EPA has created annual Presidential Green Challenges

Awards for Pharmaceutical companies [26]. This initiative has led to successful syn-

thesis of a number of drugs and/or their key intermediates via newly developed

energy-efficient and environment benign green methodologies [27].

These developments encouraged us to write a review on the progress of green

chemistry application in manufacture of drugs. In this chapter, we focus our attention

only on one particular family of drugs approved for reducing low-density

lipoprotein-cholesterol (LDL-C) [28]. High level of LDL-cholesterol in the blood

is a key risk factor for developing cardiovascular disease (CVD) and stroke [29]. This

chapter provides a summary of our progress toward adoption of green chemistry for

synthesis of cholesterol-lowering drugs which are crucial for managing CVD—now

the number one killer disease in the globe [30]. So far the advancement in this field is

unfortunately quite limited unlike in other disease areas, where significant progress

has been achieved in incorporating green chemistry for drug manufacturing process

[31–33]. In this review, we first provide a brief summary of the progress made in

incorporating green chemistry in drug synthesis. Later on, we focus specifically on

green chemistry technology for commercial synthesis of cholesterol-lowering statin

drugs followed by the challenges and future directions.
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16.2 Green chemistry in drug synthesis

The first successful application of green chemistry in industry was accomplished in

1996 by Dow Chemical Company when they manufactured polystyrene foam by

using carbon dioxide as the blowing agent [34, 35]. The carbon dioxide here is

reused from another process where it is generated as a by-product. In addition,

the foam produced by this method can be recycled after use mostly in packaging

industry [36]. This replaced chloro-fluoro carbons (CFCs) which are known to

destroy ozone in the atmosphere. Since that time green chemistry technology cau-

ght the attention of industry primarily because of its various beneficial and eco-

nomic outcomes.

An excellent example of success story for inclusion of green chemistry in drug

industry is the synthesis of Sitagliptin, the active ingredient of Januvia (a potent inhib-

itor of dipeptidyl peptidase IV enzyme) byMark and Codexis companies for treatment

of type 2 diabetes [37]. In this third-generation process, a newly designed bio-

engineered transaminase biocatalyst (consisting of 27 mutations in the wild type)

was used for reductive amination step where a 99.95% enantiomeric excess (ee) selec-

tivity was achieved compared to 95% ee in the second-generation method. In addition,

this process improved the overall yield (13%), productivity (53%), and on the amount

of waste generated (19%) compared to the second-generation method. Moreover like

the second-generation method, it completely eliminated the aqueous waste streams

(reviewed in Ref. [38]). This impressive accomplishment became an eye opener to

other industries about the efficacy of green energy and the economic power of bio-

engineered catalysts in drug manufacturing process.

Other examples include (i) the green chemistry approach by Eli Lilly Company for

synthesis of their drug Tradipitant (LY686017) formerly VLY686 from Vanda Phar-

maceuticals (Neurokinin-1 receptor antagonist) for treatment of alcoholism and

chronic pruritus (itchiness) in atopic dermatitis [39, 40] (https://newdrugapprovals.

org/); (ii) green synthesis of Montelukast, an intermediate for anti-asthma drug Sin-

gulair (leukotriene inhibitor) using a newly engineered biocatalyst (keto-reductase or

KRED) (with 19 mutations and 3000-fold activity compared to wild type) for asym-

metric reduction [41, 42]; (iii) development of greener route for manufacturing Dar-

unavir (intermediate of Prezista) for treatment of HIV thereby reducing waste, raw

materials, solvent, and eliminating hydrogen gas formation [43, 44]; (iv) greener

chemistry for synthesis of antiretroviral drug Raltegravir (intermediate of Isentress)

where methyl iodide reagent is substituted by trimethyl-sulfoxonium iodide [44]

thereby significantly improving the green parameter “E-factor” (defined as Kg waste

per Kg product) [45]; (v) green chemistry method for synthesis of anti-inflammatory

pyridinyl-imidazole-based drugs by Roche Company reducing chemical wastes and

pollution [44, 46].

The above description is just a snap shot of progress made in adopting green chem-

istry in drug manufacture. In order to facilitate more use of green chemistry technology

in drug industry, Glaxo Smith Kline did an excellent job in producing a kit called
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“Eco design tool kit” that summarizes modern day knowledge about green chemistry,

the necessary guidelines and protocols while highlighting the potential challenges [47].

16.3 Cholesterol-lowering drugs

Cholesterol-lowering drugs are prescribed routinely for treatment of hypercholester-

olemia, where the level of LDL-C in blood serum is kept within normal level. For

people suffering with this condition, there is a higher than normal level of LDL-C

in circulation in the blood. Continued accumulation of LDL-C can lead to the forma-

tion of plaque in the artery thereby creating obstruction for normal flow of blood. This

results in high blood pressure and hypertension that may ultimately cause stroke lead-

ing to permanent disability or death [48, 49]. Thus, high level of LDL-C in the blood is

considered as the most crucial risk factor for stroke and cardiovascular disease. Owing

to this reason, it is essential that one maintains serum cholesterol level within normal

limit using cholesterol-lowering drugs like statins, originally developed more than a

decade ago (reviewed in Ref. [50]). Today, these drugs are considered as most effec-

tive agents for prevention of stroke and heart attack.

16.4 Statins

Statins are small organic compounds with molecular weights <1000 Da (Dalton)

that inhibit the key enzyme in the liver known as HMG-CO-A reductase

(3-hydroxy-3-methylglutaryl-coenzyme A reductase) which is responsible for synthe-

sis of cholesterol [51]. A wide variety of statins have been approved and currently in

use. This is listed in Table 16.1. In general, they are of three types based on their

manufacturing process, namely (i) fermentation type such as lovastatin (derived from
microorganisms by biotechnology), (ii) semisynthetic type that includes simvastatin
and pravastatin (obtained via partly synthetic route), or (iii) synthetic type such as
fluvastatin, cerivastatin, atorvastatin, rosuvastatin, and pitavastatin (obtained by
complete chemical synthesis) [52, 53]. Fluvastatin is the first fully synthetic statin drug
reported by Sandoz AG. This was followed by synthetic atorvastatin. Statins can also

be classified based on the type of ring structure present. Thus statins may contain a

partially reduced naphthalene ring (lovastatin, simvastatin, and pravastatin) or a het-

erocyclic ring system such as a pyrrole ring (atorvastatin), an indole ring (fluvastatin),

a pyrimidine ring (rosuvastatin), a pyridine ring (cerivastatin), or a quinolone ring

(pitavastatin). It is noteworthy to point out that, while fluvastatin is marketed as a race-

mic mixture, both atorvastatin and rosuvastatin are marketed as single pure

enantiomeric form. It is also noted that both simvastatin and pravastatin are, respec-

tively, methyl and hydroxyl derivatives of lovastatin and, therefore, they all are struc-

turally related to one another. Finally, a new extended or slow-releasing form of

lovastatin called altocor (or altoprev) [54] (https://www.rxlist.com/altocor-drug.
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htm#clinpharm) has been described and approved but it was later withdrawn due to

serious side effects with reported fatality [55].

Despite side effects and potential safety issue in about 10%–12% of patients,

statins continue to dominate the field of cholesterol management [56]. Chemical

syntheses of statins involved multiple steps which are often expensive, energy inef-

ficient, and environmental non-friendly. Therefore, efforts have been made to

develop synthetic methods that are cost effective, energy efficient, and less toxic

to the environment. This can be accomplished by deploying green chemistry tech-

nology which will generate less waste, reduce toxic substance, organic solvent, and

improve reaction conditions [57, 58]. So far several attempts have been made to

incorporate green chemistry for manufacture of statin drugs. There was successful

outcome for simvastatin, lovastatin, atorvastatin, and rosuvastatin [59], while for

others such as pravastatin efforts are still ongoing [60]. These will be first dis-

cussed with respect to their historical background, common manufacturing pro-

cess, and the adoption of green chemistry technology.

16.5 Lovastatin and simvastatin

Since lovastatin and simvastatin are the most popular and effective cholesterol-

lowering drugs that were approved before the others, they will be discussed first in

terms of their historical background, common manufacturing process, and green

chemistry adoption. Later on we focus on other statins.

Table 16.1 List of all statin drugs which are approved worldwide.

No. Name Type of origin

Commercial

name

Type of

ring

structure Property

1 Lovastatin Fungal Mevacor/

Altoprev

P.R. Naph. Lipophilic

2 Simvastatin Semisynthetic Zocor P.R. Naph. Lipophilic

3 Pravastatin Semisynthetic/

Fungal

Pravachol P.R. Naph. Hydrophilic

4 Pitavastatin Synthetic Livalo Quinoline Hydrophilic

5 Cerivastatin Synthetic Baycol (WD) Pyridine Hydrophilic

6 Atorvastatin Synthetic Lipitor Pyrrole Lipophilic

7 Rosuvastatin Synthetic Crestor Pyrimidine Hydrophilic

8 Fluvastatin Synthetic Lescol/Lescol

XL

Indole Lipophilic

Note: P.R. Naph.: Partly reduced naphthalene or decalin; WD: Withdrawn (in 2001 due to reports of death from severe
rhabdomyolysis or muscle pain); Fungal statins are also called Type 1 statins; Semisynthetic statins are called Type II
statins.
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16.5.1 Background

Lovastatin (also termed as synvinolin, mevacor, or mevinolin) (Fig. 16.1) is the first

statin to be approved and commercialized byMarck in 1987 [61, 62]. It was isolated by

AlfredAlbert et al. in 1979 from the culture ofAspergillus terreus and they termed it as

mevinolin [63]. In the same year, A. Endo et al. from the Tokyo Noko University also

isolated a statin-like compound called monacolin K fromMonascus ruber [64] which
was later found to be identical with mevinolin. In subsequent years, both were called

lovastatin. Earlier on, Endo while working with Sankyo Company in Japan isolated

from the culture of Penicillium citrinum Pen-51 a potent cholesterol-lowering agent

which he named compactin. It exhibited strongHMGCoA reductase inhibitory activity

[65–67]. Unfortunately, the program was discontinued by Sankyo owing to adverse

reports and inconsistent results in clinical trials in selected species, despite the observed

cholesterol lowering results in hen, dog andmonkey, and in humans [52]. The chemical

structure of compactin was found to be similar to that of lovastatin. A detail historical

background of lovastatin was elegantly presented by A. Endo in a review article pub-

lished in 2010 [50]. It is now established that besides Aspergillus (A. terreus), various
other fungi species such as Monascus (M. ruber, M. purpureus, M. pilosus, M. vitreus,
M. pubigerus, andM. anka), Paecilomyces viridis, Pleurotus ostreatus, and Pencillium
citrinum also produce lovastatin during fermentation [68]. Lovastatin is also present

naturally in oyster mushroom and red yeast rice [69, 70].

Simvastatinwas the second statin drug introduced byMerck under the brand name

Zocor in 1987. Currently, it is the most prescribed cholesterol-lowering drug in the
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world. Chemically, it is the 20-methylated derivative of lovastatin (Fig. 16.1). Simva-

statin is a semisynthetic product of lovastatin, where an additional methyl group has

been inserted into its side chain. This subtle change resulted in enhanced cholesterol-

lowering activity of simvastatin compared to lovastatin with advantage of reduced

toxicity to the hepatocytes and side effects. Both lovastatin and simvastatin act in a

similar manner but there are some important differences between the two [71, 72].

Thus, while lovastatin is prescribed for administration only with meal which enhances

its absorption, simvastatin can be taken with or without food which does not exert any

effect on its absorption. Also, the effect of lovastatin has been found to be more rapid,

whereas simvastatin takes a much longer time for its effect to be observed [73].

A slow-releasing form of these drugs called altocor (altoprev) (https://www.rxlist.

com/altocor-drug.htm) has been developed which foundmore useful and lasting effect

on cholesterol reduction [72, 73].

16.5.2 Common production methods

16.5.2.1 Lovastatin

Large-scale production of lovastatin has been achieved by fermentation technology

where its biosynthesis takes place in multiple steps involving endogenous biocatalysts

as displayed in Fig. 16.2 (reviewed in Ref. [73]). Despite successful outcome, this
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method has been found to be expensive. Therefore, efforts were made to produce lov-

astatin by chemical synthesis with the expectation of saving cost. The majority of this

work was done in the early 1980s by Hirama et al. who reported the first full chemical

synthesis of lovastatin from a synthetic intermediate trans-octalone [74, 75]. A few

other chemical routes were also reported [76]. However, none of these methods

proved less expensive and as a result the chemical synthesis of lovastatin could not

be useful commercially and never explored further. Later on a semisynthetic route

was developed by Yang et al. in 1997, where immobilized lipase enzyme was used

for a key esterification reaction with 2-methyl butyric acid in an efficient and specific

manner [77].

16.5.2.2 Simvastatin

Simvastatin, the more potent semisynthetic version of modified lovastatin became

more useful than lovastatin itself. Chemically speaking, simvastatin is butanoic acid,

2,2-dimethyl, (1S,3R,7S,8S,8aR)-1,2,3,7,8,8a-hexahydro-3,7-dimethyl-8-(2-[(2R,4R)-

tetrahydro-4-hydroxy-6-oxo-2H-pyran-2-yl)ethyl]-1-naphthalenyl ester (Fig. 16.1). It

has been obtained via chemical synthesis from lovastatin [78–80]. However, despite
success on laboratory scale, most were found to be unsuitable for large-scale production

due to poor yield, high cost, too many chemical steps, or low conversion of the alkyl-

ation process.

The most pressing challenge in chemical synthesis of simvastatin is to remove the

last trace of unreacted lovastatin from the final product [81]. Among all the chemical

methods, two are now currently used commercially [82–84]. In the most traditional

route originally developed in 1991 by Askin et al. [79], lovastatin was first

deacetylated to dihydric alcohol which is then esterified with 2,2-dimethyl butyric

acid via partial protection with tert-butyldimethylsilyl group, producing a

monosilylated derivative. This product is subsequently acylated with 2,2-

dimethylbutyryl chloride in the presence of base 4-pyrrolidino pyridine (py-py) in pyr-

idine solvent. It was then deprotected to furnish the final material [82].

In a minor modification of this method, researchers from Reddy’s Laboratory

(India) used 3,4-dihydro-2H-pyran (DHP) as the protecting group instead of

tert-butyldimethylsilyl group for free hydroxyl group of lovastatin that is generated

following opening of the lactone ring with n-BuNH2. This key intermediate is then

subjected to alkylation reaction [83].

In an alternate protocol, simvastatin was also obtained by direct methylation at 20

position of lovastatin [84]. Herein, the synthesis is based on the observation that the

intermediate delta-lactone carbonyl is deactivated to enolization following derivatiza-

tion with bis[(tert-butyl-dimethylsilyl)oxy] butylamide. This ester enolate is then

alkylated almost quantitatively with 2,2-dimethylbutyryl chloride. The last few steps

involved desilylation, intramolecularly assisted hydrolysis, and lactonization leading

to the final product simvastatin in good yield (Fig. 16.3).
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16.5.3 Adoption of green technology

Despite widespread use, the above chemical methods were all accompanied by huge

waste of expensive organic solvents. They also required chemicals and reagents that

were already known to be toxic to environment and hazardous to human health. There-

fore, the pharmaceutical industries felt the need for better, greener, energy, and cost-

efficient methodology for synthesis of lovastatin and simvastatin with minimum

impact on environment. Thus, they started investing a significant part of their time,

energy, and budget to engage in research on green chemistry in the field. This not only

protected the environment but also benefitted their own revenue interests.

The first successful commercial application of green chemistry for statin produc-

tion was reported for simvastatin, where a novel biocatalyst-mediated reaction was

employed instead of chemical agents requiring multiple steps. Owing to this reason,

we will discuss first the green chemistry application for simvastatin production. Later

on we will review the literature on green synthesis of lovastatin and other statin drugs.

16.5.3.1 Green process for simvastatin

(i) Recombinant biocatalyst approach: The adoption of green chemistry for simvastatin syn-

thesis was made possible when Prof. Yi Tang from the University of California in Los

Angeles (USA) designed a novel bioengineered enzyme and a less costly feedstock. In this

method, his team first produced an enzyme called LovD acyltransferase via cloning and

used it for large-scale production of simvastatin from lovastatin in a most economical and
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environmental friendly manner [85]. Basically, the method consists of three simple steps

as depicted in Fig. 16.4A, where lovastatin (1) obtained from fermentation method was

hydrolyzed to produce water-soluble ammonium salt of a trihydric alcohol known as

monacolin J (1a). This trihydric alcohol was then selectively mono-acylated in the
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presence of recombinant LovD acyl transferase enzyme at the secondary hydroxyl group

located in the decalin ring system. For this reaction 2,2-dimethyl butyryl-S-methyl mer-

capto propionate (DMB-S-MMP) was developed as the most efficient substrate which acts

as the acyl donor for the enzyme LovD [86]. This led to the formation of water-soluble

ammonium salt of simvastatin (2a). The only by-product of this reaction is methyl

3-mercaptopropionic acid which is recovered and subsequently recycled for making more

DMB-S-MMP. DMB-S-MMP is easily synthesized in two simple chemical steps starting

from 3-mercaptopropionic acid as described in Fig. 16.4B. Finally, (2a) was acidified to

hydrolyze the ammonium salt. The resulting hydroxy acid was cyclized in the same reac-

tion to produce six-membered lactone ring leading to simvastatin (2). This is a sustainable

energy efficient and cost-effective green synthesis of simvastatin with minimum impact on

the environment as it eliminates the use of hazardous chemicals such as tert-butyl dimethyl

silyl chloride, methyl iodide, and n-butyl lithium [86].

(ii) Cellular biocatalysis: Tang’s group also developed the whole cell biocatalysis method for

efficient conversion of monacolin J to simvastatin. In this protocol, they first generated a

novel Escherichia coli strain that overexpress LovD enzyme and used it with previously

described acyl donor membrane-permeable substrate, DMB-S-MMP. Such bioconversion

using high-cell-density fermentation with batchwise fed method proved to be extremely

efficient and green friendly [86].

(iii) Improved bioengineered catalysis: The biocatalyst-mediated green method for synthesis of

simvastatin as outlined above was significantly enriched by protein engineering expertise

of pharmaceutical company Codexis, Redwood City, CA, USA (https://www.codexis.

com). Codexis [87] in collaboration with Tang’s group [88] optimized both the enzyme in

terms of its aqueous solubility and catalytic activity aswell as the reactionprotocol. First, they

developedvia selectivemutationsanewvariant ofLovD (a413aminoacids longprotein)with

high degree of catalytic efficiency. The resulting LovD variant withmodifiedmethod greatly

reduced the amount of hazardous and waste products providing a much cleaner and greener

chemistry. As a result, it became even more cost effective and environmentally safe, while

meeting the needs of customers. Among several LovD variants, the one with double

Cys40/Ala andCys60/Alamutations caught the initial attention [89]. Additional mutagenesis

experiments revealed that substituting these twoCys residues, respectively, byAla andAsn in

combination, improved the enzyme solubility and the whole cell enzyme activity by nearly

50% [86, 87]. Tang’s group then produced mutant libraries in an effort to improve catalytic

efficiency, solubility, and thermal stability of the enzyme. Their efforts yielded a variant with

seven mutations which showed an �11-fold enhancement in transferase activity based on

E. coli expression system [90]. The seven key mutations are: A86V, D12G, A190T, G275S,

K
26
E, H

161
Y, and V334

F. Some manufacturers in Europe and India immediately embraced

thismodified enzyme tomake simvastatin [91],while other nations followed through in years

much later. Most of the credit for this accomplishment should go to the US EPA and ACS

Green Chemistry Institute who have been campaigning vigorously for pollution prevention

and reduction of toxic wastes for a cleaner, more sustainable earth with economic and social

benefits [92]. The abovemodified process for synthesis of simvastatin is considered as one of

the best examples of the adoption of green and clean chemistry in statin synthesis.

16.5.3.2 Green process for lovastatin

Following successful adoption of green chemistry for synthesis of simvastatin, similar

efforts were directed toward synthesis of lovastatin. As mentioned, lovastatin is a
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natural metabolite of A. terreus produced during its fermentation. It requires 11 mol-

ecules of malonyl-co-enzyme A, one molecule of S-adenosyl S-methionine, and 5

enzymes, of which LovD acyl transferase is the most critical enzyme involved in

the last step of biosynthesis (Fig. 16.2). The recombinant form of this enzyme (as

described for simvastatin green synthesis) is currently in use for faster, cleaner,

and efficient green synthesis of lovastatin, where methyl butyryl-S-methyl (or ethyl)

mercapto propionate (MB-S-MMP) is employed as the acyl substrate. This substrate is

synthesized separately by chemical route similar to that described in Fig. 16.4B. This

method has now replaced the in vivo use of endogenous enzyme within the culture

system [93, 94] as well as the long multistep and expensive chemical route as

described in Fig. 16.5. Furthermore, immobilization of this recombinant enzyme

on a solid matrix and green synthesis of a building block allowed faster and more effi-

cient production of lovastatin with minimum use of buffer and reagents. This method

not only saved cost but also the environment by enhancing more recycling [95].

16.6 Adoption of green chemistry for other statins

Following great progress in adopting green methods for the production of lovastatin

and simvastatin, attention was drawn to develop similar technology for other statins.

In fact, these efforts led to successful green synthesis of key intermediates of atorva-

statin and rosuvastatin, where specific biocatalysts were designed via mutations to

perform important chiral reactions. These are discussed below in more detail.

16.6.1 Green process for atorvastatin

The key chiral intermediate ethyl 4-cyano-3-hydroxybutyrate (known as hydroxyl

nitrile or HN) for atorvastatin was prepared via green chemistry using three biocata-

lytic enzymes namely the keto-reductase (KRED), glucose dehydrogenase (GDH),
and halohydrin dehalogenase (HHDH). First, ethyl 4-chloro acetoacetate was reduced
by KRED in the presence of glucose and nicotinamide adenine dinucleotide phosphate

(NADP)-dependent GDH. The product, ethyl-4-chloro 3-hydroxybutyrate thus pro-

duced is then transformed to corresponding ethyl 4-cyano 3-hydroxybutyrate by

reacting with HCN in the presence of the enzyme HHDH (cyanation reaction) [96]

(Fig. 16.6). The wild-typeHHDH enzyme which is less efficient for the above reaction

was later bioengineered to create a new variant which is�2500-fold more potent than

the natural enzyme. The use of this enzyme improved the yield and reduced the

amount of waste produced by significant levels (E-factor reduced by � three fold)

thereby making the reaction more environment friendly. The adoption of enzymes

eliminated a number of unit operations from the earlier processes. In addition, it also

abolished the fractional distillation step for the product, reduced by-products as well

as the amount of solvents used, avoided the formation of hydrogen gas, and the use of

purification instruments. This unique achievement earned a green chemistry award for

Codexis Inc. in 2006 from the US EPA [97].
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In 2004, Liu et al. successfully synthesized atorvastatin by adopting green chem-

istry mediated by a bioengineered enzyme DERA (deoxy ribose 5-phosphate aldolase)

with Ser238Asp mutation [98]. This enzyme allowed a clean and green synthesis of

tert-butyl [(4R, 6R)-6-aminoethyl-2,2-dimethyl-1,3-dioxn-4-yl] acetate, a key chiral

intermediate for manufacture of atorvastatin. Overall this enzyme catalyzes the

sequential aldol condensation reaction between an amino aldehyde (1 equiv) and acet-

aldehyde (2 equivalents) to form a lactol with high enantiomeric excess (98%) and

yield (97%). This was then converted to the side chain of atorvastatin upon oxidation,

protection, and esterification. This new chemoenzymatic route has been found to be

much shorter and efficient compared to the previous syntheses due to high catalytic

efficiency and enantioselectivity of mutant enzyme [98, 99].

16.6.2 Green process for rosuvastatin

One of the most exciting achievement in green chemistry is the discovery by Wong

and coworkers who first reported that the key chiral side chains of statins can be syn-

thesized in pure enantiomeric form in a single step by using the enzyme DERA men-

tioned above [100, 101]. This avoids the typical multiple chemical steps that require

protection and deprotection steps. DERA was produced and purified via recombinant

technology using the expression system of E. coli strain DH5α [102]. The side-chain
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intermediate for rosuvastatin (brand name Crestor®) was successfully prepared by

using in vitro the recombinant DERA enzyme. The detail steps highlighting the appli-

cation of DERA in stereospecific synthesis of side chain of rosuvastatin were depicted

in Fig. 16.7 (reviewed in Ref. [103]). This enzyme catalyzes the formation of carbon-

carbon bond under mild condition generating two chiral centers in a highly

enantioselective manner. Research revealed that suitable mutation in DERA can gen-

erate variant that can be as much as 10-fold more enzymatically active than the wild

type [104]. Significant improvement in efficiency in terms of cost, reaction kinetics,

green chemistry, and environment safety have been accomplished with variant DERA

enzyme. This allowed large-scale production and commercialization of rosuvastatin

in green friendly manner. Since both rasuvastatin and fluvastatin contain same type of

side chain, the above green chemistry-based synthesis of chiral side chain may also be

adopted for fluvastatin synthesis.

Earlier Metzner et al. reported the synthesis of chiral side chain of rosuvastatin

via seven steps using two biocatalysts without isolating any of the intermediates.

The two biocatalysts used in this process were α-chymotrypsin and cephalosporin
C-acetyl esterase. Here, α-chymotrypsin causes desymmetrization of racemic

3-acetyloxy diethyl pimelate leading to enantiomeric pure 3-β-acetyloxy diethyl

pimelate. Cephalosporin C-acetyl esterase then acts as a deacetylase to selectively
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remove the acetyl group (Fig. 16.8). This led to the formation of optically active

(R) diethyl ester of β 3-hydroxy pimelic acid—the key chiral side-chain intermediate

for rosuvastatin [105]. This alternative method of rosuvastatin synthesis can be con-

sidered as partly green to environment because of the adoption of environment-

friendly biocatalysts in two important reaction steps and elimination of purification

processes for the intermediate products. These help to minimize the use of toxic

organic solvents, production of wastes and by-products, thereby making the chem-

istry more environment friendly.

16.6.3 Partial green process for pravastatin

In the recent years, efforts were made to transform classical fermentation method for

pravastatin synthesis into a much greener, environmental friendly, rapid, and cost-

effective process. In this regard, partial success has been achieved when a new cyto-

chrome P450 (CYP) from Amycolatopsis orientalis (CYP105AS1) was developed and
later optimized via mutation. This CYP variant has been found to be efficient for

catalytic conversion of compactin into pravastatin via enantiomeric hydroxylation.

Subsequently, this new cytochrome mutant form, termed as P450Prava has been

confirmed to be a perfect compactin hydroxylase which allows development of

single-step fermentative production process for pravastatin. This new strain now

replaces the classical two steps fermentation protocol for pravastatin [106].
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16.7 Green chemistry in statin analysis

The detection and quantitative analysis of statin drugs in biological samples like

serum were usually conducted by reverse-phase high-performance layer chromatog-

raphy (RP-HPLC) analysis which utilizes environmentally toxic organic solvent such

as acetonitrile. A large volume of this solvent and its mixture is dumped in the envi-

ronment as waste. In 2015, Assassi et al. developed a much greener analytical tool by

developing octadecyl grafted silica gel as the solid matrix for the column. This

allowed the use of larger particle size (�2 μm) in the column, higher flow rate min-

imizing the solvent use and environmentally safer ethanol as the organic solvent

substituting acetonitrile [107]. Thus, a rapid green analytical HPLC technique was

developed for analyses of pravastatin, lovastatin, and atorvastatin. For this, the best

HPLC condition consisted of using a flow rate of 1 mL/min with solvent ethanol/

formic acid (pH 2.5, 25 mM) (50:50, v/v) and a steady temperature of 40°C [107].

16.8 Future direction of green chemistry for statins

It is highly satisfying to note that green chemistry technology has now become an

important part and parcel of drug manufacturing process. Thus, there is an increased

awareness especially within the industrial and pharmaceutical communities about the

enormous benefit of green chemistry in drug manufacture. The present review is able

to demonstrate this aspect using the case of statin drugs. Among the six most com-

monly used statin drugs, at least four have been successfully manufactured either

completely or in part by safer and cleaner green chemistry. This has saved the envi-

ronment from pollution and health hazard by a significant extent. Efforts are ongoing

for synthesis of other statin drugs using green technology. Clearly in this journey,

properly designed and bioengineered catalysts based on studies involving molecular

modeling and structure activity relationships, play a huge contributory role. This is

due to the fact that most crucial aspect of statin synthesis is the production of key chi-

ral side chain in a highly stereospecific and enantioselective manner and its subse-

quent coupling to the appropriate ring system. This reaction has been accomplished

by the action of enzyme in toxic-free medium under the conditions of green technol-

ogy in a highly efficient and cost-effective manner [108–111]. It is now well

established that the practice and embodiment of green science in industry and in other

aspects of life is a key factor for future human survival as rightly envisioned almost a

decade ago by Nobel Laureate Professor and Scientist Ryoji Noyori [112].

16.9 Summary

Thus far there have been significant accomplishment and progress made on the appli-

cation of green chemistry in statin industry in terms of manufacture, detection, and

analysis. This is a great first step by the pharmaceutical sectors in the battle to make

our environment safe, clean, and less health hazardous. This advancement was
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possible by dedicated scientists, protein chemists, enzymologists, system biologists,

and bioengineers through their designs of new biocatalysts and energy-efficient var-

iants with extremely high potency of catalytic activity with regio and stereoselectivity

that require no or less organic solvents or toxic chemicals [113]. Besides they allow

the use of ambient temperature for the reaction that generates less or no toxic products

or organic wastes. In addition, it requires no protection and deportation steps of chem-

istry. Such enzyme-based processes minimize pollution and are more economical. It is

reassuring to note that the pharmaceutical companies are becoming increasingly

energy and environmental conscious and have realized the need for adoption of green

methods in their manufacturing practice. They have already seen the economic ben-

efits of green energy and are willing to invest a part of their budget in research and

development section focusing on new green technology for synthesis of drugs like sta-

tins. Finally, this review showed the power and efficacy of biocatalysts and their

engineered variants in green chemistry process over the normal regular chemistry.
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17.1 Introduction

Drug delivery is the method or process of administering a pharmaceutical compound to

achieve a therapeutic effect in humans or animals. It may involve scientific site targeting

within the body, or it might involve facilitating systemic pharmacokinetics. It is typi-

cally concerned with both quantity and duration of drug presence. Drug delivery is often

approached via a drug’s chemical formulation, but it may also involve medical devices

or drug-device combination products. The development of a new drug molecule is

expensive and time consuming. Improving safety efficacy ratio of conventional drugs

has been attempted using different methods such as individualizing drug therapy, dose

titration, and therapeutic drug monitoring. Delivering drugs at a controlled rate, slow

delivery, targeted delivery are other very attractive methods and have been pursued vig-

orously. Developments with other compounds have produced a plethora of new devices,

concepts, and techniques that have together been termed controlled-release technology

(CRT). A drug delivery system that is capable of achieving a prolonged therapeutic

effect by slow release of the therapeutic substance over an extended duration (days

or months) after administration of a single dose is termed as a sustained-release delivery

system. Conventional drug administration methods, while widely utilized, have many

problems that may be potentially overcome by this method. There are several advan-

tages of sustained release dosage forms which include:

i. lesser frequency of administration

ii. reduced side effects

iii. stable drug absorption levels in blood and plasma

iv. better patient compliance [1].

This advancement may appear attractive relative to the costs of new drug develop-

ment. Within the past few decades, nanotechnology, in particular, manufacturing

of nanoparticles has found unprecedented attention in broad areas of science [2].

The smart use of nanoparticles has revolutionized how drugs are formulated and deliv-

ered. Nanotechnology is a multidisciplinary scientific field applying engineering and

manufacturing principles at the molecular level [3]. Nanoparticles are solid, colloidal

particles with a size range from 10 to <1000 nm; however, for nanomedical applica-

tions, the preferential size is<200 nm [4]. The major goals in designing nanoparticles
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as a delivery system are to control particle size, surface properties, and release of phar-

macologically active agents in order to achieve the site-specific action of the drug at

the therapeutically optimal rate and dose regimen. It is notable that the efficiency of

most drug delivery systems is directly related to particle size (excluding intravenous

and solution). Due to their small size and large surface area, drug nanoparticles show

increase solubility and thus enhanced bioavailability, additional ability to cross the

blood-brain barrier (BBB), enter the pulmonary system, and be absorbed through

the tight junctions of endothelial cells of the skin [5].

17.2 Problems of conventional drug delivery

An ideal dosage regimen in the drug therapy of any disease is one which immediately

attains the desired therapeutic concentration of drug in plasma and maintains its con-

stant for the entire duration of treatment. This is possible through the administration of

conventional dosage forms in a particular dose and at a particular frequency. The fre-

quency of administration or dose interval of any drugs depends on its half-life or mean

residence time and its therapeutic index. In most cases, dosing interval is much shorter

than the half-life of the drug, resulting in number of limitations associated with such a

conventional dosage form which are:

i. Poor patient compliance; increased chances of missing the dose of a drug with short

half-life for which frequent administration is necessary.

ii. A typical peak valley plasma concentration-time profile is obtained which makes attain-

ment of steady-state condition difficult.

iii. The unavoidable fluctuation in the concentration may lead to under medication or over

medication. The fluctuating drug level may lead to precipitation of adverse effect especially

of a drug with a small therapeutic index whenever over medication occurs.

To overcome the above discussed limitations of conventional dosage forms,

nanoparticles-based drugs have been developed. The major focus of the research and

developmentofnanoparticles is toexploit theirenhancedcellularpenetration.Thesecond

reason for using nanoparticles is to increase blood circulation lifetimes, which facilitates

passive targeting of tissue. The other use of nanoparticles is to improve the solubility of

highly hydrophobic drugs such as paclitaxel while retaining the injectability of the for-

mulation. Sustained delivery is warranted for many chronic conditions to achieve better

patient complianceand safety.Currently, sustained release is achievedwith somesuccess

by using nanospheres injected intramuscularly or subcutaneously [6].

17.3 Why sustainable drug delivery is important?

The basic rationale for sustained/controlled drug delivery system is to alter the phar-

macokinetics and pharmacodynamics of pharmacologically active moieties by using

novel drug delivery system or by modifying the molecular structure and or physiolog-

ical parameter inherent in a selected route of administration.

i. reduction in fluctuation of drug blood levels about the mean

ii. reduce the dosage frequency
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iii. to improve patients compliance

iv. to ensure safety and improve efficacy of drugs

v. more consistent and prolonged therapeutic effect

vi. decreased incidence and intensity of adverse effects and toxicity

vii. better drug utilization

viii. a greater selectivity of pharmacological activity

ix. delivery of drug at site at predicted time

17.4 Why nanomaterials are promising as nanodrug?

There is increasing optimism that nanotechnology, as applied tomedicine, will bring sig-

nificant advances in the diagnosis and treatment of disease. Anticipated applications in

medicine include drug delivery, both in vitro and in vivo diagnostics, nutraceuticals, and
production of improved biocompatible materials [7–9]. The reason why these

nanoparticles (NPs) are attractive for medical purposes is based on their important and

unique features, such as their surface to mass ratio that is much larger than that of other

particles, their quantumproperties, and their ability to adsorb and carry other compounds.

NPs have a relatively large (functional) surface which is able to bind, adsorb, and carry

other compounds such as drugs, probes, and proteins. However,many challengesmust be

overcome if the application of nanotechnology is to realize the anticipated improved

understanding of the pathophysiological basis of disease, bring more sophisticated diag-

nostic opportunities, and yield improved therapies. Although the definition identifies

nanoparticles as having dimensions below 0.1 μm or 100 nm, especially in the area of

drug delivery relatively large (size> 100 nm) nanoparticles may be needed for loading

a sufficient amount of drug onto the particles. In addition, for drug delivery not only

engineered particles may be used as carrier, but also the drug itself may be formulated

at a nanoscale, and then function as its own “carrier” [10, 11]. One of the strategic advan-

tages of NPs for drug delivery is their versatile modification possibilities, acting as plat-

forms for the assembly of well-defined multifunctional structures. These structures once

prepared still retain efficient solubility and colloidal properties for use in complex envi-

ronments (e.g., blood, tissues, etc.). Slight variations in composition, surface coating, and

ligand choice can lead to a wealth of possibilities for drug delivery in biological systems

The primary interest to use nanoparticles is both drug and drug delivery agent including:

i. more specific drug targeting and delivery,

ii. reduction in toxicity while maintaining therapeutic effects,

iii. greater safety and biocompatibility, and

iv. faster development of new safe medicines.

17.5 Different nanoparticles as nanodrug and advantages

17.5.1 Liposomal nanocarriers

A number of nanoparticles have been evaluated over the years to improve loading and

sustained delivery of drugs, including liposomal nanoparticles, polymer nano-

particles, and nanosuspensions. Among the nanoparticles studied, liposomes have
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been themost successful drug delivery carriers [12]. Liposomes nanoparticles are used

for the rational delivery of chemotherapeutic drugs in the treatment of cancer. Their

use offers improved pharmacokinetic properties, sustained release of drugs, and lower

systemic toxicity. The commercial availability of liposomal nano-formulations (Doxil

and Abraxane) has focused attention on this field [13]. Recent advances in liposome

technology also offer better treatment of multidrug-resistant cancers and lower

cardiotoxicity. The liposome bilayer can be composed of either synthetic or natural

phospholipids. Drug loading into liposomes can be achieved through

i. liposome formation in an aqueous solution saturated with soluble drug;

ii. the use of organic solvents and solvent exchange mechanisms;

iii. the use of lipophilic drugs; and

iv. pH gradient methods.

Liposomes generally reach their site of action by extravasation into the interstitial

space from the bloodstream. Liposomes can target specific tissues through both active

and passive targeting strategies. One of the most interesting developments in this field

is the potential of liposomes to combat the increasing problem of multidrug resistance

(MDR) acquired by cancers, which drastically reduces chemotherapeutic efficacy.

Proposed mechanisms underlying MDR at the cellular level include:

i. increased metabolism of drugs due to increased enzyme expression, especially of glutathi-

one S-transferase,
ii. drug transporters and efflux proteins, and

iii. point mutations in proteins that are therapeutic or drug targets.

17.5.2 Polymer-based NPs in drug delivery

Polymer-based NPs have been extensively investigated as drug nanocarriers. Their

designs are very similar, with a polymeric backbone—usually formed from a biode-

gradable monomer based on a simple organic molecule that is biocompatible—and

functional moieties for active targeting intercalated into the structure. Drug loading

is achieved either by (i) entrapment of an aqueous drug phase using the polymer to

form nanoscale structures such as cages and capsules or (ii) chemical linking of

the drug molecules to the polymer backbone by means of a simple ester or amide bond

that can be hydrolyzed in vivo. More complex polymeric NPs use polar groups to cre-

ate hydrophobic and hydrophilic regions enabling the drug to adsorb onto the NP and

facilitate delivery to the target site [14, 15].

The most widely researched synthetic polymers include polylactide (PLA), poly

(D,L-lactide-co-glycolide) (PLGA), and PEG. All three polymers are hydrolyzed in
vivo and are biodegradable. Other polymers based on biological polysaccharides have

been extensively investigated, including chitosan, cyclodextrin, and dextrans. Differ-

ent polymers can be combined to form copolymers. PLA-block-PEG copolymers har-

ness the properties of both polymers, especially the antiopsonization of PEG. Ligands

can be attached to the NP to facilitate active targeting. Ligands can be intercalated into

the structure either by direct covalent linkage to the polymeric backbone or through

the use of biologically inert spacer groups [14, 15].
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17.5.3 Albumin NPs in drug delivery

Albumin, a plasma protein with a molecular weight of 66 kDa, has been extensively

investigated as a drug carrier, with promising results. It is soluble in both water and

ethanol, two viable solvents for intravenous administration. Because albumin is found

in the circulating plasma of the human body at concentrations of 50 g L�1 of serum, it

is nontoxic and well tolerated by the immune system. Albumin has favorable pharma-

cokinetics owing to its long half-life in circulating plasma, which makes it particularly

attractive as a drug carrier for passive targeting. Albumin can be derived from human

plasma and blood products. Alternatively, recombinant human serum albumin can be

produced in genetically engineered yeast cells. Albumin NPs are prepared by deso-

lvation or coacervation. Abraxane1, also known as nab-paclitaxel, is the first drug

based on an albumin NP approved for human use by the US Food and Drug Admin-

istration. The chemotherapy drug paclitaxel is bound to 130-nm human albumin NPs.

Abraxane1 has advantages over free paclitaxel in terms of its longer circulation half-

life and lack of the hypersensitivity-inducing Cremophor EL1 solvent. Clinical trials

have confirmed the efficacy of Abraxane1 in the treatment of metastatic breast cancer,

for which it is routinely used. In addition, Abraxane1 is currently being investigated

with other taxanes in the treatment of hormone-refractory prostate cancer. Albumin

is transported across the endothelium into the extravascular space by transcytosis via

caveolae, initiated by the albumin receptor gp60. Tumor tissues have a high metabolic

demand and actively transport plasma proteins into their cells for anabolic processes. It

has been proposed that thismechanismwould explain whyAbraxane1 targets and pref-

erentially accumulates in cancer tissues in vivo via the excessive vascular network asso-
ciated with cancers. There is also speculation that Abraxane1 is transported into tumor

cells by secreted protein acidic rich in cysteine (SPARC) or osteonectin [16–20].

17.5.4 Magnetic nanoparticles in drug delivery

Due to their unique physical properties and ability to function at the cellular and

molecular level of biological interactions, magnetic nanoparticles (MNPs) have been

actively investigated as the next generation of targeted drug delivery. The greatest

therapeutic potential is probably associated with applications involving

“intelligent” particles with a magnetic core (to direct the particles to the vicinity of

the target and also for hyperthermia or for temperature-enhanced release of the drug),

a recognition layer (to which suitable receptors are attached), and a therapeutic load

(adsorbed inside the pores or hosted within internal cavities of the particles). Cancer

treatment is that most are nonspecific. Therapeutic (generally cytotoxic) drugs are

administered intravenously leading to general systemic distribution. The nonspecific

nature of this technique results in the well-known side effects of chemotherapy as the

cytotoxic drug attacks normal, healthy cells in addition to its primary target, tumor

cells [21, 22]. To overcome this great disadvantage MNP can be used. Nanoparticles

can be used to treat tumors in three different ways:

i. specific antibodies can be conjugated to the MNPs to selectively bind to related receptors

and inhibit tumor growth;
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ii. targeted MNPs can be used for hyperthermia for tumor therapy; and

iii. drugs can be loaded onto the MNPs for targeted therapy [23–25].

The targeted delivery of antitumor agents adsorbed on the surface of MNPs is a prom-

ising alternative to conventional chemotherapy. The particles, loaded with the drug,

are concentrated at the target site with the aid of an external magnet. The drugs are

then released in the desired area.

17.5.5 Silicon dioxide in drug delivery

Common silicon dioxides (MSNs) includingMCM-41, SBA-15, etc. exhibited a range

of pore sizes (2–10 nm) are very promising in drug delivery. The advantages of MSNs

are the following:

i. a large surface area and pore volume provides great potential for drug adsorption and load-

ing within the pore channels,

ii. excellent mesoporous structure and an adjustable pore size enable better control of drug

loading and release kinetics,

iii. an easily modified surface for controlled and targeted drug delivery enhances the drug ther-

apeutic efficacy and reduces toxicity,

iv. the in vivo biosafety evaluations of cytotoxicity, biodegradation, biodistribution, and excre-
tion, have yielded satisfactory results,

v. combinations with magnetic and luminescent compounds allow simultaneous drug delivery

and bioimaging, and

vi. those with excellent surface properties and porosity have proved to be attractive candidates

as bioactive materials for bone regeneration.

Many hydrophobic drugs have limited applications due to poor water solubility that

results in poor absorption in the gastrointestinal tract after oral dosing. Mesoporous

silica improves the dissolution rate and bioavailability of hydrophobic drugs after oral

administration. Drug loading methods based on MSNs mainly involve physical

adsorption and solvent evaporation. MSNs soak in a drug-containing solution until

equilibrium is reached, and most drugs penetrate deeply into the pore channels of

the carrier. MSNs have unique features compared with other types of carriers. The

large surface area and high pore volume enable the encapsulation of drugs with a high

payload. The mesoporous channels keep drugs in the amorphous or noncrystalline

state within the pores, which facilitates drug dissolution. Additionally, the marked

chemical stability and inert behavior allow for better control of drug loading and

release [26–28].

17.5.6 Zinc oxide in drug delivery

ZnO is a conventional wide band-gap semiconductor that has been highly explored in

multiple areas of science. One of the primary advantages for considering ZnO

nanoparticles for use in cancer is the inherent preferential cytotoxicity against cancer

cells in vitro. It is anticipated that their cancer cell selectivity may be even further

improved by engineering design to minimize harmful effects to normal body cells,
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which has been observed to occur at very high concentrations of ZnO nanoparticles,

particularly those in the smaller size range of 4–20 nm. In this regard, the surface

chemistry of ZnO nanoparticles readily lends them to functionalization with targeting

proteins or chemical groups andmay be a key to rendering them benign to normal cells

while still retaining their cancer targeting and killing properties. Several studies have

suggested an increase in in vitro cytotoxicity with nanophase ZnO compared to

micron-sized ZnO for several types of cancers including glioma, breast, bone, colon,

and leukemias and lymphomas [29–31]. In most of these studies, however, a system-

atic review of cancer cell cytotoxicity compared to relevant nonimmortalized cell

types was not performed. Perhaps the most compelling evidence of ZnO preferential

toxicity comes from controlled studies comparing nanoparticle susceptibility of can-

cerous cells to primary nonimmortalized cells of identical lineage. These studies

showed that cancerous cells of lymphocytic lineage were �28–35 times more suscep-

tible to ZnO nanoparticles induced cytotoxicity compared to their normal counterparts.

This high degree of selective cancer cell killing exceeds the ex vivo therapeutic indices

of �10 reported for commonly used chemotherapeutic drugs such as doxorubicin and

carboplatin against a variety of leukemias, lymphomas, and solid tumors using similar

biological assays. The preferential cytotoxicity was found to be dependent on the pro-

liferation status of cells, with rapidly dividing cells being the most susceptible. Based

on a growing body of evidence, ROS production is proposed as a key cytotoxic mech-

anism of ZnO nanoparticles leading to cell death via an apoptotic mechanism.

Recently, the use of ZnO quantum dots loaded with doxorubicin has proved to be

an effective drug carrier characterized by an initial rapid drug release followed by a

controlled release in vitro. In this study, ZnO nanoparticles were encapsulated with

chitosan to enhance the nano-material stability due to its hydrophilicity and cationic

charge characteristics [32]. Although ZnO nanomaterials have only recently been

investigated for using drug delivery system, the feasibility of this approach has been

demonstrated in related metal oxide systems.

17.5.7 Selenium in drug delivery

Selenium, an essential micronutrient obtained from dietary sources, is reported to have

chemopreventative and therapeutic properties. Colloidal selenium has been developed

for use as conventional cancer drug carriers. Studies indicate that selenium could

reduce systemic toxicities associated with conventional chemotherapeutic drugs while

working synergistically to improve efficacy. Low toxicity, high bioavailability, and

biocompatibility are just some of the properties that make selenium an attractive drug

carrier. Bioactivity coupled with a reported higher selectivity to cancer cells promises

a targeted delivery with reduced chemotherapy side effects.

The drug can be physically dispersed or chemically bound to the colloidal

system. The strategic use of drug-containing selenium nanocapsules, formed when

a layer of polymer acting as a reservoir surrounds the nanoparticle, can incorporate

drugs at a higher concentration than their intrinsic solubility while conferring protec-

tion from degradation and systemic toxicities. More recently, selenium-containing

polymers have emerged as potential drug delivery systems for controlled release.
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Stimulus responsive selenium polymers make ideal cancer drug delivery vehicles with

various stimuli such as temperature, pH, light, and redox state, being able to trigger the

breakdown of these polymers leading to a collapse in the structure of the polymer and

release of therapeutic agent. A weak SedSe bond (172 kJ mol�1), compared with

SdS (240 kJ mol�1), CdC (346 kJ mol�1), and CdSe (244 kJ mol�1) bonds,

coupled with its atomic radius (120 pm) and electronegativity, makes it favorable

as a drug release agent, and readily cleavable in an oxidative environment [33–36].

17.5.8 Dendrimers in drug delivery

Dendrimers are three-dimensional, immensely branched, well-organized nanoscopic

macromolecules (typically 5000–500,000 g mol�1), possess a low polydispersity

index and have displayed an essential role in the emerging field of nanomedicine.

Dendrimers have received considerable attention in biological applications due to

their high-water solubility, biocompatibility, polyvalency, and precise molecular

weight [37–39]. These features make them an ideal carrier for drug delivery and

targeting applications. For investigating dendrimers as drug delivery vehicles, their

biopermeability across the biological membranes should be considered. The perme-

ability of the cationic PAMAM-NH2 (G0–G4) dendrimers has been evaluated across

Caco-2 cell monolayers as a function of dendrimer generation, concentration, and

incubation time, for oral drug delivery. Various parameters, viz., transepithelial elec-

trical resistance, 14C-mannitol permeability, and leakage of lactate dehydrogenase

enzyme were studied and it was suggested that these amine-terminated PAMAM den-

drimers could cross the biological membranes possibly by paracellular and endocy-

tosis pathways. Moreover, by optimizing the size and surface charge, these

dendritic platforms can be developed into oral delivery systems [40–43].

17.5.9 Carbon nanotube in drug delivery

The requirement of new drug delivery systems is to improve the pharmacological pro-

files by decreasing the toxicological effects of the delivered drugs. Carbon nanotubes

(CNTs) have been envisaged as one of the potential cargos for the cancer therapy.

CNTs belong to the fullerene family of carbon allotropes with cylindrical shape.

The unique physicochemical properties [3, 44] of CNTs include easy surface modi-

fications that have led to a surge in the number of publications in this interesting field.

Apart from their uses in cellular imaging with diagnostic effects in nanomedicine,

CNTs are promising drug carriers in the target drug delivery systems for cancer ther-

apies [45–47].

17.5.10 Graphene oxide in drug delivery

Several drug delivery systems based on graphene and graphene oxide (GO) which are

responsive to environmental stimulations have been recently reported [48, 49]. When

the drugs are attached onto the drug carriers such as GO via pH-sensitive linkers, it is

possible to control the release of the drug by manipulating the pH value of
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environments. Using a DOX-GO system, this simple method can be effective to avoid

undesired drug release during the drug transportation in blood circulation and to

improve the effective release of the antitumor drugs in the tumor tissue or within

tumor cells. However, a number of other and more complex pH-sensitive drug carriers

have been designed using graphene derivatives. A phospholipid monolayer membrane

functionalized graphene has been prepared which presents pH-controlled drug release

behavior with a high drug loading capacity of 70% [50–52].

17.6 Stimuli-responsive drug delivery by nanoparticles:
A new dimension in drug delivery

17.6.1 pH-induced drug release

The use of different pH environments in vivo has been a promising avenue for

NP-based drug delivery. pH-sensitive polymers are readily available, which is espe-

cially important for encapsulation-based NP drug delivery vectors. The controlled

triggered release is governed by the difference in physiological (pH 7.4) from that

of endosomes and lysosomes (pH 5–6). Furthermore, tumor tissues are known to have

a lower pH than regular tissues, which is especially helpful for cancer-specific drug

delivery [53–55].

17.6.2 Temperature-induced drug delivery

The use of temperature-sensitive nanocomposites has been heavily explored for con-

trolled drug delivery. Three distinctive areas of thermoresponsive drug delivery

schemes have been reported: (a) diffusion from temperature-sensitive hydrogels,

(b) induced breakage of encapsulate drugs, and (c) thermal-induced release from

NP platforms. The roles of inorganic NPs, and more specifically metal and magnetic

NPs, are to provide both a means of thermal excitation through external stimuli and a

scaffold to build upon. Here, we review each of the three methodologies through a

survey of the literature. Thermally induced drug delivery based on polymer-NP com-

posites is popular, and there are many different polymers available for optimization.

Changes to water-polymer interactions (i.e., hydrophilic or hydrophobic interactions)

through heating allow the encapsulated drug to diffuse out of the matrix and into the

target. Once thermally stimulated, the nanocomposite can release drugs by either

swelling (positive mechanism based on the upper critical solution temperature UCST)

or shrinkage (negative mechanism based on the lowest critical solution temperature

LCST) of the polymer coating [56, 57].

17.6.3 Ultrasound-triggered drug delivery

Ultrasounds represent an effective method for attaining spatiotemporal control of drug

release at the desired site, thus preventing harmful side effects to healthy tissues. The

use of ultrasounds is also appealing because of their noninvasiveness, the absence of
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ionizing radiations, and the facile regulation of tissue penetration depth by tuning fre-

quency, duty cycles, and time of exposure. Ultrasound waves can trigger the release of

the drug from a variety of nanocarriers through the thermal and/or mechanical effects

generated by cavitation phenomena or radiation forces. Indeed, it has been shown that

physical forces associated with cavitation can induce nanocarrier destabilization, drug

release, and transient increase in vessel permeability, leading to the cellular uptake of

therapeutic molecules [58–60].

17.7 Conclusion

Nanomedicine is one of the most rapidly growing fields of translational medicine and

has made marked impacts in terms of alleviation of toxicity and enhancement of effi-

cacy for therapies. The convergence of chemistry and nanomedicine may allow the

development of patient-individualized treatments (e.g., on-demand drug delivery

and self-regulated drug delivery) and provide new therapeutic modalities (e.g., new

therapeutic formulations and imaging modalities). Progress in this field will depend

on the fundamental understanding of organic and polymer chemistry, materials engi-

neering, biology, and clinical practice to allow for rational design and creation of new

smart chemistry. Incorporation of this chemistry will eventually impact the outcome

of developed therapies in many aspects, including efficacy, targeting, biodistribution

(pharmacokinetics), and NP penetration into diseased tissues. But improvement must

be needed in some areas. New design strategies for nanovectors as nanomedicines

should be developed in order to move these systems into the clinic for more effective

treatment. Novel techniques for the effective loading of active molecules and surface

activation (i.e., antibodies and functional groups) for active targeting are essential to

improve the therapeutic effectiveness. Biocompatibility and toxicity will remain

important issues when designing smart chemistry for medical application. The next

generation of intelligent nanomaterials for sustained drug delivery are being inten-

sively investigated and developed.
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18.1 Introduction

Till now malignancy happens to be among the most feared ailments affecting the

global human populace. In 2018, almost 15.2 million cases have been clinically rec-

ognized, and more than 8.8 million of these cancer patients died [1, 2]. Multiple fac-

tors have been linked with efficient cancer prognosis including the type of cancer,

genetic predisposition if any of the patient, family history, stage of prognosis, gender

and age, tumor microenvironment, available therapeutics, and response of the patient

to the therapy [2–4]. To orchestrate essential research in cancer biology and generate

viable treatment for cancer therapy, an assortment of techniques is utilized that incor-

porate examinations of clinical examples, in vitro cell culture models, and in vivo ani-
mal models. Although in vivo models may provide a suitable route toward

personalized medicine for patients with cancer, these models are low throughput, cost

intensive, and difficult to scale up [5–8]. Hydrogels on the other hand offer a much

better alternative in this scenario. A hydrogel is essentially a network of chemi-

cally/physically cross-connected polymer molecules that is filled with an aqueous

medium [9]. Hydrogels can be engineered with different biophysical properties, range

of compositions, and biological functions [10]. Along these lines, they have excep-

tionally encouraging applications both for facilitating cancer research and for antican-

cer drug screening. Protein-based biohydrogels, for example, collagen, matrigel, or

fibrin are normally utilized for three-dimensional (3D) malignant growth cell culture

attributable to their particular biophysical and cell-cement properties [11]. Matrigel is

perceived as a “brilliant standard” platform for multicellular cancer spheroids (MCS)

development in vitro. These 3D models using hydrogels empower the investigation of

a wide scope of factors that influence tumor development, metastasis, and tissue inva-

sion [11]. They give the ability of high-throughput anticancer drug screening that is

quite impossible with human clinical samples and in vivo animal models. The use of

formulations dependent on hydrogels as a delivery system of antiproliferative drugs in

case of malignancy has a few points of interest over other drug delivery networks and
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conventional treatments [12]. A biomechanical architect can accurately plan and syn-

thesize hydrogels with command over structures even at the molecular level, for

example, cross-connecting density and with custom-fitted properties, biodegradation,

the rate of biodegradation, pore size, mechanical quality, and biological response to

different stimuli, like pH, proteins, and temperature [12]. Another vital advantage of

the hydrogel is their low cost contrasted with the other polymeric formulations, for

example, microparticles, nanoparticles, and dendrimers. In this manner, the modifi-

able and exceedingly tunable properties of hydrogel settle on it as a strictly favored

decision in case of malignancy treatment. In the future, it is important to make addi-

tional changes, based on the concentration of antineoplastic drugs applied keeping in

focus the particular phase of malignant growth [13]. This review lists out the different

possibilities with which hydrogels can be made applicable to research in cancer biology

and medicine with a detailed focus on hydrogel-based drug delivery in cancer cells.

18.2 Basic concepts of hydrogels

Hydrogels, belong to a class of cross-linked polymeric materials, are good examples of a

continuous technological development due to its ability to harness chemical innovation

to meet environmental and economic goals simultaneously [14, 15]. The first appear-

ance of synthetic hydrogels dates back more than 50 years, when Wichterle et al.

(1955–60) prepared and inspected a hydrogel based on poly(2-hydroxyethyl methacry-

late) (PHEMA) for the applications in contact lens [16, Fig. 3]. As a kind of rapidly

developing materials, smart hydrogels developed from simply inert to complex

stimuli-responsive materials such as pH, temperature, light, magnetic field, ultrasound,

electric, redox, metal ions, etc. [17]. The research area for the hydrogels has expanded

enormously in the last few decades with focus on the preparation, characterization, and

applications of hydrogels [17–19]. Hydrogels are characterized as soft material having

good biocompatible properties and have been exploited in many fields such as agricul-

ture, catalysis, water purification, food additives, pharmaceuticals, cell culture, drug

delivery, and biomedical implants [20–22]. More than 30,000 papers (published in

the last 50 years, being c. 80% in the last decade) can be found by searching in the Jour-

nal of Citation Reports database under the topic “hydrogel.” This exhibits the signifi-

cance of such smart hydrogels in both academic and industrial points of view [23–26].
Hydrogels (Fig. 18.1) are 3D networks fabricated by hydrophilic polymers cross-

linked via covalent bonds or held together via physical interactions [27]. Hydrogels

can swell readily without dissolving by absorbing large quantity of water or biological

fluids, from 20% up to several thousand percent [28]. On the molecular level, water

molecules, present in the hydrogel, are either bind to polar hydrophilic groups such as

amino, carboxyl, amide, and hydroxyl groups as “bound water” and/or filling the open

space between the network chains, pores as “free water” and this is the reason for the

high hydrophilicity of the hydrogels [29]. Basically, hydrogels achieve equilibrium

swelling when a balance occurs between the osmotic driving forces, which support

the water or biological fluids to enter the hydrophilic network and the cohesive forces

applied by the polymer strands. These cohesive forces lead to resist the hydrogel

expansion and the magnitude of these forces depends mostly on the cross-linking
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density. However, higher the extent of cross-linking for a particular hydrogel, lower is

the degree of the gel hydration [30].

The hydrogels in their dry state with unhindered shrinkage forms are commonly

known as xerogels [31]. When some techniques are applied for drying, such as

freeze-drying or drying using solvent extraction, the resulting hydrogels become

extremely porous. These porous dried hydrogels are referred to aerogels [31].

18.3 Classifications of hydrogels

Sugar-derived hydrogels can be classified (Fig. 18.2) into different categories

depending on their sources, physical properties, configuration, nature of swelling,

method of preparation, ionic charges, sources, physical appearance, rate of biodegra-

dation, and observed nature of cross-linking [15, 29]. Depending on their sources of

starting materials; they can be classified into natural polymeric hydrogels, synthetic

polymeric hydrogels, and combinations of the two classes (hybrid) as shown in

Fig. 18.2 [29]. Hydrogels can be divided as “physical gel” and “chemical gel”

(Fig. 18.3). In “physical gel,” the polymeric networks are held together by physical

interactions, like ionic, H-bonding, or hydrophobic forces and they are thermo-

reversible and obtained when the solutions are cooled. While “chemical gel” consists

of covalently cross-linked networks which are thermally irreversible [32, 33].

18.3.1 Chemically cross-linked hydrogels

Chemically cross-linked hydrogels can be prepared through covalent interaction of

cross-linker with sugar backbone which produces irreversible hydrogel networks

[34, 35]. Sugar can be cross-linked with various cross-linkers by the reaction of their

functional groups like OH, COOH, and NH2 [36–38]. There are several procedures

reported in the literature by which chemically cross-linked hydrogels can be obtained

[39–41]. In the following section, some of the major procedure to obtain chemically

cross-linked sugar-based hydrogels is discussed.

(A) = Organic solvent = Water(B)

Fig. 18.1 Schematic representation of (A) organogel and (B) hydrogel.

Copyright taken from “Macroscopic Organohydrogel Hybrid from Rapid Adhesion between

Dynamic Covalent Hydrogel and Organogel.”
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Fig. 18.2 Classification of hydrogels based on the different properties.

Authors own art work.

Fig. 18.3 Types of hydrogel representation: (A) physically cross-linked network and

(B) chemically cross-linked network.

Authors own art work.
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18.3.1.1 Small-molecule cross-linking

These types of cross-linked hydrogels are prepared by using a polymeric unit and one

small cross-linker molecule in suitable reaction condition. Cross-linkers are the mol-

ecules containing one or more reactive functional groups and these active groups help

to form new bonds between polymeric chains [38]. Till now, the most commonly used

cross-linkers to achieve chitosan-based hydrogels are aldehydes, such as glutaralde-

hyde, glyoxal, formaldehyde, ethylene glycol di-glycidyl ether (EGDE), genipin, and

others [42, 43]. The amino groups of chitosan are mainly responsible to form Schiff

base linkage with the aldehyde groups [44, 45]. Sometimes, dialdehydes are more

advantageous as it reacts directly with chitosan in aqueous environment under mild

conditions without the addition of any auxiliary molecules to form cell compatible

hydrogels [46].

The disadvantage of dialdehydes (e.g., glutaraldehyde) as a cross-linker is their

cytotoxicity and even they show their toxicity at low doses. The polymerization of

glutaraldehyde can release its residues during storage or sterilization [47–50]. Glutar-
aldehyde is hazardous for human health as it is neurotoxic [50]. Consequently, the

presence of free unreacted dialdehydes in hydrogels may induce toxicity and the bio-

compatibility of the hydrogels gets affected [51, 52]. Therefore, researchers are trying

to discover nontoxic cross-linking agents for controlling drug release and pharmaceu-

tical applications [53, 54].

18.3.1.2 Photo-cross-linking

The photo-cross-linking is performed in the presence of ultraviolet (UV) light and a

chemical photo-initiator (PI) [55, 56]. Several natural and synthetic macromers some-

times need to be modified for hydrogels preparation by photoactivation techniques in

the presence of photo-initiators, for example, methacrylate or aryl azide-modified

macromers [57]. The degree of cross-linking reaction depends on the UV exposure

time [58]. With the increase in time of irradiation, photo-cross-linking of the hydrogel

increases and as a result mechanical property increases and swelling ratio decreases

[55, 59].

18.3.1.3 Polymer-polymer cross-linking or hybrid polymer
networks

The cross-linking reaction in hybrid polymer networks (HPN) takes place between

two monomeric units of two different polymeric chains [60]. Therefore, polymers

should be functionalized with reactive functional groups before gelation. In this pro-

cess, different types of covalent bonds can be obtained depending on the rate of cross-

linking, variation of the reactive functional groups, and biocompatibility of the

so-formed hydrogels network [60]. Michael type of addition reaction between a nucle-

ophile and a vinyl group is the most commonly used for in situ cross-linking [38]. The

HPN polymerization affords the formation of flexible bonds and eventually fast
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formation of hydrogel [61]. Another method of this type for rapid cross-linking is the

hydrazone-bond formation between an aldehyde and a hydrazide [62]. The main ben-

efits of HPN polymerization are the reduction of hazardous cross-linker and rapid one-

pot synthesis of hydrogels [63, 64]. The major disadvantages of this approach are the

necessity of substantial polymeric modification to form a linkage between the func-

tional group and a polymeric chain [38]. Moreover, the reactant polymers are seen to

be toxic in the living body though they are prepared from natural polymer. Wang et al.

synthesized hybrid hydrogel based on 2-hydroxypropyl methacrylamide copolymer

backbone cross-linked noncovalently by coiled protein [46].

18.3.1.4 Interpenetrating networks

An interpenetrating network (IPN) is a kind of hydrogel which includes two or more

polymeric units in the network in which the polymers are cross-linked with each other

[65, 66]. IPNs are treated as “alloys” of cross-linked polymers and these networks are

indivisible until the chemical bonds are broken [67, 68]. The polymers should have

following criteria for the preparation of IPN hydrogel. First, there should be one poly-

mer which can be synthesized and/or cross-linked with other. Second, the polymers

should have similar reaction rate. Lastly, there should not be any phase separation

between/among the polymers [69]. An IPN is advantageous over other type of poly-

mer due to its viscoelastic property and easy swelling behavior without dissolving in

any solvent [69]. There are two methods of IPNs: (i) by chemistry and (ii) by structure

[67, 70].

(i) Depending on the chemistry of preparation, IPN hydrogels can be divided into following

categories:

(a) Simultaneous IPN: In this case, both the networks are prepared simultaneously from

the precursors by independent, noninterfering routs that will not interfere with one

another.

(b) Sequential IPN: In this type of IPN, a network is made of a single-network hydrogel by

swelling into a solution comprising of the mixture of monomer, initiator, and activator,

with or without a cross-linker.

(ii) Depending on the structure, IPN hydrogels can be categorized into following types:

(a) Full IPNs: This kind of IPN is composed of two networks which are ideally juxtaposed,

with many entanglements and interactions between the networks.

(b) Homo-IPNs: These types of IPNs are belonging to a special category of full IPN, where
the two polymers used in the networks are the same.

(c) Semi- or pseudo-IPNs: Semi-IPNs is a way of blending of two polymers, where one is

cross-linked in the presence of other to produce a mixture of fine morphology, addi-

tional noncovalent interaction between two polymers can influence the surface mor-

phology and the thermal properties of the semi-IPN gel.

(d) Latex IPNs: These types of IPNs are resulted from emulsion polymerization. The mor-

phology of the latex IPN depends on the polymerization techniques of the IPN

components.

(e) Thermoplastic IPNs: These kinds of IPNs can be moldable, extruded, and recycled. At

least one component is generally a block copolymer.
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18.3.1.5 Enzymatic cross-linking

This is a modern technique to prepare hydrogel in situ using enzyme as catalyst for

the cross-linking between polymer chains via, for example, radical polymerization,

chemical reaction of complementary groups [71]. A number of enzymes including

copper-containing amine oxidases (CuAOs), transglutaminases (TG), peroxidases,

tyrosinase, phosphopantetheinyl transferase, lysyl oxidase, plasma amine oxidase,

and phosphatases are very well known [71–76]. Gelatin-chitosan-based gels have

been synthesized using both transglutaminases and tyrosinase enzyme and following

results were established; (i) for transglutaminase-catalyzed gel formation, chitosan

was not essential though gel formation becomes faster with high mechanical strength,

(ii) this gel lost thermo-reversibility, and (iii) TG-catalyzed gels were remarkably

stronger than tyrosinase-catalyzed gelatin-chitosan gels [77]. The enzymatic cross-

linking reaction has many advantages such as rapid gelation time, use of mild aqueous

reaction conditions (at neutral pH and moderate temperature), no side reactions due to

the substrate specificity of the enzyme, switchable physicochemical properties, and

low viscous nature of precursors solutions which enable their administration on the

tissue site [78]. However, external enzyme causes sudden biological changes and a

foreign body reaction when used in vivo and, therefore, it is very necessary to select

the appropriate enzyme [49].

18.3.2 Physically cross-linked (reversible hydrogels)

Physically cross-linked hydrogels have drawn special attention owing to the absence

of chemical cross-linker [79]. Generally, chemical cross-linking agents are toxic in

nature which can’t be easily separated from the prepared hydrogels before further

applications. The chemical cross-linking agents are able to change the nature of the

desired product [80]. The major drawbacks of physical gels are their low mechanical

strength, instability, and difficulty in controlling the pore size [81, 82]. Some of the

well-known methods for physical cross-linked chitosan-based hydrogel are described

below.

18.3.2.1 Cross-linking via hydrophobic interaction

Hydrophobic polymers can cross-link in water by reversible thermal gelation which is

known as “sol-gel” chemistry [83]. The hydrophobic part is attached with a hydro-

philic polymer segment by postpolymerization grafting or by direct synthesis of a

block copolymer to produce a polymer amphiphile. These amphiphiles are soluble

in water at low-temperature range [76]. However, with the increase in temperature,

hydrophobic domains fused to minimize the hydrophobic surface area contacting

the bulk water, minimizing the amount of structured water, and maximizing the sol-

vent entropy. The gelation temperature depends on the polymer concentration, the

length of the hydrophobic chain, and the chemical structure of the polymer [83].
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18.3.2.2 Cross-linking via ionic complexes

This type of ionic complexes can be formed by chitosan without any cross-linking

agent. The cationic amino groups of chitosan are typically present at low pH which

enables ionic cross-linking with negatively charged molecules [76, 84].

18.3.2.3 Cross-linking via polyelectrolyte complexes

Polyelectrolyte complexes (PECs) are developed by ionic interaction between the cat-

ionic and anionic polymeric mixtures with large molecular weight [85]. Ionic inter-

actions in PECs are stronger than H-bonding and van der Waals interactions and

there is no need of organic precursors, catalysts, or covalent cross-linkers for the prep-

aration of PECs [86]. This consequences in easy formation of PECs and, therefore,

minimize the issues of their biocompatibility [84].

18.4 Benefits of sugar-derived hydrogel for biological
applications

In the recent past, sugar-derived hydrogel has drawn special interest in both academic

and industrial fields [87, 88]. Sugar-derived hydrogel is extensively studied for several

application (Fig. 18.4) especially biological applications such as self-healing, sensing,

Water storage granules Drug delivery
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Fig. 18.4 Some important applications of sugar-derived hydrogels.

Authors own art work.
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3D cell culture, drug delivery, and tissue regeneration for a number of reasons

(Fig. 18.5) [87, 89–91]:

(i) They have inherent biocompatibility, biodegradability, and bioadhesive benefits and

inflammation, and can mimic natural biological processes.

(ii) They are derived from abundant natural resources, exist in several repeat units (i.e.,

monosaccharides, oligosaccharides, and polysaccharides), and possess functional groups

acquiescent to a several chemical modifications. Besides, biological molecules can be

covalently incorporated into hydrogel structures using a range of well-established

chemistries.

(iii) They offer appropriate semiwet, 3D environments for molecular-level biological

interactions.

(iv) The presence of sugar conjugation and modification also facilitate several desirable

properties, e.g., reduced cytotoxicity and immunogenicity, improving serum stability,

and depressing freezing point.

(v) They have enriched in hydrophilic functional groups, which allow them to interact with

biological tissues.

(vi) Such type of carriers has protracted residence time in certain tissues and, therefore, raises

the absorbance of loaded drugs.

(vii) Sugar functionalization can camouflage delivery systems, increasing circulation time in

the bloodstream, allows cellular entry, which is highly desirable for delivery

applications.

(viii) Polymeric delivery systems bearing pendant sugars with appropriate spatial arrange-

ments can induce remarkable binding affinity enhancement for proteins due to multiva-

lent interactions, known as cluster glycoside effects, which is one of the underlying

merits of sugars as active targeting ligands.

(ix) Such hydrogels are highly tunable and can be prepared into different formulations (e.g.,

micelles, nanoparticles, vesicles, liposome, etc.), presenting a versatile platform for bio-

active delivery.

(x) Some hydrogels afford inert surfaces that prevent nonspecific adsorption of proteins.
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Fig. 18.5 Some important properties of sugar-derived hydrogels.
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(xi) They have tunable mechanical properties as their elasticity can be tuned by modifying

cross-link densities.

(xii) Hydrogels can be designed to change properties (e.g., swelling/collapse or solution-to-gel

transitions) in response to various environmental stimuli, such as pH, temperature, ionic

strength, solvent polarity, electric/magnetic field, ultrasound, light, or small biomolecules.

18.5 Characteristic of stimuli-responsive sugar-derived
hydrogels

Hydrogel can be defined as a 3D polymeric network composed of a polar and hydro-

philic natural and/or synthetic polymer that is physically or chemically cross-linked

and can hold a huge amount of water within its network. If one element within the

hydrogel network can act as a receptor unit or is spectroscopically active, this gel

is named as stimuli-responsive or smart material [91]. The influence of external stim-

uli induces some changes in shape and size of the hydrogel network on a macroscopic

scale and/or it can change its optical, wettability, mechanical, and electrical

properties [92].

Stimuli-responsive delivery systems are designed to release bioactive materials at a

particular place in response to some physical, chemical, and biochemical parameters.

Generally, these stimuli can be divided into threemajor categories (Fig. 18.6) [23, 93, 94]:
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(i) Physical stimuli which contains temperature, ultrasound, pressure, electric field, magnetic

field, and light.

(ii) Chemical stimuli consist of pH, redox (oxidation-reduction), ionic strength, metal ions,

and gas.

(iii) Biochemical stimuli comprise glucose, enzyme, protein, DNA, etc.

During the change of some environmental stimuli, a modification in the hydrogel

occur which results in the release of bioactive materials. This response can arise

via some variations in chemical composition of the hydrogel [15] or certain variations

in the physical or conformational properties of the hydrogel [93, 95]. Some specific

examples are that changes in chemical composition may be promoted by conjugation

of the sugar to biomaterials, similar to a prodrug, by a stimuli-cleavable bond for local

release of the free drug upon stimuli exposure. These stimuli-responsive changes are

highly dependent on pH of the medium or enzymes [94]. Physical changes consist of

stimuli-triggered changes in the morphology, swelling properties, and polymer fold-

ing conformation of the hydrogel [23, 95].

Stimuli-responsive delivery systems can reduce the cytotoxicity associated with

systemic exposure by releasing the biomaterials at the targeted site. This method

decreases the amount of drug required during administration to elicit a therapeutic

effect, as the localized release mechanism causes a higher concentration at the desired

location. A large number of hydrogels display stimuli-triggered release; but the sugar-

based hydrogels have inherent ability to release the bioactive agents depending upon

external stimuli [96, 97]. Therefore, this chapter will focus on sugar-based hydrogel

systems, where stimuli-responsive properties are a direct result of the sugar compo-

nents. The stimuli-responsiveness is not a necessary condition to the sugar for delivery

systems that contains sugars as a core of the system [98]. Table 18.1 represents various

hydrogel and their stimuli-responsive nature.

Table 18.1 Various stimuli-responsive sugar-derived hydrogels.

Stimulus Name/abbreviation Response Ref.

pH DA-PEG/CMC pH-Induced sol-gel

transitions

[99]

Redox Methoxyl poly(ethylene glycol)

(mPEG) and poly(3-

benzyloxycarbonyl-L-lysine)

(PZLL)

α-Helix (thioether) to

random coil (sulfone)

conformational

transition

[100]

Protein Mannose-6-phosphate

glycopolypeptides (M6P-GPs)

Selectively target the

lysosome

[101]

Temperature Poly(N-isopropylacrylamide)-

cellulose nanocrystals

Volume phase transition

and release of drug

[102]

pH, temperature Carboxymethyl chitosan/

poly(N-isopropylacrylamide)

semi-IPN

Release of coenzyme A [103]

Table is authors original for this publication.
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18.5.1 Temperature-responsive hydrogels

Among numerous possible external and internal stimuli, temperature changes are easy

and safe for many applications, especially for biomedical applications. Temperature-

responsive hydrogels are defined by their capability to swell and shrink when the tem-

perature variations in the surrounding fluid, which means discontinuous volume

changes, are observed depending on the surrounding temperature [104]. Thermal-

responsive behavior of hydrogels is usually governed by the balance of hydrophilic

and hydrophobic moieties on the polymer chain [105].

Some of the temperature-sensitive hydrogels undergo sudden decrease in solubility

in response to the increase of environmental temperature called the lower critical solu-

tion temperature (LCST) [106]. This type of hydrogels will show a swelling behavior

when the temperature is lower than the LCST and shrink when the temperature rises

above the LCST. The LCST can be changed bymixing a small quantity of ionic copol-

ymer in the gels or by altering the solvent composition and, therefore, this is the most

important parameter for negative temperature-sensitive hydrogels. Generally, the

LCST of a hydrogel with more hydrophobic constituent moves to lower-temperature

region [105]. The LCST of a hydrogel will automatically alter if the ratio of hydro-

phobic to hydrophilic content of the structure of hydrogels is changed. These kinds of

hydrogels contain two parts; the first is the hydrophilic partdCONHd, and the sec-

ond is hydrophobic alkyl (dRd) part [105, 107]. At temperatures lower than the

LCST, water or fluid interacts with the hydrophilic part by forming hydrogen bonds

with the hydrogel and due to of these hydrogen bonds formation, the dissolution and

swelling will increase. Above LCST, the hydrogen bonding interaction becomes wea-

ker and at same time the hydrophobic interaction with the hydrophobic part will be

stronger. Thus, the absorbed liquid will go out through a de-swelling process and

the hydrogel will shrink owing to the interpolymer chain association [53]. The phase

separation is directed by the balance of hydrophilic and hydrophobic on the sugar moi-

eties and on the Gibbs free energy of mixing [105–107].
The effect of enthalpy (H), entropy (S), and temperature (T) on the Gibbs free

energy of association (G) can be defined by the second law of thermodynamics

[ΔG ¼ ΔH � TΔS]. As the temperature increases, TΔS also increases and consider-
ing that the enthalpy (ΔH) term is positive and often smaller than the entropy term

(ΔS). Therefore, with the increase in temperature ΔG becomes negative and favors

polymer chain association process. Besides, the temperature dependence also influ-

ences certain molecular interactions, for example, hydrophobic forces and, hydrogen

bonds which contribute to the phase separation. At LCST, hydrogen bonds among

sugar molecules and water molecules are unfavorable compared to sugar-sugar and

water-water interactions. Thus, a sudden transition in the 3D matrix happens:

water-solvated supramolecule rapidly dehydrates and changes to a more hydrophobic

structure [108, 109].

Positive temperature sugar-derived hydrogels are generally known as the upper

critical solution temperature (UCST) [107]. This type of hydrogels shrinks and

releases fluids or solvents from the hydrogel matrix at the temperature below UCST.
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At temperatures above UCST swelling of hydrogel occurs. From this, it can be sum-

marized that these types of hydrogels are regressive at negative temperatures region.

Positive temperature hydrogels contract at low temperatures owing to the formation of

a complex structure by forming hydrogen bonds. However, the structure dissociates at

a high temperature due to the breaking of the hydrogen bonds, and the maximum pos-

sible extent of swelling of the hydrogel will take place rapidly above the UCST

[29, 110].

18.5.2 pH-Responsive hydrogels

pH-Sensitive hydrogels are a class of biomaterials that responds to the pH of the envi-

ronment. In case of intracellular drug release, the pH of cellular microenvironment

related with uptake mechanisms is used (e.g., endocytosis) [111, 112]. During endo-

cytosis progresses, the pH of the endosome decreases from pH 5–6 in the early endo-

some to pH 4–5 when the endosome fuses with the lysosome [113]. Drug release prior

to lysosomal fusion is promising to avoid cargo degradation. Moreover, certain tissues

vary in pH compared to circulation; cancerous tumors have a slightly lower pH, that is,

more acidic extracellular pH (pH 6–7) than normal tissues [112, 113]. This variation is

mainly owing to the Warburg effect and increased glycolysis rate, which exports

acidic molecules to the extracellular environment [114, 115, Fig. 4C]. Alternatively,

the pathway taken by oral delivery systems involves a gradual increase in pH, culmi-

nating in the basic environment of the colon (pH 7.4–8.0). Therefore, the principle of
such type of hydrogel is a structure that either shrinks or swells in response to the pH of

the microenvironment [116]. pH-Responsive hydrogels contain acidic or basic groups

are bonded to the polymer backbone that may accept or release the proton with respect

to the change in the neighboring pH [117, 118] The acidic groups deprotonate at high

pH, however, the basic groups protonate at low pH. The association, dissociation, and

binding of various ions to polymer backbones result in swelling of the hydrogel in

aqueous environment [23].

18.5.3 Light-responsive hydrogels

Light-sensitive hydrogels are smart functional materials that have widely used in sev-

eral biotechnological applications such as photo-triggered targeted drug/gene delivery

systems, micro lenses, light-controlled enzymatic bioprocessing system, sensors, and

photo-controlled separation/recovery systems in biological microelectromechanical

system (bioMEMs) formats, etc. due to the activation process via light can be remote

and noninvasive [119–121]. These hydrogels are very promising to deliver the light in

a controlled manner with accuracy. Thus, the light-responsive hydrogel is applied for

fabrication of optical switches, display unit, and especially in optical drug delivery

system [120, 122].
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18.5.4 Electric current responsive hydrogels

Electric current responsive hydrogel are generally composed of polyelectrolyte com-

plex and shrinks or swells in response to an applied electric field [123, 124]. The

hydrogels with large number of the ionizable group on their backbone chain could

be sensitive toward both pH and electricity [123]. There are some reported literature

about the usage of electric current in vivo in the form, for instance, iontophoresis and

electroporation in the application of dermal and transdermal drug delivery [125, 126].

18.5.5 Sound responsive hydrogels

Though conventional gelation is usually attained by a heating-cooling process, the

application of ultrasound may induce gelation in some cases. The kinetics of gelation

triggered by sonication is commonly much rapid compared to that of the heating-

cooling process [127, 128]. Ultrasound-responsive hydrogel is promising to deliver

the drug in an “on-off switch” manner. For such type of system, sound acts as a per-

meation enhancer which assists the drug to cross the biological barrier [129].

18.5.6 Redox-responsive hydrogels

Redox (reduction-oxidation)-responsive hydrogels are valuable strategy for rapid and

effective drug release in tumor cells [19, 130]. For intracellular drug delivery, the high

redox potential gradient between the extracellular and intracellular surroundings, as

well as between tumorous and normal tissues favors drug release. The high reducing

potential in cells is mostly owing to the abundance of a tripeptide, glutathione (GSH)

[131]. Recently, reactive oxygen species (ROS) have attracted greater attention due to

their close connection with many diseases [132]. That is why much effort has been

given to the design and synthesis of redox-responsive sugar-derived hydrogel because

of their potential applications in gene and drug delivery, particularly in cancer therapy.

18.5.7 Solvent-responsive hydrogels

Solvent-responsive hydrogels are also a very important aspect on stimuli hydrogels.

Generally, the change in solvent from hydrophilic to hydrophobic (or the reverse) is a

simple technique to induce the shrinking or swelling of a 3D hydrogel network

[133, 134].

18.5.8 Glucose-responsive hydrogels

In the past few decades, there is growing impetus to the development of mimicking the

natural response of the pancreas in a diabetic patient via glucose-sensitive hydrogels

involves the appropriate delivery of insulin in response to the variation of glucose

level in the body [93, 135]. Such hydrogels can continuously and automatically release

insulin in response to the elevated level of blood glucose of diabetic patients with min-

imal patient intervention [136]. Among the numerous hydrogels, sugar-derived
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hydrogel-based delivery systems are superior to others owing to their high biocompat-

ibility and biodegradability. The strategy behind the controlled release of insulin from

the system to maintain its level in a diabetic patient includes an enzyme-substrate

reaction where glucose reacts with glucose oxidase forming gluconic acid, resulting

in a decrease in the pH of the environment [137, 138]. With the variation in pH, the

hydrogel shrinks or swells depending on the natures of that gel. Therefore, pores size

of the hydrogels changes and insulin is released from the system [138]. Two different

techniques have been employed for the synthesis of glucose-sensitive hydrogels [93,

138, 139] by (i) incorporation of phenylboronic acid (PBA) moieties into the hydrogel

backbone, which is recognized as an intelligent saccharide receptor owing to its

unique reversible six member cyclic boronic ester chelate complex forming ability

with cis-diols and (ii) insertion of pH-responsive or oxidation-sensitive units that

can recognize glucose indirectly; that is, glucose oxidase (GOD) converts glucose into

gluconic acid triggering a decrease in local pH, which in turn affects pH-responsive

units.

18.6 Hydrogels as in vitro cell culture models

To carry out certain exploratory investigations under physiological settings, different

3D in vitro culture models have been generated, with the sole point of reproducing the

physiology of cell-to-cell contact and the microenvironment encompassing cancer

cells. Additional advancements have also been made to reciprocate hypoxic-necrotic

regions within the tumor mass, thereby conceivably adding to the understanding of

tumor progression, metabolism, and metastasis [140]. They additionally give the

capacity for high-throughput drug screening that is unimaginable with clinical sam-

ples and in vivo animal models. Diverse sorts of scaffolds ranging from polymers

(froths and hydrogels) to nonwoven fiber ECM-determined materials have been

explored. Among these, natural or synthetic hydrogels offer a few distinct preferences,

for example, high water content, great bioactivity, biocompatibility, effective trans-

portation of nutrients and oxygen because of the reticulated structure of cross-

connected polymer chains [141]. In particular, hydrogels have been utilized every

now and again to test the microenvironment effect on cell function, as their mechan-

ical properties can be finely tuned so as to acquire dependability in reality [141].

Alginate has a decent possibility for the achievement of a 3D structure being stable

over a long time which is fundamental for the acknowledgment of an in vitromodel as

a platform for carrying out pharmacological tests [142, 143]. Alginate can be quite

effectively arranged in a 3D gel-like structure and the mechanical properties of the

resultant gel can be decisively tuned by means of cross-linking with calcium ions.

In a previous report, scientists have compared the organization form, proliferation

rate, and viability of breast cancer cells when implanted in 3D alginate gels with var-

iable rigidity, finally characterizing the most appropriate measures of alginate and cal-

cium to improve cell activity [144]. This alginate-based model worked fine for less

aggressive cells that both in two-dimensional (2D) and in 3D keep up a round
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morphology and a cluster-like association, but for substantially more aggressive and

invasive cells a much more tolerant environment becomes necessary [145].

Matrigel is a dissolvable and sterile concentrate of cellular basement membrane

proteins extracted from the EHS tumor that frames a 3D gel at 37°C, known to upgrade
biological events within the cells and also to permit cells reflecting some key high-

lights mirroring their internal malignant nature [144, 145]. The basic disadvantage

of this gel is its structural weakness rendering it to be utilized only as monolayer

or thin gel adaptations, chiefly for intrusion assays.

18.7 Biomimetic hydrogels in the study of MCS

MCS developed in biomimetic hydrogels reiterate numerous highlights of tumors

formed in vivo and it is helpful in vitro model for crucial research in malignant biol-

ogy. Commendable use of MCS models is in the investigation of the angiogenic

capacity of malignant cells [145]. MCSs formed by oral squamous cell carcinoma

cells in 3D alginate-based hydrogels have been utilized to investigate the angiogenic

limit of malignant cells in a particular environment [145, 146]. MCSs from primary

cancer cells and numerous other cancer cell lines have been developed in fibrin hydro-

gels. Matrigel paves the way for in vitro development of MCSs from cell lines and

primary cells. Matrigel has been utilized for MCS development from colorectal can-

cer, breast cancer, prostate cancer cell lines, etc. Collagen, the most plenteous fibrous

protein component of ECM in homeotherms, assumes a significant role in tumor inva-

sion, progression, and metastasis by advancing cell attachment and migration

[146, 147]. In this way, 3D collagen gels are broadly used to imitate ECMs. Collagen

type I hydrogels have been utilized to developMCSs from osteosarcoma, human colo-

rectal cancer cells, breast cancer cells, primary cancer cells from patients with colo-

rectal cancer, and prostate cancer cell lines. Polysaccharide hydrogels formed by

agarose, alginate, and hyaluronic acid (HA) have helpful biophysical properties; not-

withstanding, they require extra chemical adjustment with arginylglycylaspartic acid

(RGD) peptides to present adhesion ports for mammalian cells [148]. Interestingly, in

comparison with matrigel or collagen, polysaccharide hydrogels give controllable and

stable physical and chemical conditions for MCS development, in light of the fact that

their degradation is free of cell-secreted proteolytic enzymes. In view of their mechan-

ical rigidity, agarose and alginate hydrogels were utilized to decide the impact of

stress forced by developing MCSs on the hydrogels. Composite hydrogels with an

interpenetrating system structure framed by polysaccharides and proteins offered

command over mechanical properties of the hydrogel and gave cell-adhesion ligands,

accordingly encouraging MCS development [149]. Alginate has additionally been

joined with matrigel to explore the harmful movement of ordinary mammary epithe-

lium intervened by changing the rigidity of hydrogel. Biopolymer hydrogels offer an

expansive scope of biochemical and biophysical properties for cell morphogenesis

and functional capacity. Synthetic hydrogel platforms conveying suitable cell adhe-

sive ligands and biodegradable cross-linkers may overcome these impediments by

providing command over arrangement, composition, and properties of the hydrogel

[150]. Engineered hydrogels prepared synthetically have been prepared from ethylene
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glycol or PEG molecules, which were cross-connected by photopolymerization of

acrylate-PEG. Hydrogels made from PEG have likewise been modified with matrix

metalloproteinase degradable sites and integrin-restricting RGD peptide sites. These

have been used to develop MCSs from ovarian, lung, and brain cancer cell lines.

Hybrid hydrogels prepared from natural and engineered constituents consolidate

the better of the two universes: the benefits of organic polymers and synthetic poly-

mers (i.e., control of the biochemical and mechanical properties) [151]. For instance,

hydrogels have been framed from modified HAmolecules. Another intriguing case of

hybrid platforms for MCS development is a nanofibrillar hydrogel framed by rod-like

cellulose nanocrystals (CNCs) like those of collagen nanofibrils conveying end-

grafted molecules of an engineered polymer like poly(N-isopropylacrylamide)

[152]. These hydrogels were utilized to culture breast cancer cells, with the MCS

development profiles being like those acquired in matrigel.

18.8 Hydrogels as engineered tissue microenvironment

Tumor microenvironments, with their multifaceted nature, diversity, complexity, and

dynamic nature assume a basic role in cancer growth and metastasis. In this way,

numerous scientists have attempted to make artificial tumor microenvironments sum-

marizing natural tumors by utilizing differently designed biomaterials. Advances in

engineering and materials designing have empowered the utilization of different poly-

meric hydrogels as engineered 3D lattices that summarize the pathological tumor

ECM to permit investigations of fundamental malignant growth science and screening

of the adequacy of anticancer specialists [153]. Scientists have used biomimetic 3D

breast cancer growth models containing collagen hydrogels encapsulating mul-

ticellular spheroids to assess the anticancer therapeutic impact of paclitaxel-stacked

polymeric nanoparticles [154]. HA hydrogels have likewise been used as a stage

for examining varieties in the matrix rigidity, the concentration of cell-adhesion

locales andMMP sensitivity during the invasion of breast cancer. Scientists have been

able to fabricate HA hydrogels with independently varying cross-linking (mechanical)

and ligand (chemical) densities to study the effects of each factor on breast cancer

invasion. Polyethylene glycol (PEG)-based hydrogels have been utilized by some sci-

entists to investigate the effect of biochemical and biophysical matrix properties on

fibrosarcoma cell migration. They prepared peptide-functionalized PEG hydrogels

through thiolene photopolymerization [155]. Different approaches have been made

to reiterate and model glioblastoma multiforme (GBM) tumor microenvironments

in vitro so as to acquire a superior comprehension of the molecular and systemic func-

tioning of GBMs. Utilizing PEG-based hydrogels, bioengineered 3D brain tumor

models were made to explore the impacts of matrix rigidity on GBM cells. The hydro-

gels were made through photopolymerization and upheld 3D cell growth and lattice

remodeling. Numerous scientists have used advanced hydrogel-based platforms to

understand the hidden mechanism of growth and metastasis of prostate cancer. HA

hydrogel-based 3Dmodels utilizing prostate tumors from potential patients have been

used for drug screening. 3D ovarian cancer models have likewise been created by uti-

lizing GelMA hydrogels encapsulating a human epithelial ovarian cancer cell line
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isolated from a patient [156]. The analysts examined the impact of matrix rigidity,

matrix debasement, and consolidation of ECM fragments on the formation of ovarian

cancer spheroids.

18.9 Role of hydrogels as drug delivery systems
in cancer cells

New types of medicinal strategies are required to relentlessly target cancer cells, while

at the same time diminishing the effects it has on normal healthy cells. To nullify the

possible side effects, encapsulated transdermal drug delivery systems show up as a

promising elective methodology to carry antineoplastic drugs (Fig. 18.7) [157].

Encapsulated antineoplastic drugs offer many advantages which include increased

bioavailability and solubility of the drug, high stability, delayed half-life, controlled

drug release, selective tissue distribution, and reduction of the total amount required as

the dose. Together, every one of the advantages sketched out above can help limit the

antagonistic side effects to a sensational degree [158]. Among these numerous sorts of

drug delivery techniques, the improvement of hydrogels dependent on natural and

engineered polymers as the drug transporters has received some unique consideration.

These biomaterials present an energizing opportunity for planning new strategies for

anticancer therapeutics [159]. These frameworks have special properties to improve

the adequacy of the therapeutic operators and limit unwanted side effects [160]. Pres-

ently, hydrogels have exhibited various preferences compared to the customary forms

of treatment. This is because of modifiable/tunable hydrogels, where it is conceivable

to control properties of the hydrogel, including long-term discharge, degradation rate,

Cancer tissue mass

Inner cavity

Anti cancer drug
encapsulated

within the hydrogel

Hydrogel containing
anti cancer drug

Fig. 18.7 Hypothetical diagram illustrating the binding and drug release by hydrogels in

specific cancer tissues.

Authors own art work.
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and tunable pore size [161]. Because of the tenability of hydrogels dependent on the

previously mentioned properties, it is advantageous to examine hydrogels more intri-

cately to discover ideal hydrogel formulations with explicit properties to treat

malignancy.

18.10 Recent advancements in anticancer drug delivery

Alginate has been utilized to ensnare PLGA-PTX microspheres in a strong hydrogel

grid so as to maintain a strategic distance from initial burst impact and control the drug

discharge from the carriers. This hydrogel has been structured, characterized, and val-

idated both in vivo and in vitro for its cytotoxicity, kinetics, and stability demonstrat-

ing promising outcomes [162]. Vesicular phospholipid gels were stacked with

cytarabine and characterized as local delivery depots for GBM treatment, producing

satisfactory results [163, 164]. In another study, scientists synthesized a

thermosensitive gel (PEG-PLGA nanocomposite) loaded with TMZ and PTX

[165]. This gel presents ideal rheological and gelation properties for a local applica-

tion in the brain and possesses a lot higher restraining impact on cancer growth and

apoptosis instigating rate in C6 and U87 glioma cells contrasted with the controls

[166]. A few scientists utilized the TPG as a novel medication conveyance framework

for the nearby treatment of GBM. TPG (thermoreversible gelation polymer) hydrogel

commonly called as MebiolTMGel is a noncytotoxic, biocompatible, and totally path-

ogen free which when stacked with encapsulated DOX (in PLGA microspheres or

liposomes) demonstrates huge restraint in GBM tumor growth [167]. In one more

investigation a camptothecin (CPT)-stacked PLGA microspheres-containing TPG

hydrogel was developed and its helpful viability was assessed in a resection model

and C6 rat glioma model [168, 169] (Fig. 18.8).

Dynamic targeting can include both hyperproliferative tumor cells and ligand

receptor or antigen-antibody interceded endocytosis pathways dependent on recogni-

tion at the molecular level [170]. In this manner, injectable hydrogels can be marked

with specific biomolecules, for example, with monoclonal antibodies (mAb) and suit-

able activating ligands [171, 172]. Breast cancer cells widely express integrin αvβ3
receptors and estrogen receptors (ER) required largely for metastasis, tissue invasion,

and angiogenesis [173]. Thus, both Arg-Gly-Asp (RGD) peptide, which exhibits a

high affinity for integrin αvβ3 and estrogen (Et), which specifically binds to the

ER on the surface of these cancer cells, can have a key role in the process of targeted

drug delivery. For the advancement of the targeted delivery and anticancer effect of

taxol, researchers proposed a hydrogel comprising: (i) Et and RGD peptide; (ii) taxol;

and (iii) a self-assemble peptide hydrogel as a nanoscale carrier [174]. MCF-7 breast

cancer cells effectively took up Et-peptide-taxol by virtue of the synergistic effect of

both targeted Et and the RGD peptide. Besides, the dual modification promoted the

necrotic and apoptotic impact of taxol-loaded hydrogels. In vivo proof-of-principle

experiments also confirmed that the Et-peptide-taxol hydrogel could selectively target

breast cancer tumors and was also metabolized to biocompatible materials [175]. To

increase the half-life of a peptide drug and improve its antitumor activity, condensed
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peptide-gelatin complex NPs were prepared through electrostatic interactions

between alkalized gelatin and the peptide. Eventually, EGFR-lytic peptide was ini-

tially prepared [176] and its selective antitumor and cytotoxic activities were

enhanced by substitution of the second histidine (H) with arginine (R). Avastin and

vitamin D have also been used as biorelevant sources of marker biomolecules against

colorectal cancer because both can positively impact chemotherapy and their level has

been identified to associate with survival in lymphoma, colorectal, and breast cancers.

A couple of more alternatives as drug delivery frameworks have also been generated

in the last few years [177]. Scientists have been able to develop a new form of chitosan-

based injectable hydrogel scaffold to deliver live cytotoxically functional T-lymphocyte

cultures into melanoma cells. A combinatorial approach was followed using phosphate

buffer and sodium hydrogen carbonate as gelling agents, to create these chitosan-based

biocompatible thermogels (CTGels). These gels showed excellent cyto-compatibility

andmechanical stability along with superior functionality in vitro [178]. Table 18.2 rep-
resents some anticancer loaded sugar-derived hydrogel-based drug delivery system.

Fig. 18.8 Schematic illustration of the main concerns to contemplate for the development of

anticancer drug-loaded hydrogels.

Authors own art work.
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18.11 Conclusion and future perspectives

Nature always motivated us with a variety of ideas of creating and maintaining a bal-

ance among the cellular processes to sustain life to develop novel structures and to

mimic natural properties. The current research on the development of “stimuli-

responsive” smart materials to understand the structure-property relationship of nat-

urally occurring sugar for cancer biology has brought us a step closer to the direction

of understanding how the complex processes take place inside the living body. Sugar-

derived hydrogels are very significant due to the set of properties not found in other

class of materials. The number of publications in the field of novel sugar-based hydro-

gel has enormously increased year by year. Stimuli-responsive sugar-derived smart

hydrogels occupy significant position owing to descent biocompatibility,

Table 18.2 Active targeting anticancer loaded sugar-derived hydrogel-based

drug delivery system.

Sugar-derived hydrogel

matrix Active agent Model of study Ref.

Poly(lactide-co-glycolide):
plasticizers (40:60)

Temozolomide C6 rat glioma resection

model

[177]

Polyvinyl alcohol hydrogel

with sulfonate groups and

0.6% alginate solution

Doxorubicin 9L rat orthotopicglioma

model

[178]

Chitosan/β-
glycerophosphate

hydrogel

Ellagic acid In vitro [160]

PEG-g-chitosan hydrogel T lymphocytes In vitro [179]

Monomethoxy polyethylene

glycol-poly(lactide-co-
glycolide) hydrogel

Paclitaxel and

temozolomide

In vitro [180]

Chitosan hydrogel Doxorubicin,

vaccinia virus

Cervical carcinoma [181]

Chitosan/β-
glycerophosphate

Cisplatin In vitro studies on HCT-

116 (colon cancer) and

MCF-7 (breast cancer)

[182]

Chitosan/β-
glycerophosphate

Ellagic acid In vitro studies on U87, C6
cell lines

[183]

Succinated chitosan/oxidized

alginate

Doxorubicin In vitro studies on MCF-7

cell and in vivo on breast

cancer

[184]

β-Cyclodextrin-modified

polyaldehyde dextran/

carboxymethyl chitosan

Adamantane-

modified

doxorubicin

Hela (cervical carcinoma) [185]

Table is authors original for this publication.
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biodegradability, and bio-mimicking properties. Moreover, different functionalities

can be incorporated easily to the hydrogel backbone as well as side chains that can

recognize small biomolecules and certain stimuli. Yet, there is a long way to go in

producing synthetic sugar-derived materials on a large scale for real field applications,

partly because, to obtain tissue mimicking properties in the stimuli-responsive sugar-

derived materials, precise control over the higher-order structure is required. With the

current synthetic strategies for obtaining such hydrogels, sequence control and mono-

dispersity of the synthetic biomaterials become difficult to achieve. Besides costly

reagents, extensive and tedious synthetic procedures for preparation and careful han-

dling of moisture-sensitive reagents which requires strictly anhydrous reaction condi-

tions for generating such hydrogels with high purity are analytical barriers. However,

more comprehensive studies with a better understanding and by adopting economical

pathways will develop synthetic stimuli-responsive sugar-derived hydrogels for appli-

cation in cancer treatment, in a fast fashion, for the next decades.
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Abbreviations

% percent

CDER Center for Drug Evaluation and Research

DMA dimethyl acetal

DMF dimethyl formamide

DNA deoxyribonucleic acid

EPA Environmental Protection Agency

GI50 concentration exhibiting 50% inhibition of growth

IC50 inhibitory concentration

MAOS microwave-assisted organic synthesis

min minute

mL milliliter

MTT 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide

MWI microwave irradiation

ND not determined

USFDA U.S. Food and Drug Administration

USI ultrasound irradiation

W watt

μM micrometer

19.1 Introduction

Cancer is a group of diseases which cause abnormal cell growth and spread to different

parts of the body. According to the American Cancer Society, 7.6 million people died

from cancer in the world during 2007. Cancer is the second leading cause of death

globally and is responsible for an estimated 9.6 million deaths in 2018. Globally, about

1 in 6 deaths is due to cancer. Around one-third of deaths from cancer are due to five

major behavioral and dietary factors such as high body mass index, low fruits and veg-

etables intake, lack of physical activity, consumption of tobacco and alcohol. In 2017,

the World Health Assembly passed the resolution related to cancer prevention and

control through an integrated approach and has also accelerated the action to achieve
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the targets specified in the global action plan and 2030 UN agenda for sustainable

development to reduce premature mortality from cancer [1].

The cancerous cells may produce a mass called as tumor. Tumor is categorized into

two types such as cancerous or benign. Cancerous tumor is considered as malignant

because it grows and spreads to other parts of the body whereas benign tumor can grow

but it will not spread throughout the body as outlined in Fig. 19.1. The bloodstream or

lymphatic systems carry the cancer cells to other parts of the body and the process is

called as metastasis. The occurrence of different types of cancer is influenced by sev-

eral factors such as age, gender, race, environment, diet, and genetics. The sign and

symptoms of cancer depend on the type and grade of cancer which include fatigue,

weight loss, pain, skin changes, change in bowel movement or bladder function,

unusual bleeding, persistent cough, fever, and lumps. According to the type and stage

of cancer, various treatment protocols are followed such as surgery, chemotherapy,

radiation therapy, hormonal, gene, and immune therapy [2].

19.1.1 Types of cancer

The different types of cancers are named for the area in which they begin and the type

of cell they are made of, even if they spread to other parts of the body. For example, a

cancer that starts in the lungs and spreads to the liver is termed as lung cancer [3].

Several terms used clinically for various types of cancer are as follows.

a. Carcinomas: It begins in the skin which covers the surface of internal organs and glands.

Examples of carcinomas include prostate cancer, breast cancer, lung cancer, and colorectal

cancer.

b. Sarcomas: It begins in the tissues that support and connect the body. It grows in fat, muscles,

nerves, tendons, joints, blood vessels, lymph vessels, cartilage, and bone.

c. Leukemias: It is a cancer of the blood. There are four types of leukemia such as acute lym

phocytic leukemia, chronic lymphocytic leukemia, acute myeloid leukemia, and chronic

myeloid leukemia.

d. Lymphomas: It is a cancer which begins in the lymphatic system. There are two types of

lymphomas such as Hodgkin lymphoma and non-Hodgkin lymphoma.

e. Brain and spinal cord cancers: Cancer starts in the cells of the brain or spinal cord. These

are known as central nervous system cancers.

Normal cell Defective cell Precancerous  cell Cancerous  cell

DNA damage

Radiation/chemicals/viruses Cell multiplication

Fig. 19.1 Stages of cancer development.
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19.1.2 Major features of cancer

In 2000, as per the article by Hanahan andWeinberg, the major features of tumor cells

are summarized as follows [4]:

l Acquisition of self-sufficiency in growth signals which leads to uncontrolled growth.
l Loss of sensitivity to antigrowth signals also leads unchecked growth.
l Loss of sensitivity to growth signals.
l Loss of capacity for apoptosis in order to allow growth despite genetic errors and external

antigrowth signals.
l Loss of capacity for senescence which leads to limitless replicative potential (immortality).
l Acquisition of sustained angiogenesis that allows tumor to grow beyond the limitations of

passive nutrient diffusion.
l Ability to invade neighboring tissues.
l Ability to generate metastasis at distant sites.
l Loss of capacity to repair genetic errors that cause an increased mutation rate (genomic insta-

bility) and thereby accelerate all the other changes.

19.1.3 Signs and symptoms

The various sign and symptom of cancer can be divided into the following three

groups [5].

l Local symptoms: Unusual lumps, swelling (tumor), hemorrhage (bleeding), pain, ulceration,

and jaundice.
l Symptoms of metastasis (spreading): Enlarged lymph nodes, cough, hemoptysis, hepatomeg

aly (enlarged liver), bone pain, fracture of affected bones, and neurological symptoms.
l Systemic symptoms: Weight loss, poor appetite, fatigue and cachexia (muscle atrophy,

fatigue), excessive sweating (night sweats), anemia, thrombosis, and hormonal changes.

19.1.4 Etiology of cancer

Cancer is a diverse class of diseases which differ widely in their causes and biology.

Research on the pathogenesis of cancer can be divided into three broad areas of focus [6].

l The first area of research focuses on the agents and events which cause or facilitate genetic

changes in cells destined to become cancer.
l Second, it is important to uncover the precise nature of the genetic damage, and the genes

which are affected by it.
l The third focus is on the consequences of those genetic changes on the biology of the cell,

both in generating the defining properties of a cancer cell, and in facilitating additional

genetic events, leading to further progression of cancer.

The various causes of cancer are

(i) Carcinogens

(ii) Ionizing radiation

(iii) Dysfunction of immune system

(iv) Heredity

(v) Infectious disease

(vi) Hormonal imbalances
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19.1.5 Treatment of cancer

Cancer can be treated by surgery, chemotherapy, radiation therapy, immunotherapy,

monoclonal antibody therapy, or other methods. The choice of therapy depends on the

location and grade of the tumor and the stage of the disease, as well as the general state

of the patient. A number of experimental cancer treatments are also under develop-

ment. Complete removal of cancer without damage to the rest of the body is the goal

of treatment. The effectiveness of chemotherapy is often limited by toxicity to other

tissues in the body [7].

Chemotherapy is the treatment of cancer with drugs (anticancer drugs) that can

destroy cancer cells. In current usage, the term “chemotherapy” usually refers to cyto-

toxic drugs which affect rapidly dividing cells. Most forms of chemotherapeutic

agents target all rapidly dividing cells and are not specific for cancer cells. The fol-

lowing chemotherapeutic agents are used clinically for the treatment of various types

of cancer (Fig. 19.2). These drugs produce their anticancer activities either by killing

or inhibiting or modifying the growth of cancer cells [8].

19.1.6 Chemistry, MOA, and uses anticancer drugs

a. Alkylating agents: These agents are mainly active in the resting phase of the cell cycle. The

several types of alkylating agents used in chemotherapy are given below [2, 9–11].
(i) Nitrogen mustards: These are cytotoxic chemotherapy agents and derived from mustard

gas.Theyformanadductwith theDNAthat involvesacross-linkingbetweenguanineN-7of

one strandofDNAwith theother.Thegeneratedcross-linking is irreversibleand leads tocell

apoptosis. Examples:mechlorethamine, cyclophosphamide, ifosfamide, chlorambucil, and

melphalan (Fig. 19.3).Chlorambucil and cyclophosphamidewereapproved for treatment of

cancer in United States during 1957 and 1959, respectively.

Alkylating agents

Plant alkaloids

Antitumor antibiotics

Antimetabolites

Topoisomerase inhibitors

Hormones

Microtubule inhibitors
Monoclonal antibodies

Anticancer drugs

Fig. 19.2 Classification of anticancer drugs.

654 Green Approaches in Medicinal Chemistry for Sustainable Drug Design

http://en.wikipedia.org/wiki/Surgery
http://en.wikipedia.org/wiki/Chemotherapy
http://en.wikipedia.org/wiki/Radiation_therapy
http://en.wikipedia.org/wiki/Immunotherapy
http://en.wikipedia.org/wiki/Monoclonal_antibody_therapy
http://en.wikipedia.org/wiki/Cancer_staging
http://en.wikipedia.org/wiki/Experimental_cancer_treatment
http://en.wikipedia.org/wiki/Chemotherapy
http://en.wikipedia.org/wiki/Medication


(ii) Aziridines: Thiotepa is an organo-phosphorus compound with molecular formula

SP(NC2H4)3 as presented in Fig. 19.4. It is prepared by heating aziridine with

thiophosphoryl chloride. On January 29, 2007, the European Medicines Agency desig-

nated thiotepa as an orphan drug. On April 2, 2007 the U.S. Food and Drug Adminis-

tration (FDA) designated thiotepa as a conditioning treatment for use prior to

hematopoietic stem cell transplantation. It is also used in the treatment of adenocarci-

noma of the breast, adenocarcinoma of the ovary, papillary thyroid cancer, and bladder

cancer. Thiotepa inhibits tumor growth by cross-linking guanine nucleobases in DNA

double-helix strands.

(iii) Alkylsulfonates: Busulfan is a cell-cycle nonspecific alkylating antineoplastic agent

(Fig. 19.5). It is chemically designated as 1,4-butanediol-dimethane-sulfonate. It was

approved by the US FDA for the treatment of chronic myeloid leukemia (CML) in

1999. It is also used in pediatrics and adults in combination with cyclophosphamide

or clofarabine as a conditioning agent prior to bone marrow transplantation.
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(iv) Triazines and hydrazines: Dacarbazine and procarbazine are triazine and hydrazine

derivative, respectively (Fig. 19.6). Dacarbazine is not cell cycle phase specific and is

used for the treatment of metastatic malignant melanoma. Procarbazine is used for the

treatment of Hodgkin’s lymphoma and brain cancers. Dacarbazine was approved for

medical use in United States in 1975. Procarbazine was approved for medical use in

the United States in 1969. Metabolism of procarbazine yields azo-procarbazine and

hydrogen peroxide which results breaking of DNA strands that lead to cell death.

(v) Nitrosureas: It is a class of compounds which include a nitroso (R-NO) group and a

urea. They are lipophilic and can cross the blood-brain barrier (BBB). So, these are use-

ful in the treatment of brain tumors. Example: carmustine and lomustine. Chemically,

carmustine is 1,3-bis(2-chloroethyl)-1-nitrosourea whereas lomustine is 1-(2-chlor-

oethyl)-3-cyclohexyl-1-nitrosourea (Fig. 19.7). Carmustine causes cross-links in

DNA and RNA that leads to inhibition of DNA synthesis, RNA production, and

RNA translation (protein synthesis). This leads to cell death.

(vi) Metal salts: Cisplatin possess square planar coordination complex cis-[Pt(NH3)2Cl2]

(Fig. 19.8). It was discovered in 1845 and licensed for medical use in the year 1978.
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Cisplatin is administered intravenously as a short-term infusion in normal saline for

treatment of solid and hematological malignant tumors. Similarly, carboplatin was pat-

ented in 1972 and approved for treatment of cancer in 1986. It is used to treat a number

of forms of cancer such as ovarian cancer, lung cancer, brain cancer, and neuroblas-

toma. Whereas, oxaliplatin was patented in 1976 and approved in 1996 for its medical

use. It is used for treatment of colorectal cancer.

b. Plant-derived drugs: The following chemotherapeutic agents are derived from certain

types of plants. The plant alkaloids are cell-cycle specific. They attack the cells during var-

ious phases of divisions [12–14].
(i) Taxanes: These are a class of diterpenes and produced from plants of the genus Taxus

(yews). Paclitaxel (Taxol) and docetaxel (Taxotere) are widely used as chemotherapeutic

agents (Fig. 19.9). The primary mechanism of action of the taxane class of drugs is the

disruption of microtubule function. Microtubules are essential to cell division. So, these

drugs inhibit the process of cell division.

(ii) Podophyllotoxins: It is extracted from the roots and rhizomes of Podophyllum species.

Etoposide and teniposide are semisynthetic derivatives of podophyllotoxin (Fig. 19.10).

Etoposide is the topoisomerase inhibitor and produces its action by re-ligation of the

DNA strands that causes breaking of DNA strands. Etoposide was first synthesized

in 1966 and US FDA approval was granted in 1983. It is used for the treatment of lung

cancer, testicular cancer, lymphoma, etc. Teniposide causes dose-dependent single- and

double-stranded breaks in DNA and DNA-protein cross-links. It used in the treatment of

childhood acute lymphocytic leukemia (ALL), Hodgkin’s lymphoma, and certain brain

tumors.
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(iii) Camptothecin analogs: It was discovered in 1966 by M.E. Wall and M.C. Wani in

systematic screening of natural products for anticancer drugs. It was isolated from

the bark and stem ofCamptotheca acuminate. Camptothecin analogs such as irinotecan

and topotecan have been approved for cancer chemotherapy (Fig. 19.11). Irinotecanwas
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Fig. 19.10 Structures of podophyllotoxins (etoposide and teniposide).
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approved in the United States in 1996 for treatment of colon cancer, and small cell lung

cancer. Topotecan is a synthetic, water-soluble analog of camptothecin. After GlaxoS-

mithKline received final FDA approval for Hycamtin Capsules on October 15, 2007,

topotecanbecame the first topoisomerase I inhibitor for oral use. It is used to treat ovarian

cancer and lung cancer.

(iv) Vinca alkaloids: These are isolated from Catharanthus roseus which contain chemical

constituents such as vincristine, vinblastine, vinorelbine, and vindesine (Fig. 19.12).

Vinca alkaloid binds to specific sites of microtubular protein (tubulin) and prevents its

polymerization and assembly into microtubules, which results in disruption of mitotic

spindle. They are cell-cycle specific and act in mitotic phase (M-phase) of cell division.

c. Antitumor antibiotics: Antitumor antibiotics are produced by species of the soil fungus

Streptomyces. These drugs act during multiple phases of the cell cycle and are considered

as cell-cycle specific [15].
l Anthracyclines: doxorubicin, daunorubicin, epirubicin, and mitoxantrone (Fig. 19.13).
l Chromomycins: dactinomycin and plicamycin.
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d. Antimetabolites: These drugs are cell-cycle specific. They attack cells at very specific

phases in the cell cycle. These are classified according to the substances with which they

interfere [16–18].
(i) Folic acid antagonist: Methotrexate is an antimetabolite of the antifolate type (Fig.

19.14). For cancer, methotrexate competitively inhibits dihydrofolate reductase

(DHFR), an enzyme responsible for the synthesis of tetrahydrofolate. DHFR catalyzes

the conversion of dihydrofolate to the active tetrahydrofolate. Folic acid is required for

synthesis of the nucleoside thymidine which is essential for DNA synthesis. Folate is

essential for purine and pyrimidine base biosynthesis. Therefore, methotrexate inhibits

the synthesis of DNA, RNA, thymidylates, and proteins.

(ii) Pyrimidine antagonist: 5-Fluorouracil (5-FU) is the antimetabolite and pyrimidine

analog which interferes with DNA and RNA synthesis (Fig. 19.15). Fluorouracil was

patented in 1956 and used clinically in 1962. It is used for the treatment of anal, breast,

colorectal, esophageal, stomach, pancreatic, and skin cancers. Cytarabine is an anti-

metabolic agent with the chemical name of 1β-arabinofuranosylcytosine. It works by
blocking the function of DNA polymerase. Cytarabine was first synthesized by Richard
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Walwick, Walden Roberts, and Charles Dekker in 1959 at University of California,

Berkeley. It was approved by the US FDA in June 1969. Decitabine acts as nucleic acid

synthesis inhibitor and used for treatment of acute myeloid leukemia (AML). Gemci-

tabine is chemically 20,20-difluoro-20-deoxycytidine and works by blocking DNA syn-

thesis. Gemcitabine was first synthesized in Larry Hertel’s lab at Eli Lilly Company

during 1980s. It was approved by the FDA in 1996 for treatment of pancreatic cancers.

Capecitabine was patented in 1992 and approved for medical use in 1998. It is used to

treat breast cancer, gastric cancer, and colorectal cancer. Capecitabine is metabolized to

5-FU which in turn is a thymidylate synthase inhibitor. Hence it inhibits the synthesis of

thymidine monophosphate (ThMP), the active form of thymidine which is required for

the de novo synthesis of DNA.

(iii) Purine antagonist:Mercaptopurine was approved for medical use in the United States

in 1953 (Fig. 19.16). 6-MPwasdiscovered byNobelPrizewinning scientistsGertrudeB.

Elion and George H. Hitchings at Burroughs Wellcome in Tuckahoe, New York. It

inhibits purine nucleotide synthesis and metabolism by inhibiting an enzyme called

phosphoribosyl pyrophosphate amido transferase (PRPP amido transferase). It is used

to treat acute lymphocytic leukemia (ALL), chronic myeloid leukemia (CML).

6-Thioguanine (6-TG) is a purine analog of guanine and works by disrupting DNA

and RNA. It is a medication used to treat acute myeloid leukemia (AML), acute

lymphocytic leukemia (ALL), and chronic myeloid leukemia (CML). Tioguanine was

developed between 1949 and 1951. Cladribine is a purine analog and chemical name

is 2-chloro-20-deoxyadenosine. It is a medication used to treat hairy cell leukemia. Aza-

thioprine inhibits purine synthesis and purines are needed to produce DNA and RNA.
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e. Topoisomerase inhibitors: These drugs that interfere with the action of topoisomerase

enzymes (topoisomerase I and II). Topoisomerase enzymes control the manipulation of

the DNA structure necessary for replication [19].
l Topoisomerase I inhibitors: ironotecan, topotecan.
l Topoisomerase II inhibitors: amsacrine, etoposide, and teniposide.

f. Hormonal therapy:Hormone therapy is used to reduce or prevent symptoms of cancer [20].

This therapy stops hormones being made or prevents hormones from making cancer cells

grow and divide. Estrogen antagonist, e.g., tamoxifen (Fig. 19.17).

19.1.7 Adverse effects and toxicities of anticancer drugs

Chemotherapeutic agents can cure cancer because it either kills or inhibits the growth

cancer cells as well as normal cells. So, the killing of normal cells can cause several

side effects. The side effects vary from one drug to another and also from person to

person. The common side effects of chemotherapy include anemia, mouth soreness,

nausea, vomiting, loss of appetite, constipation or diarrhea, hair loss, skin changes or

reactions, pain or nerve changes, changes in fertility and sexuality. Clinically useful

anticancer agents exhibit selective toxicity toward malignant cells. The common tox-

icities observed are hematological, gastrointestinal, skin and hair follicle toxicity, ner-

vous system toxicity, metabolic abnormalities, hepatic toxicity, urinary tract toxicity,

cardiac toxicity, pulmonary toxicity, and gonadal toxicity [21].

19.1.8 Synthesis of commonly used anticancer drugs [22]

a. Synthesis of chlorambucil

The starting material for the synthesis of chlorambucil is 4-phenylbuanoic acid. First

4-phenylbuanoic acid undergoes nitration in the presence of Conc. HNO3 in acidic condition

produces 4-(4-nitrophenyl)butanoic acid. Then 4-(4-nitrophenyl)butanoic acid undergoes

reduction in the presence of Pd/CaCO3 to yield 4-(4-aminophenyl)butanoic acid which

on reaction with 2 mol of ethylene oxide or oxirane to get 4-(4-(bis(2-hydroxyethyl)

amino)phenyl)butanoic acid. Later the chlorination of compound in the presence of thionyl

chloride yields the desired product of chlorambucil (Scheme 19.1).
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Fig. 19.17 Structure of estrogen antagonist (tamoxifen).

662 Green Approaches in Medicinal Chemistry for Sustainable Drug Design



b. Synthesis of mechlorethamine

Methylamine reaction with 2 mol of ethylene oxide to produce Bis(2-hydroxyethyl)

methylamine which on further chlorination in the presence of thionyl chloride (SOCl2)

yields mechlorethamine (Scheme 19.2).
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Scheme 19.1 Synthetic route of chlorambucil.
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c. Synthesis of cyclophosphamide

Bis(2-chloroethyl)amine undergoes reaction with phosphorous oxychloride to obtain Bis

(2-chloroethyl)phosphoroamidoyl dichloride which on heating in the presence of

3-aminopropan-1-ol produces cyclophosphamide (Scheme 19.3).

d. Synthesis of carmustine

Carmustine is produced from 1,3-bis(2-chloroethyl)urea in the presence of NaNO2 and

formic acid (HCOOH) as given in Scheme 19.4.

e. Synthesis of lomustine

1,3-Bis(2-chloroethyl)urea reacts with 2 mol of cyclohexanamine to get 1-(2-chlor-

oethyl)-3-cyclohexylurea which on further treatment with NaNO2 and formic acid

(HCOOH) produces lomustine (Scheme 19.5).
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Scheme 19.3 Synthesis of cyclophosphamide.
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Scheme 19.4 Synthesis of carmustine.
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f. Synthesis of busulfan

Busulfan is obtained by reaction of butane-1,4-diol with 2 mol of methanesulfonyl

chloride in the presence of pyridine (Scheme 19.6).

g. Synthesis of 5-fluoro-uracil

5-Fluoro-uracil is produced by fluorination pyrimidine-2,4(1H,3H)-dione or uracil of in
the presence of fluoroxy trifluoromethane (CF3OF) as presented in Scheme 19.7.

h. Synthesis of methotrexate

Pyrimidine-2,4,5,6-tetra-amine, 2,3-dibromo-propanal, and 2-(4-(methylamino)

benzamido)pentanedioic acid undergo cyclization followed by dehydration in the presence

of sodium hydroxide (NaOH) and acetic acid (CH3COOH) to produce methotrexate

(Scheme 19.8).
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Scheme 19.5 Synthesis of lomustine.
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i. Synthesis of azathioprine

Azathioprine was synthesized by George Herbert Hitchings and Gertrude Elion in 1957. It

is synthesized from 5-chloro-1-methyl-4-nitro-1H-imidazole and 6-mercaptopurine in the

presence of dimethyl sulfoxide (DMSO). The synthesis of 5-chloro-1-methyl-4-nitro-1H-
imidazole is obtained by carrying out the reaction between methylamine and diethyl oxalate

followed by chlorination in the presence of phosphorus pentachloride (PCl5) and subsequent

nitration in the presence of nitric and sulfuric acid (Scheme 19.9).
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CH3NH2 +

O

EtO

O

OEt

O

HN

O

NH

CH3

H3C

N

N Cl

CH3

N

N Cl

CH3

NO2

6-Mercaptopurine

H
N

NN

N

SH

N

N S

CH3

NO2

N

N N
H

N

EtOH PCl5

Conc.HNO3

Conc H2SO4

Methylamine Diethyl oxalate
N1,N2-Dimethyloxalamide 5-Chloro-1-methyl-1H-imidazole

5-Chloro-1-methyl-4-nitro-1H-imidazoleAzathioprine

NaOAc, DMSO

Scheme 19.9 Synthesis of azathioprine.

666 Green Approaches in Medicinal Chemistry for Sustainable Drug Design



19.1.9 Conventional synthesis of anticancer drugs

Various heterocyclic compounds exhibit medicinal properties like anticancer activity.

Some of the clinically useful drugs containing heterocyclic moiety include

5-fluorouracil, methotrexate, doxorubicin, daunorubicin, vinblastine, and vincristine,

etc. [23]. The following novel anticancer drugs with different heterocyclic core are

synthesized to expand the area of cancer research. These newly designed and prepared

scaffolds with diverse molecular structures play a major role in drug discovery process

which exhibits anticancer activity against different cancer cell lines.

A series of N0-(substituted)-4-(butan-2-ylidene-amino)benzohydrazides (1–21) is
synthesized (Scheme 19.10) and screened for their in vitro anticancer activity against

human colon (HCT116) cancer cell line by using 3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyl tetrazolium bromide (MTT) assay method [24]. Among the tested com-

pounds, some of the compounds have appreciable anticancer potential than the stan-

dard drug carboplatin (Table 19.1).

O COOHH2N

N

COOH

N

COOR

N

CONHNH2

N

C

O

NH

N X

N
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NH

N

R-OH

NH2⋅NH2⋅H2O

R1

R1

R2

R2

R3

R3

R4

R4

R5

R5

X CHO
OHC

Butan-2-one

(Z)-4-(Butan-2-ylideneamino)benzoic acid

Scheme 19.10 Synthesis of N0-(substituted)-4-(butan-2-ylidene-amino)benzohydrazides

(1–21).
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A new series of quinazoline derivatives are synthesized. Treatment of

2-amino-5-methylbenzoic acid with butyl isothiocyanate results in the formation of

new 2-thioxoquinazolin-4-one (3) [25]. Alkylation and hydrazinolysis of the inherent

thioxo group in (1–3) afforded the corresponding thioethers (4–23) and hydrazine

derivatives (24 and 25). Then compound 24 is further transformed into tricyclic deriv-

ative (26) via cyclocondensation reaction (Scheme 19.11). The cytotoxicity of all

compounds is evaluated in vitro against the HeLa andMDA-MB-231 cancer cell lines

using MTT assay. The treatment of the cells is performed with the synthesized

Table 19.1 Anticancer activity (IC50 in μM) of the synthesized N0-(substituted)-4-(butan-2-
ylidene-amino)benzohydrazides.

Compound R1 R2 R3 R4 R5 X

IC50

(HCT116,

μM)

1 H H CH3 H H – 96.64

2 H OCH3 OCH3 H H – 74.59

3 H Cl H H H – 243.64

4 H H N(CH3)2 H H – 163.69

5 H OCH3 OCH3 OCH3 H – 209.08

6 H H Br H H – 79.06

7 H H OCH3 H H – 216.72

8 H H Cl H H – 152.91

9 H H H H H – 178.6

10 H H OCH3 OH H – 141.59

11 H H OC2H5 OH H – 173.74

12 H H OH H H – 89.55

13 H NO2 H H H – 60.15

14 Cl H H H H – 37.71

15 H Br H H H – 88.71

16 OH H H H H – 184.47

17 – – – – – 156.74

18 – – – – –

HO

158.77

19 – – CHO – – – 87.23

20 – – – – – O 95.23

21 – – – – – O 181.38

Tetrandrine – – – – – – 1.53

Doxorubicin – – – – – – 0.70

Camptothecin – – – – – – 0.15

Carboplatin – – – – – – >100
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compounds and gefitinib at 0, 1, 5, 10, 25, and 50 μM and incubated for 24 h in 50%

DMSO. The IC50 values of the target compounds are reported in μM using gefitinib as

a standard. The results indicated that all the tested compounds exhibited significant

in vitro cytotoxicity. Compounds 21–23 are found to be potential anticancer agents

with IC50 values ranging from 1.85 to 2.81 μM in relation to Gefitinib (IC50 ¼ 4.3

and 28.3 μM against HeLa and MDA-MB-231 cells, respectively) (Table 19.2).
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NCN-C(SCH2)2
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Scheme 19.11 Synthetic routes for compounds 1–26.

Table 19.2 Anticancer activity of the target compounds (1–26) (IC50, μM).

Comp.

no. R R1 R2

IC50 (μM)

HeLa

MDA-

MB-231

1 Methyl Benzyl – 10.63 3.2

2 Methoxy Benzyl – 2.7 4.85

3 Methyl Butyl – 3.73 2.73

4 Methyl Butyl Ethyl 4.14 3.8

5 Methyl Butyl Allyl 5.65 3.77

6 Methyl Butyl 2-Methyl-benzyl 6.3 4.44

7 Methyl Butyl 3-Methyl-benzyl 4.45 5.0

8 Methyl Butyl 4-Cl-benzyl 3.7 4.13

9 Methyl Butyl 4-NO2-benzyl 4.56 4.12

10 Methyl Butyl 2-CN-benzyl 3.7 4.26

11 Methyl Butyl 3-CN-benzyl 6.1 95.97

12 Methyl Butyl 4-CN-benzyl 7.5 5.1

13 Methyl Butyl 3-Methoxy-benzyl 6.79 5.18

14 Methyl Butyl (1H-benzoimidazol-2-yl)

methyl

7.8 4.97

Continued
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The synthesis of different series of 6-iodo-2-phenoxymethyl-3-substituted

quinazolin-4(3H)-ones is described [26]. The reaction of 2-phenoxyacetyl chloride

(1) with 5-iodo methyl anthranilate (2) in dry benzene afforded methyl

5-iodo-2-(2-phenoxyacetamido)benzoate (3). Then the mixture of compound (3)

and hydrazine hydrate is refluxed in the presence of n-butanol to produce

3-amino-6-iodo-2-(phenoxymethyl)quinazolin-4(3H)-one (4). Further, the reaction

of compound (4) with acetic anhydride or various acid anhydrides “namely maleic

and phthalic” in glacial acetic acid afford the corresponding

3-substituted-6-iodo-2-(phenoxymethyl)quinazolin-4(3H)-one (5a–c). Meanwhile,

the condensation of compound (4) with aromatic aldehydes (benzaldehyde,

4-chlorobenzldehyde, anisaldehyde, and 4-fluorobenzaldehyde) in glacial acetic acid

produces the corresponding Schiff’s bases (6a–d). Finally, the reduction of compound

(6a–d) with sodium borohydride in absolute ethanol yield benzylamino derivatives

(7a–d) as depicted in Scheme 19.12. In vitro antitumor activity of the synthesized

compounds against MCF-7 breast cell line is carried out by using doxorubicin

(IC50: 5.46 μmol/mL) as a reference drug using sulforhodamine B (SRB) colorimetric

assay method. Sulforhodamine B is a bright pink aminoxanthene anionic dye with two

sulfonic acid groups that bind electrostatically to protein basic amino acid residues of

trichloroacetic acid. Compound 5b exhibited a remarkable antitumor activity (IC50:

5.49 μmol/mL) almost similar to that expressed by the reference drug, whereas com-

pounds 7d, 12b, and 6c (IC50: 6.23, 6.55, and 6.80 μmol/mL, respectively) showed a

considerable antitumor activity (Table 19.3).

Table 19.2 Continued

Comp.

no. R R1 R2

IC50 (μM)

HeLa

MDA-

MB-231

15 Methyl Butyl Morphilinoethyl 4.11 17.57

16 Methyl Butyl 3-(Phthalimido-2-yl)-

propyl

5.75 6.19

17 Methyl Benzyl 4-CN-benzyl 3.9 2.93

18 Methyl Benzyl 3-Methyl-benzyl 3.04 4.96

19 Methyl Benzyl 4-NO2-benzyl 5.6 3.23

20 Methyl Benzyl 7-NO2-benzoxadiazole 4.14 3.5

21 Methyl Benzyl 3-(Phthalimido-2-yl)

propyl

1.85 2.33

22 Methoxy Benzyl 3-(Phthalimido-2-yl)-

propyl

2.5 2.56

23 Methoxy Benzyl Morphilinoethyl 2.6 2.81

24 Methyl Butyl Hydrazine 5.39 2.74

25 Methyl Benzyl Hydrazine 4.77 5.6

26 Methyl Butyl – 5.03 5.74

Gefitinib – – – 4.3 28.33
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Benzothiazole derivatives are synthesized and investigated for their probable anti-

cancer activity [27]. First, 4-substitued benzaldehyde derivatives (1a–e) are afforded
by the reaction of appropriate secondary amine and 4-fluorobenzaldehyde in the pres-

ence of DMF. Equimolar quantity of 5-substituted benzothiazole-2-thiol and ethyl

chloroacetate in the presence of K2CO3 are refluxed in acetone to obtain 2-((5-sub-

stitutedbenzothiazol-2-yl)thio)acetate derivatives (2a,2b), which reacted with an

excess of hydrazine hydrate to get 2-((5-substitutebenzothiazol-2-yl)thio)aceto-

hydrazides (3a,3b). In the last step, 2-((5-substitutedbenzothiazol-2-yl)thio)-N0-(4-
substituted benzylidene)acetohydrazide derivatives (4a–4j) are synthesized by the

reaction of (1a–1e) and 3a–3b in the presence of EtOH (Scheme 19.13). The antican-

cer activity of target compounds is evaluated in three steps. First, an MTT test (3-(4,-

5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide) is performed to

observe cytotoxic activity of the compounds against carcinogenic C6 (rat brain

glioma cell line), A549 (human lung adenocarcinoma epithelial cell line), MCF-7

(human breast adenocarcinoma cell line), and HT-29 (human colorectal adenocarci-

noma cell line) cancer cell lines. Healthy NIH3T3 (mouse embryo fibroblast cell line)

cells are also subjected to MTT assay to determine selectivity of the

compounds toward carcinogenic cell lines (Table 19.4). Secondly, inhibitory effects

of selected compounds 4d, 4e, and 4h on DNA synthesis of C6 cells are investigated.

Finally, flow cytometric analysis is performed to identify the death pathway of the

carcinogenic cells.

A series of some new 2,3-disubstituted-6-iodo-3H-quinazolin-4-one derivatives is

prepared [28]. 5-Iodo-anthranilic acid is allowed to react with allyl, benzyl, and phenyl

isothiocyanates to produce the 2-mercapto-3-substituted-6-iodo-3H-quinazolin-4-ones
(1a–c). The 2-mercapto function of compound (1a–c) is then alkylated with some

selected a-halo ketones as well as some alkyl halides to afford the corresponding

S-alkylthioether derivatives (2–19). Oxidation of the thioether derivatives (17 and

19) using potassium permanganate afforded the corresponding sulfonyl derivatives

Table 19.3 Antitumor activity of the newly synthesized compounds.

Compound IC50 (μmol/mL) Compound IC50 (μmol/mL)

4 24.92 7a 15.31

5a 21.59 7b 28.58

5b 5.49 7c 42.69

5c 27.51 7d 6.23

6a 13.29 12a 16.01

6b 8.14 12a 8.58

6c 6.80 12b 6.55

6d 19.55 Doxorubicin 5.46
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(20 and 21), respectively (Scheme 19.14). The synthesized compounds are screened for

their in vitro antitumor activity against the human breast cancer cell line (MCF-7),

human cervix carcinoma cell line (HeLa), human liver cancer cell line (HepG2), and

human colon cancer cell line HCT-8 using sulforhodamine B assay method. Five com-

pounds exhibited broad spectrum antitumor activity in comparison to the standard drug

doxorubicin (CAS-23214-92-8) against the four tested cell lines. The best cytotoxic

results are obtained with compounds having allyl and/or benzyl moiety at positions 2

and/or 3 of the quinazoline nucleus (Table 19.5).
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Scheme 19.13 Synthesis of benzothiazole derivatives.
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Table 19.4 Cytotoxic activity of the compounds against A549, C6, MCF-7, HT-29, and NIH3T3 cell lines.

Comp. code R1 R2 R3 R4 X

IC50 (mM)

A549 C6 MCF-7 HT-29 NIH3T3

4a dH dH dH dCl dCH 1< 0.10 0.49 0.52 0.10

4b dCH3 dH dH dCl dCH 1 0.10 1< 1 0.10

4c dH dCH3 dH dCl dCH 0.52 0.10 0.10 0.30 0.03

4d dH dH dCH3 dCl dCH 1< 0.03 0.10 0.30 1<
4e dH dH 4-Methoxy phenyl dCl dN 0.03 0.03 0.30 1< 0.01

4f dH dH dH dOCH3 dCH 1< 1< 1< 1< 0.03

4g dCH3 dH dH dOCH3 dCH 1< 1< 1< 1< 0.10

4h dH dCH3 dH dOCH3 dCH 1< 0.03 1< 1< 0.10

4i dH dH dCH3 dOCH3 dCH 0.49 0.10 0.30 1 0.03

4j dH dH 4-Methoxy phenyl dOCH3 dN 1< 1< 1< 1< 1<
Cisplatin – – – – – 0.06 0.03 0.05 0.06 1<
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Scheme 19.14 Synthesis of 2,3-disubstituted-6-iodo-3H-quinazolin-4-one derivatives.

Table 19.5 In vitro antitumor activity of the designed quinazoline derivatives.

Compound

IC50 (μg/mL)

MCF7 HeLa HepG2 HCT-8

2 4.95 4.60 7.12 10.25

3 5.39 4.73 9.21 6.03

4 9.98 10.0 11.95 12.6

5 3.37 4.63 4.72 6.02

6 3.78 4.75 7.0 9.20

7 12.60 10.14 12.0 9.0

8 3.56 4.72 23.1 4.52

9 3.76 4.98 4.17 9.5

10 16.1 16.2 9.60 10.5

11 5.59 5.18 12.1 8.4

12 5.39 5.19 18.4 8.41

13 11.18 13.3 11.1 9.50

14 3.25 3.31 3.70 4.0

15 3.65 3.98 4.39 4.35

16 3.64 3.97 4.40 4.78

17 5.16 4.30 6.84 11.0

18 13.0 13.76 9.37 16.1

19 8.03 9.66 23.9 9.0

20 9.35 9.39 15.59 16.3

21 9.46 9.25 9.04 15.3

Doxorubicin 4.84 4.09 4.65 5.26
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A series of new coumarin containing compounds are synthesized from

4-bromomethyl-coumarin derivatives (2a, b) and different heteroaromatic systems

(4a–e, 6a–d, 8, 10) via methylene thiolinker [29]. Twenty-four compounds are

screened for their anticancer activity against two human tumor cell lines, breast car-

cinoma MCF-7, and hepatocellular carcinoma HePG-2, using 5-fluorouracil as stan-

dard drug. Compounds 5h, 7d, 7h, 9a, 13a, and 13d exhibit strong anticancer activity

against both MCF-7 and HepG-2 cell lines. Among the tested compounds, compound

13a is the most active HepG-2 and MCF-7 with IC50 values of 5.5 mg/mL and

6.9 mg/mL, respectively (Fig. 19.18). Docking study is performed with protein

1KE9 to study the binding interaction of the designed compounds.

19.1.10 Green synthesis for development of new
anticancer agents

The use of chemotherapeutic agents for the treatment of cancer produces various side

effects and toxicities. So, it creates major problems to treat cancer patients effectively.

Hence, it is necessary to design and develop new anticancer drug molecules with

improved efficacy and reduced side effects to meet the demands of currently available

chemotherapeutic agents. For this purpose, green synthetic protocols or technologies

are applied to generate a large number of anticancer agents with diverse chemical

structures to improve their therapeutic potentials (Fig. 19.19) [30].

Green synthesis is considered as a tool for the invention, design, and application of

chemical products and processes to reduce or eliminate the use and generation of

chemical hazardous and utilization of renewable rawmaterials. There are 12 principles

of green chemistry approach to be followed while using the raw materials, solvents,

and catalysts to carry out any chemical reactions. The selection of solvents plays a key

role for the synthesis of new drug molecules because it allows the compounds to react

efficiently in solution to yield pure product. The Center for Drug Evaluation and

Research (CDER) of the USFDA categorized the solvents into four classes based

on patient safety and environmental considerations. Class-I solvents include

benzene, carbon tetrachloride, 1,2-dichloroethane, 1,1-dichloroethylene, and 1,1,

O
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Fig. 19.18 Structures of coumarin derivatives (13a–d).
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1-trichloroethane. These solvents are not suitable due to their undesirable toxicity or

environmental pollution whereas Class-II solvents are organic solvents such as ace-

tonitrile, methanol, methylene chloride, tetrahydrofuran, toluene, and hexane. Simi-

larly, acetic acid, acetone, ethanol, ethyl acetate, heptane, and dimethyl sulfoxide

are listed under Class-III solvents and these solvents have the lowest toxic effect.

Class-IV solvents include isooctane, isopropyl ether, petroleum ether, and

2-methyl-tetrahydrofuran [31].

19.1.10.1 Quinoline derivatives as anticancer agents

Microwave-assisted synthesis of novel 4-aryl(alkyl)amino-3-nitroquinoline (1a) and

2,4-diaryl(dialkyl)amino-3-nitroquinolines (2a) via regioselective and nucleophilic

substitution of 2,4-dichloro-3-nitroquinoline (4) with aryl(alkyl) amine, respectively,

in water was presented (Scheme 19.15). The newly synthesized compounds were eval-

uated for their antiproliferative activity against EGFR over expressing human lung (A-

549 and H-460) and colon (HCT-116-wild type and HCT-116-p53 null) cancer cell

lines. Compounds 2e, 2f, and 2j exhibited excellent anticancer activity as compared

with standard drug Erlotinib (Table 19.6) [32].

A simple and efficient synthesis of 6-fluoro-4-oxopyrido[2,3-a]carbazole-
3-carboxylic acids (13a–e) and a structurally related 6-fluoro-4-oxothieno

[20,30,4,5]pyrrolo[3,2-H]quinoline (13f ) was achieved via Stille arylation of

7-chloro-6-fluoro-8-nitro-4-oxoquinoline-3-carboxylate and a subsequent microwave-

assisted phosphite-mediated Cadogan reaction (Scheme 19.16). The newly synthesized

Anticancer agents Quinoline derivatives

Coumarin derivatives

Thiadiazole derivatives

Benzimidazole derivatives

Pyrrole derivatives Pyridine derivatives

Thiazole derivativesQuinazoline derivatives

Pyrazole derivatives Indole derivatives

Pyrimidine derivativesChalcones

Fig. 19.19 Heterocyclic compounds as anticancer agents.
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Cl

NO2

Cl

+ H2N MWI

Reaction conditions

N

NH

NO2

Cl N

HN

NO2

NH

+

)a1()4( (2a)

Scheme 19.15 Microwave-assisted synthesis of novel 4-aryl(alkyl)amino-3-nitroquinoline

(1a) and 2,4-diaryl(dialkyl)amino-3-nitroquinolines (2a).

Table 19.6 Anticancer activity of the target compounds (1a–j, 2a–2j, and 3a).

Comp.

IC50 values (μM)

A-549

(lung

cancer)

H-460

(lung

cancer)

HCT-116-wild type

(colon carcinoma)

HCT-116-p53 null

(colon carcinoma)

1a 58.2 60.1 52.8 67.4

1b 56.1 51.3 49.7 69.1

1c 53.8 48.2 51.1 64.4

1d 38.2 42.9 43.1 52.1

1e 36.8 38.7 40.1 >70

1f 37.2 45.3 36.3 48.7

1g 32.9 42.7 33.3 34.6

1h 34.1 39.5 39.1 48.9

1i 53.4 59.2 49.7 >70

1j 57.2 51.1 54.3 >70

2a 40.2 43.1 50.6 >70

2b 45.2 41.7 43.9 69.3

2c 46.6 44.1 42.3 66.2

2d 19.2 25.5 26.3 61.0

2e 16.1 21.7 15.3 5.1

2f 6.5 5.4 20.1 19.8

2g 18.3 20.2 17.3 >70

2h 22.3 29.6 20.2 >70

2i 15.2 17.4 20.6 46.1

2j 11.2 7.1 24.1 52.3

3a >70 15.8 >70 4.8

Erlotinib 12 8.30 7 –
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compounds were tested for their in vitro antiproliferative activity [33]. The ability of

13a–f to inhibit the activity of DNA gyrase and topoisomerase IVwas also investigated.

Compounds 13a, 13c–f exhibited growth inhibition against MCF-7 breast tumor and

A549 nonsmall cell lung cancer cells coupled with an absence of cytotoxicity toward

normal human-derm fibroblasts (HuDe). Compound 13e was found to be active against

MCF-7 cancer cells with high potency in comparisonwith standard drug Ellipticine with

IC50 0.8 and 1.6 l μM respectively (Table 19.7).

N

F

Cl

NO2

O

COOEt

+

SnMe3

R2 R2

R1

(9)
(10a–e)

Pd(OAc)2, CsF

DMF, 70–100 °C

N

F

O

COOEt

R2

R1

R2

NH

(11a–e)

MWI , 200°C P(OEt )3

(12a–e) R=Et

(13a–e) R=H

10% aq HCl, EtOHReflux

N

F

O

COOEt

R2

R1

R2

NO2

Scheme 19.16 Synthesis of tetracyclic fluoroquinolones derivatives.

Table 19.7 In vitro antiproliferative activity of titled compounds.

Comp. R1 R2

IC50 (μM)

MCF-7

IC50 (μM)

A-549

IC50 (μM)

HuDe

13a H H 3.6 � 1.09 6.4 � 1.02 >10

13b Me H >10 >10 >10

13c OMe H 2.4 � 1.05 4.9 � 1.01 >10

13d OMe Me 1.7 � 1.04 3 � 1.03 >10

13e F H 4.4 � 1.09 3.5 � 1.07 >10

Ellipticine – – 1.6 � 1.16 3.4 � 1.04 >10
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A new class of pyrano[3,2-c]quinoline analogs are synthesized in moderate to good

yields by using microwave heating conditions. For enhancing the yield of products,

multicomponent one-pot synthesis is developed. The cytotoxicity of these compounds

is also evaluated against MCF-7 breast and A549 lung cancer cell lines. Most of the

compounds displayed moderate-to-good anticancer activity against these cell lines

(Scheme 19.17) [34].

An efficient method for the synthesis of quinolines with good yields using micro-

wave irradiation was developed [35]. The reaction was carried out between

4-bromoaniline (1a), benzaldehyde (2a) and styrene (3) in the presence of

p-sulfonic acid calyx arene as catalyst under microwave irradiation (Scheme

19.18). The synthetic procedures were environmentally friendly, convenient, mild,

and easy workup. Cell proliferation was determined by using the MTT assay with

absorbance measurements at 540 nm. All synthesized quinolines (Q1–Q8) were eval-
uated in vitro against the various cancer cell lines such as NCI-H226 (lung), TOV-21G

(ovary), and Hep-2c (HeLa contaminant). The concentrations of quinolines which

caused cell growth inhibition by 50% (IC50 values) are summarized in Table 19.8.

N
H

O

NO2

F

+

CN

CN

MWI, 7 min

N
H

NO2

O

NH2

CN

F

Scheme 19.17 Synthesis of quinoline analogs.

NH2

Br

CHO

+ +

1a 2a 3

P-Sulfonic acid

MWI, 50 W, 20 min
N

Br

Q1

Scheme 19.18 Synthesis of quinoline (Q1).
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19.1.10.2 Coumarin derivatives as anticancer agents

An efficient and rapid synthesis of coumarin derivatives was achieved via reactions of

3-(3-(4-methoxyphenyl)acryloyl)-2H-chromen-2-one (3) with different carbon nucle-

ophiles such as ethyl acetoacetate, ethyl cyanoacetate, malononitrile, and ethyl ben-

zoylacetate (Scheme 19.19). Both conventional heating and microwave irradiation

conditions were used to perform the reactions (Table 19.9). The newly synthesized

compounds were tested for in vitro cytotoxicity [36]. The preliminary screening

results showed that most of the compounds have moderate cytotoxic activity against

HCT-116 and MCF-7 cell lines as compared with the standard drug 5-fluorouracil

(Table 19.10).

Table 19.8 Concentration of quinolines required to inhibit the proliferation

of tumor cells by 50% (IC50).

Quinolines

IC50 (μM)

NCI-H226 (lung) TOV-21G (ovary) Hep-2c

Q1 43.4 530.7 128.1

Q2 1.58 ND 269.0

Q3 ND 570.4 5.0

ND, not determined.

O

COCH3

O

+
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R MWI

O

C

O

O

R

O O

H2C
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Z

R

X= N,O
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, COOC
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Z= OH, CH
3
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Scheme 19.19 Synthesis of coumarin derivatives.
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3-(Bromoacetyl)coumarin (3) is synthesized via two-step procedure. In the first

step, the cyclocondensation of salicylaldehyde (1) with ethyl acetoacetate under

microwave irradiation utilizing piperidine as a catalyst was involved to produce

3-acetylcoumarin (2). In the second step, compound (2) underwent bromination in

the presence of chloroform to yield the bromoketone (3) with 63% yield (Scheme

19.20). Then, 2-arylidenehydrazinocarbothioamides (4a–t) were synthesized through

condensation of the aromatic aldehydes and thiosemicarbazide in ethanol under

microwave irradiation. Microwave irradiation technology was followed to react com-

pounds (4a–t) and bromoketone (3) in ethanol by addition of ammonium hydroxide

5% to furnish the desired thiazolyl-coumarin hybrids (5a–t) in moderate to good yields

(62%–89%) (Scheme 19.21). The new hybrid compounds were tested for in vitro anti-

tumor efficacy over cervical (HeLa) and kidney fibroblast (COS-7) cancer cells. Com-

pounds 5f, 5h, 5m, and 5r displayed promising efficacy toward HeLa cell line. In

addition, 5h and 5r are found to be the most active candidates toward COS-7 cell line

as presented in Table 19.11 [37].

Table 19.9 Comparison between conventional and microwave irradiation method.

Comp. R X Y Z

Time (min) Yield (%)

C M C M

4 p-C6H4-OCH3 O OH COCH3 360 3 59 85

5 p-C6H4-OCH3 N CH3 COOC2H5 480 4 69 93

6 p-C6H4-OCH3 O OH COOC2H5 420 3 57 86

7 p-C6H4-OCH3 N OH CN 480 4 68 91

8 p-C6H4-OCH3 N NH2 COOC2H5 360 4 63 89

C, conventional; M, microwave.

Table 19.10 Cytotoxic activity of some compounds against human tumor cells.

Compounds

In vitro cytotoxicity IC50 (μg/mL)

HCT-116 MCF-7

4 58.8 � 3.10 41.4 � 3.05

5 31.3 � 2.37 27.4 � 1.97

6 26.3 � 2.28 50.5 � 3.62

7 46.3 � 2.58 42.5 � 2.04

8 86.8 � 4.15 72.9 � 3.76

5-FU 40 � 0.21 38.4 � 0.17

1–10 (very strong), 11–20 (strong), 21–50 (moderate), 51–100 (weak), and >100 (noncytotoxic).

H

O

OH

O

H3C O

O

CH3

Piperidine/ethanol
MWI, 5 min

O O

CH3

O

(1) (2)
O O

O

(3)

Br

Br2

CHCl3

Scheme 19.20 Synthesis of 3-(bromoacetyl)coumarin (3).
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O
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Scheme 19.21 Synthesis of thiazolyl-coumarin hybrids (5a–t).

Table 19.11 In vitro antitumor activity of 5a–j against HeLa and COS-7 cancer cell lines.

Comp. no. Ar

IC50 (μg/mL)

HeLa COS-7

5a Br >50 >50

5b NC >50 >50

5c CN >50 >50

5d >50 >50

5e CH3 >50 >50

5f Cl

Cl

1.90 >50

Continued
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Microwave-assisted efficient and rapid synthesis of new fluorinated coumarin-

pyrimidine hybrids (1a–1l) as potent anticancer agents was described (Scheme

19.22, Table 19.12). All the newly synthesized compounds (1a–1l) were evaluated

for their anticancer activity against two human cancer cell lines such asA-549 (human

lung carcinoma) andMDA-MB-231 (human adenocarcinoma mammary gland). From

the results, it was revealed that some of the synthesized compounds exhibit significant

cytotoxicity against the two tested cancer cell lines with IC50 < 10 μM (Table 19.13).

Among the tested compounds, compound (1j) exhibited potent activity against the

Table 19.11 Continued

Comp. no. Ar

IC50 (μg/mL)

HeLa COS-7

5g Cl

F

>50 >50

5h Cl

NO2

1.42 1.96

5i Br

OH

>50 >50

5j HO

CH3

>50 >50

Doxorubicin – 2.05 3.04

O

O

R

NH•HClH2N

F

O

R

N N

F

O
O

(a–l)
(1a–l)

+

(1)

MWI (200 W, 120°C,15–20 min

Conventional (10–14 h)

Scheme 19.22 Synthesis of new fluorinated coumarin-pyrimidine hybrids (1a–1l).
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A-549 cell line in comparison with standard drug Cisplatin, whereas compound (1b)

was found to be active against the MDA-MB-231 cell line as compared with standard

drug Cisplatin. DNA cleavage study by the gel electrophoresis method revealed that

compounds (1b), (1e), (1g), and (1j) inhibit the growth of the pathogenic organism by

cleaving the genome [38].

Table 19.12 Comparative study of conventional and microwave irradiation method.

Products R

Time (min) Yield (%)

C M C M

1a p-CH3 630 16 64 88

1b p-OCH3 600 15 67 91

1c m-CH3 680 16 61 81

1d m-OCH3 740 16 63 82

1e o-CH3 800 17 56 74

1f o-OCH3 820 19 54 76

1g p-Br 730 16 61 83

1h m-Br 750 18 57 79

1i o-Br 840 20 54 74

1j p-Cl 610 15 62 85

1k m-Cl 650 16 59 81

1l o-Cl 750 17 53 76

C, conventional; M, microwave.

Table 19.13 Anticancer activity of coumarin-pyrimidine hybrids (1a–1l).

Products

Cytotoxicity (IC50) in μM

A-549 MDA-MB-231

1a 16.73 � 1.42 4.16 � 0.37

1b 16.11 � 1.21 2.23 � 0.19

1c 24.31 � 2.38 16.42 � 1.42

1d 22.41 � 2.51 8.42 � 0.73

1e 25.63 � 2.58 4.62 � 0.59

1f 21.72 � 2.11 16.16 � 1.31

1g 4.32 � 0.53 24.43 � 2.56

1h 8.43 � 0.64 26.79 � 2.79

1i 8.73 � 0.84 28.57 � 2.43

1j 2.15 � 0.12 16.53 � 1.61

1k 4.64 � 0.59 8.31 � 0.83

1l 8.56 � 0.76 16.74 � 1.82

Cisplatin 1.89 � 0.09 3.5 � 0.21
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19.1.10.3 Synthesis of Imatinib as anticancer agents

An expeditious, high yield, and convenient synthesis of Imatinib was carried out on an

aldehydic, super acid-sensitive resin, through an efficient, microwave-assisted syn-

thetic protocol (Scheme 19.23). The high versatility of the reaction scheme enabled

the straightforward preparation of libraries of potential protein kinase inhibitors end-

owed with large molecular diversity [39].

19.1.10.4 Synthesis of thiadiazole derivatives as anticancer agent

A series of S-alkyl derivatives of 3-(substituted-(1,10-biphenyl)-3-yl)[1,2,4]triazolo
[3,4-b][1,3,4]thiadiazole-6-thiol (4a–j) were synthesized by both conventional and

microwave irradiation methods (Scheme 19.24). Microwave irradiation method pro-

vided a rapid reaction rate with better yield as compared with conventional method

[40]. The synthesized compounds were screened for their in vitro anticancer activity

by MTT assay (Table 19.14). Among the tested compounds, the compound 4c was the

most promising anticancer agent with IC50 value 12 μM in HT29 cell line.
A facile, solvent-free synthesis of a series of novel N-((5-(substituted methylene

amino)-1,3,4-thiadiazol-2-yl)methyl)benzamide (7a–l) was carried out under micro-

wave irradiation (Scheme 19.25, Table 19.15). All the synthesized hybrids were eval-

uated for their in vitro anticancer activity against a panel of four human cancer cell

lines such as SK-MEL-2 (melanoma), HL-60 (leukemia), HeLa (cervical cancer),

MCF-7 (breast cancer) and normal breast epithelial cell (MCF-10A) based on

3-(4,5-dimethythiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) assay method

(Table 19.16). Most of the synthesized compounds exhibited promising anticancer

activity as compared with standard drug adriamycin. The compounds 7k, 7l, 7b,

and 7a were found to be the most promising anticancer agents in this study.

A molecular docking study was performed to predict the probable mechanism of

action and computational study of the synthesized compounds [41].
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Scheme 19.23 Solid-phase synthesis of Imatinib.
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Scheme 19.24 Synthesis of S-alkyl derivatives of 3-(substituted-(1,10-biphenyl)-3-yl)[1,2,4]
triazolo[3,4-b][1,3,4]thiadiazole-6-thiol.

Table 19.14 In vitro cytotoxicity data (IC50, μM) of compounds 3a–b and 4a–j against cancer
cell lines by MTT assay.

Comp. R R1

IC50 (μM)

HT29 K293 MDA231

4a 50-F, 20-OMe d(CH2)3CO2Me 20 50 35

4b 20-F d(CH2)3CO2Me 24 55 38

4c 50-F, 20-OMe d(CH2)4F 12 33 23

4d 20-F d(CH2)4F 15 36 25

4e 50-F, 20-OMe d(CH2)3CN 24 53 38

4f 20-F d(CH2)3CN 28 57 40

4g 50-F, 20-OMe d(CH2)3NH2 19 67 31

4h 20-F d(CH2)3NH2 26 71 39

4i 50-F, 20-OMe d(CH2)2OH 24 69 34

4j 20-F d(CH2)2OH 31 75 45

Doxorubicin – – 08 25 16
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Scheme 19.25 Synthesis ofN-((5-(substituted methylene amino)-1,3,4-thiadiazol-2-yl)methyl)

benzamide (7a–l).

Table 19.15 Synthesis of compounds (7a–l) under microwave irradiation and conventional

method.

Entry

Conventional method Microwave method

Time (h) Yield (%) Time (min) Yield (%)

7a 3.30 78 8 95

7b 5.10 77 12 92

7c 5.00 78 12 94

7d 7.20 66 15 94

7e 7.25 52 15 92

7f 8.00 48 18 92

7g 5.25 76 12 95

7h 7.30 66 15 88

7i 8.00 68 20 86

7j 8.00 48 20 88

7k 4.15 44 10 85

7l 4.25 56 10 84
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A series of 3-(50-fluoro-20-methoxybiphenyl-3-yl)-6-(substituted)[1,2,4]-triazolo

[3,4-b][1,3,4]-thiadiazole (3a–j) were synthesized by conventional and microwave

irradiation methods (Scheme 19.26). Microwave method provided a rapid rate of

reaction with better yield as compared with conventional method (Table 19.17).

Table 19.16 In vitro anticancer activity of compounds (7a–l).

Entry

GI50 (μM)

MCF-7 HeLa SKMEL-2 HL-60 MCF-10A

7a 22.9 32.8 21.9 21.7 >100

7b 28.7 39.0 22.9 28.2 86.1

7c 32.4 41.1 27.5 33.3 ND

7d 36.7 52.4 34.0 40.2 ND

7e 35.2 46.8 28.1 39.6 ND

7f 38.4 49.2 30.0 37.5 ND

7g 41.0 66.1 46.4 42.4 ND

7h 46.2 71.7 49.1 48.2 ND

7i 49.0 78.0 52.6 45.8 ND

7j 51.4 78.8 55.7 49.9 ND

7k 11.7 23.8 19.6 35.5 >100

7l 19.0 28.8 22.0 29.9 >100

Adriamycin <10 <10 <10 <10 ND

GI50, concentration exhibiting 50% inhibition of growth; ND, not determined.
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Scheme 19.26 Synthesis of thiadiazole derivatives (3a–j) by conventional and microwave

irradiation methods.
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These novel compounds were screened for their anticancer activity against cancer cell

lines HT29 (human adenocarcinoma), K293 (human kidney cancer) and MDA231

(human breast cancer) by using the MTT assay (Table 19.18). Among the tested com-

pounds, compounds 3b and 3g had promising anticancer activity [42].

Table 19.17 Determination of percentage yield of Thiadiazole derivatives (3a–j).

Comp. code Ar

Yield (%)

Conventional Microwave

3a 2-F-C6H4 65 79

3b 4-F-3-CF3-C6H4 61 78

3c 4-I-C6H4 66 81

3d

N

68 77

3e

N
H

70 82

3f 2-Cl-6-F-C6H3 60 73

3g 2-F-5-NO2-C6H3 62 72

3h 4-F-3-NO2-C6H3 61 81

3i 2,4-Cl2-5-F-C6H2 60 77

3j

S NO2

62 75

Table 19.18 In vitro cytotoxicity data (IC50, μM) of compounds (3a–j) by using the MTT

assay.

Comp. code

In vitro cytotoxicity (IC50, μM)

HT29 � SD K293 � SD MDA231 � SD

3a 83 � 1.8 153 � 1.2 94 � 1.8

3b 10 � 1.2 20 � 1.1 9 � 1.3

3c 81 � 1.1 145 � 1.2 78 � 1.3

3d 86 � 1.5 120 � 1.4 87 � 1.4

3e 75 � 1.7 180 � 1.8 90 � 1.5

3f 81 � 1.8 170 � 1.8 75 � 1.8

3g 13 � 1.5 25 � 1.1 13 � 1.6

3h 21 � 1.1 36 � 1.4 28 � 1.2

3i 52 � 1.3 68 � 1.3 75 � 1.1

3j 15 � 1.5 27 � 1.8 17 � 1.8

5-FU 8.5 � 1.5 41 � 1.1 10.1 � 1.1

SD, standard deviation.
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19.1.10.5 Benzimidazole derivatives as anticancer agents

Kayagil et al. performed the synthesis of 1,3-diarylpyrazino[1,2-a]benzimidazole

derivatives and investigated their anticancer activities [43]. First of all,

2-aryloyl-benzimidazole derivatives (1a–c) were reacted with 2-bromo-acetophenones

in acetone to produce 1-(2-aryl-2-oxoethyl)-2-aryloylbenzimidazoles (2a–e). The

resulting materials were reacted with ammonium acetate in the presence of acetic acid

to get titled compounds (3a–e) as presented in Scheme 19.27. Microwave irradiation

methodwasapplied tocomplete the reaction.Theobtained compoundswere investigated

for their anticancer activities. It was observed that some of the compounds demonstrated

significant anticancer activities (Table 19.19).
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Scheme 19.27 Synthesis of titled compounds (2a–e, 3a–e).

Table 19.19 Anticancer activity (% growth) of titled compounds (2a–e, 3a–e).

Comp. code R R0 NSCLC CNSC OC RC

2a H H 82.55 82.33 87.00 86.38

2b H CH3 91.01 101.15 80.45 85.16

2c H OCH3 36.00 25.38 30.25 38.60

Continued
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A series of new benzimidazole bearing thiazolidinedione derivatives was designed

and synthesized by using conventional as well as microwave-assisted methods (Fig.

19.20). Microwave-assisted synthesis caused a significant reduction in the reaction

times and improvement in the yields of all the derivatives. All the new synthesized

compounds were evaluated for their in vitro cytotoxic potential against selected

human cancer cell lines such as breast (MDA-MB-231), prostate (PC-3), cervical

(HeLa), lung (A549), and bone (HT1080) along with normal kidney cells (HeK-

293T). The compounds 17n, 17p, and 17q were found to be potent cytotoxic with

IC50 values in the range of 0.096–0.63 μM on PC-3, HeLa, A549, and HT1080 cells.

Most of the compounds were safe on normal HeK-293T kidney cells in comparison

with cancer cells [44].

New 2-quinolizinyl-benzimidazole and 2-naphthalyl-benzimidazole derivatives

with various 5- and 6-positioned substituents (aza, H, CH3, Cl, NO2, NH2, OCH3),

were synthesized in moderate to excellent yields via the condensation of

4-oxo-4H-quinolizine-carbaldehyde or naphthalene-carbaldehyde with substituted

o-phenylenediamines, o-nitroaniline, and 2,3-pyridinediamine using sodium

metabisulfite or sodium hydrosulfite under microwave irradiation. These compounds

were tested for cytotoxicity against human breast cancer cell line MCF-7. The results

showed that some of the tested compounds are found to be as active as compared with

standard drug tamoxifen (Scheme 19.28) [45].

N
H

N

R2 R3

R4

R5

N

S

O

R1

O

Fig. 19.20 Structure of benzimidazole bearing thiazolidinedione derivatives.

Table 19.19 Continued

Comp. code R R0 NSCLC CNSC OC RC

2d H F 70.39 65.49 65.25 71.58

2e H Cl 52.44 37.17 44.33 45.13

3a H H 100.25 62.17 61.50 101.17

3b H CH3 100.38 77.00 85.17 103.00

3c H OCH3 95.39 103.74 102.35 96.67

3d H F 92.59 91.16 91.34 91.75

3e H Cl 79.33 67.50 64.50 84.14
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19.1.10.6 Pyrrole derivatives as anticancer agents

A series of novel N-substituted pyrrole derivatives were designed and synthesized by

reacting 2,5-dimethoxy-tetrahydrofuran with diverse amines under ultrasound-

assisted condition in presence of Bi(NO3)3�5H2O as catalyst (Scheme 19.29). This

method provided eco-friendly route to prepare diverse varieties of N-substituted
pyrroles with less nucleophilic polyaromatic amines. Cytotoxicity of some selected

N-substituted pyrrole derivatives was evaluated in vitro in a panel of mammalian

cancer cell lines which includes liver cancer cell lines (HepG2 and Hepa1-6), colon

cancer cell lines (HT-29 and Caco-2), a cervical cancer cell line (HeLa) and NIH3T3

cells. Two compounds, 5-(1H-pyrrol-1-yl)-1,10-phenanthroline, and 1-(phenanthren-
2-yl)-1H-pyrrole demonstrated good cytotoxicity against some cancer cell lines. Fur-

thermore, these compounds exhibited cytotoxic specificity against liver cancer cell

lines in vitro when compared with normal cultured primary hepatocytes [46].

19.1.10.7 Ferulic acid amide derivatives as anticancer agents

Various amide derivatives of ferulic acid were synthesized under solvent-free

conditions by using microwave-assisted reaction (Scheme 19.30). These compounds

were found to exhibit in vitro anticancer activity against breast (MDA-MB-231 and

MCF-7), cervical (HeLa), lung (A549), and liver (HepG2) human cancer cell

lines [47].

H3CO

H3CO

OCH3 OH

CHO

+

X

NH2

NY2R

Na2S2O4

MWI

H3CO

H3CO

OCH3 OH

N

HN

X

R

Scheme 19.28 Synthesis of benzimidazole derivatives.

O OMeMeO

+ R-NH2
USI

Bi(NO3)3

N

R
2,5-Dimethoxy-tetrahydrofuran Amines Pyrrole derivatives

Scheme 19.29 Synthesis of pyrrole derivatives.
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19.1.10.8 Pyridine derivatives as anticancer agents

Novel tricyclic 5H-thiochromeno-pyridine and 5H-chromenopyridine analogs were

designed and synthesized to evaluate the cytotoxic activity against human melanoma

and glioma cell lines [48]. All of the 5H-thiochromenopyridines were achieved in

good yields (89%–93%) via single-step, three-component cyclization under MWI

(Scheme 19.31). All newly prepared 5H-thiochromenopyridines exhibited good to

moderate cytotoxicity against three melanoma and two glioma cell lines (3–15 μM)

(Table 19.20).

H3CO

HO

O

OH

+

N

NH2

R3

R2

R1

N

NH

R3

R2

R1

O

HO

H3CO

MWI, 450 W

145°C, 5min

Ferulic acid derivatives

Code R1 R2 R3

a H H H

b CH3 H H

c H CH3 H

d H H CH3

e OCH3 H H

f H CH3 H

g H H OCH3

Scheme 19.30 Synthesis of ferulic acid derivatives.

R1 OH

O

+

CN

CN

2 + R2-SH
MWI, 150°C, 300 W, 10 min

Et3N

O N

S NH2

CN

NH2R1

R2

(1b–i)

Scheme 19.31 Synthesis of pyridine analogs under MWI.
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Based on this green chemistry approach, two novel series of 2-amino

cyanopyridine series (5a–g) and 2-oxocyanopyridine series (6a–g) were synthesized
(Scheme 19.32). All of the newly synthesized compounds were evaluated for their

in vitro anticancer activity against a panel of three cell lines such as liver cancer cell

Table 19.20 Antiproliferative activity of pyridine analogs.

Comp.

code R1 R2

IC50 value (μM) � SEM

A375 WM164 MT330

1a dOCH3 C6H5 6.4 � 0.8 7.5 � 1.2 >30

1b dOCH3 4-F-C6H5 6.7 � 1.5 3.5 � 1.2 6.1 � 1.9

1c dOCH3 4-Fluoro-naphthalene 6.3 � 0.7 3.6 � 0.6 4.6 � 0.1

1d dOCH3 4-OCH3-C6H5 7.0 � 0.9 6.6 � 1.0 4.5 � 0.9

1e dOCH3 Naphthalene 5.3 � 0.7 5.7 � 1.4 5.2 � 0.0

1f dOCH3 (CH3)2NH-C6H5 5.7 � 0.4 5.6 � 0.6 5.4 � 0.0

1g (CH3)2NH2- 4-OCH3-C6H5 7.2 � 1.4 9.7 � 2.7 8.3 � 0.0

Colchicine – 0.02 � 0.01 0.03 � 0.02 –

NC

R

O

N
H

Ar'

CN

OAr

4b  R = COOC2H5
4c  R = CONH2

4b,c

(6a–h)

O

HAr'
O

Ar CH3

NH4OAcPEG, MWI

N
H

Ar'

CN

NH2Ar

+

(1a–c) (2a–c)

(5a–g)

CN

CN
(3)

Ar =

H3CO

S

O O

Ar' =

S

Scheme 19.32 Synthesis of 3-cyano pyridine derivatives under MWI condition.
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line (HepG2), colon cancer cell line (HCT-116), and the breast cancer cell line

(MCF-7). Most of the compounds exhibited good to moderate antiproliferative activ-

ity against HepG2 and HCT-116 cell lines while only a few compounds showed

significant cytotoxic activity against MCF-7 cell line. Further, the Pim-1 kinase inhib-

itory activity for the two series is evaluated where most of the tested compounds

showed marked Pim-1 kinase inhibitory activity (26%–89%) as presented in

Table 19.21 [49].

Table 19.21 In vitro anticancer activity of compounds 5(a–g) and 6(a–g).

Comp. Structure

HepG2

(μM)

HCT-116

(μM)

MCF-7

(μM)

%

inhibition

of Pim-1

kinase

Pim-1

kinase

IC50

(μM)

5a 299.83 NA NA 26.00 –

5b 45.80 30.61 80.73 61.55 25.5

5c 35.7 80 59.1 69.23 19.25

5d 103.58 122.00 88.27 76.92 –
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Table 19.21 Continued

Comp. Structure

HepG2

(μM)

HCT-116

(μM)

MCF-7

(μM)

%

inhibition

of Pim-1

kinase

Pim-1

kinase

IC50

(μM)

5e 180.73 66.67 38.83 58.53 –

5f 28.27 91.17 72.08 85.03 7.52

5g

N NH2

CN

OCH3

O O

11.9 20.51 19.23 86.50 1.16

6a 36.26 24.89 36.73 83.07 10.6

6b 15.28 25.91 25.23 79.54 1.47

6c 30.5 36.18 20.60 89 0.94

Continued
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Carboethoxy/carbomethoxy pyridine derivatives were synthesized by both con-

ventional and microwave irradiation method via one-pot three-component reaction

mixture which consists of alkyl acetoacetate, aldehyde, and ammonium acetate

(Scheme 19.33). The synthesized products were evaluated for their cytotoxic activity

against MDA-MB (breast) and HT-29 (colon) human cancer cell lines. Few com-

pounds exhibited some degree of cytotoxicity [50].

Table 19.21 Continued

Comp. Structure

HepG2

(μM)

HCT-116

(μM)

MCF-7

(μM)

%

inhibition

of Pim-1

kinase

Pim-1

kinase

IC50

(μM)

6d 15.48 28.70 21.93 72.95 6.70

6e 35.87 28.6 27.1 77.85 4.8

6f 41.60 187.06 248.60 84.82 3.16

6g 220 228 236 81.05 10.04

5-FU 8.1 9.9 7.9 – –
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19.1.10.9 Thiazoles as anticancer agents

A series of novel 2-aminothiazole (1,3,5,7,9) and 2-aminooxazole (2,4,6,8,10) deriv-

atives were synthesized by using microwave-assisted method as a green chemistry

approach (Scheme 19.34). The newly synthesized were screened for their anticancer

activity against HeLa cell lines by MTT assay. Compound 9, 5, and 2 showed marked

binding scores in the docking studies and exhibited anticancer activity with an IC50

value of 19.5, 31.20, and 52.43, respectively [51].

The microwave-promoted cyclization method was used for the synthesis of a series

of novel substituted 2,4-diarylthiazoles from α-halo ketones and thioamides using eth-

anol as solvent (Scheme 19.35). This rapid method produced compounds in good yield

within 1 min in comparison with the conventional heating method. The synthesized

molecules were evaluated for their antiproliferative effects against five different can-

cer cell lines [52].

O

H3C OR1

O

+ CH3COONH4 + R-CHO
DMF

MWI, 480 W, 1–6 min
N
H

R O

OR1

CH3H3C

O

R1O

R= C6H5, 3-NO2-C6H4, 4-CH3-C6H4

R1=CH3, C2H5

Alkyl acetoacetate Ammonium acetate Aldehyde Carboethoxy/carbomethoxy pyridine derivatives

Scheme 19.33 Synthesis of carboethoxy/carbomethoxy pyridine derivatives.
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6: R=4-OCH3, X=O

7:R=COCH3, X=S
8:R=COCH3, X=O
9: R=H, X=O
10: R=H, X=S

Scheme 19.34 Microwave-assisted synthesis of 2-aminothiazole derivatives.
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19.1.10.10 Quinazoline as anticancer agents

Novel series of imidazolo-quinazoline-4-one derivatives analogs (Fig. 19.21) are syn-

thesized and screened for antitumor activity. The compounds showed significant

in vitro antitumor action in selective cancer cell lines [53]. MTT assay confirmed

the anticancer nature of the compounds tested against A-549, Vero, and HBL-500 cell

lines (Table 19.22).

R1

R2

R3

COCH2Br +

R1

R2

R3

CSNH2

Ethanol

MWI, 100°C, 250 W

N

S

R1

R2

R3

R4

R5

R6

2,4-Diarylthiazoles

Scheme 19.35 Microwave-promoted synthesis of substituted 2,4-diarylthiazoles.

N

N

X

X

O

CH3

N N

O

C6H5

R1

Fig. 19.21 Structure of imidazolo-quinazoline-4-one derivatives analogs.

Table 19.22 Antitumor activity of quinazolin-(3H)-ones.

Entry X R1

IC50 value (μM)

Vero A-549 HBL-100

1 H C6H5 40.11 22.97 51.87

2 H C6H4OH 39.99 23.12 48.31

3 H C6H4N(CH3)2 71.9 35.33 152

4 Br C6H5 28.87 12.22 53.19
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19.1.10.11 Pyrazole as anticancer agents

Multicomponent reaction of acetyl pyrazole (1), dimethylformamide dimethylacetal

(DMF-DMA) (2), and nitrileimine (4a–d) (generated in situ from 3a–d with

triethylamine) in toluene under conventional heating for 10–15 h or under microwave

irradiation at 150°C for 4–10 min afforded novel pyrazole-based azoles (6a–d) as
presented in Scheme 19.36 and Table 19.23. All the newly synthesized compounds

were evaluated for their in vitro anticancer activity against human lung cancer and

human hepatocellular carcinoma cell lines usingMTT assay [54]. The results obtained

exploring the high potency of six of the tested compounds were compared with stan-

dard antitumor drug cisplatin (Table 19.24).

N N

CH3

Ar

O CH3

S

Ar= 4-NO2-C6H4

(1)

+ DMF-DMA

(2)

+ R N

N

Ar'

(4)

R N

H
N

Ar'

Cl

(3)

N N

Ar

O

S

(6a–d)

TEA

MWI, 150°C, 4–10 minToluene

N

N

R

Ar'

CH3

Scheme 19.36 Conventional andMWImethods for the synthesis pyrazole-based azoles (6a–d).

Table 19.23 Comparative data of conventional and MWI methods for the synthesis of

compounds 6a–d.

Comp.

Conventional method MWI method

Time (h) Yield (%) Time (min) Yield (%)

6a 12 66 4 84

6b 15 68 10 85

6c 10 70 8 88

6d 8 69 5 90
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A series of compounds having the pyranopyrazole pharmacophore were synthe-

sized via four-component reaction between ethyl-3-oxobutanoate, hydrazine hydrate,

malononitrile, and aldehydes by using both traditional method and microwave-

assisted method (Scheme 19.37). The microwave strategy involved rapid rate of reac-

tion with high product yield as compared with the traditional method (Table 19.25).

The synthesized molecules were tested in vitro for their cytotoxic activity against the

Hep3B cancer cell lines (Table 19.26). The activity results were subsequently ratio-

nalized for a quick structure-activity relationship leading to the conclusion that the

presence of certain heteroatom substituents at a 3-position of the pharmacophore

may be vital for anticancer potency [55].

Table 19.24 In vitro inhibitory activity of test compounds (6a–d) against tumor cell lines.

Test compound R Ar0

IC50 value (μM) � SEM

A-549 Hepg2

6a COCH3 Ph 22.9 � 0.9 5.60 � 0.8

6b COCH3 4-Me-C6H4 38.5 � 1.2 44.4 � 1.3

6c COC2H5 Ph 23.3 � 0.9 22.4 � 0.9

6d 2-Thienyl 4-NO2-C6H4 30.6 � 1.1 35.9 � 1.4

O

OO

+ NH2⋅NH2⋅H2O +

CN

CN

+ R-CHO
Route A/

O

HN

N

R

CN

NH2

Route B

Pyranopyrazole derivativesEthyl 3-oxobutanoate Hydrazine hydrate Malononitrile Aldehydes

Scheme 19.37 Synthesis of pyranopyrazole pharmacophore under MWI. Route A: Et3N, EtOH,

1–2 h, rt, average yields 85%. Route B:MWI reaction, EtOH, Et3N, 3–5 min, average yields 81%.

Table 19.25 Synthesis of pyranopyrazole pharmacophore via Route A or B.

Entry R

Route A Route B

Time (min) Yield (%) Time (min) Yield (%)

1 30-OH-C6H4 100 88 4 82

2 40-Br-C6H4 130 82 3 80

3 30-Br-C6H4 110 80 5 77

4 30-NO2-C6H4 140 86 5 81

5 30-Thiophenyl 90 88 4 80

6 20-Pyrroyl 90 85 4 80

7 30-Indolyl 110 81 5 79
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The fluorinated chalcone and pyrazoline derivatives were successfully synthesized

by reacting 1-acetylnaphthalene (5 mmol) and 2-fluorobenzaldehyde (5 mmol) in the

presence of ethanol (2.5 mL) under microwave irradiation condition at 180 W for

3 min (Scheme 19.38). Docking studies were performed to evaluate the effects of

compound 1 and compound 2 against breast cancer. Docking study and MD simula-

tion showed the binding affinity of two pyrazoline chalcone derivatives (compounds 1

and 2) to be within the enzyme binding pockets with relatively constructed hydrogen

bond and van der Waals interaction. These compounds were used as potential drug

candidates for anticancer activity [56].

A series of novel pyrazole derivatives bearing pyran (4a, b), pyridine (5a, b), pyrazole

(6) were synthesized under microwave irradiation (Scheme 19.39, Table 19.27). All the

synthesized compounds screened for the anticancer activity against three tumor cell lines

using doxorubicin as standard drug. Compounds 5b (IC50 ¼ 0.36, 0.28, 0.32 μmol L�1)

was observed as good cytotoxic agents against the three tumor cell lines in comparison

with the activity of doxorubicin (Table 19.28) [57].

Table 19.26 In vitro cytotoxic activity of

test compounds against cancer cell lines.

Entry IC50 value (mg/mL)

1 32

2 16

3 4–16
4 32

5 16–32
6 128

7 64

O

H

O

F

NaOH, EtOH

μW, 3 min

μW, 2 min

O

F

N

F

+

N
H

N

F

N
Ph

Compound (1)

Compound (2) Compound (3)

NH2⋅NH2⋅H2O
AcOH, EtOH

Scheme 19.38 Synthesis of fluorinated chalcone and pyrazoline analogs.
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Scheme 19.39 Synthesis of 4-substituted-3-methyl-1-phenyl-1H-pyrazole derivatives.

Table 19.27 Comparison of yield of compound 3a–b with or without MWI.

Comp. Method Time Temp. (°C) Yield (%)

3a No-MWI 16 h rt 60

3b No-MWI 19 h rt 65

3a MWI 180 s 70 89

3b MWI 300 s 90 91

Table 19.28 In vitro anticancer activity of tested compounds against tumor cell lines.

Comp.

Tumor cell lines, IC50 value (μmol L21) � SEM

MCF-7 HepG2 HT 29

4a 22.40 � 0.20 29.11 � 0.21 25.42 � 0.21

4b 29.41 � 0.07 23.42 � 0.21 20.1 � 0.12

5a 4.35 � 0.47 5.59 � 0.37 4.06 � 0.38

5b 0.36 � 0.22 0.28 � 0.09 0.32 � 0.01

6 10.71 � 0.27 15.72 � 0.24 13.71 � 0.28

Doxorubicin 0.46 � 0.21 0.42 � 0.22 0.38 � 0.025
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19.1.10.12 Indole derivatives as anticancer agents

The novel pyrido[3,4-b]indoles are synthesized by using both conventional andmicro-

wave irradiation method [58]. First, tryptamine derivative (0.524 mmol) and aldehyde

(0.63 mmol) are dissolved in THF (20 mL). The reaction mixture was cooled to 0°C
and then CF3COOH (0.2 mL) was added at 0°C and the reaction mixture is stirred at

0°C for 1 h to obtain tetrahydro-β-carboline product. Under microwave irradiation

method, tryptamines (0.62 mmol) and aldehydes (0.75 mmol) are allowed to react

in the presence of 10% Pd/C and 500 mg of montmorillonite K-10 and irradiated at

100 W for 60 min at 150°C to obtain tetrahydro-β-carbolines (Scheme 19.40). These

compounds were screened for their antiproliferative activity against a broad range of

human cancer cell lines, comprising HCT116 colon, HPAC, MIA PaCa-2 and Panc-1

pancreatic, MCF-7 and MDA-MB-468 breast, A375 and WM164 melanoma, A549

lung, and LNCaP, DU145, and PC3 prostate cancer lines (Table 19.29).

X

NH2
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+ R1

O

H
AldehydesTryptamine derivatives

X

R5

R6

R4

R7

NH

R3
R2

R1

X

R5

R6

R4

R7

N

R3
R2

R1

THF, 0°C- r.t

Pd-C, xylene, refluxMWI, 150°C

Pd/C/K-10

Tetrahydro-β-carboline

Scheme 19.40 Synthesis of new pyrido[3,4-b] indole (β-carboline) derivatives.

Table 19.29 Antiproliferative activity of pyrido[3,4-b]indoles.

Entry R1 R2 R3 R4

IC50 value (μM)

MCF-7 MDA-MB-468

1 OCH3 H H 0.26 0.08

Continued
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19.1.10.13 Pinostrobin as anticancer agent

Pinostrobin (5-hydroxy-7-methoxyflavanone) (1) was produced in large amounts

from finger root (Boesenbergia pandurata) and was further converted to its C-6 (2)

and C-8 (3) prenylated derivatives based on efficient microwave-assisted synthesis

(Fig. 19.22) [59]. The Mitsunobu reaction, europium (III)-catalyzed Claisen-Cope

rearrangement, and Claisen reaction coupled with cross-metathesis were used as

the key steps. By using a sealed-vessel microwave reactor, the Mitsunobu and

Claisen/Cope reactions proceeded smoothly with short reaction times and satisfactory

yields. The target compounds and five new intermediary substances showed cytotoxic

activity toward SK-BR-3, MCF-7, PC-3, and Colo-320DM human tumor cell lines,

and all of them had significantly lower IC50 (μM) values than pinostrobin.

Table 19.29 Continued

Entry R1 R2 R3 R4

IC50 value (μM)

MCF-7 MDA-MB-468

2 H H H 1.42 0.80

3 OCF3 H H 7.61 4.99

4 H H CH3 50.80 14.23

O

OO

OH

Pinostrobin (1)

O

OO

OH
O

OO

OH

(2) (3)

Fig. 19.22 Pinostrobin (1) and its prenylated derivatives (2 and 3).
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19.1.10.14 Pyrimidine derivatives as anticancer agents

Green synthetic approach was followed for the synthesis 5-amino-2-(4-chlorophenyl)-

7-substituted-phenyl-8,8a-dihydro-7H-(1,3,4)thiadiazolo(3,2-α)pyrimidine-6-

carbonitrile (Scheme 19.41). It involved ultrasound mediated one-pot, three-

component reaction between 5-(4-chlorophenyl)-1,3,4-thiadiazol-2-amine,

malononitrile, and aldehydes in the presence of sodium hydroxide and ethanol. This

green protocol was advantageous in terms of using eco-friendly catalyst, reduced reac-

tion time, simple work-up process, ease of isolation, and high yield of product. The

in vitro anticancer activities of these compounds were evaluated against four human

tumor cell lines. Among all the tested compounds, compound 4i, which has substituent

3-hydroxy-4-methoxyphenyl was found to have the highest GI50 value of 32.7 μM,

55.3 μM, 34.3 μM, 28.9 μM for MCF-7, K562, HeLa, and PC-3 cancer cell lines,

respectively [60].

19.1.10.15 Miscellaneous

Dibenzo[a,h]anthracene derivatives were synthesized via a one-pot synthetic protocol
with three-component reaction of 2-hydroxy-1,4-naphthoquinone, aromatic alde-

hydes, and 2-naphthol using InCl3 as catalyst under solvent-free condition (Scheme

19.42). These o-quinonic adducts showed strong cytotoxicity against MCF-7 and

HEL tumoral cell lines [61].

N

S

N

NH2

Cl

+

CN

CN

R-CHO
NaOH. ethanol

N

S

N

Cl

N

NH2

CN

R

5-(4-Chlorophenyl)-1,3,4-thiadiazol-2-amine
(1)

Malononitrile
(2)

+

USI

Aldehydes
(3)

Pyrimidine-6-carbonitrile derivatives
(4a–j)

Scheme 19.41 Synthesis of pyrimidine-6-carbonitrile derivatives.

O

O

OH OH
R CHO

O

O

O

R

InCl3, 120°C

R= Ph, 4-Br-Ph, 4-NO2-Ph,4-Cl-Ph,2-F-Ph

+

Scheme 19.42 Synthesis of o-quinonic adducts.
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A series of 1-hydroxynaphthalene-2-carboxanilides were designed based on the

fragment-based approach and are synthesized based on the microwave-assisted pro-

tocol (Scheme 19.43). The biological activity of all of the compounds was tested on

human colon carcinoma cell lines. Some of the compounds revealed a good to excel-

lent activity as compared with the standard anticancer drugs [62].

4-Aryl-2-amino-4H-chromenes possessingN,N-dimethylamino group were reported

as potential anticancer drugs. One-pot condensation of N,N-dimethyl-3-aminophenol,

aromatic aldehydes, and (E)-N-methyl-1-(methylthio)-2-nitro-ethenamine was carried

out by using MW irradiation to get the 4-aryl-2-methylamino-3-nitro-4H-chromenes

under catalyst-free conditions (Scheme 19.44). The significant features of this reaction

included catalyst-free, solvent-free, no column chromatographic purification, short reac-

tion time, and good yields [63].

19.2 Conclusion

Green synthesis is an efficient protocol for the synthesis of various biologically active

compounds with diverse molecular structures. The chemical reactions under micro-

wave, ultrasound irradiation follows a green chemistry approach by reducing reaction

time, improvement in product yield, enhancement in rate of reaction, and reducing

formation of waste. This technology is environment-friendly by eliminating the use

OH O

OH +

H2N

R
PhCl, PCl3

MWI, 500 W; 50 min

OH O

NH

R

R = H, OCH3, F, Cl, Br, CF3, NO2

1-Hydroxy-2-naphthoic acid Substituted anilines 1-Hydroxynaphthalene-2-carboxanilides

Scheme 19.43 Synthesis of ring-substituted 1-hydroxynaphthalene-2-carboxanilides.

N OH

CHO

R NHS

NO2

O

NO2

N
H

N

R

MWI, 5-10 min

Catalyst, solvent free
+ +

N,N-Dimethyl-3-aminophenol Aromatic aldehydes (E)-N-Methyl-1-(methylthio)-
2-nitro-ethenamine

4-Aryl-2-amino-4H-chromenes

Scheme 19.44 MW irradiated synthesis of 4-aryl-2-amino-4H-chromenes.
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and generation of chemical hazardous and utilization of renewable rawmaterials. Var-

ious anticancer drugs are available clinically for treatment of cancer but most of them

are associated with side effects and toxicity. And also there is development of resis-

tance to chemotherapeutic agents that creates problem to treat cancer effectively.

Hence, green technologies are applied to generate a variety of anticancer agents with

diverse chemical structures to increase their therapeutic potentials with less or no side

effects and toxicity.
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20.1 Introduction

Depression and psychosis are brain disorders. Depression is a mood disorder which

causes a persistent feeling of sadness and loss of interest and can interfere with daily

functioning. Antidepressants are drugs used for the treatment of major depressive dis-

order by correcting chemical imbalances of neurotransmitters in the brain. Chemical

imbalances of neurotransmitters in the brain may be responsible for changes in mood

and behavior [1]. The various classes of antidepressants drugs are categorized as

follows [2].

20.1.1 Selective serotonin reuptake inhibitors

These drugs increase the extracellular level of the neurotransmitter serotonin by lim-

iting its reabsorption into the presynaptic cell and thereby increase the level of sero-

tonin in the synaptic cleft available to bind to the postsynaptic receptor. Example:

Citalopram, Escitalopram, Fluoxetine, Paroxetine, Sertraline, and Fluvoxamine.

20.1.2 Serotonin-norepinephrine reuptake inhibitors

They inhibit the reuptake of both serotonin and norepinephrine neurotransmitters.

Example: Duloxetine, venlafaxine, Desvenlafaxine, and Levomilnacipran.

20.1.3 Monoamine oxidase inhibitors

This class of drugs inhibit the activity of one orbothmonoamine oxidase enzymes suchas

monoamine oxidase A and monoamine oxidase B. Example: Phenelzine, Selegiline,
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Tranylcypromine. Nialamide, Isocarboxazid, Hydracarbazine, Tranylcypromine,

Moclobemide, Bifemelane, Pirlindole, Toloxatone, Rasagiline, and Safinamide.

20.1.4 Tricyclic antidepressant

These drugs increase the level of Norepinephrine, Serotonin, and block the action of

acetylcholine. Example: Amitriptyline, Imipramine, Desipramine, Nortriptyline, Clo-

mipramine, Trimipramine, Protriptyline, and Doxepin.

20.1.5 Norepinephrine-dopamine reuptake inhibitor

This drug acts as a reuptake inhibitor for the neurotransmitters norepinephrine and

dopamine by blocking the action of the norepinephrine transporter and the dopamine

transporter, respectively. Example: Bupropion.

Norepinephrine reuptake inhibitor with serotonin receptors antagonism: Example:

Maprotiline.

Serotonin receptors antagonist with serotonin reuptake inhibition: Example: Trazo-

done, Nefazodone, and Vortioxetine.

Serotonin 5-HT1A autoreceptor partial agonist with serotonin reuptake inhibition:

Example: Vilazodone.

Psychosis is a mental disorder which causes abnormal thinking and perceptions.

Various symptoms of psychosis include delusions (false beliefs) and hallucinations

(sees, hears, smells, tastes, or feels things that do not exist outside), catatonia

(unresponsiveness). Psychosis may have different characteristics such as functional

disorders (Schizophrenia), mood or affective disorders (mania), and cognitive dis-

orders [3]. Antipsychotics are the medications used to reduce or relieve symptoms

of psychosis such as delusions, hallucinations, and paranoia or disordered thought.

Antipsychotics are also called as neuroleptics or major tranquilizers and catego-

rized into first generation (typical antipsychotic) and second generation (atypical

antipsychotic) (Table 20.1). Both first- and second-generation drugs produce their

action by blocking dopamine receptors in the brain and periphery. Typical antipsy

chotic drugs block mainly D2, D3, and D4 receptors in the mesolimbic system of the

brain whereas atypical antipsychotic block 5HT2A and D2 receptors. The first atyp-

ical antipsychotic drug, clozapine was discovered in the 1950s, and introduced in

clinical practice in the 1970s. During the 1990s, olanzapine, risperidone, and

quetiapine were introduced for treatment of psychosis. The newest atypical anti-

psychotic drug, paliperidone was approved by FDA in the year 2006 [4].

Green chemistry is also called as sustainable chemistry or environmentally

benign chemistry which involves utilization of a set of principles that reduces

or eliminates the use or generation of hazardous substances in the design, manu-

facture, and application of chemical products. It is necessary to design new syn-

thetic methods so as to use and generate substances that are not toxic to human
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health [5]. The concept of atom economy is considered to carry out organic syn-

theses in which most of the atoms of the reactants become incorporated into reac-

tion medium to get desired final products with high yield by lowering the

formation of waste or by-products. Conventional catalysts are hazardous, corro-

sive, and toxic in nature. So, it is essential to use green catalyst which is environ-

mentally friendly and more selective for the formation of products. Organic

solvents are toxic and volatile in nature and harmful to human health. The use

of those solvents in chemical synthesis creates environmental pollution [6]. There-

fore, it is necessary to replace these solvents by green solvents such as ionic liq-

uids, supercritical CO2 or water and also solvent-free synthetic methods which

utilize the surfaces of clay, zeolites, silica, alumina, etc. Hence, various green tech-

nologies such as ultrasound mediated organic synthesis (USMOS), microwave-

assisted eco-friendly organic synthesis (MAEOS) are applied to generate new drug

molecules related to antidepressant and antipsychotic activity [7].

A series of novel 3-[5-substituted phenyl-1,3,4-thiadiazole-2-yl]-2-styryl

quinazoline-4(3H)-ones (Fig. 20.1) were synthesized and evaluated for anticonvul

sant, sedative-hypnotic, and CNS depressant activities. After i.p. injection to mice

at doses of 30, 100, and 300 mg/kg body weight 2-styrylquinazolin-4(3H)-one deriv-
atives were examined in the maximal electroshock-induced seizures (MES) and sub-

cutaneous pentylenetetrazole (scPTZ)-induced seizure models in mice. The

neurotoxicity was assessed using the rotorod method. Out of 18 compounds only

4a, 4d, 4e, 4j, and 4k exhibited anticonvulsant activity in one or more test models.

All except 4e and 4f exhibited significant sedative-hypnotic activity via

Table 20.1 List of antipsychotic drugs.

First-generation or typical antipsychotics

Second-generation or atypical

antipsychotics

Class Drugs Class Drugs

Butyrophenones Benperidol, Bromperidol,

Droperidol, Haloperidol,

Timiperone

Benzamides Amisulpride,

Sultopride,

Remoxipride

Diphenylbutyl-

piperidines

Fluspirilene, Penfluridol,

Pimozide

Benzisoxazoles/

benzisothiazoles

Lurasidone,

Risperidone,

Ziprasidone

Phenothiazines Chlorpromazine,

Cyamemazine, Dixyrazine,

Fluphenazine, Perphenazine

Phenylpiperazines/

quinolinones

Aripiprazole,

Cariprazine,

Brexpiprazole

Thioxanthenes Chlorprothixene,

Clopenthixol, Flupentixol,

Thiothixene, Zuclopenthixol

Tricyclics Clozapine,

Olanzapine,

Quetiapine,

Zotepine
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actophotometer screen. CNS depressant activity screened with the help of the forced

swim pool method resulted into some potent compounds. From the experimental

observation it was concluded that synthesized compounds exhibit relatively better

sedative-hypnotic and CNS depressant activities [8].

A number of new imine derivatives of 5-amino-1,3,4-thiadiazole-2-thiol were

synthesized (Fig. 20.2), and their antidepressant activity was tested using imipramine

as reference drug. Two compounds namely 5-{[1-(4-chlorophenyl)-3-(4-

methoxy-phenyl)prop-2-en-1-ylidene]-amino}-5-benzylthio-1, 3,4-thiadiazole 4i(b),

and 5-{[1-(4-chlorophenyl)-3-(4-dimethyl-aminophenyl)-prop-2-en-1-ylidene]

amino}-5-benzylthio-1,3,4-thiadiazole 4i(c) showed significant antidepressant

activity, which decreased immobility time by 77.99% and 76.26% compared to the

standard imipramine (82%). All the compounds in the series passed neurotoxicity

tests [9].

N

N

O

Ar

S

NN

R

Fig. 20.1 Structure of 3-[5-substituted phenyl-1,3,4-thiadiazole-2-yl]-2-styryl quinazoline-4

(3H)-ones.
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Fig. 20.2 Structure of imine derivatives of 5-amino-1,3,4-thiadiazole-2-thiol.
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A novel series of quinoxalin-2-carboxamides were designed based on the ligand-

based approach via three-point pharmacophore model which consists of an aromatic

residue and a linking carbonyl group and basic nitrogen (Scheme 20.1). The target new

chemical entities were synthesized from the key intermediate, quinoxalin-2-

carboxylic acid, by coupling it with various amines in the presence of 1-(3-

dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride (EDC�HCl) and

1-hydroxybenzotriazole (HOBt). The target new chemical entities were evaluated

for their 5-HT3 receptor antagonisms in longitudinal muscle myenteric plexus prep-

aration from guinea pig ileum. All the synthesized compounds showed antagonism

towards 5-HT3 receptor. Based on this result, a structure-activity relationship is

derived, which reveals that the aromatic residue in 5-HT3 receptor antagonists may

have hydrophobic interaction with 5-HT3 receptor. Regardless of their antagonistic

potentials, all the synthesized molecules were screened for their antidepressant poten-

tials by using forced swim test in mice model. Interestingly, none of the tested com-

pounds affects the locomotion of mice in the tested dose levels. Compounds with

significant pA2 values exhibited good antidepressant-like activity as compared to

the vehicle-treated group [10].

A series of 7-chloro-3-[substituted (amino/phenylamino)]-2-phenyl quinazolin-4

(3H)-one/thione derivatives and 1-(7-chloro-4-oxo/-2-phenylquinazoline-3(4H-yl))
substituted urea derivatives were prepared. The reaction proceeded through the inter-

mediate 7-chloro-2-phenyl-4H-benzo[d][1,3]oxazin-4-one. The anticonvulsant and

CNS depressant activity was investigated by maximum electroshock (MES) seizure

test and porsolt’s behavioral despair test (forced swimming), respectively. The

rotarod test was performed to evaluate any probable changes in motor coordination

N
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N

N

NH

O

N

N
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R

R-NH2 HN

Scheme 20.1 Synthesis of quinoxalin-2-carboxamides.
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induced by the test compounds. Among the tested compounds, six compounds (IIc,

IIg, IIj, IIIc, IIIg, IIIj) exhibited a good activity profile in CNS depressant activity

(Table 20.2). The quinazoline derivatives obtained from this research work indicated

that the methyl/methoxy group in phenyl ring, amine, and thiourea substitution at

third position of quinazoline derivatives are essential for CNS depressant activity

[11] (Scheme 20.2).
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Scheme 20.2 Synthesis of 7-chloro-3-[substituted (amino/phenyl amino)]-2-phenyl

quinazolin-4 (3H)-one/thione derivatives and 1-(7-chloro-4-oxo/-2-phenylquinazoline-3(4H-
yl)) substituted urea.
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The use of central nervous system (CNS) acting drugs in the management of neu-

rodegenerative and psychiatric problems cannot be overemphasized. Therefore, the

chemical structure of piroxicam was modified to yield new CNS stimulants and

depressants that can be of great benefit to human beings. The conversion of piroxicam

to CNS acting drugs was done by desulfation, methylation, dehydrogenation, carbox-

ylation, and carbonylation [12] (Scheme 20.3).

Shukla et al. reported the synthesis of 2-oxo-3[40-p(subst/unsubst)-phenyl-20-
thiazolyl/oxazolyl]morpholino-N-acetyl-indoles. Various thiazolyl/oxazolyl imino

indoles were produced by condensation of different heterocyclic moieties with isatin

in ethanol containing few drops of glacial acetic acid. These imino indoles were

condensed with chloro acetyl chloride in the presence of K2CO3 to yield N-chloro-
acetyl-indole derivatives which on further treatment with morpholino in benzene to

produce titled compounds (Scheme 20.4). Among all the synthesized compounds,

selected compounds were screened for their CNS activity. Chlorpromazine hydro-

chloride was used as the reference standard. From the results, it was concluded

that, tested compounds show more depressant activity as compared to reference

standard [13].

Table 20.2 CNS depressant activity of compounds IIa–IIIj.

Compounds Substitutions Immobility times(s) mean � SEM

IIa H 175 � 11.34

IIb 2-Cl 180 � 10.23

IIc 2-CH3 236 � 10.45

IId 4-Cl 192 � 12.54

IIe 4-Br 198 � 17.56

IIf 4-NO2 187 � 11.19

IIg 4-OCH3 245 � 16.12

IIh NH2 192 � 15.28

IIi O 212 � 14.23

IIj S 255 � 16.78

IIIa H 178 � 12.15

IIIb 2-Cl 195 � 13.18

IIIc 2-CH3 261 � 12.35

IIId 4-Cl 188 � 11.27

IIIe 4-Br 191 � 14.32

IIIf 4-NO2 182 � 15.75

IIIg 4-OCH3 254 � 17.85

IIIh NH2 212 � 16.64

IIIi O 210 � 18.92

IIIj S 253 � 16.01

PEG (control) – 155 � 10.54

Carbamazepine – 260 � 15.24
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Scheme 20.3 Synthesis of modified piroxicam as CNS stimulants and depressants.
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Diazotization of substituted anilines with NaNO2 and concentrated hydrochloric

acid at 0°C produced diazonium chlorides. The substituted aryl diazonium chlorides

underwent coupling with ethyl-acetoacetate in methanol yield ethyl-2-aryl-

hydrazono-3-oxobutyrates (2a–h). Then the reaction of (2a–h) with naphthoic

carbo-hydrazide (3) produced the title compounds of pyrazolone derivatives (4a–h)
(Scheme 20.5). The newly synthesized compounds were screened for their in vivo
antidepressant activity by tail suspension test and forced swimming test. Some of

the tested compounds 4f, 4g showed very good activity when compared to the standard

drug imipramine [14].
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H
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O
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O
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Scheme 20.4 Synthesis of 2-oxo-3[40-p(subst/unsubst)-phenyl-20-thiazolyl/oxazolyl]
morpholino-N-acetyl-indoles.
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A series of 1,3,5-triphenyl-2-pyrazoline derivatives were synthesized through

microwave-assisted condensation of 1,3-diphenyl-2-propene-1-one (chalcones) with

phenylhydrazine using dry acetic acid as a cyclizing agent and evaluated for antidepres-

sant activity (Scheme 20.6). The antidepressant activity of these compounds was

screened by porsolt behavioral despair test using imipramine as a reference drug.Among

tested compounds, 2-pyrazoline derivatives were found to possess significant antide-

pressant activity. It was observed that 1,5-diphenyl-3-(4-methoxyphenyl)-2-pyrazoline

showed maximum antidepressant activity, comparable with imipramine. The presence

of methoxy group on the phenyl ring at position 3 of the pyrazoline ring was found to

enhance antidepressant activity. The replacement of the methoxy group by methyl and

any other electron-withdrawing group decreased antidepressant activity [15].

Nikalje et al. reported facile, eco-friendly microwave-assisted solvent-free synthesis

of coupled heterocyclic system 2-(1Hindol-3-yl)-4-substitued-2,3-dihydrobenzo[1,5]

thiazepine derivatives (Scheme 20.7 and Table 20.3). These compounds were obtained

by cyclo-condensation of 1-substituted-3(1H-indolyl)-2-propen-1-ones with 2-amino-

thiophenol in the presence of eco-friendly catalyst zirconium (IV)oxychloride under

solvent-free conditions. The reaction was completed in 3–6 min and produced better

yields than the conventional synthesis which requires 6–8 h. The activity was measured

as the digital score using actophotometer with the i.p. administration of test drugs

(30 mg/kg) to mice [16] (Tables 20.4 and 20.5).

(S)-Duloxetine was prepared from 3-chloro-1-(2-thienyl)-1-propanone in good yield

with an excellent enantioselectivity via asymmetric borane reduction catalyzed by the

spiroborate ester. The nucleophilic aromatic substitution of (S)-3-(methylamino)-1-

(thiophen-2-yl)propan-1-ol with 1-fluoronaphthalene in the presence of sodium hydride

and DMSO afforded (S)-duloxetine with 78% yield (Scheme 20.8). The mild reaction

conditions and operational simplicity of this method were attractive for a practical syn-

thesis of (S)-duloxetine aspotent dual inhibitorof serotonin andnorepinephrine reuptake.
Currently, (S)-duloxetine was used for the treatment of major depressive disorder and

stress-related urinary incontinence under the name of Cymbalta [17].
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R2 R3

R=OCH3, NO2,H

R1= H, OCH3
R2= NO2, H, Cl
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C
H

CH

R2 R3

R1

Ph-NH-NH2

CH3COOH

R

N

N

R2

R3

R1

Pyrazoline derivatives
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Scheme 20.6 Synthesis of 1,3,5-triphenyl-2-pyrazoline derivatives.
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Scheme 20.7 Synthesis of 2-(1hindol-3-yl)-4-substitued-2,3-dihydrobenzo[1,5]thiazepine

derivatives.

Table 20.4 Evaluation of CNS depressant activity using actophotometer after 30 min.

Comp.

code

Mean changes in locomotor activity � SEM

Percentage

inhibition in

locomotor activity

I II III I II III

4a 73 � 6.221* 59.4 � 13.422** 25.6 � 1.965*** 50 70.60 77.73

4b 73 � 8.626** 87.6 � 4.434* 24.4 � 1.939*** 68.52 38.08 78.78

4c 41.2 � 5.490*** 89.6 � 5.240* 98.2 � 2.354 ns 64.17 22.08 14.60

4d 78.4 � 12.205** 102.8 � 3.39 ns 23.4 � 0.8602*** 31.82 10.60 79.65

4e 71 � 10.232*** 64�4.517*** 54.6 � 2.561*** 38.68 44.34 52.52

D 30.2 � 2.922 47

C 115 � 7.791

Each value represents the mean_SEM significantly different from the control at P < .05; ns denotes not significant at
P < .05 (Student’s t-test); *P < .05, **P < .01, ***P > .05 locomotor activity score was measured for 10 min. D,
diazepam; C, control; I ¼ 30 mg/kg, II ¼ 100 mg/kg, III ¼ 300 mg/kg.

Table 20.3 Microwave-assisted solvent-free synthesis thiazepine derivatives.

Comp. code R Time (min) Yield (%)

4a CH3 3.5 75

4b C2H5 3 82

4c C6H5 5 65

4d 4-ClC6H4 4 65

4e 4-FC6H4 3.5 74



Trazodone was widely used as antidepressant drug and works as a

5-hydroxytryptamine (5-HT2) and α1-adrenergic receptor antagonist and serotonin

reuptake inhibitor. In conventional methods of the synthesis of trazodone and its

derivatives, organic and toxic solvents were used and the synthesis was completed

in several hours. But the synthesis of trazodone and its derivatives was performed suc-

cessfully in the presence of potassium carbonate as a reaction medium under micro-

wave irradiation within a few minutes [18] (Scheme 20.9).

Table 20.5 Evaluation of CNS depressant activity using actophotometer after 4 h.

Comp.

code

Mean changes in locomotor activity � SEM

Percentage

inhibition in

locomotor activity

I II III I II III

4a 40 � 9.965*** 33.8 � 1.655*** 26 � 2.168*** 46.14 54.50 44.21

4b 75.2 � 11.608* 46.8 � 5.324*** 54.8 � 10.017*** 39.54 62.37 55.94

4c 36.8 � 6.094*** 58.2 � 5.161*** 64 � 4.231*** 39.53 43.56 42.28

4d 84 � 7.817* 138.2 � 4.432 ns 19 � 1.414*** 32.47 11.09 43.24

4e 133 � 13.657 ns 98 � 3.347 ns 51.8 � 12.212*** 6.91 21.22 58.36

D 75 � 11.150 47.42

C 124.4 � 5.758

Each value represents the mean_SEM significantly different from the control at P < .05; ns denotes not significant at
P < .05 (Student’s t-test); *P < .05, **P < .01, ***P > .05 locomotor activity score was measured for 10 min. D,
diazepam; C control; I ¼ 30 mg/kg, II ¼ 100 mg/kg, III ¼ 300 mg/kg.

S N
H

HO F

 1-Fluoronaphthalene

NaH, DMSO

S N
H
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(S)-3-(Methylamino)-1-
(thiophen-2-yl)propan-1-ol (S )-Duloxetine

+

Scheme 20.8 Synthesis of (S)-duloxetine.
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A series of new substituted 5-(1H-Indol-3-yl)-3-(phenyl)-4,5-dihydropy-razoline
derivatives (2a–m) were synthesized with good yield by microwave-assisted synthesis

(Scheme 20.10). The synthesized compounds were screened for their antidepressant

and anticonvulsant potentialities in mice by a forced swim test and subcutaneous

pentylenetetrazole (scPTZ) test, respectively. Neuro-toxicities were determined by

using the rotarod test in albino mice. The results revealed that compounds 2b, 2e,

and 2k are found to be potent antidepressant molecules of the series at 20 mg/kg dose

level as compared to reference drugs imipramine and fluoxetine. In contrast, com-

pounds 2c and 2d were found to be potent anticonvulsant molecules of this series,

when compared with the reference drug diazepam. None of the synthesized com-

pounds showed neurotoxicity [19].

A series of new substituted N-11-(40-N-aryl carboxamido/N-(aryl)-a-phenyl-
acetamido-piperazinyl)-dibenz[b,f][1,4]-oxazepine derivatives were designed. All

the compounds (MJ1–MJ12) were synthesized by the economical route (Scheme

20.11). The antipsychotic potentialities of the synthesized derivatives were evalu-

ated in mice by catalepsy and foot sock induced aggression. The present study

demonstrated significant antipsychotic activity for most of the compounds from

the series. Compounds MJ1, MJ3, and MJ4 were found to be potent antipsychotic

compounds of the series at 5 mg/kg dose level as compared to the reference drug

clozapine [20].
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Scheme 20.9 Synthesis of trazodone under MWI.
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derivatives (2a–m) under microwave irradiation.
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A series of thienopyrimidines and related heterocycles were synthesized by

refluxing related imidoyl chloride with primary and secondary amines under micro-

wave irradiation and classical heating. The imidoyl chlorides are synthesized from

corresponding cyclic imides with phosphorus oxychlorides under microwave irradi-

ation and classical heating (Scheme 20.12). The synthesized compounds were

screened for antipsychotic activity [21].

A series of 1-(quinoliloxypropyl)-4-aryl-piperazines was synthesized and the target

compounds were evaluated for atypical antipsychotic activity in apomorphine-

induced mesh climbing and stereotypic behavior in mice (Scheme 20.13). The

8-hydroxyquinoline ether derivative (14) emerged as an important lead compound

showing a potential atypical antipsychotic profile. Employing appropriate physi-

cochemicalproperties, the similarity of the compoundswasassessedwith respect to some

atypical antipsychotic drugs as clozapine, ketanserine, ziprasidone, and risperidone [22].

The prototypical dopamine and serotonin antagonist (�)-7-chloro-9-(4-methyl-

piperazin-1-yl)-9,10-dihydropyrrolo[2,1-b][1,3]benzothiazepine was resolved into

its R and S-enantiomers via crystallization of the diastereomeric tartaric acid salts

(Fig. 20.3). Binding studies confirmed that the (R)-(�)-enantiomer was a more potent

D2 receptor antagonist than the (S)-(+)-enantiomer. (S)-(+)-enantiomer increases the

extracellular levels of dopamine in the rat striatum after subcutaneous administration.

Based on the structure-activity relationship study and molecular modeling, a novel

series of potential atypical antipsychotics was developed [23].
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Scheme 20.12 Synthesis of thienopyrimidines derivatives under microwave irradiation and
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A series of substituted phenethyl derivatives of 3-benzisothiazolylpiperazine incor-

porating potent D2 and 5-HT2A antagonist activity was investigated as an approach to

generate novel atypical antipsychotic agent (Scheme 20.14). The in vitro profile of

compound 8e from this series was a combination of D2 receptor affinity as compared

to the typical antipsychotic agent haloperidol and a 5-HT2A/D2 ratio as compared to

the atypical agent clozapine. The in vivo results indicated that the compound 8e had

efficacious antipsychotic activity with fewer tendencies to induce extrapyramidal side

effects in human [24].
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Scheme 20.13 Reagents and conditions: (i) Na, EtOH, 20–24 h; (ii) DMF, 18–20 h reflux.

Fig. 20.3 Structure of (�)-7-chloro-9-(4-methylpiperazin-1-yl)-9,10-dihydropyrrolo[2,1-b]
[1,3]benzothiazepine.
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Aripiprazole is a widely used antipsychotic drug approved by the FDA (Food and

Drug Administration) in 2002. Methods for preparation of aripiprazole mainly

involved the use of expensive and toxic solvents, and the reaction time can be even

several hours long. But the green method was applied to get aripiprazole with high

yield (70%–80%) in few minutes using solvent-free conditions in the presence of

PTC (Phase Transfer Catalysts) and microwave radiation [25] (Schemes 20.15 and

20.16).

Heterocyclic analogs of 1192U90, 2-amino-N-(4-(4-(1,2-benzisothiazol-3-yl)-1-
piperazinyl)butyl)benzamide hydrochloride (1), was prepared and evaluated as

potential antipsychotic agents (Fig. 20.4). These analogs were evaluated in vitro for their

binding to the dopamineD2, serotonin 5-HT2, and serotonin 5-HT1a receptors and in vivo
for their ability to antagonize the apomorphine-induced climbing response inmice. Nine

different types of heterocyclic carboxamides were studied in this investigation (i.e.,

pyridine-, thiophene-, benzothiophene-, quinoline-, 1,2,3,4-tetrahydroquinoline-,

2,3-dihydroindole-, indole-, benzimidazole-, and indazolecarboxamides). Furthermore,

2 3 1
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O
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N
N

N

Cl
Cl

MW

Base; cat. PTC Cl
Cl+Br
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Scheme 20.15 Synthesis of aripiprazole (1).
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Scheme 20.16 One-pot synthesis of aripiprazole (1).
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Fig. 20.4 Structure of heterocyclic analogs of 1192U90.
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these derivatives were found to be less active in behavioral models predictive of extra-

pyramidal side effects than in the mouse climbing assay, which predicts antipsychotic

activity [26].

The target compounds 2-[4-(aryl substituted) piperazin-1-yl]-N-phenylacetamides

(3a–j) were synthesized by reacting aniline (1) with chloroacetyl chloride in the

presence of 2N sodium hydroxide and dichloromethane to obtain 2-chloro-N-
phenylacetamide (2) and subsequently treating with appropriate phenylpiperazine

in acetonitrile in the presence of K2CO3 and KI (Scheme 20.17). The compounds were

evaluated for antipsychotic activity using three animal models. All the newly synthe-

sized arylpiperazines showed variable antipsychotic activity with compound 3h being

the least effective in the induction of catalepsy. Their effect may involve interaction

with 5-HT2A and D2 receptors [27].

A series of tetrahydro-pyrido-pyrimidinone derivatives, possessing potent dopa

mine D2, serotonin 5-HT1A and 5-HT2A receptors properties, were synthesized

and evaluated as potential antipsychotics (Scheme 20.18). Among them, 3-(2-(4-

(benzo[b]thiophen-4-yl)piperazin-1-yl)ethyl)-9-hydroxy-2-methyl-6,7,8,9-tetrahydro-

4H-pyrido[1,2-a]pyrimidin-4-one (10d) had the best pharmacological profile. It not

only exhibited potent and balanced activities for D2, 5-HT1A, and 5-HT2A receptors,

but also endowed with low activities for α1A, 5-HT2C, H1 receptors, and hERG chan-

nels, suggesting a low propensity for inducing orthostatic hypotension, weight gain, and

QT prolongation. In animal models, compound 10d reduced phencyclidine-induced

hyperactivity with a high threshold for catalepsy induction. On the basis of its robust

in vitro potency and in vivo efficacy in preclinical models of schizophrenia, coupled

with a good pharmacokinetic profile, 10d was selected as a candidate for further

development [28].
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Scheme 20.17 Synthesis of 2-[4-(aryl substituted) piperazin-1-yl]-N-phenylacetamides (3a–j).
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The synthesis of novel, potential antipsychotic coumarin derivatives combining

potent dopamine D2, D3 and serotonin 5-HT1A, 5-HT2A receptors properties were

reported (Scheme 20.19). The unique pharmacological features of compound 27

are a high affinity for dopamine D2, D3 and serotonin 5-HT1A, 5-HT2A receptors,

together with a low affinity for H1 receptor (to reduce the risk of obesity under

chronic treatment). In animal models, compound 27 inhibited apomorphine-

induced climbing and MK-801-induced hyperactivity without observable catalepsy

at the highest dose tested. In particular, compound 27 was more potent than

clozapine [29].

A series of benzamides was identified as potent antipsychotic agents (Fig. 20.5). As

a continuation of the program to discover novel antipsychotics, the evaluation of a

series of pyridine-carboxamide derivatives was performed. The most promising com-

pound 7h had good activities on dopamine D2, serotonin 5-HT1A, and 5-HT2A recep-

tors. They also exhibited low potency for α1A, H1, and 5-HT2C receptors, indicating a

low propensity of side effects like orthostatic hypotension and weight gain. Further-

more, 7h exhibited more potent antipsychotic-like effect than aripiprazole in behav-

ioral studies. The preliminary results were promising enough for further research

around this scaffold [30].
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Scheme 20.19 Synthesis of coumarin derivatives.
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A series of novel benzoxazole-piperidine (piperazine) derivatives combining high

dopamine D2 and serotonin 5-HT1A, 5-HT2A receptor affinities were reported. Of

these derivatives, the pharmacological features of compound 29 exhibited high affin-

ities for D2, 5-HT1A, and 5-HT2A receptors, but low affinities for the 5-HT2C and his-

tamine H1 receptors. Furthermore, compound 29 reduced apomorphine-induced

climbing and 1-(2,5-dimethoxy-4-iodophenyl)-2-aminopropane (DOI)-induced head

twitching without observable catalepsy, even at the highest dose tested. Thus, com-

pound 29 was a promising candidate as a multitarget antipsychotic treatment [31]

(Scheme 20.20).

S N

N

7h
IC50 (D2R) = 24.0 nM, EC50 (5-HT1AR) = 1.2 nM, IC50 (5-HT2AR) = 154 nM

low potency for a1A, H1 and 5-HT2C receptors
potent antipsychotic-like effect in mice
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H

Fig. 20.5 Structure of benzamide derivatives.
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Scheme 20.20 Synthesis of benzoxazole-piperidine (piperazine) derivatives
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20.2 Conclusion

There is an urgent need to establish green technologies for synthesis of drug molecules

which will minimize the use of chemicals or solvents and that will help towards sus-

tainable development. Green chemistry approach must be implemented successfully

to carry out environmentally friendly chemical processes and design of new products.

The synthetic schemes should be designed in such a way that there will be least pol-

lution to the environment. Therefore, attempts have been made to design synthesis for

manufacturing new antidepressant and antipsychotic agents.
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21.1 Introduction

Since ancient civilization, plant spices have been added to enrich the taste and zest of the

foods. Currently, >85,000 plant species have been documented for therapeutic use

worldwide. This indicates that natural products from plant present a broad range for

research and development of new medicines in diverse clinical trials [1–3]. This further
involves many medicines from plants that have been extensively used clinically. Tra-

ditional natural products from plants have been significantly contributing to the

improvement of contemporary medicines [4–6]. Further study indicates that about

80%–85% of the world’s population depends on these traditional medicines from plant

products for health care [7, 8]. Therefore, the principal object of this paper is to present

studies which have been completed on the different medicinally important spices.

21.2 General features of spices

Spices originate from numerous portions of the plant such as flowers, fruits, leaves,

buds, bark, stigmas, and styles or seeds [9, 10]. These include flowers such as cloves,

fruits such as cayenne pepper and cumin, leaves such as mint, buds such as onion and

garlic, bark such as cassia and cinnamon, stigma such as saffron, seeds such as black

pepper and fennel, and root and rhizomes such as ginger and turmeric [11–13]. Plant
produces spices through secondary metabolism, some components as complex molec-

ular structures. Plants produce metabolites such as flavonoids, isoflavonoids, alka-

loids, glycosides, tannins, phenolic compounds, coumarins, and terpenes which

give the spices their characteristics as aroma, antioxidant, and antimicrobial activity

[14, 15]. Spices are acknowledged due to their medicinal approach but in recent times

they have been used to enhance flavor and color instead of preserving shelf-life of

food. Spices are frequently dried up [16]. The spices have distinct assets that mark

them valuable for numerous practices. Some exceptional features that provide them

diversity are illustrated in Table 21.1.
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Table 21.1 General property and importance of the Apiaceae family membered spices.

Biological

name

Common

name Other names Active constituents Pharmacological activities

Trachypermum
ammi

Ajwain,

Bishop’s

weed

Yamani, Javan, Ajma,

Juani, Omam

6-O-β-glucopyranosyloxythymol,

thymol, para-cymene, α- and
β-pinene

Antimicrobial, antioxidant,

antilithiasis, antiinflammatory,

antifilarial, antiseptic,

antispasmodic, digestive

Cuminum
cyminum

Jeera,

Cumin

Kamun, Safed jeeraa Cuminaldehyde, b-pinene,
g-terpinene, p-cymene

Antibacterial, astringent, analgesic,

carminative, cough remedy and

eupeptic

Foeniculum
vulgare

Fennel,

sweet

cumin

Fenikel, Perum jeerakam,

fenicol, fenkel, fenkhel,

fenkoli, fennel, saunf,

shamaar

α-pinene, Anethole, β-pinene,
β-myrcene, camphene, fenchone,

fenchone, estragole, limonene,

p-cymen

Antimicrobial, antioxidant,

anticancer, cold, cough and cattle

condiment, carminative
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21.3 General and chemical features of spices

Chemical properties of spices make them distinctive such as aroma, color, and to be

used as food preservatives. Chemical components of spices also represent the antimi-

crobial activity against several pathogenic bacteria [17]. Table 21.1 illustrates the

chemical components that are responsible for many characteristic properties of spices.

Spices are the rich source of flavonoids, terpenes, and phenolic compounds which pro-

vide spices color, flavor, and medicinal value [18]. For example, curcuminoids such as

curcumin and demethoxycurcumin in turmeric represent antimicrobial activity and

pinene in clove provides antioxidant activity [19]. Different spices show medicinal

activity as antimicrobial and antioxidant based on their chemical components with

the ability to inhibit microorganisms or the responsible constitutes [20, 21]. Ajwain,

cumin, and fennel belong to the family of Apiaceae. The Apiaceae family is a group of

plants that contains hollow stems and aromatic compounds. Other important plants of

this family are caraway, celery, coriander, anise, parsley, and parsnip. Plants of this

family have achieved levels of medicinal value as well as food value due to their

chemical constituents such as curcumin, thymol, and several volatile oils.

Trachyspermum ammi (Linn) Sprague (Ajwain) is an inherent from Egypt and

mostly cultivated in India, Iraq, Iran, and Afghanistan. Ajwain is a highly valued

medicinal plant which belongs to the Apiaceae family [22]. The seeds of this plant

contain 2%–5% oil which possesses aphrodisiac properties. The ajwain seed oil

mainly consists of thymol which plays a significant role in the treatment of bronchial

problems, gastrointestinal problems, and loss of appetite [23]. The oil of ajwain

exhibits antimicrobial and fungicidal properties on humans. Ajwain is a traditional

medicinal herb, extensively used for curing numerous diseases in humans and ani-

mals. Ajwain seeds comprise an essential oil with about 50% thymol content which

could potentially be used as fungicide, germicide, and antispasmodic [24].

Cuminum cyminum (Cumin) is a popular spice and is used in folk medicine from

the ancient time. The presence of aromatic substances makes this spice very signifi-

cant in medical application as well as culinary spice [21]. Cumin has been highly pop-

ular since ancient times and was frequently used as a medicinal plant for long time.

Cumin seed is a slight fusiform, grayish in color, obtained from liner fashioned seed

plant that have a pungent flavor and slightly bitter in test [25, 26]. Cumin is an astrin-

gent and an aromatic herb that provides assistance to the digestive system. It has been

widely used to cure mild gastric disorders as a eupeptic and carminative, as an anal-

gesic and as an astringent in bronco pulmonary illnesses [27]. The essential oil from

cumin seeds has revealed a potential antibacterial activity against Klebsiella
pneumoniae in vitro [28].

Foeniculum vulgare (Fennel) is a popular spice that has been used in traditional

medicine for a wide variety of diseases associated with endocrine, digestive, respira-

tory, and reproductive system [29]. Phytochemical findings of fennel seeds have rev-

ealed the existence of abundant valuable compounds such as flavonoids, volatile

compounds, phenolic compounds, amino acids, and fatty acids [30]. Based on the

study, fennel remains to be the most commonly used herbal plant. Experimental data
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indicates their efficacy in several in vitro and in vivo pharmacological properties such

as antitumor, antiinflammatory, antimicrobial, antithrombotic, apoptotic, antipyretic,

chemomodulatory, cardiovascular, hypoglycemic, and hepatoprotective [31, 32]. Fen-

nel seed has appeared as a decent cause of traditional medicine and delivers a remark-

able source in medicinal chemistry/biology for the discovery of new drugs and

upcoming experimental practices [33].

21.4 Phytochemical composition

Analysis of ajwain seed has shown that it comprises carbohydrate (38%), fiber

(11.9%), fat (18%), protein (15%), tannins and glycosides (9%), and flavonoids

and minerals (7%). Essential oil of ajwain exhibited 26 recognized constituents which

account for 96.3% of the total amount. Ajwain seed contains thymol (39%), terpinene

(23%), p-cymene (31%), terpinene-4-ol (0.8%), and pinene (1.7%) [34]. On the other

hand, acetone extract of ajwain seed contains thymol (40%), linoleic acid (10%), oleic

acid (10.4%), palmitic acid (1.6%), xylene (0.1%), and cymene (1.6%). Alcoholic

extract of ajwain contains a highly hygroscopic saponin [35]. A yellow, crystalline

flavone and steroid-like constituent have been isolated from the fruits, which also con-

tain glucosides, 6-O-β-glucopyranosyloxythymol, and volatile oil (thymol, α- and
β-pinene) [36].

Cumin seeds hold amino acids, flavonoids, aldehydes, fats, glycosides, and volatile

oil containing cuminaldehyde as its principal constituents. The main compounds

occurring in cumin are α- and β-pinene, α- and γ-terpinene, cuminaldehyde,

1,8-cineole, limonene, o-and p-cymene, linalool, and safranal. The cumin fruit con-

tains protein, fat, resin, gum, lignin, salts, and volatile oil. The conformation of the

seeds specifies that they comprise protein, sugar, cellulose, oil (approximately

10%), volatile oil (1%–5%), and mineral elements [37]. Cumin fruits contain abun-

dance of phenolic compounds including flavonoids, diterpenes, and phenolic acids.

Phenolic compounds present in cumin play a significant role in presenting antioxidant

activity, lipid peroxidation, and several types of oxidizing enzymes [38]. The organic

acids present in cumin are citric, ascorbic, malic, oxalic, tartaric, oxalic, aspartic,

fumaric, and propionic acids. The phenols present are cinnamic acid, gallic acid, rutin,

salicylic acid, hydroquinone, coumarine, p-hydroxybenzoic acid, resorcinol, querce-
tin, and anethole. Essential oils present in cumin are thymol, vanillin, benzoic acid,

octanol, limonene, and anisyl alcohol which imparts aroma to cumin seed oil and used

in cosmetic industry [39].

All parts of the fennel plant including seeds, fruit, roots, and leaves are being used

for medicinal purposes. Fennel seed comprises 42% carbohydrates, 18% fibers, 13%

minerals, 10% fat, 10% protein, and 6% water [40]. Fruits contain almost 10%–12%
oil which consists of 22% palmitic acid, 14% linoleic acid, 6% petrocyclic acid, and

4% palmitic acid. Leaves contain vitamin C, riboflavin, thiamine, calcium, iron,

sodium, phosphorus, and potassium [41]. The aromatic property of fennel comes from

the compound present in the essential oil. There are >30 types of terpenes, most

importantly 50%–80% transanethole, 5% limonene, and 8% fenshon are present in
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the essential oil of fennel seed [42]. The herb comprises flavonoids, phenolic com-

pounds, hydroxycinnamic acid, tannin, and coumarin. Flavonoids include rosmarinic

acid, quercetin-3-rutinoside, and eriodictyol-7-rutinoside. Phenolic acids consist of

1,3-O-di-caffeoylquinic acid, 1,4-O-di-caffeoylquinic acid, and 1,5-O-di-
caffeoylquinic acid [43].

21.5 Pharmacological activities of ajwain

Ajwain has a distinguishing aromatic aroma and strong taste which is why it is com-

monly used in cooking as spice. In Indian folk medication, ajwain seeds are used for

the treatment of asthma, stomach disorders, and colic pains. Ajwain seed has been

found to retain antimicrobial, antihypertensive, antispasmodic, antiinflammatory,

antifilarial, broncho-diating, diuretic, digestive stimulant, and detoxification effects.

Beneficial uses of T. ammi fruits include antimicrobial, antiseptic, amoebiasis, carmi-

native, and expectorant activities.

21.5.1 Antimicrobial activity

Ajwain shows the antimicrobial activities in the preservation of foods against micro-

bial decay, directing laboratory analyses of antimicrobial potentiality in vitro. The

constituents assumed to be accountable to the antimicrobial action of ajwain were thy-

mol and carvacol. Thymol can destroy the microorganisms resistant to the established

third-generation multidrug resistant bacteria pathogens and therefore works as a plant-

based antibiotic agent. Volatile constituents of ajwain seed show antifungal activity on

several fungi such as Acrophialophora fusispora, Alternaria grisea, Curvularia
lunata, Drechslera tetramera, Fusarium chlamydosporum, and Rhizoctonia
solani [44].

21.5.2 Antiinflammatory activity

Antiinflammatory activity of the aqueous extract and alcohol extract of the ajwain

seeds was experimentally proved. Aqueous extract and alcohol extract were found

to possess substantial (P < 0.001) antiinflammatory activity in animal models [45].

21.5.3 Antifilarial activity

In vitro antifilarial activity of the fruits of ajwain against Setaria digitate was studied.
Both the active fraction and the crude extract of ajwain exhibited substantial action

against S. digitate by both 3-(4,5-dimethylthiazole-2-yl)-2,5-diphenyltetrazolium bro-

mide (MTT) reduction assays and worm motility. In vivo antifilarial activity of the

active phenolic monoterpene against human filarial worm Brugia malayi exhibited
macrofilaricidal action. On the other hand, in vivo antifilarial activity of crude extract

of ajwain against female worm B. malayi presented macrofilaricidal activity. The

active fraction of 2-isopropyl-5-methyle phenol showed IC50 values of 0.024 and
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0.002 mg/mL at the incubation periods of 24 and 48 h, respectively. The in vivo effect

against the B. malayi parasite in a Mastomys coucha model of the active fraction of

2-isopropyl-5-methyle phenol was estimated [46].

21.5.4 Antilithiasis and diuretic activities

In vivo experiment of ajwain seed for antilithiasis and diuretic activities to inhibit oxa-

late urolithiasis has shown potential effects in rats. In an advance revision of a prom-

ising diuretic effect, it was established that ajwain seed was not effective in increasing

the 24-h urine production. The results of this trial determined that the use of ajwain in

the cure of kidney stones could not be justified by their investigational

confirmation [47].

21.5.5 Antitussive effects

The antitussive effects of ajwain, codeine, and saline were tested by calculating the

amount of coughs formed. The results indicated a substantial decrease in cough in

the presence of ajwain extracts (P < 0.001) and codeine (P < 0.01) [48].

21.5.6 Anthelmintic activity

Anthelmintic activity of ajwain indicates its potential action against various helminths

such as Haemonchus contortus in sheep and Ascaris lumbricoides in human. Anthel-

mintic activity of ajwain extracts inhibits helminths by interfering with the energy

metabolism of parasites over ATPase activity which causes loss of energy reserves.

The ajwain plant has also been described to have cholinergic activity with peristaltic

association in the gut [49].

21.5.7 Antihypertensive, antispasmodic, and broncho-dilating
activities

The antihypertensive effect of ajwain seed was shown in vivo. The broncho-dilating
and antispasmodic activities in vitro exhibited that calcium channel facilitates the

spasmolytic effects of plant materials. It is being considered that this mechanism jus-

tified the antihypertensive effect to their experiential result and sustained the clinical

use of ajwain in hyperactive disease of the gut as diarrhea and colic [50].

21.5.8 Antiplatelet-aggregatory

The extract of ajwain seeds has shown the antiplatelet-aggregatory effect in in vitro

trial with blood taken from human participants. Clinical trial displayed that ajwain

seeds are highly efficient to block platelet aggregation by induced epinephrine,

arachidonic acid, and collagen [51].
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21.5.9 Hepatoprotective activity

The hepatoprotective activities in vivo exhibited that ajwain was 70%–80% defensive

in mice compared to normal lethal dose of paracetamol (1 g/kg). Ajwain seeds show

potential to inhibit the CCl4-induced elongation of pentobarbital sleeping time in

mice. Ajwain seed also has the ability to control high serum levels of liver enzymes

produced by CCl4-tempted liver injury in rats [51].

21.5.10 Ameliorative effect

Ameliorative effects of ajwain extract on hexachlorocyclohexane-induced oxidative

stress and effects in rats were examined. Pre-feeding with ajwain extract caused higher

GSH-peroxidase, GSH, G-6-PDH, SOD, glutathione S-transferase, and reduced levels

of lipid peroxides. It was established that treatment with hexachlorocyclohexane

resulted in hepatic-free radical stress, which could be reduced by the ajwain seed

extract [52].

21.5.11 Antiflatulant

Conventionally ajwain is used to treat flatulence and gas. People use ajwain in a very

classic way from ancient time to treat digestion problems. One popular way is to take

20 g of the rock salt and table salt and 500 g of ajwain seed and mix with lemon juice.

This preparation of ajwain is an outstanding medication to cure nausea, vomiting,

travel sickness, and abdominal gas [53].

21.5.12 Detoxification of aflatoxins

The ajwain seed extract exhibited aflatoxin G1 (AFG1) degradation. The detoxifica-

tion of aflatoxin by ajwain seed extract was markedly decreased upon a heat treatment.

Ajwain seed extract also showed significant amount of degradation of other aflatoxins

such as AFB1, AFB2, and AFG2. AFG1 detoxification by dialyzed ajwain extract rev-

ealed that 78% of degradation happened within 6 h of incubation and about 91%

degradation happened at 24 h [54].

21.5.13 Hypolipidemic action in vivo

Ajwain seed extract showed antihyperlipidemic effect in albino rabbits. It was consid-

ered that ajwain seed powder at 2 g/kg body weight dose rate is significantly effective

in reducing lipid action by decreasing LDL cholesterol, total cholesterol, triglycerides,

and total lipids [55].
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21.5.14 Nematicidal activity

Nematicidal activity of ajwain oil components such as carvacrol, thymol, cam-

phene, limonene, pinene, myrcene, terpinene, and terpinen showed potential activ-

ity against pinewood nematode (PWN) [56]. Target sites of methyl isothiocyanate

in nematodes are proposed as amino and hydroxyl groups. Essential oils of ajwain

was described to inhibit the GABA-gated chloride channels or neuromodulator

octopamine of insect pests [57]. Further research have confirmed that the nemati-

cidal activity of ajwain oil mainly ascribed to the activity of carvacrol and

thymol [54].

21.6 Pharmacological activities of cumin

Cumin seeds are used as a spice in cooking to flavor and texture the food. The con-

stituents of cumin usually have antibacterial, antioxidant, and anticancer properties.

Cumin seeds are also used to reduce seizures, strengthen bones, and lower blood

sugar. Traditionally cumin is used to increase urine volume, inhibit gas, decrease

inflammation, and defeat muscle tremors [58]. Cumin is also used to treat diarrhea,

indigestion, jaundice, and poultice and taken orally. Cumin has been used as an aro-

matic element in perfumes, creams, and lotions. Cumin also is considered astringent,

antiseptic, antihypertensive, stimulant, carminative, and galactagogue. The taste of

cumin is strong and pungent and can be used as tonic to treat respiratory, gastro-

intestinal, and gynecological disorders and also to cure diarrhea, epilepsy, and

toothache [28].

Cumin and its essential elements was used as antibacterial, antiinflammatory,

antioxidant, antifungal agents, astringent, for atherosclerosis, for improving bone

density, as blood thinner, for cancer, cataracts, cardiovascular disease, cavities, dia-

betes, dental plaque, digestion, ear infections, gastrointestinal disorders, general

stimulant, general health maintenance, high cholesterol, insect repellant, insecticidal,

low blood sugar, menstrual flow stimulant, relaxation, seizures/epilepsy, ulcers, and

weight loss [59]. The pharmacological activities or uses of cumin are discussed

below:

21.6.1 Antimicrobial activity

Cumin seed oil and aqueous extract both showed significant antimicrobial activity

against a broad variety of pathogenic Gram-positive and Gram-negative strains

[60]. Cumin seeds are used to prevent biofilm formation of many bacteria like Strep-
tococcus pyogenes and Streptococcus mutans [61, 62]. Alcoholic extract of cumin

seeds and cumin seed oil prevented the growth of K. pneumoniae and its experimental

isolates [63]. Cumin seeds are also used in to improve capsule expression, cell mor-

phology, and to reduce urease activity [64]. Cumin seeds have also exhibited antifun-

gal activity against several human pathogens [65–70].
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21.6.2 Antioxidant activity

The cumin seed oils have shown significant antioxidant activity [25, 71]. Antioxidant

activity of cumin was due to the presence of active components such as flavonoids,

monoterpene alcohols, poly-phenolic components, and essential aromatic components

[72, 73].

21.6.3 Anticarcinogenic/antimutagenic

Cumin seeds have shown the activity to inhibit the occurrence of colon cancer in

rat. Cumin also reduces the probability of induction of colon-specific carcinogen as

well as lowers the activity of mucinase enzymes and β-glucuronidase [74]. It has

been experimentally proven that the levels of 3-methylglutaryl CoA reductase

and cholesterol/phospholipids ratio have considerably decreased in colon cancer

of rat after treatment with cumin. Cumin also inhibited the activities of

3-methylcholanthrene-induced uterine cervix tumorigenesis, stomach tumorigene-

sis induced by benzopyrene, and 3-methyle-4-dimethyaminoazobenzene-induced

hepatomas [75].

21.6.4 Antidiabetic activity

Cumin showed hypoglycemic effect in rabbit causing substantial reduction in the glu-

cose tolerance curve of hyperglycemic peak. The bioactive component of cumin such

as cuminaldehyde inhibited alpha glucosidase and aldose reductase isolated from rat

[76]. It was proved to encounter hyperlipidemia in alloxan-induced diabetic rats; the

oral administration of cumin decreased the plasma and tissue cholesterol, free fatty

acids and triglycerides, and phospholipids. Cumin also decreased the alkaline phos-

phatase, aspartate transaminase, and γ-glutamyl transferase activities and reduced

the tissue levels of triglyceride, cholesterol, and phospholipids [77].

21.6.5 Immunomodulatory activity

The oral administration of cumin induced the Th1 cytokines expression and T cells

(CD4, CD8) in normal cells and also in the cyclosporine-induced immune suppressed

cells. Cumin also reduced the corticosterone levels, and blocks the activity of

T lymphocytes [78].

21.6.6 Antiosteoporotic/estrogenic activity

Cumin has shown the antiosteoporotic effect. The active component present in cumin

such as phytoestrogens helps to decrease the accumulation of calcium, urinary cal-

cium excretion, and increase the mechanical strength of bones [79].
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21.6.7 Central nervous system

Cumin seed oil has shown the potential to decrease the rate of impulsive activity

induced by pentylenetetrazol and maximal electroshock in mice [80]. Experimental

study of the concentration of cumin seed oil in a time-dependent manner revealed

the activity of cumin seeds (cuminaldehyde) to inhibit the tyrosinase. This inhibited

the oxidation of I-3,5- dihydroxyphenylalanine activity [81].

21.6.8 Bioavailability enhancer

Cumin seeds have been used to develop rifampicin rate in rat plasma by improving the

concentration and area of rifampicin by 35% and 53%, respectively [82]. It has been

found that the bioactive flavonoid components such as 7-O-β-galacturonide, glycoside
3,5-dihydroflavone, and 4-O-β-D-glucopyranoside are the main precursors of this

mechanism [83].

21.7 Pharmacological activities of fennel

The pharmacological activities of fennel are described below.

21.7.1 Antibacterial activity

Fennel has shown activity against many bacterial, mycobacterial, and fungal infective

diseases [84]. Fennel contains compounds like 1,3-benzenediol, linoleic acid,

undecanal, undecadienal, and oleic acid, which trigger the antibacterial activity against

several pathogenic bacteria [40]. Fennel seeds contain 5-hydroxy-furanocoumarin

which has a significant role against microorganisms and also shows potential

antibacterial activity. Aqueous extract of fennel seeds plays a significant role against

Escherichia coli, Enterococcus faecalis, Salmonella typhi, Staphylococcus aureus,
Pseudomonas aeruginosa, Shigella flexneri, and Salmonella typhimurium [85, 86]. Sev-

eral experimental studies have revealed that aqueous and alcoholic extracts of fennel

seeds show MIC in the range of 20–80 mg/mL and 5–15 mg/mL, respectively [87].

The potential activity of fennel plant represented very broad range of pathogens such

as E. coli, S. typhimurium, and S. aureus in food [88]. Fennel seeds also show strong

activity against Campylobacter jejuni, Acinetobacter baumannii, and Helicobacter
pylori strains. The experimental results proved that the fennel seed extract can be used

to treat several pathogenic bacteria [89].

21.7.2 Antifungal activity

Fennel seed extract showed significant antifungal activity against several fungal spe-

cies such as Aspergillus sp., dermatophytes, and Candida albicans [90]. Several

experimental studies of the fennel showed substantial antifungal activity against
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Fusarium oxysporum and Aspergillus niger in food waste [91]. The MIC of fennel

seeds against F. oxysporum and A. niger was shown to be 250 and 750 μg per mL,

respectively [92]. The phenyl propanoid which is an active derivative of fennel stack

showed antimicrobial activity against Aladosporium cladosporioides, A. niger, and
Bacillus subtilis. Another experiment proved that the fennel has antifungal activity

against Sclerotinia sclerotiorum [93]. On the other hand, it has been demonstrated that

nitric oxide production has significantly improved in peritoneal macrophages after

administration of fennel seed extract at a concentration of 10 mg/mL. Toxicity study

also demonstrated that treatment of fennel at concentrations of 10–20 mg/mL with

macrophages showed antifungal effects more than the control group. Studies demon-

strated that the anethole possesses the strongest antifungal activity among other chem-

ical precursors in the fennel plant extracts [94].

21.7.3 Antioxidant activity

Fennel is well known as an excellent source of antioxidants. Fennel plant contains high

amount of flavonoids and polyphenol which can reduce free radicals in a broad range.

Rosmarinic acid, quercetin 3-O-galactoside, eriodictyol-7-orutinoside, kaempferol-3-

O-glucoside, and caffeoylquinic acid are the active phenolic compounds present in fen-

nel which play themajor role in antioxidant activity [95]. Volatile oil of fennel has also

strong antioxidant activity over several free radicals. It was shown that the aqueous

extract andmethanol extract of fennel seeds could reduce free radicals and provide pri-

mary antioxidant activity [96]. The antioxidant activity of fennel seeds (aqueous and

ethanol extracts) was determined using different types of chemical methods such as

hydrogenperoxide scavenging,metal chelatingactivity,DPPHfree radical scavenging,

and superoxide anion radical scavenging.Antioxidant activities of aqueous and ethanol

extracts of fennel seeds were compared to standard antioxidant component such as

alpha-tocopherol and butylated hydroxyanisole (BHT) [97]. It was proved that the fen-

nel seed extracts could be a prospective source of natural antioxidants for clinical trials.

The antioxidant activity of the aqueous extract and methanol extract of fennel seeds

exhibited 77%and 90%, respectively, which is higher than the activity of standard anti-

oxidant agent alpha-tocopherol (36.1%) at the same dose [98].

21.7.4 Antiinflammatory activity

Fennel fruits show inhibitory effects on acute and subacute inflammatory reaction and

type 4 allergic responses. It was shown that fennel seeds reduce the activities of cat-

alase (CAT) and superoxide dismutase (SOD) [99]. Fennel seeds considerably

improve the plasma levels of HDL cholesterol. This seed also decrease the rate of

malondialdehyde (MDA) to the measure of lipid peroxidation. These experimental

studies indicated that the methanol extract of fennel seeds is effective in reducing

inflammation [100].
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21.7.5 Antianxiety activity

Crude extract of fennel was reported as a potential agent for anxiolytic activity. Fennel

contains phytoestrogens which was significant in clinical use for the treatment of

estrogen deficiency abnormalities [101, 102]. Estrogens hormones trigger anxiety

through the GABA-A receptor molecule. Several experimental studied have revealed

that the administration of fennel seeds over an extended time period showed substan-

tial anxiolytic effect. Tamoxifen and picrotoxin (GABA receptor antagonist) present

in fennel seeds inhibited anxiolytic effect [103, 104]. Based on several experimental

studies it was established that fennel seeds significantly reduce the stress and anxiety.

21.7.6 Gastro-protective activity

It was demonstrated that fennel seeds play an important role in treating gastrointes-

tinal disorders [105, 106]. It was also revealed that the oral administration of fennel

oil emulsions has reduced colic in infants by 60%. It was also experimentally shown

that the fennel seeds can reduce gastric ulcer as well as mucosal lining of the stomach

[107, 108].

21.7.7 Estrogenic activity

Fennel seeds have shown importance as an estrogenic agent since ancient times. It was

reported that fennel seeds decrease menstrual pain, induce milk secretion, simplify

birth, and increase sexual desire [109]. Fennel seeds contain anatole as an active com-

ponent which interferes with estrogenic secretion and other hormonal actions. In many

research it was recognized that active polymers of anthole such as photoanatole and

dianthole are pharmaceutically very significant agents with less side effects than the

usual drug [110, 111]. Oral administration of dose-dependent fennel extract has been

shown to considerably reduce the contractions rate of prostaglandins and oxytocin

induction. On the other hand, mild dose of fennel increases the secretion of the mam-

mary gland but decreases the endometrium, cervix, and oviduct level at a higher dose.

Fennel seeds have estrogenic effects and have been used to treat infertile women from

a long time [112].

21.7.8 Antidiabetic activity

In a study it was revealed that the aqueous extracts of fennel seeds have effects such as

reducing blood sugar as well as demonstrating antidiabetic activities [113]. Several

clinical trials have shown that a regular consumption of fennel seeds could be bene-

ficial to reduce the blood glucose level in diabetic patients [114]. Also regular con-

sumption of fennel seeds has shown noticeable activity in decreasing chronic

symptoms associated with diabetes [115].
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21.7.9 Anticancer activity

Fennel seeds have demonstrated anticancer activity on several clinical trials. It was

found that TNF-α-dependent reactions are directly involved in cancer and inflamma-

tion. It was found that fennel seeds contain anethol which induces TNF-α through

transcription factor named NF-KB [116]. The experimental data proved that anethole

plays a principal role in suppressing cancer by reducing cellular responses induced by

cytokines. It also indicated that the fennel seeds inhibit prostate tumor xenograft due to

its antiangiogenic mechanisms [117]. Several experiments have proven that methanol

extracts of fennel seeds had significant effects on cytotoxic and antitumor activities in

cancer treated mice. It also has been indicated that the methanol extracts of fennel

seeds extensively increase the MDA levels and considerably reduce the CAT activity

[118]. The experimental data validated that the methanol extracts of fennel seeds pos-

sess substantial anticancer activity against liver cancer (Hepg) cells and breast cancer

cells (MCF-7) by increasing the antioxidant defense system, by modulating lipid per-

oxidation, and by exhibiting inhibitory effects on free radicals [119].

21.8 Conclusions

The spices are extremely useful for human health because they contain a number of

medicinally active organic compounds. Isolation of these natural products takes time,

but follows mostly a green and sustainable approach. A few scientists may argue that

the extracts obtained from the spices may not be structurally pure and therefore the

cause of bioactivity is not established. But, the benefits of these extracts and the pure

components are all have been established by numerous studies. Therefore, the future

goal of spice research may take a new dimension so that the production of these agents

can be increased.
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22.1 Introduction: Background of medicinal plants

Medicinal plants have been investigated with greatest interest in many countries since

herbal medicine is active, less toxic, and safe as compared with the synthetic drugmol-

ecules. Globally, herbal medicines have been promoted as a potential source of new

and effective drugs. Humans have been using the plants for medicinal benefits for

more than a century around the world including in India, Pakistan, and Bangladesh

[1]. Based on this and realizing green and sustainable approaches of drug develop-

ment, it is necessary to study medicinal plants which may become extremely reward-

ing. Medicinal plant contains immunomodulatory and antioxidant properties and

several phytochemicals with diverse anticancer activities [2, 3]. The antioxidant com-

pounds protect the cells from oxidative damage. Although, approximately 1500 anti-

cancer drugs are known while more than 500 are in clinical trials, it is necessary to

develop many useful and effective drugs using plants. India is the largest place for

medicinal plants and is called the “Botanical garden of the World.” More than

8000 species of medicinal plants of 400 families are available in India [4]. But only

a few of them with medicinal properties have been identified. According to the World

Health Organization (WHO), three-quarters of the world’s population use traditional

medicine or herbs for the treatment of diseases. Since the last two decades, the use of

plants and phytomedicines has increased [5]. Modern drugs (approximately 50%) in

clinical therapy have originated from natural products. Many of them have the ability

to include apoptosis in various human cancer cells [6]. Currently, cancer is perhaps the

most critical diseases to tackle. The most common cancers are lung, stomach, colo-

rectal, liver, blood, prostate, ovary, cervix, pancreas, brain, and breast. It is important

to note that all cancers within a particular form are also different in nature and obvi-

ously, their treatment become different. Lung cancer is recognized as the most com-

mon cancer diagnosed in men and breast cancer in women. In general, it is believed
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that cancer is incurable, and may start at any age in the body. Perhaps, cancer repre-

sents the largest cause of death. A results from the International Agency for Research

on Cancer in 2012 found 8.2 million cancer deaths [7]. Many million (17 million) can-

cer deaths per year is expected by 2030 [8].

Natural products have considerable expectations because of their numerous ther-

apeutic properties [9, 10]. More than 60% of anticancer agents have been isolated

from natural sources, including from plants, marine organisms, and microorganisms

[11, 12]. These include taxus diterpenes, camptotheca alkaloids, vinca alkaloids, and

podophyllum lignans. Currently, 16 new molecules isolated from plants have been

tested in clinical trials and among them 13 are in phase I or II and the rest are in phase

III trial [13]. The compounds, flavopiridol, derived from the Indian tree Dysoxylum
binectariferum, and meisoindigo, which is isolated from the Chinese plant Indigofera
tinctoria, have demonstrated anticancer activity with acceptable profile and bioavail-

ability than the commercial drugs [14].

It is assumed that more than 3000 plants have anticancer properties [15]. The scheme

to find anticancer agents from plants was initiated by the US National Cancer institute

(NCI) in 1957. NCI program has explored more than 35,000 plant species and found

important anticancer drugs like vincristine, vinblastine, taxol, indicine-N-oxide,

etoposide analogs, camptothecin, and various other drug candidates [16]. Many of the

important and effective drugs derived from higher plants were vinca alkaloids viz Vin-

blastine and Vincristine drugs derived from Catharanthus roseus are used to treat leu-

kemia, bladder, and testicular cancer. Paclitaxol (Taxol TM) originally derived from

Taxus brevifolia was used in the treatment of ovarian and breast cancers which was

assumed to bind the tubulin subunit ofmicrotubules and stabilize themicrotubule to nor-

mal disassembly [17]. Traditionally plants with known therapeutics potential have long

been used to cure several diseases. Potentially curative plants might be particularly sig-

nificant for their uses as medicinal herbs. Thus the discovery of new drug or drug inter-

mediate from plant source is a better option for medicinal chemist in the present time.

22.2 Value of medicinal plants

Medicinal plants have long been an abundant source of promise for the treatment of

cancer, which is a crucial source of major causes of death in this century. However, it

is essential to discover new anticancer drugs, drug therapy, and chemotherapy tech-

niques. Worldwide more than 250,000 species of plants are available; among them

nearly 3000 plants have shown anticancer properties. Many compounds obtained from

the nature have shown pharmaceutical properties andmanymolecules have been iden-

tified by the medicinal chemists. Plants have been used for medical purposes long

before prehistoric period. Ancient Unani manuscripts, Egyptian papyrus, and Chinese

literature have described the use of herbs. Evidence exist that Unani Hakims, Indian

Vaids, and European and Mediterranean cultures were using herbs as medicines for

over 4000 years. Indigenous cultures like Egypt, Rome, Africa, Iran, and America rec-

ommended herbs in their healing rituals. In many developed traditional medical sys-

tems (Unani, Ayurveda, and Chinese Medicine) herbal therapies were shown to be

highly attractive and useful.
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High population, lack of active drugs, high cost of treatment procedures, several side

effects of commercial synthetic medicines, and discovery of resistance to modern/old

drugs for infectious diseases have led to great attention on the use of plant compounds as

source of medicines for the treatment of a wide range of human medical problems.

Among ancient civilizations, India has high repository of medicinal plants. The forest

in India is the principal source of numerous medicinal plants. These are collected

mainly as raw substances for the discovery of drugs. Ayurveda and Unani medicines

aremost common andwidely cultured in India. Recently, theWHOhas discovered that

80%people in theworld depend on herbalmedicines as a part of theirmedical care. The

WHOhas stated that 21,000 plant species have beneficial effects against medical prob-

lems. The United States have used plant drugs in much lesser amount (25%) compared

to other countries like India and China. For example, India and China have used 80%

plant-based medicines or medicinally active raw materials. Medicinal plants like aloe,
neem, tulsi, turmeric, and ginger have several applications for improving the health in

human. These plants are also treated as remedies in other countries. Numerous pharma-

ceutical and ayurvedic practitioners have been using tulsi for preparing medicines.

Moreover, a few of these plants are considered as important sources of nutrition.

Importance of some herbs with medicinal properties

l As stated above, many herbs like black pepper, cinnamon, myrrh, aloe, sandalwood, ginseng,

red clover, burdock, bayberry, and safflower have the abilities to heal infections, wounds,

sores, and boils.
l These plants have antibacterial properties. Turmeric is used against germs, cut, wounds,

microbes, and bacteria.
l A few antipyretic herbs like Chirata, black pepper, sandal wood, and safflower have been

used in the treatment of fever.
l Ginger and cloves have the ability to reduce cough because they have expectorant activity.

This property promotes the thinning and ejection of mucus from the lungs, trachea, and bron-

chi. Eucalyptus, cardamom, and cherry have also expectorants properties.
l Chamomile, calamus, ajwain, tulsi, cardamom, fennel, chrysanthemum, peppermint corian-

der, spearmint, cinnamon, ginger, and turmeric have the abilities to improve blood circula-

tion. Often, they are treated as chest stimulants.

22.3 Medicinal plants with anticancer properties

Plants are the chief source of natural medicine. It has been shown that populations who

take natural herbal products have a reduced incidence of various diseases including

cancers. For example, Soybean is the major dietary source of saponins that reduce

the growth of cancer cells [18]. Some medicinally crucial plants are discussed below.

22.3.1 Solanum nigrum

S. nigrum has numerous medicinal properties such as antimicrobial, antioxidant, anti-

cancer, and antiulcerogenic activities. S. nigrum is found to be effective against can-

cer. Diosgenin present in this plant is responsible for the medicinal activity.
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22.3.2 Cynodon dactylon

C. dactylon possess medicinal activities. This has antihelmintic, antidiuretic,

antiinflammatory, and hepatoprotective activities. It has been used for diabetes, jaun-

dice disorder, kidney problem, urinary diseases, gastrointestinal disorder, constipation

malfunction, and abdominal pain. Interestingly, the entire plant has been used for

diuretics, dropsy, and syphilis.

22.3.3 Tinospora cordifolia

Giloy is an important ayurvedic herb which acts as tonic, anthelmintic, antiarthritic,

antipyretic, blood purifier carminative, digestive, diuretic, expectorant, rejuvenating,

appetizing, and antiinflammatory agents. It is believed that giloy can increase the

lifespan of humans by preventing numerous chronic diseases. Starch obtained from

the roots of giloy has been recommended to use for diarrhea and dysentery. The juice

from this herb has medicinal applications in the treatment of chronic fever, gout,

vomiting, cardiac problem, skin problem, leprosy, anemia, cough, asthma, jaundice,

seminal malfunction, cancer, high cholesterol, has antiaging, and liver protection

properties. The principal chemical agents responsible for the medicinal benefits of this

plant are tinosporin, perberillin, palmarin, and berberine. The stem barks have giloin,

gilonin, gilosterol, and phenolic lignins [19].

22.3.4 Momordica dioica

M. dioica is known as spiny gourd, teasel gourd, small bitter gourd, kankro, kartoli,

kantola, kantroli, ban karola, or janglee karela. It has many medicinal properties that

include antitumorigenic, analgesic, antidiabetic, antiinflammatory, and antiallergic

activities. MTT assay was investigated to identify the antiproliferative activity of

M. dioica against breast and lung carcinoma cell lines. Importantly, the results showed

good inhibition of cancer cell growth in these two cell lines [20].

22.3.5 Barleria grandiflora

B. grandiflora (Family-Acanthaceae) is used for treating the mouth ulcer. The main

constituents of leaf and stem are composed of glycosides (Shanzhiside methyl

ester) [21].

22.3.6 Moringa oleifera

M. oleifera is found in Thailand, India, Philippines, and Pakistan. This is used as food
and traditional medicine. The leaves have amino acids, vitamins, minerals, and beta-

carotene. This plant is used against rheumatism, ascites, infection, hiccough, influ-

enza, internal abscess, hyperglycemia, and dyslipidemia [22].
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22.3.7 Cucurbita maxima

C. maxima (pumpkin) is used as vegetable and medicine. Cassia auriculatamay have

wound healing and antioxidant activities. The flower of Cassia auriculata is used

against rheumatism. This vegetable has antipyretic, hepatoprotective, antidiabetic,

antiperoxidative, antihyperglycemic, and microcidal activities [23].

22.3.8 Terminalia chebula

T. chebula is a medicinal herb which is used against many diseases [24] (Table 22.1).

Table 22.1 Medicinal plants with anticancer activity.

Plant name/family Active constituent

Aegle marmelos Rutaceae Lupeol [25]

Aglaila sylvestre Meliaceae Silvesterol

Allium cepa, Allicinalliin,
diallyldisulphide

Liliaceae/Alliaceae quarcetin, flavonoids, vitamin C and

E [25]

Allium sativum Liliaceae Alliin, allicin alliin, alliinase, S-allylcysteine (SAC),

diallyldisulphide

Aloe ferox, Aloe barbadenis Aloe-emodin, emodin, aloin, Acemannan [26, 27]

Andrographis paniculata,
Acanthaceae

Andrographolide [25]

Annona species Annonaceae Acetogenins [27]

Angelica sinensis Umbelliferae Polysaccharide fraction “AR-4”

Agapanthus africanus
Agapanthaceae

Isoliquiritigenin

Aglaila sylvestre Meliaceae Silvesterol

Azadirecta indica Meliaceae Swainsonine [28]

Arctium lappa, Compositae Potent anticancer factors

Astragalus membranaceus
Papilionaceae

Swainsonine

Betula utilis Betulaceae Betulin
Catharanthus roseus
Apocynaceae

Vinblastine, Vincristine, Alstonine, Ajmalicine, and

Reserpine [11, 29]

Camellia sinensis Theaceae Epigallocatechin gallate

Chlorella pyrenoidosa
Oocystaceae

Lysine

Cleistanthus collinus
Euphorbiaceae

Cleistanthin, Collinusin [30]

Colchicum luteum Liliaceae Colchicines demecolcine [31]

Combretum caffrum
Combritaceae

Combretastatin

Corcus sativus Iridaceae Safranal, Crocetin, Crocin

Curcuma longa Linn.
Zinziberaceae

Tumerone, curcumine [32–34]

Continued
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Table 22.1 Continued

Plant name/family Active constituent

Dysoxylum binectariferum
Meliaceae

Rohitukine

Echinacea angustifolia
Asteraceae

Arabinogalactan

Ginkgo biloba Ginkoaceae Ginkgolide-B, A, C, and J

Fagopyrum esculentum,
Polygonaceae

Amygdalin, Rutin [35]

Glycine max Leguminosae Zinc, selenium, vitamins, isoflavones, protease

inhibitors, saponins and phytosterols [36]

Glycyrrhiza glabra
Leguminosae

Glycyrrhizin [37]

Gossypium barbadense
Malvaceae

Gossypol

Gyrophora esculenta
Umbilicariaceae

Polysaccharides β-glucans, α-glucans

Lentinus edodes Agaricaceae Lentinan

Linum usitatissimum Linaceae Cynogenetic glycosides, lignans

Justicia procumbens
Acanthaceae

Justicidin A, B

Linum usitatissimum Linaceae Cynogenetic glycosides, lignans [38, 39]

Mentha species Labiateae Monoterpene ketones [40, 41]

Nigella sativa linn Thymoquinone, dithymoquinone [25]

Ranunculaceae, Ocimum
sanctum linn, lamiaceae

Eugenol, orientin and vicenin [25]

Panax ginseng Aralaceae Ginsenosides, panaxosides

Picrorrhizia kurroa
Scrophulariaceae

Picrorrhizia (kutki) Picrosides I, II, III and kutkoside

[42]

Podophyllum emodii
Berberidaceae

Epipodophyllotoxin

Podophyllum hexandrum
Berberidaceae

Podophyllin, astragalin [43]

Psoralea corylifolia linn,
fabaceae

Bavachinin and psoralen, psoralidin [25]

Rubia cordifolia linn
Rubiaceae

Rubidianin, rubiadin, rosemary acids, purpurin, alizarin,

xanthopurpurin [25]

Solanum nigrum linn
Solanaceae

Solamargine, solasonine, solanin, quercetin

Taxus brevifolia Taxaceae Taxanes, taxol cepholomannine [44]

Tinospora cordifolia (willd) Berberin, tinosporin, giloin, giloinin

Withania somnifera Solanaceae Withanolides, Withaferin [34, 45–49]
Zingiber officinale
Zingiberaceae

Curcumin, gingerenoneA, gingeols, shogaols, zingerone

[50, 51]
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22.4 Plant-derived anticancer agents in clinical use

In the mid of 1950s, the anticancer activity from medicinal plants has been started and

found to develop many agents such as in 1960 NCI has started the plant collection

program which is based only on temperate region. This program discovered many

novel chemotypes of cytotoxic activities, such as taxanes and camptothecins, but

the development of this agent to clinically effective stage took 30 years. In 1986,

the development of new screening technologies led to the revival of the collection

of medicinal plants. Plant-derived drugs are required for anticancer treatment since

they are natural and easily available. They can be readily administered orally as part

of patient’s dietary intake. [52]

Also, being naturally derived compounds from plants they are generally more tol-

erated and nontoxic to normal human cells [53]. Also, there are some exceptions such

as cyanogenetic glycosides, saponins, lectins, lignans, and some taxanes [53, 54].

However, the compounds isolated from plants are generally tolerable and nontoxic

to human cells. As the plant-derived drugs are nontoxic to human cells and show cyto-

toxicity in cancer cell lines, these drugs are ideal leads for clinical trials for further

therapeutic applications. Plant-derived drugs are classified into four categories

with the following activities: methyltransferase inhibitor, DNA damage preventive

drugs or antioxidants, histone deacetylase inhibitors, and mitotic disruptors [55].

Fig. 22.1 shows some plant-derived anticancer agents in clinical use [11].

Semisynthetic derivatives of natural products, viz, epipodophyllotoxin, etoposide

(VM 26), and teniposide (VP 16-213) were used for the treatment of cancers. The

Podophyllum species (Podophyllaceae) and Podophyllum peltatum Linnaeus obtained

from the Indian subcontinent had medicinal use (skin cancers and warts). The

podophyllotoxin was first discovered in 1880. But the correct structure was elucidated

after many years (1950s). Podophyllotoxin-related lignans were also found in nature.

Clinical trials were conducted on some of them. Extensive research identified

etoposide and teniposide as clinically effective drugs which are used against lympho-

mas, bronchial, and testicular malignancies. The most important plant-derived chemo-

therapeutic agents are the Taxanes. Paclitaxel was obtained from the bark of a tree

Pacific Yew, T. brevifoliaNutt. Some portions of T. brevifolia and other Taxus species
were used by several Native American tribes for the treatment of noncancerous dis-

orders. The leaves of Taxus baccatawere beneficial to Ayurvedic medicine. Paclitaxel

and other key medicinally active compounds were isolated from the leaves of Taxus

species. Paclitaxel was used in the treatment of diverse cancers including breast, ovar-

ian, and nonsmall cell lung cancer. Docetaxel was effective against breast and lung

cancers. Paclitaxel was effective against multiple sclerosis, psoriasis, and rheumatoid

arthritis. Importantly, numerous taxanes are in the development stage against deadly

diseases.
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Camptothecin was discovered from the Chinese ornamental tree, Camptotheca
acuminata Decne [56]. Highly effective derivatives in this series were discovered

(topotecan and irinotecan). Topotecan was effectively used against ovarian and lung

cancers. Irinotecan was helpful for the treatment of colorectal cancer.

Homoharringtonine, cephalotaxaceae [57], and elliptinium were also effective against

diverse cancers.
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22.5 Plant-derived anticancer drugs

(a) Vinca alkaloids: Vinca alkaloids are the first organic compounds developed for clinical

purposes. The agents were vinblastine (VLB) and vincristine (VCR). These were isolated

from the plant Catharanthus roseusG. Don belonging to the family Apocynaceae. These

compounds were identified during an investigation on hypoglycemic agents. It was

amazing to note that the plant extracts is able to reduce white blood cell counts and bone

marrow depression in rats. Moreover, the extracts were effective against lymphocytic

leukemia in mice [58]. Semisynthetic products of vinca alkaloids, vinorelbine

(VRLB), and vindesine (VDS) were also prepared. These were found to be effective

alone or in combination with various chemotherapeutic molecules to combat different

types of cancers. VLB was used for the treatment of lymphoma, leukemia, and different

types of cancers (breast, testes, lymphocytic leukemia, and lung) [59].

(b) Podophyllotoxin derivatives: These compounds belong to Podophyllaceae family such

as Podophyllum peltatum Linn. These are used for different therapeutic disorders includ-

ing the treatment of skin cancer and warts. Podophyllum peltatum has been used by the

Native Americans for the treatment of cancers [60]. The interest in these plants was

established by the observation in the 1940s that an alcohol extract of the dried roots

known as podophyllin cures venereal. The cytotoxic therapeutic components were iden-

tified as podophyllotoxins and were first isolated in 1880, but the correct structure of

these natural compounds was confirmed in 1950. [61]

(c) Allium sativum (Allicin): A. sativum is used to treat a large variety of diseases. Allicin is a

major component in garlic and ajoene is a rearrangement product of allicin. The cytotoxic

effects of this species have been determined using human primary fibroblasts, non-

tumorgenic cell line, and tumorgenic lymphoid cell line. The cell growth inhibition was

in the range 2–50 μg/mL [62]. Organo-sulfur compounds from garlic, like S-allylcysteine,
are reported to retard the growth of chemically induced and transplantable tumors in

several animal models [63]. The administration of garlic (250 mg/kg, p.o., thrice a week)

in male wistar rats has been used to suppress 4-nitroquinoline-1-oxide-induced tongue

carcinogenesis. This is confirmed by the absence of carcinomas in the initiation phase

and their reduced incidence afterwards [64]. Therefore, the consumption of garlic may

protect human from cancer.

(d) A.paniculata:Phytochemicalanalysesof theethanol extractsofA.paniculatahave revealed
the isolation of 14 molecules. A majority of them are flavonoids and labdane-types of ter-

penoids. The anticancer activities of these compounds have been studied against numerous

cancer cell lines. The results indicate that these molecules have a tumor inhibitory activity

against many cell lines [65]. The extract of A. paniculatawas fractionated and specific por-
tion of these fractions exhibited cytotoxic and immunostimulating activities [66].However,

somesideeffectswerealsodetectedwhich includegastricdisorder, headache, tastedisorder,

and fatigue. High doses of A. paniculata also affect the normal functions of the liver [67].

(e) Annona muricata: The crucial medicinal agents found in fruits, seeds, leaves, and barks

of A. muricata are acetogenins. Research demonstrated that acetogenins block the syn-

thesis of adenosine triphosphate inhibiting the pump to remove cancer medicines from

the components of the cell. This allowed effective chemotherapy. Importantly, research

indicated that acetogenins have chemotherapeutic properties, especially against cancers

that are resistant to other drugs [68]. However, Parkinson symptom was the side effects

observed [69]. A few acetogenins were identified as toxic against cancer cell lines (e.g.,

human-breast cancer, pancreatic carcinoma, prostatic adenocarcinoma, colonic

Medicinal plants and their compounds with anticancer properties 767



adenocarcinoma, human lymphoma, liver cancer, and multidrug-resistant human-breast

adenocarcinoma).

(f ) Apis mellifera: A. mellifera is the scientific name of honey bee. Honey is useful in the

treatment of skin wounds, ulcerations, and burns. But, a protein of the honeybee

A. mellifera is shown to enhance proliferation of rat hepatocytes and diminish apoptosis

[70]. It has also demonstrated cytotoxicity against human lymphocytes and HL-60 cancer

cells.

(g) Bidens pilosa: B. pilosa is a folk medicine and contains polyacetylenes, flavonoids, ter-

penoids, and phenylpropanoids. An extensive research work has on various extracts of

B. pilosa identified phenyl-1,3,5-heptatriyne. This compound has revealed toxicity on

normal blood cells. Different extracts (hexane, chloroform, and methanol) of

B. pilosa and their fractions were examined against cancer cell lines and hexane extracts

were found to have antitumor activity [71].

(h) Bolbostemma paniculatum: The triterpenoid saponin tubeimoside-V was obtained from

Chinese herb B. paniculatum. A systematic investigation on tubeimoside-V confirmed

apoptotic killing properties on glioblastoma cells. A few tubeimosides like molecules

(tubeimodes-I, tubeimoside-II, and tubeimoside-III) demonstrated cytotoxic effects.

This was due to the inhibition of DNA synthesis and induction of phenotypic reverse

transformation of tumor cells [72].

(i) Cannabis sativa: The major constituents of C. sativa inhibited human breast tumor cells

in vitro experiments. The survival of animals has increased when marijuana was injected

into malignant brain tissues. The potent portions of C. sativa are cannabinoid molecules.

Cannabinoids and the products obtained from them have palliative properties in cancer

patients. These molecules have shown anticancer activity in cell cultures and animal

models through the modulation of cell-signaling mechanisms [73].

(j) Daphne mezereum: The alcoholic extract of D. mezereum exhibit antileukemic activity

against lymphocytic leukemia. A fractionation studies on the extracts identified

mezerein as an effective antileukemic molecule [74].

(k) Gossypium hirsutum: G. hirsutum known as Gossypol or cottonseed oil is used as a con-

traceptive. This is also used in the treatment of metastatic carcinoma of endometrium and

ovary. A few in vivo and in vitro studies suggested the antitumor activities of gossypol on

cytosolic and mitochondrial enzymes. These enzymes are crucial against the growth of

many tumor cells including melanoma, endometrial, colon, lung, prostate, breast, brain,

and adrenocortical cancers [75, 76].

(l) Nervilia fordii: The petroleum ether and ethyl acetate extracts of N. fordii have been

examined for antitumor activities in mice models. These extracts have demonstrated

excellent antitumor effects. However, further research is necessary to isolate the active

components present in the systems [77].

(m) Salvia miltiorrhiza: Tanshinone-I isolated from S. miltiorrhiza has effects on the expres-
sion of intercellular adhesion. Experiments have demonstrated the anticancer properties

of tanshinone-I against breast cancer cells [78]. Tanshinone II-A obtained from

S. miltiorrhiza killed cells through apoptosis and this pathway was through proteolytic

cleavage [79].

(n) T. chebula: T. chebulais is a source of hydrolysable tannis and its antimutagenic activity

in Salmonella typhimurium has been documented [80]. Phenols like chebulinic acid, tan-

nic acid, and ellagic acid are the cancer growth inhibitors found in the fruits of T. chebula
[47]. The acetone extract of T. chebula fruit powder and its bark have been reported with
promising antimutagenic and anticarcinogenic activities [81].

(o) Zingiber officinale: The ethanol extract of Z. officinale was identified for its antitumor

effects in skin tumorigenesis model. The preapplication of Z. officinale ethanol extract
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onto the skin of mice resulted in the significant inhibition of

12-0-tetradecanoylphorbol-13-acetate (TPA)-caused induction of epidermal ODC,

cyclooxygenase, and lipoxygenase activities and ODC mRNA expression in a dose-

dependent manner. The preapplication of ethanol extract of Z. officinale onto mouse skin

also resulted in a significant inhibition of TPA-caused epidermal edema and hyperplasia.

In long-time studies, topical application of Z. officinale ethanol extract 30 min prior to

that of each TPA application to 7,12-dimethylbenz(a)anthracene-initiated mice resulted

in a marked protection against skin tumor incidence and its multiplicity [82]. Ginger’s

natural bioactives, specifically ginger extract and 6-gigerol, have also been investigated

for their in vitro inhibition of two key aspects of colon cancer biology, cancer cell pro-

liferation, and angiogenic potential of endothelial cell tubule formation. These active

ginger constituents have been linked to a direct effect on cancer cells. Among other com-

pounds, 6-gingerol was found more effective even at lower doses and resulted in the inhi-

bition of endothelial cell tube formation [81]. The ginger extract suppresses the growth of

colon cancer cells, arrest the G0/G1-phase, reduce DNA synthesis, and induce apoptosis.

22.5.1 Apoptosis

Apoptosis is a special form of programmed cell death that occurs in multicellular

organisms in a systematic way [83]. Biochemical events lead to a series of character-

istic cell changes and finally to death. Some of these changes include blebbing, cell

shrinkage, nuclear fragmentation, chromatin condensation, chromosomal DNA frag-

mentation, and global mRNA decay. The average adult human loses between 50 and

70 billion cells each day because of apoptosis [84]. In an average human child between

the ages of 8 and 14 approximately 20–30 billion cells die per day.

The initiation of apoptosis process is tightly regulated by numerous activation

mechanisms, because once apoptosis starts, it inevitably leads to the death of the cell.

The two best-understood activation mechanisms are the intrinsic pathway (also called

the mitochondrial pathway) and the extrinsic pathway. The intrinsic pathway is acti-

vated by intracellular signals generated when cells are stressed and depends on the

release of proteins from the intermembrane space of mitochondria. The extrinsic path-

way is activated by extracellular ligands binding to cell-surface death receptors, which

leads to the formation of the death-inducing signaling complex (DISK) [85].

A cell initiates intracellular apoptotic signaling in response to a stress, which may

bring about cell suicide. The binding of nuclear receptors by glucocorticoids [86], heat

[86], radiation [86], nutrient deprivation [86], viral infection [86], hypoxia [86],

increased intracellular concentration of free fatty acids, [87] and increased intracellu-

lar calcium concentration [88, 89], for example, by damage to the membrane, can all

trigger the release of intracellular apoptotic signals by a damaged cell. A number of

cellular components, such as poly ADP ribose polymerase, may also help regulate

apoptosis. Single cell fluctuations have been observed in experimental studies of

stress-induced apoptosis [90].

Before the actual process of cell death is precipitated by enzymes, apoptotic signals

must cause regulatory proteins to initiate the apoptosis pathway. This step allows

those signals to cause cell death, or the process to be stopped, should the cell no longer

need to die. Several proteins are involved, but two main methods of regulation have

been identified: the targeting of mitochondria functionality [91], and directly
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transducing the signal via adaptor proteins to the apoptotic mechanisms. An extrinsic

pathway for initiation identified in several toxin studies is an increase in calcium con-

centration within a cell caused by drug activity, which also can cause apoptosis via

calcium-binding protease calpain.

22.5.2 Enzyme inhibitor

An enzyme inhibitor is a molecule that binds to an enzyme and decreases its activity.

Since blocking an enzyme’s activity can kill a pathogen or correct a metabolic imbal-

ance, many drugs are enzyme inhibitors. These inhibitors modify key amino acid res-

idues needed for the enzymatic activity.

Enzyme inhibitors are found in nature and are also designed and produced as part of

pharmacology and biochemistry. Natural poisons are often enzyme inhibitors that

have evolved to defend a plant or animal against predators. These natural toxins

include some of the most poisonous compounds known. Artificial inhibitors are often

used as drugs, but can also be insecticides such as malathion, herbicides such as glyph-

osate, or disinfectants such as triclosan. Other artificial enzyme inhibitors block ace-

tylcholinesterase, an enzyme which breaks down acetylcholine, and are used as nerve

agents in chemical warfare.

The binding of an inhibitor can stop a substrate from entering the enzyme’s active

site and/or hinder the enzyme from catalyzing its reaction. Inhibitor binding is either

reversible or irreversible. Irreversible inhibitors usually react with the enzyme and

change it chemically (e.g., via covalent bond formation). These inhibitors modify

key amino acid residues needed for enzymatic activity. In contrast, reversible inhib-

itors bind noncovalently and different types of inhibition are produced depending on

whether these inhibitors bind to the enzyme, the enzyme-substrate complex, or both.

Many drug molecules are enzyme inhibitors, so their discovery and improvement is

an active area of research in biochemistry and pharmacology. A medicinal enzyme

inhibitor is often judged by its specificity (its lack of binding to other proteins) and

its potency (its dissociation constant, which indicates the concentration needed to

inhibit the enzyme). A high specificity and potency ensure that a drug will have

few side effects and thus low toxicity.

Enzyme inhibitors also occur naturally and are involved in the regulation of metab-

olism. For example, enzymes in a metabolic pathway can be inhibited by downstream

products. This type of a negative feedback slows the production line when products

begin to build up and is an important way to maintain homeostasis in a cell. Other

cellular enzyme inhibitors are proteins that specifically bind to and inhibit an enzyme

target. This can help control enzymes that may be damaging to a cell, like proteases or

nucleases. A well-characterized example of this is the ribonuclease inhibitor, which

binds to ribonucleases in one of the tightest known protein-protein interactions. Nat-

ural enzyme inhibitors can also be poisons and are used as defenses against predators

or as ways of killing prey [92].

Chemotherapy [93, 94], antibiotics [95], metabolic control, [96] and pesticides [97]

are working as enzyme inhibitor in human and animals.
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22.6 Conclusions

In conclusion we can demonstrate that nature is mankind’s greatest chemist. More

than 50% of drugs are derived from medicinal plants so it is clear that natural

resources, especially plants could be drastically used to find effective drugs for cancer

treatment. Cancer is becoming a high profile disease in developed and developing

countries. Although, chemically derived drugs have been developed, other cancer

treatments also preexist. However, current methods such as chemotherapy have their

limitations due to their toxic effects on nontargeted tissues furthering human health

problems. Therefore, there is a demand for alternative treatments with naturally

derived anticancer agents with plants being the desired source.
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Abbreviations

AUC area under the plasma drug concentration

Br bromo

Cl chloro

°C degree centigrade

DMAP 4-dimethylaminopyridine

DMF dimethylformamide

DMSO dimethyl sulfoxide

DNA deoxyribonucleic acid

GHz gigahertz

GQSAR group-based quantitative structure-activity relationship

H2SO4 sulfuric acid

HIV human immunodeficiency virus

IC50 half maximal inhibitory concentration

INH isoniazid

K2CO3 potassium carbonate

LRP luciferase reporter phage

MABA microplate Alamar Blue assay

MDR multi drug resistant

MIC minimum inhibitory concentration

mL milliliter

MLC minimum lethal concentration

MOA mechanism of action

Mtb Mycobacterium tuberculosis
MTB Mycobacterium tuberculosis bacteria
MTT 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide

MW microwave
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NIAID National Institute of Allergy and Infectious Diseases

OD optical density

PZA pyrazinamide

QSAR quantitative structure-activity relationship

RLU relative light units

SAR structure-activity relationship

SD standard deviation

SI electivity index

STM streptomycin

TAACF tuberculosis antimicrobial acquisition and coordinating facility

TDR totally drug resistant

TB tuberculosis

TFA trifluoro acetic acid

μg microgram

μM micrometer

% percent

WHO World Health Organization

XDR extensively drug resistant

23.1 Introduction

23.1.1 Tuberculosis

Tuberculosis (TB) is an infectious disease, caused by a microbial pathogen, Mycobac-
terium tuberculosis (Mtb). It mainly affects the lungs (pulmonary TB) but can affect

other organs or tissues as well (extrapulmonary TB). The disease is transmitted through

the air when people with pulmonary TB expel bacteria by coughing [1]. In 1882, Mtb,

the causative agent of tuberculosis (TB), was discovered by Dr. Robert Koch, for which

he was later awarded the Nobel Prize in 1905. Mtb is an acid-fast, nonmotile,

nonsporulating, weak Gram-positive bacillus. TB is considered as one of the most

chronic communicable diseases in the world. It is also one of the major causes of mor-

bidity and mortality in most of the developing countries mainly in Africa and Asia [2].

As per the global TB report 2014, 9 million people suffered from TB and 1.5 million

died from the disease. TB is responsible for 9.6 million infections in 2015 with an esti-

mated 1.5 million global deaths. In 2016, there were 600,000 new cases with resistance

to most effective first-line drug rifampicin and 490,000 had multidrug-resistant TB [3].

According to the World Health Organization (WHO) report-2017, TB is the ninth

leading cause of death globally. As per the WHO in the year 2011, antitubercular

drugs were classified as group-I or first-line oral anti-TB drugs (e.g., Isoniazid, Rifam-

picin, Ethambutol, and Pyrazinamide), group-II or injectable anti-TB drugs (e.g.,

Streptomycin, Kanamycin, Amikacin, and Capreomycin), group-III drugs

(Fluoroquinolones, Ofloxacin, Levofloxacin, and Moxifloxacin), group-IV or

second-line anti-TB drugs (Ethionamide, Cycloserine, p- and Aminosalicylic acid).

The WHO has recently approved a revision of the classification of new anti-TB drugs

based on current evidence on each drug which will be safer and more effective for

MDR- and XDR-TB treatment regimen. Antitubercular drugs mainly produce their

action by inhibiting the synthesis of mycolic acid that results in disruption of the bac-

terial cell wall as presented in Table 23.1 and Fig. 23.1 [5].
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Table 23.1 List of antitubercular drugs with MOA and mutated genes responsible for

resistance toward antitubercular drugs [4].

Antitubercular

drugs

Year of

discovery Mechanism of action

Mutated

genes

Isoniazid 1951 Inhibition of cell wall mycolic acid Kat G,
inhA, ndh

Rifampicin 1972 Inhibition of bacterial DNA

dependent RNA synthesis

rpoB

Pyrazinamide 1952 Disruption of membrane transport pncA
Streptomycin 1943 Inhibition of protein synthesis rpsL, rrs
Viomycin 1951 Inhibition of protein synthesis tlyA, rrs
Kanamycin 1957 Inhibition of protein synthesis Rrs
Capreomycin 1960 Inhibition of protein synthesis tlyA, rrs
Quinolones

Fluoroquinolones

1963 Inhibition of DNA replication and

transcription

yrA, gyrB,
atpE

Ethionamide 1956 Inhibition of mycolic acid synthesis inhA,
etaAor
ethA

Ethambutol 1961 Inhibition of cell wall

arabinogalactan synthesis

Emb CAB
operon

Amikacin 1971 Inhibition of protein synthesis Rrs
PAS 1944 Inhibition of folic acid and iron

metabolism

thyA

Cycloserine 1952 Inhibition of peptidoglycan

synthesis

Unknown

N

O
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N

NH2
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N

N

NH2
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Pyrazinamide
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HOEthambutol
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Fig. 23.1 Structures of anti-TB drugs.
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The treatment of TB is mainly affected by various factors such as the development

of multidrug resistant (MDR), extensively drug resistant (XDR), and totally drug

resistant (TDR). The increase in resistance of Mycobacterium tuberculosis to cur-

rently available drug therapy and the large number of epidemic infections due to

Mycobacterium avium complex are the stimulating factors to carry out the research

for generating new active drug molecules [6]. Therefore, microwave-assisted synthe-

sis as green technology is utilized to develop the novel alternative, safe, and potent

drugs with a broader spectrum of antitubercular activity [7].

23.1.2 Microwave chemistry

Microwave irradiation is a versatile technology that can accelerate the chemical reac-

tions and has shown great promise in the new drug development process. Microwave

heating relies on two main principles such as dipolar polarization and conduction.

Dipolar polarization is responsible for the generation of heat from polar molecules

[8]. When an electromagnetic force is applied, polar molecules attempt to align them-

selves in the direction of the field. The applied frequency field must be in the micro-

wave radiation region for heating to occur. Once the field is in the microwave

radiation region (0.3–30 GHz), the dipoles will align themselves in one direction,

but at that point, the field is already in the opposite direction, causing a phase differ-

ence. This difference gives way to an energy release from the molecular friction and

dielectric loss of the dipole, thereby causing the reaction to heat. Conduction or ionic

conduction is formed from ions in the reaction medium. They move through the solu-

tion with the electromagnetic field and thereby increasing the collision rate, and

finally lead to the generation of heat. Apart from the electrical component, microwave

heating is also dependent on the characteristics of the materials being heated [9].

A schematic diagram of a typical microwave instrument is provided in Fig. 23.2.

Microwave

Microwave cavity
Sample chamber

Magnetron

Fig. 23.2 Top view of a monomodal microwave.
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Themagnetron produces the microwave which is then sent through the cavity to the

sample chamber. Themicrowave cavity absorbs the microwave on the other end, caus-

ing a single wave to be introduced into the sample chamber at a time. Materials can

include anything in the reaction vessel, from solids to solvents [10]. Solvents have two

values that impact microwave heating, the dielectric constant (which corresponds to

the ability to absorb microwave energy) and the loss angle (which quantifies the effi-

ciency of the absorbed energy to be translated to heat). The ability of a material to heat

in a microwave is thus reported as the loss tangent, tan δ. Loss tangent is used to deter-
mine how easily microwaves heat a substance. The equation used is: tanδ ¼ ε 00 /ε0

where ε00 is the dielectric loss or the ability of the substance to convert electromagnetic

radiation into heat, and ε0 is the dielectric constant or the ability of the polar molecule

to align itself with the electric field (Table 23.2) [12].

23.1.3 Importance of MW in the synthesis of new anti-TB entities

There are four widely accepted primary objectives for improving TB therapy: (1)

shortening and simplifying the treatment for active, drug-sensitive TB, (2) improving

treatment efficacy, safety, and duration for drug-resistant disease, (3) improving the

safety of co-therapy for TB patients coinfected with HIV, and (4) establishing an

effective therapy for latent, persistent TB. The solutions achieving each of these goals

will have different features, but there are some overarching issues that complicate

each area of concern. Microwave (MW) irradiation has proven to be a highly effective

Table 23.2 Dielectric constants and loss tangent values for commonly

used solvents [11].

Solvents Dielectric constant Loss tangent

Acetone 20.7 0.054

Acetic acid 6.2 0.174

Acetonitrile 37.5 0.062

1-Butanol 17.1 0.571

2-Butanol 15.8 0.447

Chlorobenzene 2.6 0.101

Chloroform 4.8 0.091

1,2-Dichloroethane 10.4 0.127

Dichloromethane 9.1 0.042

Dimethyl sulfoxide 45 0.825

Dimethylformamide 37.7 0.161

Ethanol 24.3 0.941

Ethyl acetate 6 0.059

Hexane 1.9 0.02

Methanol 32.6 0.659

Tetrahydrofuran 7.4 0.047

Toluene 2.4 0.04

Water 80.4 0.123
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heating source for driving chemical reactions in sealed vessels. Microwaves can accel-

erate the reaction rate, provide uniform and selective heating, achieve greater repro-

ducibility of reaction outcome and help in developing cleaner and greener synthetic

routes [13].

23.1.3.1 Pyrimidine derivatives as antitubercular agents

The manifestation of various drug-resistantMycobacterium tuberculosis (Mtb) strains

has necessitated the development of a new drug candidate so as to decrease the resis-

tance of existing drug therapies. By screening the Med Chem Express bioactive com-

pound library, Ceritinib was identified as a compound with antimycobacterial activity

against Mtb H37Ra. Ceritinib had a MIC value of 9.0 μM in vitro and demonstrated in

vivo efficacy in a BALB/c mouse model infected with autoluminescent H37Ra. Then,

novel ceritinib derivatives were synthesized, and their antimycobacterial activities

were evaluated in vitro. The antimycobacterial activities of the synthesized

compounds were drastically affected by substitutions at position 4 of the pyrimidine

nucleus and were enhanced by the presence of 2-isopropoxy-5-methyl-4-(piperidin-

4-yl)aniline at position 2 of the pyrimidine nucleus. The in vivo antitubercular

activities of the three most potent compounds were evaluated. 5-Chloro-N2-(2-iso-

propoxy-5-methyl-4-(piperidin-4-yl)phenyl)-N4-(naphthalen-1-yl)pyrimidine-2.4-

diamine (16j) remarkably reduced the Mtb burden of mice. This result suggested the

potential of 16j as a novel drug with superior antitubercular activities. The results of

experiments on the combination of sulfamethoxazole with 16j and in silico modeling

suggested that dihydrofolate reductase is the potential molecular target of 16j

(Fig. 23.3) [14].

A series of 1,2,3,4-tetrahydropyrimidine-5-carbonitrile derivatives was designed.

The target compounds were synthesized by multicomponent reaction which involves

one-pot organic reactions using ethyl cyanoacetate, urea/thiourea, and arylaldehydes

N
H

N

N

Cl

N
H

O

NH

(16j)

Fig. 23.3 Structure of compound 16j.
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in the presence of ethanolic K2CO3 (Scheme 23.1 and Table 23.3). Two methodolo-

gies, conventional and microwave-assisted, were adopted for the synthesis. The later

strategy gave high yields in <10 min as compared with long hours using the former

approach. Molecular docking of the target compounds into the enzyme Mycobacte-
rium tuberculosis enoyl reductase (InhA) revealed important structural information

on the plausible binding interactions. Major binding interactions were found to be

of dispersion type (residues Tyr158, Ile215, Met103, and Met199) and a hydrogen

bond with Tyr158. Binding poses of all the compounds were energetically favorable

and showed good interactions with the active site residues. Few selected compounds

were also evaluated for antitubercular activity in vitro against drug-sensitiveM. tuber-

culosis H37Rv strain and clinically isolated S, H, R, and E resistant M. tuberculosis by

+ NC

OC2H5

O

+

X

NH2H2N

Substituted benzaldehydes Ethylcyanoacetate Urea (X=O) or
Thiourea (X=S)

K2CO3, C2H5OH
Conventional
 Reflux (4–8 h)

      Microwave
(P-210W, 5–10 min)

C

R

O

H

N
H

NH

NC

X

O

R

1(a–i) / 2(a–g)

Scheme 23.1 Synthetic route for the preparation of 1,2,3,4-tetrahydropyrimidine-5-carbonitrile

derivatives.

Table 23.3 Comparison between conventional and microwave-assisted synthesis.

Comp.

code

Conventional method Microwave-assisted method

Time

(h)

Energy

(temp. °C)
Yield

(%)

Time

(min)

Energy

(power. watt)

Yield

(%)

1a 4 98–100 61 5 210 82

1b 6 98–100 60 7 210 81

1c 6 98–100 59 7 210 80

1d 6 98–100 58 7 210 79

1e 6 98–100 61 7 210 82

1f 6 98–100 57 7 210 78

1g 6 98–100 58 7 210 79

1h 8 98–100 56 10 210 79

1i 8 98–100 56 10 210 77

2a 4 98–100 66 5 210 85

2b 6 98–100 65 7 210 85

2c 6 98–100 62 7 210 81

2d 6 98–100 60 7 210 79

2e 6 98–100 61 7 210 82

2f 6 98–100 57 7 210 78

2g 6 98–100 59 7 210 80
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luciferase reporter phage (LRP) assay method. Some compounds displayed promising

antimycobacterial activity comparable to or less than the standard drugs isoniazid and

rifampicin (Table 23.4). A compound was considered to be an antimycobacterial agent

if a 50% reduction in the Relative Light Units (RLU) is observed when compared with

the standard drug using luminometer [15].

A simple and efficient approach toward single-step synthesis of

6-amino-5-cyano-2-(hydroxy/mercapto)-4-substitutedpyrimidine derivatives was

developed by three-component condensation of aromatic aldehydes, malononitrile,

and urea or thiourea using conventional heating and microwave irradiation technique

(Scheme 23.2). Some of these novel derivatives showed moderate to potent in vitro

antitubercular activity (Table 23.5). The microwave-assisted synthesis was advanta-

geous in simple reaction conditions and easy workup procedures, less time consum-

ing, and eco-friendly which result in better yields over the conventional method. Both

synthetic methods were compared in terms of percentage yield and reaction time

(Table 23.6) [16].

Table 23.4 Antimycobacterial activity of the target compounds.

Compd. code

% Reduction in RLU

M. tuberculosis H37Rv

Clinical isolate: S, H, R, and

E resistant M. tuberculosis

100 μg/mL 500 μg/mL 100 μg/mL 500 μg/mL

1b 46.49 44.20 38.38 47.86

1d 54.28 61.02 50.10 52.77

1i 33.40 48.72 25.47 33.49

2e 46.21 65.23 61.35 66.65

2g 75.73 82.04 38.03 74.91

Rifampicin (2 μg/mL) 82.58 29.19

Isoniazid (0.5 μg/mL) 98.42 89.6

Ar-CHO + C

X

NH2H2N +

CN

H2C

CN

i or ii

N

N

Ar

CN

NH2HX

X= O, 1a–i, X=S, 2a–i

Aromatic aldehydes Urea or thiourea Malononitrile 6-Amino-5-cyano-2-(hydroxy/mercapto)-
4-substitutedpyrimidine derivatives

Reaction condition:  i= Ethanol, Conc. HCl, Reflux, 1.5–3h (56%–81%) and ii= Ethanol, Conc. 

H2SO4, MWI, 2–3.5 min (64%–87%). 

Scheme 23.2 Synthesis of 6-amino-5-cyano-2-(hydroxy/mercapto)-4-substituted-pyrimidine

derivatives.
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Table 23.5 Antitubercular activity of synthesized compounds (1a–1l and 2a–2l).

Compounds

Acid fastM. tuberculosis

Compounds

Acid fastM. tuberculosis

MIC (μg/mL) MIC (μg/mL)

1a >100 2a >100

1b >100 2b >100

1c <25 2c >100

1d >100 2d >100

1e >100 2e >100

1f >100 2f >100

1g >100 2g >100

1h >100 2h >100

1i >100 2i >100

1j <25 2j 50

1k >100 2k >100

1l >100 2l >100

Table 23.6 Comparison of microwave-assisted synthesis and conventional method in terms of

percentage yield and reaction time.

Compounds X Ar

Conventional

method

Microwave-assisted

method

Time

(h)

Yield

(%)

Time

(h)

Yield

(%)

1a O C6H5- 3.0 78 3.5 84

1b O C6H5CH]CH- 2.5 60 3.0 67

1c O 4-OHC6H4- 2.5 74 3.0 80

1d O 2-Cl C6H4- 2.0 81 2.5 86

1e O 4-Cl C6H4- 1.5 79 2.0 85

1f O 4-N(CH3)2 C6H4- 1.5 74 2.0 81

1g O 4-OMeC6H4- 1.5 77 2.0 83

1h O 4-OH-3-OMe-C6H3- 2.5 62 3.0 69

1i O 2-NO2C6H4- 1.5 81 2.0 87

1j O 4-NO2C6H4- 1.5 77 2.0 87

1k O 3-OMe C6H4- 2.0 71 2.5 79

1l O 3-NO2 C6H4- 2.0 72 2.5 80

2a S C6H5- 3.0 75 3.5 83

2b S C6H5CH]CH- 2.5 56 3.0 64

2c S 4-OHC6H4- 2.5 72 3.0 79

2d S 2-Cl C6H4- 2.0 78 2.5 84

2e S 4-Cl C6H4- 1.5 73 2.0 80

2f S 4-N(CH3)2 C6H4- 1.5 76 2.0 83

2g S 4-OMeC6H4- 1.5 71 2.0 78

2h S 4-OH-3-OMe-C6H3- 2.5 64 3.0 70

2i S 2-NO2C6H4- 1.5 79 2.0 85

2j S 4-NO2C6H4- 1.5 75 2.0 82

2k S 3-OMe C6H4- 2.0 71 2.5 77

2l S 3-NO2 C6H4- 2.0 74 2.5 80



23.1.3.2 Thiadiazole derivatives as antitubercular agents

A series of imidazo[2,1-b][1,3,4]thiadiazole derivatives 5(a–j) were synthesized

(Scheme 23.3). These compounds were evaluated for their in vitro antitubercular

activity againstMycobacterium tuberculosisH37Rv strain using Alamar Blue suscep-

tibility test as part of the TAACF TB screening program under the direction of the US

National Institutes of Health, the NIAID division. Among the tested compounds,

2-(1-methyl-1H-imidazol-2-yl)-6-(4-nitrophenyl)imidazo[2,1-b][1,3,4]thiadiazole (5f )

had shown the highest (98%) inhibitory activity with MIC of 3.14 μg/mL as compared

with other tested compounds. Further, some potent compounds were also assessed for

their cytotoxic activity against amammalianVero cell line usingMTT assay. The results

revealed that these compounds exhibit antitubercular activity at noncytotoxic concentra-

tions as shown in Table 23.7 [17].

N

N

CH3

(1)

4-N,N-Dimethylamiopyridine

DMF, Cyanogen bromide, 
stirred 15 h

N

N

CH3

(2)

CN N

N

CH3

N N

S
NH2

O

Br

R

N

N

CH3

N N

S

N
R

Trifluoroacetic acid, 

Reflux 15 h

Thiosemicarbazide

(3)

Reflux, 18 h
Dry ethanol.

(4a–j)

(5a–j)

Imidazo[2,1-b][1,3,4]thiadiazole derivatives

Scheme 23.3 Synthesis of imidazo[2,1-b][1,3,4]thiadiazole derivatives 5(a–j).

Table 23.7 In vitro anti-tubercular activity and cytotoxicity of compounds 5 (a–j).

Compounds R

Inhibition

(%) Activity

MIC

(μg/mL) IC50
a SIb

5a 3-Nitro 91 + 4.34 10.56 2.43

5b 4-Bromo 94 + 5.78 11.4 1.97

5c 4-Chloro 95 + 5.48 12.3 2.24

5d 4-Fluoro 90 + 4.86 8.5 1.74

5e H 16 � >6.25 � �
5f 4-Nitro 98 + 3.14 9.8 3.12

5g 4-Methyl 18 � >6.25 � �
5h 5-Methyl 30 � >6.25 � �
5i 2,4-Dichloro 92 + 5.66 10.3 1.81

5j 2,4-Dihydroxy 35 � >6.25 � �

MIC Rifampicin: 0.125–0.25 μg/mL. SI (selectivity index) for Rifampicin >10.
aIC50 inhibition concentration (inhibited 50% of total cells in μM and converted into μg/mL for SI calculation).
bSI selectivity index (ratio between IC50 and M. tuberculosis MIC value).
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23.1.3.3 Benzodiazepines derivatives as antitubercular agents

A series of 1,4-benzodiazepines derivatives were synthesized by condensation of

o-phenylenediamines with 1,3-diketone (Dimedone) as illustrated in Scheme 23.4.

Further, these synthesized derivatives were screened for their antitubercular prop-

erty/activity. Among the tested compounds, potent activities were observed for com-

pounds 9, 10 (MIC 1.6 μg/mL) followed by compound 11 (3.12 μg/mL), compound

04 (6.25 μg/mL) against M. tuberculosis H37Rv as summarized in Table 23.8 [18].

NH2

NH2

+

O O

H3C CH3

o-Phenylenediamines 1,3-Diketone

Toluene

Reflux

NH2

N

O

CH3

CH3

Reaction intermediate

CHO

R1

R2

R3

R4

Toluene

Reflux

N
H

H
N O

CH3

H3C

R1

R2
R3

R4

1,4-Benzodiazepines

Scheme 23.4 Synthesis of 1,4-benzodiazepine derivatives (1–18).
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23.2 SAR study of 1,4-benzodiazepines derivatives

N
H

H
N O

CH3

H3C

R1

R2
R3

R4

1,4-Benzodiazepine

Ring-R

Based on the evaluation results obtained from antitubercular activity of

1,4-benzodiazepines derivatives, the following observations were made to determine

the effect of structural features and the presence of substitution on the ring of

1,4-benzodiazepines derivatives.

Table 23.8 Anti-tubercular activity of 1,4-benzodiazepines derivatives.

Compound R1 R2 R3 R4

MABA assay

MIC (μg/mL)

1 H H H H 12.5

2 H H -OCH3 H 12.5

3 H OH H H 25

4 H H -F H 6.25

5 H H OH H 100

6 H H -Br H 50

7 -OCH3 H -OCH3 H 25

8 H H -NO2 H 25

9 H -OCH3 -OCH3 H 1.6

10 H H -N(CH3)2 H 1.6

11 H -OC2H5 OH H 3.125

12 H -F -F H 25

Pyrazinamide – – – – 3.125

Streptomycin – – – – 6.25

Ciprofloxacin – – – – 3.125
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l The substitution of electron-withdrawing groups like dF on the ring-R at para position

increased anti-TB activity.
l Similarly the substitution of electron-donating groups at meta position like –OC2H5 on the

ring-R slightly reduced anti-TB activity due to increase in alkyl chain.
l Substitution of electron-withdrawing groups like dBr, dCl at ortho, meta, and para posi-

tions on the ring-R reduced anti-TB activity.
l The presence of benzodiazepine moiety was essential for antitubercular activity. The

replacement of benzodiazepine with other heteronucleus diminished the activity.

23.2.1 Hydantoins as antitubercular agents

The synthesis of various 5-arylidene-2-thiohydantoins was carried out by condensa-

tion of 2-thiohydantoin with suitable aldehydes or ketones based on two methods. In

the case of method-A, the reaction mixture was refluxed in the presence of acetic acid

and anhydrous sodium acetate. In the case of method-B, the reaction was performed in

the presence of toluene and ammonium acetate (Scheme 23.5). The synthesized com-

pounds were screened for their antimycobacterial activity. Eight of those compounds

exhibited >90% inhibition of Mycobacterium tuberculosis growth (Table 23.9) [19].

23.2.2 Chalcones as antitubercular agents

In order to develop relatively small molecules as antimycobacterial agents,

25 chalcones were synthesized (Fig. 23.4). The synthesis was based on the

Claisen-Schimdt condensation reaction and the resultant compounds were tested

for antitubercular activity by luciferase reporter phage (LRP) assay. Compound

C24 was found to be the most active (�99%) in this series based on the percentage

reduction in Relative Light Units at both 50 and 100 μg/mL levels. Four compounds

at the 50 μg/mL and eight compounds at the 100 μg/mL showed activity above 90%

level. QSAR model was developed between activity and spatial, topological, and

O

R2

R1

+

N
H

NH

O

S

Method A or B

N
H

NH

O

SC

R1

R2I II III

Scheme 23.5 Synthesis of 5-arylidene-2-thiohydantoins (III).
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Table 23.9 Antimycobacterial activity of arylidene hydantoins.

N
H

NH

O

SC

R1

R2

Comp. R1 R2 % Inhibition at 
6.25 µg/mL 

33 H 94 

34 H O 78 

35 H 

CH3

95 

36 H 97 

37 H 16 

38 H 53 

39 H O

O

0 

40 H 

O

94 
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ADME descriptors for the 50 μg/mL data. The statistical measures such as r, r2, q2,

and F values obtained for the training set were in the acceptable range and hence this

relationship was useful for the test set. The predictive ability of the model was sat-

isfactory (q2 ¼ 0.56) and it was used for designing a similar group of

compounds [20].

Chalcones were synthesized by reacting substituted benzaldehydes and

acetophenones in the presence of ethanolic sodium hydroxide (Scheme 23.6). These

compounds were evaluated for antimycobacterial activity against Mycobacterium
tuberculosis H37Rv. Ortho-chloro-substitutions at ring-A and -B favored the

antitubercular activity. Compound 12 with chloro and hydroxyl substitution exhibited

98% reduction in relative light units at a concentration of 100 μg/mL. Methyl-sulfonyl

chalcones also exhibited very good antitubercular activity (Scheme 23.7,

Table 23.10). The requirements for the anti-infective activity were explored with

2D, 3D, and group-based QSAR studies. The 2D technique indicated the importance

of volume, refractivity, and molecular weight of the compounds on the activity. The

3D-QSAR indicated less bulky at R5 and more hydrophilic substituent groups at R3

can improve the antitubercular activity. The GQSAR technique indicated that the

presence of hydrophilic groups on R3 or R5 positions enhance the antitubercular activ-

ity. The oral bioavailability of all the molecules was between 30% and 70%. Com-

pound 12 was mildly acidic, soluble in water, stable at pH < 2 and did not violate

the Lipinski’s rule of 5 [21].

R1

R2

R3

R4

O R5

R6

R7

A B

Fig. 23.4 Structure of

chalcones.

CHO

R� +

COCH3

R
EtOH

NaOH

O

RR�

ChalconesSubstituted benzaldehydes Acetophenones

Scheme 23.6 Synthesis of chalcones.
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A series of chalcones (JC1–JC8) were synthesized by condensation of

9-anthraldehyde with various substituted acetophenones in the presence of ethanolic so-

dium hydroxide by using conventional and microwave heating method (Scheme 23.8).

Better yield and decrease in reaction time were the advantages of the microwave

when compared with the conventional methods (Table 23.11). These compounds

(JC1–JC8) were evaluated for in vitro antitubercular activities. The antimycobacterial

activity of compounds was determined by using the Microplate Alamar Blue assay

(MABA) method. The final drug concentrations tested were 0.2–100.0 μg/mL and

Streptomycin and Pyrazinamide were used as standards (Table 23.12). Among the

tested compounds, compounds JC1 and JC3 showed promising antitubercular

activity [22].

Table 23.10 Antimycobacterial activity of chalcones.

Compd. no.

Percentage reduction in RLU

50 μg/mL 100 μg/mL

1 0 12.69

2 0 0

3 0 0

4 0 66.73

5 50.87 61.66

6 70.27 82.72

7 51.07 69.22

8 18.53 75.01

9 34.10 77.29

10 0 22.66

11 0 0

12 73.69 98.31

13 0 4.56

14 0 0

15 0 3.15

O

4-Methythio-chalcone
H3CS

R

THF

2,6-m-CPBA

O

S

R

H3C

O

O 4-Methylsulfonyl chalcones

Scheme 23.7 Synthetic route for conversion of 4-methythiochalcone to 4-methylsulfonyl

chalcones.
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23.2.3 Quinoline derivatives as antitubercular agents

A series of styryl-quinoline derivatives (4a–j) was prepared by reacting quinaldic acid
and a variety of aryl-benzaldehydes via Knoevenagel reaction in the presence of

trifluoroacetic acid (TFA) as catalyst under eco-friendly conditions (Scheme 23.9).

The final products were achieved in short reaction times with good yields. The syn-

thesized compounds were evaluated for growth inhibitory activity toward Mycobac-
terium tuberculosis H37Rv (Mtb) through the National Institute of Allergy and

Infectious Diseases (NIAID, USA) [23].

Microwave-assisted synthesis of 4-aminoquinoline-phthalimides was carried out in

order to explore their antitubercular potential. Different reaction conditions were

maintained by using both conventional and microwave heating. Synthesis of desired

Table 23.12 Antitubercular activity of substituted chalcones

(JC1–JC5).

Compound R MIC in μg/mL

JC1 4-Br 0.8

JC2 4-F 6.25

JC3 4-NO2 0.8

JC4 4-Cl 50

JC5 4-NH2 25

Pyrazinamide – 3.125

Streptomycin – 6.25

CHO

+

R

C

O

CH3 CH C
H

C

O
R

Anthracenyl chalcones (JC1–JC8)
9-Anthraldehyde Substituted acetophenones

NaOH, EtOH

Conventional, 24 h

MWI, 800W, 5 min

R=Br, F, Cl, NO2

Scheme 23.8 Synthesis of chalcones (JC1–JC8).

Table 23.11 Reaction time and yield of conventionally and microwave-assisted synthesis.

Compounds

Conventional synthesis Microwave-assisted synthesis

Time (h) Yield (%) Time (min) Yield (%)

JC1–JC8 24 52–75 3–5 70–85
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4-aminoquinoline-phthalimide (3a) was performed by the reaction between

unsubstituted phthalic anhydride (1a) and 4-aminoquinoline-diamine (2a) as outlined

in Scheme 23.10. The best results were obtained by microwave heating in DMSO at

160°C for 2 min to get the desired 4-aminoquinoline-phthalimides in quantitative

yields (Tables 23.13 and 23.14). Antitubercular evaluation against mc26230 strain

of Mycobacterium tuberculosis revealed that compound 3e with octyl chain length

as a spacer to be the most potent among synthesized compounds and exhibited

MIC99 of 13.7 μM (Table 23.15). Most of the synthesized scaffolds exhibited good

activity profiles with the activities being dependent on the nature of the substituent

on the phthalimide ring as well as on the length of the alkyl chain [24].

O

O

O1a

+

NCl

HN

NH2

N

O

O

NH

N

Cl
2a

Solvent

Time, temp

3a

Scheme 23.10 Synthesis of 4-aminoquinoline-phthalimide (3a).

Table 23.13 Synthesis of 3a under both conventional and microwave heating.

Conventional heating Microwave heating

Solvent

Time

(h)

Temp.

(°C)
Yield

(%) Solvent

Time

(min) Temp.

Yield

(%)

CH3CN 6 80 22 CH3CN 3 80 39

DMF 6 130 31 DMF 5 130 81

DMSO 8 160 51 DMSO 2 160 89

C2H5OH 6 80 34 AcOH 5 110 76

AcOH 6 110 50 NMP 5 140 88

NMP 7 150 50 – – – –

N

COOH

CH3 N

COOH

Ar

Ar CHO

TFA, MWI

Styryl-quinoline derivatives (4a–j)Quinaldic acid Arylaldehydes

+

Knoevenagel reaction

Scheme 23.9 Synthesis of styryl-quinoline derivatives (4a–j).
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23.2.4 Triazines as antitubercular agents

A series of triazines were synthesized starting from 5-alkyl-1,3,4-thiadiazole-2-thioles

(1a–d). On reaction with ethyl bromoacetate in the presence of anhydrous K2CO3

under microwave irradiation (MWI), these yielded corresponding esters (2a–d) which
on hydrazinolysis under MWI produced (5-alkyl-1,3,4-thiadiazol-2-yl sulfanyl) ace-

tohydrazides (3a–d) as outlined in Scheme 23.11. The reaction of 3a–d with ω-bromo-

acetophenone under MWI yielded 6-aryl-3-[(5-alkyl-1,3,4-thiadiazol-2-yl-sulfanyl)

methyl]-1.2,4-triazines (4a–h). All the synthesized triazines showed in vitro

antitubercular activity and are summarized in Table 23.16 [25].

Table 23.14 Synthesis of different 4-aminoquinoline-phthalimides (3b-y) under microwave

heating.

Entry R n Yield (%) Entry R n Yield (%)

3b H 3 86 3n 4-F 6 84

3c H 4 74 3o 4-F 8 88

3d H 6 87 3p 3,4,5,6-Cl 2 92

3e H 8 90 3q 3,4,5,6-Cl 3 91

3f 3-F 2 78 3r 3,4,5,6-Cl 4 90

3g 3-F 3 82 3s 3,4,5,6-Cl 6 85

3h 3-F 4 90 3t 3,4,5,6-Br 2 83

3i 3-F 6 79 3u 3,4,5,6-Br 3 81

3j 3-F 8 86 3v 3,4,5,6-Br 4 79

3k 4-F 2 89 3w 3,4,5,6-Br 6 74

3l 4-F 3 78 3x 3-NO2 2 90

3m 4-F 4 77 3y 3-NO2 6 82

Table 23.15 In vitro anti-tubercular activity of compounds (3a-y) against mc26230 strain of

Mtb.

Compound MIC99 � SD (μM) Compound MIC99 � SD (μM)

3a 364 3n 66 � 6

3b 329 � 11 3o 31 � 3

3c 158 � 6 3p >523

3d 34.3 � 3 3q 270 � 11

3e 13.7 � 3 3r 232 � 11

3f 692.3 3s 234.5

3g 354.3 � 11 3t 192

3h 322 3u 188

3i 141 � 6 3v 40.2 � 3

3j 62 � 3 3w 19.3 � 3

3k 692.3 3x >645.1

3l 354.3 � 11 3y 132.4 � 6

3m 302 � 11 Isoniazid 0.14
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23.2.5 Phenothiazine analogs as antitubercular agents

A hybrid pharmacophore was designed containing phenothiazine moiety and the syn-

thetic reaction conditions were optimized successfully with the help of a microwave

synthesizer. First, phenothiazinyl-chalcones (2a–o) was obtained by reaction between

N

S

N

R SH

O

OBr

Ethyl bromoacetate

+

K2CO3

MWI

5-Alkyl-1,3,4-thiadiazole
-2-thioles (1a–d)

N

S

N

R S

O

O
(2a–d)

MWIN2H4.H2O

N

S

N

R S

O

O

NHNH2

(3a–d)

R1 COCH2BrMWI

N

N

N

CH2

R1

S

N N

S R

6-Aryl-3-[(5-alkyl-1,3,4-thiadiazol-2-yl sulfanyl)methyl]-1,2,4-triazines (4a–h)

Scheme 23.11 Synthesis of 1,2,4-triazine derivatives (4a–h).

Table 23.16 Anti-tubercular activity data of compounds (4a-h).

Compound

code R R1

Minimum inhibitory

concentrations (MIC)

(μg/mL)

4a CH3 H 50

4b C7H15 H 100

4c C9H19 H 100

4d C11H23 H 100

4e CH3 Cl 100

4f C7H15 Cl 100

4g C9H19 Cl 100

4h C11H23 Cl 100
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2-acetyl phenothiazine (1) with aryl aldehyde was placed in the presence of aqueous

sodium hydroxide and a mixture of methanol: 1,4-dioxan. The reaction mixture was

refluxed for 3–6 h to get the product. Then, pyrazolinyl-phenothiazines (3a–o) were
produced by between phenothiazinyl-chalcone (2a–o), hydrazine hydrate and

triethylamine in the presence of methanol. This reaction was performed by microwave

heating in a Biotage initiator microwave synthesizer at 100°C for 5 min. As the reac-

tion progresses to completion, the color of the reaction mixture changed from dark red

to pale yellow. Similarly, microwave-assisted synthesis of phenyl pyrazolinyl-

phenothiazines (4a–o) was carried out by reaction between phenothiazinyl-chalcone

(2a–o), phenyl hydrazine, and DMAP in the presence of glacial acetic acid. The syn-

thesis of isoxazolinyl-phenothiazines (5a–o) was preceded through a reaction between
phenothiazinyl-chalcone (2a–o), hydroxylamine hydrochloride and DMAP in the

presence of glacial acetic acid under Microwave irradiation (Scheme 23.12). Among

all the synthesized compounds, 4b, 4e, 4i, and 4n exhibited potent in vitro

antitubercular activity with MIC value 6.25 μg/mL and selectivity index

>10 (Table 23.17) [26].

N
H

S

CH3

O(1)

Ar-CHO, NaOH

MeOH:Dioxan

N
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S
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(2a–o)
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(3a–o) N NH

Ar

N
H

S

(5a–o)
N O

Ar

N
H

S

N N

Ar

(4a–o)

NH2.NH2.H2O

MeOH, NEt3
μw

μw

μw

CH3

Ph.NH2.NH2.

DMAP

CH3COOH
NH2.OH.HClDMAP

a. C6H5
b. 4-N(CH3)-C6H4
c. 4-CH3-C6H4
d. 4-OCH3-C6H4
e.4-OC2H5-C6H4
f. 2,4-(OCH3) 2-C6H3

3 2 6g. 3,4-(OCH ) -C H3

h. 3,4,5-(OCH3)3-C6H2
i. 3-Br-4-OCH3-C6H3
j. 3-OC2H5 -4-OH-C6H3
k. 2-Cl-C6H4
l. 3-Br-C6H4
m. 4-Br-C6H4
n. 2,4-Cl2-C6H3
o. 4-NO2-C6H4

COOH

Scheme 23.12 Synthetic route for the preparation of series of phenothiazine analogs.
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23.2.6 Benzocoumarin-benzothiazepine hybrids as antitubercular
agents

An efficient and expeditious method was developed for the synthesis of

benzocoumarin-benzothiazepine hybrids under microwave irradiation. The present

methodology was cost effective in addition to other advantages like mild reaction con-

dition, high yields of products in shorter reaction time and simple workup procedure

(Scheme 23.13 and Table 23.18). All the newly synthesized compounds (2a–2j) were
evaluated for their in vitro antitubercular and DNA cleavage study. Among all the

screened compounds, 2 h showed the most pronounced activity against Mycobacte-
rium tuberculosis (Mtb) obtaining MIC of 3.12 μg/mL (Table 23.19). The compounds

Table 23.17 Antimycobacterial activity of compounds in series.

Comp.

code

C log

P*
MIC**
(μg/mL)

Comp.

code

C log

P*
MIC**
(μg/mL)

2a 6.119 50 4d 7.925 12.5

2b 6.284 50 4e 8.454 6.25

2c 6.618 50 4f 8.014 12.5

2d 6.038 50 4g 7.664 12.5

2e 6.567 50 4h 7.306 12.5

2f 6.127 50 4i 8.698 6.25

2g 5.777 50 4j 7.717 25

3a 5.511 25 4k 8.719 12.5

3b 5.676 25 4l 8.869 12.5

3c 6.010 25 4m 8.869 12.5

3d 5.430 25 4n 9.432 6.25

3e 5.959 25 5a 6.385 25

3f 5.519 25 5b 6.55 12.5

3g 5.169 25 5c 6.844 12.5

4a 8.006 25 5d 6.304 12.5

4b 8.171 6.25 5e 6.833 12.5

4c 8.505 12.5 5f 6.393 12.5

*C log P values were calculated using Chem Draw Ultra 8.0 software; **MIC (μg/mL) for the standard drugs:
Pyrazinamide-3.125; Streptomycin-6.25; Ciprofloxacin-3.125.

O O

O

R

(1a–j)

O O

N

R

(2a–j)

S

H2N SH

Conventional (16–20 h)
MWI (350W, 180°C, 30–40 min

CAN, DMF

Scheme 23.13 Synthesis of benzocoumarin-benzothiazepine hybrids under MWI.
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were further subjected for DNA cleavage study by agarose gel electrophoresis

method, which revealed that compound (2h) inhibits the growth of the pathogenic

organism by cleaving the genome as no traces of DNA are found [27].

23.2.7 1,3,4-Oxadiazoles as antitubercular agents

A series of newer analogs of 5-(pyridine-4-yl)-1,3,4-oxadiazole-2(3H)-thione were

designed and synthesized by incorporating 1,3,4-oxadiazole and bezo[d]thiazole by

Mannich base reaction using conventional as well as microwave irradiation (Scheme

23.14). This process had considerable advantages such as milder reaction conditions,

accelerated rate of reaction, less time consuming, and higher product yields as compared

with the conventional heatingmethods (Table 23.20). The synthesized compounds were

Table 23.18 Comparison between conventional and microwave irradiation method.

Products R

Time (min) Yield (%)

Ca Mb C M

2a p-CH3 960 32 61 83

2b p-OCH3 960 30 63 85

2c m-CH3 980 37 58 77

2d m-OCH3 960 36 59 80

2e p-Br 970 37 57 81

2f m-Br 960 35 53 73

2g o-Br 1200 40 43 69

2h p-Cl 980 36 54 75

2i m-Cl 1000 38 46 73

2j o-Cl 990 37 45 72

aC, conventional.
bM, microwave.

Table 23.19 Tuberculosis inhibition test (Alamar).

Products % Inhibition at 12.5 μg/mL MIC (μg/ mL)

2a 54 960

2b 62 960

2c 51 980

2d 71 960

2e 90 970

2f 83 960

2g 77 1200

2h 97 980

2i 94 1000

2j 91 990

Isoniazid – 0.03
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N

NH

O

NH2 N

O

NN

SH

N

O

NHN

S

Isonicotinohydrazide 5-(Pyridin-4-yl)-1,3,4-oxadiazole-2-thiol 5-(Pyridin-4-yl)-1,3,4-oxadiazole-2(3H)-thione

N

O

NN

S

i

(A)

ii

NH

S

N

R2

R1

(1a–j)

Reaction condition:   

(i) Potassium-o-ethyldithicarbonate, IPA:MeOH, 80°C, 4 h.  

(ii) Conventional: 37% HCHO, substituted-2-amino-benzo[d]thiazole, DMF:EtOH, 80°C, 8-

9 h and Microwave: 37% HCHO, substituted-2-amino-benzo[d]thiazole, DMF:EtOH, 400 W, 

10–12 min. 

Scheme 23.14 Synthesis of 3-((substituted-benzo[d]thiazol-2-ylamino)methyl)-5-(pyridin-4-

yl)-1,3,4-oxadiazole-2(3h)-thione.

Table 23.20 Comparison of conventional heating and nonconventional microwave technique.

Compound

no. R1 R2

Conventional method Microwave irradiation

Reaction

time (h)

Yield

(%)

Reaction

time (min)

Yield

(%)

A – – 5 90 – –
1a H H 8 63 10 85

1b H CH3 8 66 10 82

1c CH3 H 8 59 10 80

1d H NO2 9 58 12 75

1e NO2 H 9 55 12 78

1f H F 9 63 11 80

1g F H 8 60 10 75

1h H Br 8 58 10 78

1i H Cl 9 54 10 75

1j H OCH3 8 60 10 80
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evaluated for their antimycobacterial activity against M. tuberculosis. Among tested

compounds, compound 1c containing methyl group at ortho-position on aromatic ring,

showed better activity against M. tuberculosis H37Ra using MABA method

(Table 23.21). So, the modification of substituents on bezo[d]thiazole ring with various
electron-releasing and electron-withdrawing substituents affected the activity [28].

Benzofuran-oxadiazole derivatives 7(a–o) were designed, synthesized, charac-

terized, and evaluated for antitubercular activity against Mycobacterium tuberculosis
H37RV and Mycobacterium phlei using the Microplate Alamar Blue Assay (MABA)

method. The structure-activity relationship (SAR) study results revealed that the

compounds with chlorine (7j, 7k) and bromine (7l, 7m) on benzofuran ring exhibit

excellent activity (Schemes 23.15 and 23.16). The MIC ranges were in between 1.56

and 100 μg/mL. The highest activity of 7m was superior to standard drug pyrazinamide

and it was further supported by molecular docking results (Table 23.22) [29].

Table 23.21 In vitro antimycobacterium activity against

M. tuberculosis H37Rv strain.

Compound no. % Inhibition MIC (μM)

A 0 >100

1a 66 >50

1b 6 >100

1c 100 >50

1d 65 >50

1e 10 >100

1f 21 >100

1g 3 >100

1h 16 >100

1i 0 >100

1j 30 >100

Isoniazide 99 0.25

Rifampicin 99 40

O

OO

O

OO

Br

O

R

Br

O
O

OH

O

R

(1)
(2)

4(a–o) 5(a–o)

Br2

Diethylether

R

OH
3(a–o)

Conc. H2SO4

NaOH

Reflux

a=5-CH3, b=6-CH3 , c= 4,6-dimethyl, c= 6,7-dimethyl,e=5-isopropyl, f=5-t-butyl,

 g=6-OH, h=5-OCH3, i=6-OCH3 , j=5-Cl, k=6-Cl, l=5-Br,m=6-Br, n=4,5-benzo, o=6,7-benzo

Scheme 23.15 Synthesis of benzofuran acetic acids 5(a–o).
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23.2.8 Benzothiazoles as antitubercular agents

Benzothiazole-2-carboxy-arylalkyl-amides were reported as a new class of potent

antimycobacterial agents (Fig. 23.5). In all, target compounds were synthesized fol-

lowing a green synthetic strategy using water as the reaction medium to construct the

benzothiazole scaffold followed by (i) microwave-assisted catalyst-free and

(ii) ammonium chloride-catalyzed solvent-free amide coupling. The

antimycobacterial potency of the compounds was determined against H37Rv strain.

Table 23.22 Antitubercular activity of compounds 7(a-o).

Compounds

MICs (μg/mL)

Mycobacterium
tuberculosis (H37RV)

Mycobacterium
phlei

7a 12.5 >100

7b 12.5 >100

7c 25 50

7d 12.5 50

7e 12.5 50

7f 12.5 50

7g 6.25 12.5

7h 6.25 25

7i 6.25 25

7j 3.125 3.125

7k 3.125 3.125

7l 3.125 3.125

7m 1.56 1.5

7n 25 50

7o 25 50

Pyrazinamide 3.125 3.125

Streptomycin 6.25 6.25

O

OH

O

R

5(a–o)

a=5-CH3, b=6-CH3, c= 4,6-dimethyl, 

c= 6,7-dimethyl, e=5-isopropyl, f=5-t-butyl,

 g=6-OH, h=5-OCH3, i=6-OCH3, j=5-Cl, 

k=6-Cl, l=5-Br,m=6-Br, n=4,5-benzo, o=6,7-benzo

O

NHNH2

O

R

6(a–o)

O

R

N

NH

O

S

i, ii iii

7(a–o)

i= Ethanol, Conc. H2SO4, Reflux

ii= NH2.NH2.H2O, Reflux

iii= CS2, KOH, Ethanol,Reflux

Scheme 23.16 Synthesis of benzofuran-oxadiazoles 7(a–o).
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A total of 12 compounds exhibited promising anti-TB activity in the range of

0.78–6.25 μg/mL and were found to be nontoxic (<50% inhibition at 50 μg/mL) to

HEK 293T cell lines with therapeutic index (TI) of 8–64. The most promising anti-

TB compound 5bf showed MIC of 0.78 μg/mL (TI > 64). The molecular docking

studies of 5bf predicted it to be a ligand for the M. tuberculosis HisG, the putative

drug target for tuberculosis and could serve as a guiding principle for lead

optimization [30].

23.2.9 Indole analogs as antitubercular agents

A rapid, efficient and environmentally benign synthesis of novel indole analogs bear-

ing thiazolidinone attached to substituted thiazolyl coumarin scaffolds were synthe-

sized (Scheme 23.17). Both conventional and microwave-assisted (MW)

N

S

Cl

O

HN F

F Fig. 23.5 Structure of

N-(2,5-difluorobenzyl)-5-

chlorobenzo[d]thiazole-2-
carboxamide (5bf ).

N
H

R
CHO

R1

+

OO

R2

S

N

H2N

OO

R2

S

N

N

HN

R1

OO

R2

S

N

N
S

O

N
H

R1

R

(4a–h)

(3a–h)(2a, 2e)(1a–d)

R

MeOH/AcOH

MWI

ZnCl2SHCH2COOH

DMF MWI
R  = Cl (a,e), CH3 (b,f), H (c,d,g,h) 
R1 = Ph (a-c, e-g), H (d, h); 
R2 = H (a-d), Br (e-h).

Scheme 23.17 Synthetic approach to new indole analogs.
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approaches were studied. The newly synthesized compounds were evaluated for

in vitro antitubercular activities against M. tuberculosis H37Rv strain (ATCC

No-27294) using Alamar blue (MABA) minimum inhibitory concentration (MIC)

assays. MIC for the compounds of highest activity was performed at different concen-

trations (0.8, 1.6, 3.12, 6.25, 12.5, 25, and 100 μg/mL). The results of MIC of the

tested compounds revealed that the compound 4e substituted with the electron-

withdrawing groups (Cl and Br) at C5 position of indole and C6 of coumarin moiety

demonstrated MIC at the lowest concentration (12.5 μg/mL) against M. tuberculosis

H37Rv as compared with the standards INH, PZA, STM, and CPF. Some of the

screened compounds demonstrated promising anti-TB properties. The

structure-activity relationship (SAR) study revealed that the compounds containing

halogens are most potent. Docking of the potent compounds inside the active site

of a target enzyme mycobacterial enoyl reductase (InhA) (PDB code 4TZK) was per-

formed to determine their potentials [31].

23.2.10 Piperazines as antitubercular agents

Parallel solid-phase synthesis offers a unique opportunity for the synthesis and screen-

ing of large numbers of compounds and significantly enhances the prospect of finding

new lead molecules. The synthesis and antitubercular activity of chiral 1,2,4-

trisubstituted piperazines derived from resin-bound acylated dipeptides against Myco-

bacterium tuberculosis strain H37Rv were reported (Scheme 23.18). The minimum

inhibitory concentration (MIC) of each compound was determined as the concentra-

tion required to prevent growth as measured by optical density (OD) of the

culture [32].

23.2.11 Pyrazolines as antitubercular agents

Two new series of pyrazolines (3a–h and 4a–h) were synthesized starting from

p-acetamidophenol (paracetamol) and evaluated for their antitubercular activity.

Chalcones (2a–h) were prepared by condensation of 3-acetyl-4-hydroxyphenyl

N

O

N
H

R1 O

H
N

R2 O

R3

Resin bound acylated dipeptides

HN

N

N

Chiral 1,2,4-trisubstituted piperazines

MIC (μM)=37.7
IC50 (μM)= 17.0
IC90 (μM)= 38.0

Scheme 23.18 Synthesis of chiral 1,2,4-trisubstituted piperazines.
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acetamide (1) with different aromatic aldehydes. Finally, compounds (2a–h) under-
went reaction with phenyl hydrazine and isonicotinic acid hydrazide to get phenyl-

pyrazolines (3a–h) and isoniazid-pyrazolines (4a–h) respectively (Scheme 23.19).

The results of antitubercular activity of the synthesized compounds against Mycobac-

terium tuberculosis H37Rv by the agar microdilution method were promising [27].

The results of the antitubercular activity of the titled compounds were presented in

Table 23.23. Among the 16 tested compounds, three compounds, 4c, 4d, and 4g were

found to be the most active compounds with MIC of 3.12 μg/mL as compared with

H3COCHN OH
(CH3CO)2O

AlCl3

p-Acetamidophenol

H3COCHN OH

COCH3

H3COCHN OH

O

R

(1)

(2a–h)

N-(3-acetyl-4-hydroxyphenyl)acetamide

H3COCHN OH

(3a–h)

KOH OHC

R

N N

R

Hc

Ha
Hb

H3COCHN OH

(4a–h)

N N

R

Hc

O

Ha
Hb

N

N

CONHNH2
NHNH2

Scheme 23.19 Protocol for synthesis of pyrazoline derivatives (3a–h and 4a–h).
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standard drug Streptomycin against M. tuberculosis bacteria (MTB). Five more com-

pounds, 3b, 3d, 3g, 4f, and 4h showed excellent antitubercular activity with MIC

6.25 μg/mL [33].

23.2.12 Benzimidazoles as antitubercular agents

Aryl-benzimidazoles were synthesized as antimycobacterial agents. An efficient

synthesis was developed for 2-arylbenzimidazoles from o-phenylenediamines and

aromatic aldehydes in molecular sieves-methanol system. The methodology was

straightforward to obtain 2-arylbenzimidazoles (3a–3z) in excellent yields with high
chemo-selectivity over 2-aryl-1-benzyl-benzimidazoles (4a–4z) (Scheme 23.20).

All these benzimidazole analogs were evaluated against M. tuberculosis in

BACTEC radiometric assay. The compounds 4y and 4z exhibited potential

antitubercular activity against M. tuberculosis H37RV with MIC at 16 and 24 μM,

respectively. Compound 4y was well tolerated by Swiss-albino mice in acute oral

toxicity. Compound 4y with diaryl-benzimidazole core can be further optimized

for better activity [34].

Table 23.23 Results of antitubercular activity of the pyrazoline

compounds.

Compounds R

M. tuberculosis

MIC in μg/mL

3a H 25

3b -3-Cl 6.25

3c -4-Cl 12.5

3d -2,4-Cl2 6.25

3e 2-OH 25

3f 2-NO2 12.5

3g 4-NO2 6.25

3h 3-OCH3 12.5

4a H 50

4b -3-Cl 25

4c -4-Cl 3.12

4d -2,4-Cl2 3.12

4e 2-OH 12.5

4f 2-NO2 6.25

4g 4-NO2 3.12

4h 3-OCH3 6.25

Streptomycin – 6.25
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A series of benzimidazole derivatives (1–20) were synthesized and evaluated for
antitubercular activities (Scheme 23.21). The compounds which were active in

in vitro evaluation against M. tuberculosis are further evaluated for their in vivo

activity in mice (Table 23.24). It was observed that the dose of the compounds with

5.67 mg/kg in antitubercular evaluation is proved to be fatal and highly toxic to mice

while lethal dose was varied from 1.82 mg/kg to 3.23 mg/kg body weight of the

mice. The dose of 1.34 mg/kg was found to be safe for each of the compounds.

All compounds inhibited the mycobacterial enzymes but to a lesser extent than

streptomycin. Compound 19 exhibited inhibition of 67.56%, 53.45%, and 47.56%

against isocitrate lyase, pantothenate synthetase, and chorismate mutase, respec-

tively, and was found to be the most potent antitubercular compound among the syn-

thesized benzimidazole derivatives [35].

H3CO
N

N

OCH3

H3CO(4y)

M. tuberculosis, H37RV MIC=16μM

NH2

NH2R1

R1= H/OCH3/CH3/Cl/NO2

+ R2

H

O

(1) (2)

Molecular sieves-methanol

Reflux, 1.5h

R1
N

H
N

R2

R1
N

N

R2

R3

(3a–3z)

+

(4a–4z)

30%–89%

<8%

Scheme 23.20 Synthesis of benzimidazole derivatives.
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N
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N

S

HN

O

N

NH2⋅NH2⋅H2O

N

H
N

S

HN

O

NH2

2-(1H-benzo[d]imidazol-2-ylthio)acetohydrazide

N

H
N

S

HN

O

N

EtOH/AcOH Ar'CHOArCHO EtOH/AcOH

Ar'

R1 R2

R3

R4R5

Benzimidazole derivatives (1–14, 16–18) Benzimidazole derivatives (15, 19, 20)

1 R1= OCH3, R2=R3=R4=R5 = H
2 R2= OCH3, R1=R3=R4=R5= H
3 R3= OCH3, R1=R2=R4=R5= H
4 R1=R3= OCH3, R2=R4=R5= H
5 R2=R3=R4= OCH3, R2=R5= H
6 R3= OH, R1=R2=R4=R5= H
7 R1= Cl, R2=R3=R4=R5 = H
8 R3= Cl, R1=R2=R4=R5 = H
9 R3= F, R1=R2=R4=R5= H
10 R3= Br, R1=R2=R =R5= H
11 R3= NO2, R1=R2=R4=R5= H
12 R2= OCH3, R3= OH, R1=R4 =R5 = H
13 R2= OCH2CH3, R3= OH, R1=R4=R5= H
14 R3= CHO, R1=R2=R4=R5 = H
16 R1= OH, R2=R3=R4=R5 = H
17 R3= N(CH3)2, R1=R2=R4=R5 = H
18 R3= N(CH2CH3)2, R1=R2=R4=R5= H

15 Ar′ = 19 Ar′ = OH 20 Ar ′= O

Scheme 23.21 Synthesis of benzimidazole derivatives (1–20).

Table 23.24 Antimycobacterial activity, MIC and MLC of synthesized

compounds against M. tuberculosis H37Rv.

Compound no. MIC in μg/mL MLC in μg/mL

1 NA NA

2 12.5 25

3 12.5 25

4 12.5 25

5 12.5 25

6 NA NA

7 NA NA

8 NA NA

9 15 28

10 NA NA

11 NA NA
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23.3 Structure-activity relationship (SAR) study

N

H
N

S

HN

O

N

HC

R1 R2

R3

R4R5

Benzimidazole nucleus

Carbon chain length

Conjugation

Phenyl ring

Acetamido group

From the results of antitubercular activity of synthesized benzimidazole derivatives

(1–20), the following points were considered for the SAR study.

l The synthesized benzimidazole derivatives had good binding interaction with target sites

and thereby produce good activity.
l Replacement of phenyl ring with p-hydroxy-naphthol (compound 19) increased the

antitubercular activity.
l There was a significant increase in antitubercular activity by increasing the chain length and

conjugation as in the case of a compound synthesized using cinnamaldehyde.
l The substitution of hydroxyl group at ortho-position generated compound with better activ-

ity but di- and tri-substitution on phenyl ring decreased the activity.
l The substitution of electron-withdrawing groups like CF3, NO2, or halogens at para position

of the phenyl ring (compound 10) enhanced the biological activity.

Table 23.24 Continued

Compound no. MIC in μg/mL MLC in μg/mL

12 12.5 25

13 12.5 25

14 15 25

15 NA NA

16 NA NA

17 12.5 25

18 12.5 25

19 12.5 25

20 NA NA

Streptomycin 12.5 25

NA, not active.

Microwave-assisted synthesis of antitubercular agents: A novel approach 811



23.3.1 Pyridine derivatives as antitubercular agents

A series of reduced lipophilic N-benzylic-imidazo[1,2-a]pyridine-carboxamides

(IPAs) with various side chains were designed and synthesized as new antitubercular

agents. Five derivatives A2, A3, A4, B1, and B9 exhibited excellent in vitro activity

(MIC: <0.035 μM) against Mycobacterium tuberculosis H37Rv strain and two clin-

ically isolated multidrug-resistant strains. Compound B1 possessed cyclohexyl-

methyl piperazine moiety and the same side chain was also present in PBTZ169

and Q203 (Figs. 23.6 and 23.7). From the activity study, it was observed that com-

pound B1 has greater AUC0-∞ and Cmax as compared with PBTZ169 and Q203. This

result suggested that compound B1 may become a promising potential lead molecule

for antitubercular drug development in the future [36].

23.3.2 Thiazolidine derivatives as antitubercular agents

The green protocol has developed for the synthesis of 1,3-thiazolidin-4-ones in excel-

lent yields. This method was highly efficient which involves solvent-free, one-pot,

multicomponent reaction between aryl amines, aryl aldehydes, and

2-mercaptoacetic acid, catalyzed by [Et3NH][HSO4] as outlined in Scheme 23.22.

The synthesized compounds were evaluated in vitro for their antimycobacterial activ-

ity against Mycobacterium tuberculosis dormant MTB H37Ra and Mycobacterium
bovis BCG strains. Among the tested compounds, mainly compounds 4c, 4d, 4e,

4f, 4h, 4i, and 4j exhibited promising antitubercular activity along with no significant

cytotoxicity against the cell lines MCF-7, A549, and HCT-116 [37].

N

S

F3C

NO2

O

N

N

PBTZ169

N
Cl

N

NH
O

N N

B1

Fig. 23.6 Structure of PBTZ169 and compound B1.

N

Cl

N

NH

O
N OCF3

Q203

Fig. 23.7 Structure of Q203.
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23.3.3 1,3-Oxazole derivatives as antitubercular agents

Tuberculosis treatment remains a challenge that requires new antitubercular agents

due to the emergence of multidrug-resistant Mycobacterium strains. A series of

new 2,5-dimethyl-4-(aryl or heteroaryl) substituted-aniline-1,3-oxazole derivatives

were synthesized by C-N coupling (Buchwald coupling) reaction. This reaction

involved coupling of 4-(4-bromophenyl)-2,5-dimethyloxazole [obtained by the bro-

mination reaction of 1-(4-bromophenyl)propan-1-one and further cyclization reaction

with acetamide under microwave] with substituted aryl or heteroaryl-amine in the

presence of Tris (dibenzylidene acetone) di-palladium, BINAP, and cesium carbonate

in toluene (Scheme 23.23). All the compounds were screened for their in vitro

antimycobacterial activity against mycobacterium tuberculosis (MTB) H37Rv. Isoni-

azid and thiacetazone were used as standard drugs. Some of the compounds exhibited

significant antitubercular activity [38]. The results of the antitubercular studies are

presented in Table 23.25.

NH2

R

+

CHO

R'

+

O

OH

SH

2-Mercaptoacetic acidAryl amines Aryl aldehydes

[Et3NH][HSO4]

Solvent-free, 80°C

N

S

O

R'

R

1,3-Thiazolidin-4-ones

Scheme 23.22 Synthesis of 1,3-thiazolidin-4-ones.
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Scheme 23.23 Synthesis of 1,3-oxazole derivatives.
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23.3.4 Pyrazinamide-Mannich bases as antitubercular agents

A series of pyrazinamide (PAZ) Mannich bases were synthesized by reacting PAZ,

formaldehyde, and various substituted piperazines using microwave irradiation with

the yield ranging from 46% to 86% (Fig. 23.8). The synthesized compounds were

evaluated for antimycobacterial activity in vitro and in vivo against Mycobacterium
tuberculosis H37Rv (MTB). Among the tested compounds, compound 17

[1-cyclopropyl-6-fluoro-1,4-dihydro-8-methoxy-7-(3-methyl-4-((pyrazine-2-carbo-

xamido)methyl)piperazin-1-yl)-4-oxoquinoline-3-carboxylic acid] was found to be

the most active compound in vitro with MIC of 0.39 and 0.2 μg/mL against MTB

and multidrug-resistant MTB, respectively. In the in vivo animal model 17 decreased

the bacterial load in lung and spleen tissues with 1.86 and 1.66-log 10 protections,

respectively [39].

23.3.5 1,2,3-Triazoles as antitubercular agents

It was observed that antifungal azoles such as econazole and miconazole are active

against Mtb through interactions with CYP130 in Mtb. In particular, econazole had

encouraging activity profiles against Mtb andMDR-TB. Triazoles were also used very

N

N

N
H

O

N

N

Ar(1–17)

Fig. 23.8 Structure of pyrazinamide

(PAZ) Mannich bases.

Table 23.25 In vitro antimycobacterial activity of titled compounds (3a–j).

Compounds R MIC(μg/mL)

3a 2,5-Dichloroaniline 11.1

3b 3-Amino-6-chloropyridazine 18.3

3c 2-Amino pyrazine 25.8

3d 2-Chloro-5-fluoroaniline 9.7

3e 2-Chloro-4-(trifluoromethyl) aniline 15.4

3f 4-Chloro-2-methylaniline 22.3

3g 2,4-Dichloroaniline 19.2

3h 2-Chloro-5-(trifluoromethyl) aniline 3.4

3i 2-Fluoroaniline 2.1

3j 3-Chloro-4-methylaniline 8.5

Isoniazid – 0.125

Thiacetazone – 0.138
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often in the medicinal applications. For instance, a variety of 1H-1,2,3-triazole

compounds had antitubercular activity. It was reported that enantiomerically pure

1H-1,2,3-triazole analogs tethered with imidazole are active against Mtb

(Fig. 23.9). Encouraged by these results and the background information mentioned

above, the feasibility of 1H-1,2,3-triazole compounds derived from econazole as a

novel scaffold for antitubercular agents was designed [40].

23.4 Future perspective

The developments of drugs for the treatment of tuberculosis become emerged area in

the drug discovery process. Several targets have been identified for different

antitubercular drugs to treat M. tuberculosis. The mechanisms of action of drugs

toward various targets are studied to inhibit the growth of mycobacterium. Various

targets in the growth phase are GIgE (maltose metabolism), mycolic acid (mycolic

acid metabolism), DprE1/DprE2 (cell wall metabolism), MshC (mycothiol ligase),

HisG (histidine biosynthesis), and AtpE (ATP synthesis). Some targets of dormant

phase are isocitrate lyase (energy metabolism), proteosome complex (protein

processing), L,D-transpeptidase (peptidoglycan metabolism), DosR (DevR) (regula-

tion of dormancy) and CarD (stringent response). Most of the advances in new TB

target identification have been directed by the genome sequence of

M. tuberculosis. However genome-derived target-based approach has less success

rate. Currently, the global TB development pipeline has nine candidates in different

stages of the clinical trial. These pipelines are: PNU 100480 (protein synthesis inhib-

itor), AZD 5847(protein synthesis inhibitor), SQ 109 (cell wall and multi-target

inhibitor), OPC67683 (cell wall and multi-target inhibitor), PA824 (cell wall and

multi-target inhibitor), gatifloxacin (DNA gyrase inhibitor), moxifloxacin (DNA gyr-

ase inhibitor), and TMC 207 (ATP synthase inhibitor). Some of them are active in the

latent stage and active form against MDR-TB and XD-TB. Most of current pipeline

TB drugs were developed using molecular modification strategies. The

fluorquinolones derivatives gatifloxacin and moxifloxacin were derivatized scaffolds

from the parent nalidixic acid using the bioisosterism as a molecular modification.

Molecular modification is an important tool to discover new compounds to treat

Econazole, R = H
Miconazole, R = Cl

Fig. 23.9 Design of triazole from econazole.

Microwave-assisted synthesis of antitubercular agents: A novel approach 815



Mycobacterium tuberculosis infection. The use of this strategy has allowed identifying
more active and safe compounds with broad-spectrum activity against MDR and

XDR-TB.

23.5 Conclusion

Microwave has revolutionized the way of heating is now accomplished. This heating

method improves cost-efficiency by completing transformations quickly with lower

amounts of waste and recovered starting materials. This technology holds the potential

to offer a cost-effective pathway for the production of drug molecules with diverse

structures. During production processes, there is use of environmentally benign sol-

vents, reduced volumes of solvents and reagents and reduced heating or energy costs.

Modification of substituents on aryl rings with various electron-releasing and

electron-withdrawing groups affect the antitubercular activity.

Acknowledgments

Bimal K. Banik is grateful to Prince Mohammad Bin Fahd University.

References

[1] C.J. Queval, R. Brosch, R. Simeone, Mycobacterium tuberculosis, Front. Microbiol.

8 (2017) 2284.

[2] J.A. Caminero, A. Scardigli, Classification of anti-tuberculosis drugs: a new proposal

based on the most recent evidence, Eur. Respir. J. 46 (2015) 887–893.
[3] A. Rattan, A. Kalia, N. Ahmad, Multidrug-resistant Mycobacterium tuberculosis: molec-

ular perspectives, Emerg. Infect. Dis. 4 (1998) 195.

[4] L.C. Santos, The molecular basis of resistance in Mycobacterium tuberculosis, Open J.

Med. Microbiol. 2 (1) (2012) 24.

[5] J. Palomino, A. Martin, Drug resistance mechanisms in Mycobacterium tuberculosis,

Antibiotics 3 (3) (2014) 317–340.
[6] A. Koul, E. Arnoult, N. Lounis, J. Guillemont, K. Andries, The challenge of new drug

discovery for tuberculosis, Nature 469 (7331) (2011) 483.

[7] M. De Rosa, J. Gising, L.R. Odell, M. Larhed, Syntheses of new tuberculosis inhibitors

promoted by microwave irradiation, Ups. J. Med. Sci. 119 (2) (2014) 181–191.
[8] M. Gaba, N. Dhingra, Microwave chemistry: general features and applications, Indian J.

Pharm. Educ. Res. 45 (2) (2011) 175–183.
[9] R. Gedye, R. Smith, K.Westaway, H. Ali, L. Baldisera, et al., The use of microwave ovens

for rapid organic synthesis, Tetrahedron Lett. 27 (1986) 279–282.
[10] S. Sadler, A.R. Moeller, G.B. Jones, Microwave and continuous flow technologies in drug

discovery, Expert Opin. Drug Discovery 7 (12) (2012) 1107–1128.
[11] A.K. Mahato, B.M. Sahoo, B.K. Banik, B.C. Mohanta, Microwave-assisted synthesis: par-

adigm of green chemistry, J. Indian Chem. Soc. 95 (11) (2018) 1327–1339.
[12] C.O. Kappe, Controlled microwave heating in modern organic synthesis, Angew. Chem.

Int. Ed. 43 (46) (2004) 6250–6284.

816 Green Approaches in Medicinal Chemistry for Sustainable Drug Design

http://refhub.elsevier.com/B978-0-12-817592-7.00024-1/rf0010
http://refhub.elsevier.com/B978-0-12-817592-7.00024-1/rf0010
http://refhub.elsevier.com/B978-0-12-817592-7.00024-1/rf0015
http://refhub.elsevier.com/B978-0-12-817592-7.00024-1/rf0015
http://refhub.elsevier.com/B978-0-12-817592-7.00024-1/rf0020
http://refhub.elsevier.com/B978-0-12-817592-7.00024-1/rf0020
http://refhub.elsevier.com/B978-0-12-817592-7.00024-1/rf0025
http://refhub.elsevier.com/B978-0-12-817592-7.00024-1/rf0025
http://refhub.elsevier.com/B978-0-12-817592-7.00024-1/rf0030
http://refhub.elsevier.com/B978-0-12-817592-7.00024-1/rf0030
http://refhub.elsevier.com/B978-0-12-817592-7.00024-1/rf0035
http://refhub.elsevier.com/B978-0-12-817592-7.00024-1/rf0035
http://refhub.elsevier.com/B978-0-12-817592-7.00024-1/rf0040
http://refhub.elsevier.com/B978-0-12-817592-7.00024-1/rf0040
http://refhub.elsevier.com/B978-0-12-817592-7.00024-1/rf0045
http://refhub.elsevier.com/B978-0-12-817592-7.00024-1/rf0045
http://refhub.elsevier.com/B978-0-12-817592-7.00024-1/rf0050
http://refhub.elsevier.com/B978-0-12-817592-7.00024-1/rf0050
http://refhub.elsevier.com/B978-0-12-817592-7.00024-1/rf0055
http://refhub.elsevier.com/B978-0-12-817592-7.00024-1/rf0055
http://refhub.elsevier.com/B978-0-12-817592-7.00024-1/rf0060
http://refhub.elsevier.com/B978-0-12-817592-7.00024-1/rf0060
http://refhub.elsevier.com/B978-0-12-817592-7.00024-1/rf0065
http://refhub.elsevier.com/B978-0-12-817592-7.00024-1/rf0065


[13] R.J. Giguere, T.L. Bray, S.M. Duncan, G. Majetich, Application of commercial

microwave-ovens to organic-synthesis, Tetrahedron Lett. 27 (1986) 4945–4948.
[14] P. Liu, Y. Yang, Y. Tang, T. Yang, Design and synthesis of novel pyrimidine derivatives

as potent anti-tubercular agents, Eur. J. Med. Chem. 163 (2019) 169–182.
[15] S.B. Mohan, B.V.V. Ravi Kumar, S.C. Dinda, D. Naik, S. Prabu Seenivasan, V. Kumar,

D.N. Rana, P.S. Brahmkshatriy, Microwave-assisted synthesis, molecular docking and

antitubercular activity of 1,2,3,4-tetrahydropyrimidine-5-carbonitrile derivatives, Bioorg.

Med. Chem. Lett. 22 (2012) 7539–7542.
[16] D.K. Sureja, S.P. Dholakia, K.R. Vadalia, Conventional and microwave assisted synthesis

of novel pyrimidine derivatives as antimicrobial and antitubercular agent, Pharm. Lett.

8 (9) (2016) 181–186.
[17] H.M. Patel, M.N. Noolvi, N.S. Sethi, A.K. Gadad, S.S. Cameotra, Synthesis and

antitubercular evaluation of imidazo[2,1-b][1,3,4]thiadiazole derivatives, Arab. J. Chem.

10 (2017) S996–S1002.
[18] M.Murali Krishna Kumar, T. Mohan, G. KrupaMai, G.P.V. Sangeeta, K. Purna Nagasree,

Synthesis, characterization and biological evaluation of novel 1,4-benzodiazepine deriv-

atives as potent anti-tubercular agents, J. Young Pharm. 10 (3) (2018) 267–271.
[19] K. Kiec-Kononowicz, E. Szymanska, Anti-mycobacterial activity of 5-arylidene deriva-

tives of hydantoin, Farmaco 57 (11) (2002) 909–916.
[20] P.M. Sivakumar, S.P. Seenivasan, V. Kumar, M. Doble, Synthesis, antimycobacterial

activity evaluation, and QSAR studies of chalcone derivatives, Bioorg. Med. Chem. Lett.

17 (6) (2007) 1695–1700.
[21] P.M. Sivakumar, V. Kumar, S. Prabu Seenivasan, J. Mohana Priya, M. Doble, Experimen-

tal and theoretical approaches to enhance anti tubercular activity of chalcones, WSEAS

Trans. Biol. Biomed. 2 (7) (2010) 51–61.
[22] P.J. Jainey, K. Ishwar Bhat, Antitumor and antitubercular activities, microwave assisted

synthesis of some chalcones, Asian J. Biochem. Pharm. Res. 2 (3) (2013) 8–14.
[23] G.C. Muscia, S.E. Asis, G.Y. Buldain, Microwave-assisted synthesis of

2-styrylquinoline-4-carboxylic acids as anti-tubercular agents, Med. Chem. 13 (5)

(2017) 448–452.
[24] A. Rani, A. Viljoen, Sumanjit, L. Kremer, V. Kumar, Microwave-assisted highly efficient

route to 4-aminoquinoline-phthalimide conjugates: synthesis and anti-tubercular evalua-

tion, Med. Chem. Drug Discov. 2 (2017) 10782–10785.
[25] M. Kidwai, R. Kumar, A. Srivastava, H.P. Gupta, Microwave assisted synthesis of novel

1,3,4-thiadiazolyl-substituted 1,2,4-triazines as potential anti-tubercular agents, Bioorg.

Chem. 26 (1998) 289–294.
[26] R.V. Pemmadi, P.N. Kurre, P.V.S. Guruvelli, R.N. Jamullamudi, M.K.K. Muthyala,

Microwave assisted synthesis and SAR studies of novel hybrid phenothiazine analogs

as potential antitubercular agents, Indian J. Chem. 57B (2018) 556–566.
[27] K.M. Hosamani, D.S. Reddy, K.S. Rangappa, Microwave assisted synthesis of

benzocoumarin-benzothiazepine hybrids as potent anti-tubercular agents and their DNA

cleavage study, Eur. J. Biomed. Pharm. Sci. 2 (3) (2015) 576–592.
[28] V.M. Patel, N.B. Patel, Microwave irradiated synthesis, biological evaluation and molec-

ular docking studies of 3-((substituted-benzo[d]thiazol-2-yl amino)methyl)-5-(pyridin-4-

yl)-1,3,4-oxadiazole-2(3H)-thione, Int. J. Pharm. Sci. Res. 8 (9) (2017) 4021–4033.
[29] V.S. Negalurmath, S.K. Boda, O. Kotresh, P.V. Anantha Lakshmi, M. Basanagouda,

Benzofuran-oxadiazole hybrids: design, synthesis, antitubercular activity and molecular

docking studies, Chem. Data Collect. 19 (2019) 1–20.

Microwave-assisted synthesis of antitubercular agents: A novel approach 817

http://refhub.elsevier.com/B978-0-12-817592-7.00024-1/rf0070
http://refhub.elsevier.com/B978-0-12-817592-7.00024-1/rf0070
http://refhub.elsevier.com/B978-0-12-817592-7.00024-1/rf0075
http://refhub.elsevier.com/B978-0-12-817592-7.00024-1/rf0075
http://refhub.elsevier.com/B978-0-12-817592-7.00024-1/rf0080
http://refhub.elsevier.com/B978-0-12-817592-7.00024-1/rf0080
http://refhub.elsevier.com/B978-0-12-817592-7.00024-1/rf0080
http://refhub.elsevier.com/B978-0-12-817592-7.00024-1/rf0080
http://refhub.elsevier.com/B978-0-12-817592-7.00024-1/rf0085
http://refhub.elsevier.com/B978-0-12-817592-7.00024-1/rf0085
http://refhub.elsevier.com/B978-0-12-817592-7.00024-1/rf0085
http://refhub.elsevier.com/B978-0-12-817592-7.00024-1/rf0090
http://refhub.elsevier.com/B978-0-12-817592-7.00024-1/rf0090
http://refhub.elsevier.com/B978-0-12-817592-7.00024-1/rf0090
http://refhub.elsevier.com/B978-0-12-817592-7.00024-1/rf0095
http://refhub.elsevier.com/B978-0-12-817592-7.00024-1/rf0095
http://refhub.elsevier.com/B978-0-12-817592-7.00024-1/rf0095
http://refhub.elsevier.com/B978-0-12-817592-7.00024-1/rf0100
http://refhub.elsevier.com/B978-0-12-817592-7.00024-1/rf0100
http://refhub.elsevier.com/B978-0-12-817592-7.00024-1/rf0105
http://refhub.elsevier.com/B978-0-12-817592-7.00024-1/rf0105
http://refhub.elsevier.com/B978-0-12-817592-7.00024-1/rf0105
http://refhub.elsevier.com/B978-0-12-817592-7.00024-1/rf0110
http://refhub.elsevier.com/B978-0-12-817592-7.00024-1/rf0110
http://refhub.elsevier.com/B978-0-12-817592-7.00024-1/rf0110
http://refhub.elsevier.com/B978-0-12-817592-7.00024-1/rf0115
http://refhub.elsevier.com/B978-0-12-817592-7.00024-1/rf0115
http://refhub.elsevier.com/B978-0-12-817592-7.00024-1/rf0120
http://refhub.elsevier.com/B978-0-12-817592-7.00024-1/rf0120
http://refhub.elsevier.com/B978-0-12-817592-7.00024-1/rf0120
http://refhub.elsevier.com/B978-0-12-817592-7.00024-1/rf0125
http://refhub.elsevier.com/B978-0-12-817592-7.00024-1/rf0125
http://refhub.elsevier.com/B978-0-12-817592-7.00024-1/rf0125
http://refhub.elsevier.com/B978-0-12-817592-7.00024-1/rf0130
http://refhub.elsevier.com/B978-0-12-817592-7.00024-1/rf0130
http://refhub.elsevier.com/B978-0-12-817592-7.00024-1/rf0130
http://refhub.elsevier.com/B978-0-12-817592-7.00024-1/rf0135
http://refhub.elsevier.com/B978-0-12-817592-7.00024-1/rf0135
http://refhub.elsevier.com/B978-0-12-817592-7.00024-1/rf0135
http://refhub.elsevier.com/B978-0-12-817592-7.00024-1/rf0140
http://refhub.elsevier.com/B978-0-12-817592-7.00024-1/rf0140
http://refhub.elsevier.com/B978-0-12-817592-7.00024-1/rf0140
http://refhub.elsevier.com/B978-0-12-817592-7.00024-1/rf0145
http://refhub.elsevier.com/B978-0-12-817592-7.00024-1/rf0145
http://refhub.elsevier.com/B978-0-12-817592-7.00024-1/rf0145
http://refhub.elsevier.com/B978-0-12-817592-7.00024-1/rf0150
http://refhub.elsevier.com/B978-0-12-817592-7.00024-1/rf0150
http://refhub.elsevier.com/B978-0-12-817592-7.00024-1/rf0150


[30] P. Shah, T.M. Dhameliya, R. Bansal, M. Nautiyal, D.N. Kommi, P.S. Jadhavar,

J.P. Sridevi, P. Yogeeswari, D. Sriram, A.K. Chakraborti, N-Arylalkylbenzo[d]

thiazole-2-carboxamides as anti-mycobacterial agents: design, new methods of synthesis

and biological evaluation, Med. Chem. Commun. 5 (2014) 1489–1495.
[31] A.S. Rathoda, S.S. Godipurgea, J.S. Biradar, Microwave assisted, solvent-free, “Green”

synthesis of novel indole analogs as potent antitubercular and antimicrobial agents and

their molecular docking studies, Russ. J. Gen. Chem. 88 (6) (2018) 1238–1246.
[32] K.H. Rohde, H.A. Michaels, A. Nefzi, Synthesis and antitubercular activity of 1,2,4-

trisubstitued piperazines, Bioorg. Med. Chem. Lett. 26 (9) (2016) 2206–2209.
[33] A. Ahmad, A. Husain, S.A. Khan, M. Mujeeb, A. Bhandari, Synthesis, antimicrobial and

antitubercular activities of some novel pyrazoline derivatives, J. Saudi Chem. Soc.

20 (2016) 577–584.
[34] A.K. Chaturvedi, A.K. Verma, J.P. Thakur, S. Roy, A novel synthesis of

2-arylbenzimidazoles in molecular sieves-MeOH system and their antitubercular activity,

Bioorg. Med. Chem. 26 (5) (2018) 4551–4559.
[35] S. Yadav, B. Narasimhan, S.M. Lim, K. Ramasamy, M. Vasudevan, S.A.A. Shah,

A. Mathur, Synthesis and evaluation of antimicrobial, antitubercular and anticancer activ-

ities of benzimidazole derivatives, Egyptian J. Basic Appl. Sci. 5 (2018) 100–109.
[36] H. Wang, A. Wang, J. Gu, L. Fu, Synthesis and antitubercular evaluation of reduced lipo-

philic imidazo[1,2-a]pyridine-3-carboxamide derivatives, Eur. J. Med. Chem. 165 (2019)

11–17.
[37] D.D. Subhedar, M.H. Shaikh, M.A. Arkile, A. Yeware, Facile synthesis of

1,3-thiazolidin-4-ones as anti-tubercular agents, Bioorg. Med. Chem. Lett. 26 (7)

(2016) 1704–1708.
[38] R.K. Singh, B.M. Sahoo, A. Bhatt, R. Kant, Synthesis, characterization and antitubercular

activity of novel 2, 5-dimethyl-4-(aryl or hetero aryl) substituted aniline-1,3-oxazole

derivatives, World J. Pharm. Res. 7 (1) (2018) 962–969.
[39] D. Sriram, P. Yoggeswari, S.P. Reddy, Synthesis of pyrazinamide mannich bases and its

anti-tubercular properties, Bioorg. Med. Chem. Lett. 16 (2006) 2113–2116.
[40] S. Kim, S.-N. Cho, T. Oh, P. Kim, Design and synthesis of 1H-1,2,3-triazoles derived from

econazole as antitubercular agents, Bioorg. Med. Chem. Lett. 22 (22) (2012) 6844–6847.

818 Green Approaches in Medicinal Chemistry for Sustainable Drug Design

http://refhub.elsevier.com/B978-0-12-817592-7.00024-1/rf0155
http://refhub.elsevier.com/B978-0-12-817592-7.00024-1/rf0155
http://refhub.elsevier.com/B978-0-12-817592-7.00024-1/rf0155
http://refhub.elsevier.com/B978-0-12-817592-7.00024-1/rf0155
http://refhub.elsevier.com/B978-0-12-817592-7.00024-1/rf0160
http://refhub.elsevier.com/B978-0-12-817592-7.00024-1/rf0160
http://refhub.elsevier.com/B978-0-12-817592-7.00024-1/rf0160
http://refhub.elsevier.com/B978-0-12-817592-7.00024-1/rf0165
http://refhub.elsevier.com/B978-0-12-817592-7.00024-1/rf0165
http://refhub.elsevier.com/B978-0-12-817592-7.00024-1/rf0170
http://refhub.elsevier.com/B978-0-12-817592-7.00024-1/rf0170
http://refhub.elsevier.com/B978-0-12-817592-7.00024-1/rf0170
http://refhub.elsevier.com/B978-0-12-817592-7.00024-1/rf0175
http://refhub.elsevier.com/B978-0-12-817592-7.00024-1/rf0175
http://refhub.elsevier.com/B978-0-12-817592-7.00024-1/rf0175
http://refhub.elsevier.com/B978-0-12-817592-7.00024-1/rf0180
http://refhub.elsevier.com/B978-0-12-817592-7.00024-1/rf0180
http://refhub.elsevier.com/B978-0-12-817592-7.00024-1/rf0180
http://refhub.elsevier.com/B978-0-12-817592-7.00024-1/rf0185
http://refhub.elsevier.com/B978-0-12-817592-7.00024-1/rf0185
http://refhub.elsevier.com/B978-0-12-817592-7.00024-1/rf0185
http://refhub.elsevier.com/B978-0-12-817592-7.00024-1/rf0190
http://refhub.elsevier.com/B978-0-12-817592-7.00024-1/rf0190
http://refhub.elsevier.com/B978-0-12-817592-7.00024-1/rf0190
http://refhub.elsevier.com/B978-0-12-817592-7.00024-1/rf0195
http://refhub.elsevier.com/B978-0-12-817592-7.00024-1/rf0195
http://refhub.elsevier.com/B978-0-12-817592-7.00024-1/rf0195
http://refhub.elsevier.com/B978-0-12-817592-7.00024-1/rf0200
http://refhub.elsevier.com/B978-0-12-817592-7.00024-1/rf0200
http://refhub.elsevier.com/B978-0-12-817592-7.00024-1/rf0205
http://refhub.elsevier.com/B978-0-12-817592-7.00024-1/rf0205


24Microwave-induced synthesis

of steroids and their chemical

manipulations

Preetismita Boraha, Bimal Krishna Banikb,*
aCSIR-Central Scientific Instruments Organization, Chandigarh, India, bDepartment of
Mathematics and Natural Sciences, College of Sciences and Human Studies, Deanship
of Research Development, Prince Mohammad Bin Fahd University, Al Khobar, Kingdom
of Saudi Arabia
*Corresponding author. e-mail address: bimalbanik10@gmail.com; bbanik@pmu.edu.sa

This chapter provides an overview of the several strategies for the synthesis of the

steroid skeleton by employing the classical method. As compared to classical reac-

tions for the steroids synthesis microwave (MW) technology has become very impor-

tant in the synthesis and it is reasonable to assert that there are now very few areas of

synthetic organic chemistry that have not been shown to be enhanced using MW

heating. It has been recognized that many chemical reactions, which require heating

are likely to proceed more rapidly using this different form of heating. It is clear that

MW chemistry can provide access to synthetic transformations, which may be prohib-

itively long or low yielding using conventional heating [1]. In 1969, Bucourt et al.

achieved the synthesis of steroids from squalene using a sequential acid-mediated

reaction of epoxide and subsequent formation of cationic unstable species in three

steps [2]. In 1940, Bechmann et al. reported the synthesis of equilenin by utilizing

the AB ! ABC ! ABCD strategy. In this approach, 1-naphthylamine-2-sulfonic

acid was selected as the stating material that has the AB-ring of this steroid. Ring

C ring was constructed on AB ring and then the D ring was prepared following a cycli-

zation pathway [3]. In 1952, Woodward et al. reported a stereospecific approach to

synthesize cholesterol [4]. Because of the medicinal activities of estrone, many syn-

thetic chemists have focused to synthesize this complex molecule. In 1968, Kuo et al.

applied an aldol-type reaction for the preparation of estrone through AAD ! ABCD

method [5]. In 2010, Weimar et al. reported the synthesis of estrone by using Dane’s

diene as AB- and a D-ring as dienophile [6]. Research on cortisone was challenging

since it is a very useful medicine. In 1952, Sarrett et al. used an ABC! ABCD strat-

egy; to synthesize the cortisone molecule [7]. A combination of Heck reaction and

SmI2-HMPA-induced cyclization was used for the synthesis of azasteroids with

unnatural cis–cis annulation of rings B, C, and D by Kang and his group [8]. In

1997, Riccardis et al. described a synthesis of steroid-anthraquinone utilizing the

Diels-Alder cycloaddition strategy. Grundmann’s ketone, readily available by

ozonolysis of vitamin D3, was converted into the vinyl triflate under kinetic control,
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and the latter was then converted into the 1,3-diene by Stille coupling with vin-

yltributyltin, catalyzed by tetrakis(triphenylphosphine)palladium(0) [9]. An efficient

synthesis of steroidal diacylhydrazines and their 1,3,4-oxadiazole derivatives was

achieved by Szarkaa et al. via homogeneous catalytic hydrazinocarbonylation reac-

tion in the presence of a palladium catalyst, a base and acetic or benzoic hydrazide

as the nucleophilic reagent [10]. Tietze et al. used a combination of Suzuki and Heck

reactions for the synthesis of the B-norestradiol analog [11]. In 2004, Wang et al.

achieved the synthesis of acetylated steroid glycosides by the reaction of poly-

hydroxysteroid 3,5,6-trihydroxypregn-16-en-20-one with the peracetylated 1-bromo

derivatives of D-glucose and D-galactose [12]. Chowdhury and his group developed

the regioselective synthesis of novel steroidal antiinflammatory ante drug analogs,

prepared by the reaction of 16-dehydropregnenolone acetate with various aldoximes

in the presence of chloramine-T in refluxing ethanol [13]. In 2006, Sunnemann et al.

assembled novel enantiomerically pure steroidal D-amino acids [14]. Due to the bio-

logical importance of the C-11 functionalization, Bazzini and coworkers developed an

efficient method [15]. In 2007, Yan et al. designed and synthesized a novel series of

pyridine rings fused steroidal derivatives [16]. In 2009, Sakac et al. reported the syn-

theses of triazoles via 1,3-dipolar cycloadditions reaction [17]. Recently, in 2010,

Linclau et al. adapted the enantioselective synthesis of estrone [18]. In 2011, Huang

et al. synthesized a series of 6-substituted steroidal lactams through Beckman

rearrangement and condensation reaction starting from cholesterol. Later, they have

found that these synthesized compounds displayed a distinct cytotoxicity against

MGC 7901, HeLa, and SMMC 7404 cancer cells [19]. In 2011, Shawakfeh et al.

reported symmetrical bis-steroidal pyrazine dimers which were obtained by classical,

condensation of amino ketones [20]. In 2011, Khan and his group described an effi-

cient method for the preparation of Steroidal oxazolo derivative and these compounds

show antibacterial activity [21]. In 2012, Ibrahim et al. described pentacyclic steroids

substituted at cholic acid via a stereoselective epoxidation and the epoxide opening as

the key steps [22]. In 2012, Herrera et al. developed a method for the synthesis of ste-

roidal glycoconjugates [23]. In 2012, Ibrahim et al. described an efficient strategy for

introducing a nitrogen atom in positions 3 and 11 of the steroidal skeleton, which are

key positions for biological purposes. Their strategy involves an intramolecular Diels-

Alder cycloaddition of o-quinodimethanes which are generated from a 3-azabicyclo

[4.2.0]octa-1,3,5-trien-7-one [24].Wolfing and his research group synthesized the ste-

roidal 16-spiro-1,3,2-dioxaphosphorinanes [25]. Another work in 2012 by Bansal and

his group described an efficient method for the synthesis of 16-imidazolyl substituted

steroidal derivatives [26]. In 2013, Zhang et al. described the synthesis of several ste-

roid analogs possessing D-ring fused with heterocycles like pyridine, imidazo[2,1-b]
thiazoles, or substituted thiazole imines using dehydroepiandrosterone as the starting

material. They also investigated the cytotoxicity of the synthesized compounds

against EC-109 (human esophageal carcinoma), EC-9706 (human esophageal

carcinoma), MGC-803 (human gastric carcinoma) [27]. Shamsuzzaman and

coworkers synthesized steroid-based cancer chemotherapeutic agents of the type

20-amino-30-cyanocholest-6-eno[5,7-de]4Hpyrans [28]. In 2013, Fan et al. synthe-

sized a series of novel derivatives of 21E-benzylidene derivatives from the readily

available progesterone. These compounds were evaluated for their cytotoxic activity
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against brine shrimp (Artemia salina) and murine Lewis lung carcinoma cells

(LLC) [29]. Again in 2013, Fan et al. synthesized 14 novel steroidal C-17 pyrazolinyl

derivatives from commercially available progesterone and tested for their cytotoxic

activity against brine shrimp (A. salina) and three human cancer cell lines (NCI-

H460, HeLa, and HepG2) [30]. In 2013, Shamsuzzaman et al. described a green and

simple procedure for the biosynthesis of ZnO nanoparticles using Candida albicans
as eco-friendly reducing and capping agents for the synthesis of steroidal pyrazolines

[31]. In 2014, Waller et al. described the synthesis of steroid sulfates since the steroid

sulfates are a major class of steroid metabolite that are of growing importance in fields

such as antidoping analysis, the detection of residues in agricultural produce ormedicine

[32]. Again in 2014, Fustero and his group described the Sonogashira cross-coupling

reaction for the synthesis of aminosteroid derivatives, an important subclass of steroids

that display interesting biological properties that aremostly used in the area of anesthesia

[33]. In 2014, Lopez et al. reported an efficient and facile synthesis of fused, substituted,

and spiropyrazoline steroid derivatives through a cycloaddition reaction of different α,β-
unsaturated ketones with hydrazine acetate in acetic acid [34]. In 2015, Zhang et al.

described an efficient and practical base-promoted cascade reaction to synthesized ste-

roidal polysubstituted anilines from simple precursors [35]. Again in another work,

Zhang et al. established the synthesis of novel steroidal 3-cyano-2-aminopyridines using

enaminonitrile and various primary amines under solvent-free condition [36]. Gonzalez

and coworkers described the synthesis of several monomeric and dimeric steroidal

[1,2,4]triazolo[1,5-a]pyrimidines steroids via Claisen-Schmidt condensation and

rearrangement of the spiro moiety followed by a cycloaddition with 3-amino-1,2,4-

triazole [37]. In 2016, Gavaskar et al. described a facile one-pot synthesis of novel ste-

roidaldispiro-indenoquinoxalinepyrrolidinesviamulticomponent [3 + 2]-cycloaddition

of azomethine ylides in ionic liquid [38]. In 2016, Rassokhina and his groups synthesized

some steroidal imidazo[1,2-a]pyridines derivatives [39]. In 2017, Torres et al. described
theSonogashiracouplingof17β-acetoxy-4,5-secoandrost-3-yn-5-onewith2-iodobenzyl
alcohol, followed by NABH4 reduction followed by palladium-catalyzed

spirocyclization to produce the corresponding benzannulated steroid spiroketals [40].

In 2017, Enrı́quez et al. have described the synthesis of novel hybrid steroid dimers

by BF3�Et2O catalyzed aldol condensation of 2-formyl-estradiol diacetate and steroid

sapogenins [41]. In 2017, Joppa and his group described the Suzuki-Miyaura reactions

of 16-E-(triflyloxymethylidene)-3-methoxy-estrone for the synthesis of various 16-E-
(arylidene)-3-methoxy-estrones in good to high yields and with excellent E-selectivity
[42]. In 2018, Song et al. introduced a pyridine heterocycle on the D ring, a series of

steroidal pyridine derivatives were designed and studied for their antitumor activity by

molecular docking software [43]. In 2018, Dara et al. synthesized a group of steroidal

imidazolidinthione derivatives from steroidal thiosemicarbazones and dichloroethane

[44]. Recently, Sethi and coworkers described the use of ionic liquid (IL),

N-methyl-2-pyrolidone hydrogen sulfate (NMP+HSO4
�) as the green catalyst for the

synthesis of novel biologically active diosgenin prodrugs [45]. Again in 2019,

Hryniewickaa synthesized steroid-based imidazolium salts and these compounds

reveal interesting biological properties, especially regarding antitumor and antimicrobial

activities [46]. In 2019, Hanson et al. described the use of fluorescent imaging agents

for the synthesis of steroidal antiestrogens [47].
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24.1 Microwave background

The magic of MW heating technology, known as Bunsen burner of the 21st century,

has emerged as potential alternatives in the synthesis of various types of organic com-

pounds, polymers, as well as inorganic materials. Throughout the scientific history,

the most fundamental obstacles in developing technologies are to minimize energy

consumption and to eliminate/minimize the use of hazardous substances. In this sce-

nario, the use of MW energy to bring about chemical transformations is a suitable

alternative, as it takes care of two very essential criteria of synthesis: minimizing

energy consumption required for heating and time required for the reaction [48]. In

the electromagnetic spectrum, the MW radiation is located between infrared and radio

waves, having a wavelength (1 mm–1 m), with corresponding frequencies from 0.3 to

300 GHz. The use of MW heating in organic synthesis was introduced in 1986 by the

group of Gedye and Giguere, Majetich [49, 50]. MW technology has a potential

impact on the fields of combinatorial chemistry, green chemistry, medicinal chemis-

try, and drug development. A large number of reviews have been published elaborat-

ing the accelerating effect of MWs in solvent-free reactions, cycloaddition reactions

[51], the synthesis of radioisotopes [52], fullerene chemistry [53–55], polymers [56],

heterocyclic chemistry [57, 58], carbohydrates [59, 60], homogeneous and heteroge-

neous catalysis [61, 62], medicinal and combinatorial chemistry [63, 64], and green

chemistry [65–67]. One of the most fundamental obstacles in developing technologies

is to minimize energy consumption and to minimize/eliminate the use of toxic and

hazardous substances. In this regard, the application of MW energy to bring about

a chemical reaction is a suitable alternative, as it takes care of two very necessary

criteria of synthesis, viz., energy consumption for heating and the time required for

the reaction. Therefore, during the last few years, the studies on the effect of MW irra-

diation in organic and macromolecules have become a subject of considerable interest

[68–72]. Accelerating effect and efficient noncontact heating are the two important

traits of MW irradiated reactions. The accelerating effects of MW irradiation have

recently been demonstrated by Carsten et al. in their work on polymer chemistry

[73]. A number of MW irradiated multicomponent reactions are reported by several

workers in recent times [71]. Under theMW irradiation condition, the organic reaction

can be expedited with high selectivity of the ensuing product by choosing an appro-

priate MW parameter and thus offering several advantages over conventional heating

like instantaneous and rapid heating, high-temperature homogeneity, etc.

MW-prompted synthesis fulfills the promise of being a fast synthesis practice in

organic synthesis. Since, the first reports of MW-assisted synthesis in 1986 [74],

the use of this MW heating technique has become a powerful tool in all areas of syn-

thetic organic chemistry including solvent-free and water-mediated reactions [75–80].
Fig. 24.1 depicts the application of MW energy in various types of organic synthesis.

Thus over the last decade, microwave-assisted organic synthesis (MAOS) has

emerged as a promising field in organic synthesis [81]. The beauty of the MAOS tech-

nique is less energy intensive as well as less time-consuming [82]. Moreover, the

growing emphasis on following the “green chemistry” protocols while developing
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a synthetic technology have resulted in a characteristic swing in momentum from con-

ventional heating methods toward MW heating chemistry, as it offers a rapid, clean,

efficient, and economic alternative to carry out organic transformations. MW energy

has found vast applications in a broad spectrum of areas such as organometallic chem-

istry, metal catalysis, coupling reaction, photochemistry, radical reactions, protection-

deprotection reactions, cycloaddition reactions, heterocyclic chemistry, carbohydrate,

peptide chemistry, and many more.

24.2 Microwave in steroid synthesis

Performing MW reactions is one of the major challenges in organic, combinational,

and medicinal chemistry because they address both diversity and complexity in

organic synthesis. With the development of MW energy in organic synthesis, the

application of MW in steroids is gaining considerable importance to provide green

technology.

An efficient synthesis of fluoropyridyl derivatives of [3,2-c]pyrazolo-
corticosteroids was achieved by Khan et al. via MW-heating which have a high affin-

ity for the glucocorticoid receptor (GR) and are highly active glucocorticoids. They

are thus considered to be excellent candidates for PET imaging of GR containing tis-

sues when labeled with fluorine-18 (t1/2 ¼ 110 min). Previously reported syntheses

of these fluorinated glucocorticoids were accomplished by conventional thermal

nucleophilic halogen exchange reactions with chloropyridyl precursors. These reac-

tions were found to proceed at rates too slow for feasible application to radiosynthesis

 

Coupling
reactions

Multicomponent
reactions

Condensation
reactions

Microwave
assisted
synthesis

Fig. 24.1 Applications of microwave in various synthesis.
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using fluoride. Khan and coworkers applied MW-heating methods to these reactions

and found that significant rate enhancements can be realized (Scheme 24.1) [83].

An efficient formal approach toward the synthesis of steroidal thiosemicarbazone

derivatives has been reported by Zhigang’s research group by effectively utilizing

the MW irradiation via the condensation of steroidal ketones and substituted

thiosemicarbazides under solvent-free conditions. The yields obtained are in the

range of 84%–96% using the MW method and 46%–62% using the conventional

method. All the series compounds were evaluated for their antibacterial activity

against and the results were compared with the standard drug Amoxicillin

(Scheme 24.2) [84].

1 2 3

Scheme 24.1 Reagent and conditions: (i) KF, kryptofix, DMSO, Heat, 60% HCOOH, 90°C,
15 min.

4

5

6

Scheme 24.2 Reagent and conditions: (i) CH3OH, H3PO4; (ii) PCC, CH2Cl2.
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In 2012, a recent report by Mahboob et al. describes the synthesis of solid-state

synthesis of some reported steroidal pyrazolines by a novel eco-friendly route as in

Scheme 24.3. The synthesized pyrazolines were compared with those obtained from

conventional methods in terms of reaction time and overall yield. A substantial

enhancement in reaction rate and yield was observed. The pyrazolines 8was prepared
by the reaction of α,β-unsaturated steroidal ketone 7 with thiosemicarbazide under

MW energy. The antimicrobial activity and the subsequent molecular docking studies

of the steroidal pyrazolines have also been carried out [85].

In 2014, Kovács et al. achieved the synthesis of 17-exo-heterocycles 11 using

MW-assisted condensation of 3α-hydroxy or 3α-acetoxyandrost-5-ene-17β-
carbaldehyde 9 with different acylhydrazides 10 depicted in Scheme 24.4. The

desired compounds 11 were subjected to in vitro pharmacological studies to

investigate their antiproliferative activities on four malignant adherent cell lines

(HeLa, MCF7, A2780, and A431), and exhibited the highest potency against HeLa

cells, some of them revealing action comparable to that of the reference agent

cisplatin [86].

In 1995, Dayal and coworkers reported the efficient syntheses of sarcosine conju-

gated bile acids 13 which were achieved in absolute ethanol in a domestic MW oven

by the reaction of ursocholic acid, sarcosine ethyl ester hydrochloride, and

N-ethoxycarbonyl-2-ethoxy-1,2-dihydroquinoline (Scheme 24.5) [87].

7 8

Scheme 24.3 Reagent and conditions: (i) Et3N, 30 s–2 min.

9 10 11

Scheme 24.4 Reagent and Conditions: (i) PIDA, CH2Cl2.
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In 2013, Zhichuan et al. assembled the synthesis of chenodeoxycholic acid

bisthiocarbazones 17 via the condensation of steroidal diketones and substituted benz-
aldehyde thiocarbohydrazones by means of MW irradiation (Scheme 24.6) [88].

Khan and his research group described the synthesis of 2-amino-5α-cholest-6-eno
[6,7-d] thiazole derivatives 19 under MW irradiation using dry-media conditions. The

additional advantage of this methodology includes a much faster reaction, easy

workup, high yield, high purity of the products, and an environmentally friendly

approach (Scheme 24.7) [89].

In 2011, Shi et al. developed an efficient and simple method for synthesis of new

hyodeoxycholic acid thiosemicarbazone derivatives 22 under solvent-free conditions

using MW. The preliminary results indicate that some of these compounds possess

inhibitory effects against Escherichia coli. Steroidal thiosemicarbazones and their

derivatives have attracted considerable interest due to their wide biological activities.

12 13

Scheme 24.5 Reagent and conditions: (i) EEDQ, C2H5OH, (ii) K2CO3/C2H5OH.

14

17
16

15

i–ii

Scheme 24.6 Reagent and conditions: (i) CH3OH, CH3COCl, (ii) triphosgene, CH2Cl2,

pyridine, 4-aminobenzotrifluoride, (iii) CH2Cl2, triphosgene, pyridine, (iv) amino acid methyl

esters hydrochloride, pyridine.
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As far as we know, steroidal thiosemicarbazones showed in vitro inhibitory effect

against bacteria such as Staphylococcus aureus, Staphylococcus pyogenes, Salmo-
nella typhimurium, and E. coli (Scheme 24.8) [90].

In 2012, Renmin et al. developed a pressured microwave-assisted hydrolysis

(PMAH) technique for hydrolyzing the crude glycyrrhizic acid (GA) extracted from

licorice root to prepare glycyrrhetinic acid (GRA) 24 (Scheme 24.9) [91].

In 2016, Baji et al. efficiently developed a novel D- and A-ring-fused quinolines in

the estrone and 5α-androstane series were efficiently synthesized from the

corresponding β-chlorovinyl aldehydes 26 with different arylamines in DMF under

MW irradiation (Scheme 24.10) [92].

18 19

Scheme 24.7 Reagent and conditions: (i) I2, isopropanol.

20

22

21

Scheme 24.8 Reagent and conditions: (i) CH3OH, H3PO4,MW, (ii) PCC, CH2Cl2, rt, (iii) MW,

solvent-free.
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Motyan and coworkers reported a synthetic route to synthesize a novel ring

D-condensed 2-pyrazolines 30 were efficiently synthesized from

16-dehydropregnenolone 29 under MW irradiation (Scheme 24.11). The reactions are

assumed to occur via hydrazone intermediates, followed by intramolecular 1,4-addition

leading to the fusedhetero ring stereoselectivelywith a16a,17a-cis ring junction.The syn-

thesized compounds were subjected to in vitro pharmacological studies of their antip-

roliferative activities against four human breasts (MCF7, T47D, MDA-MB-231, and

MDA-MB-361) and three cervical (HeLa, C33A, and SiHA) malignant cell lines. Flow

cytometry revealed that the most potent agent elicited a cell cycle disturbance [93].

25 26 27

28

Scheme 24.10 Reagent and conditions: (i) POCl3, DMF, CHCl3, 0–60°C, 4 h, (ii) DMF, MW,

140°C.

23
24

Scheme 24.9 Reagent and conditions: (i) CH3CH2OH, CH3COOH, NH4OAc, H2SO4, CHCl3,

450 W, 5–10 min.

29 30

Scheme 24.11 Reagent and conditions: (i) PTSA, EtOH, 100°C, 20 min.
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Dayal et al. reported an efficient synthetic procedure for the esterification,

deformylation, and deacetylation of bile acids (Scheme 24.12). This is achieved by

the addition of a catalytic amount of methanesulfonic acid or para-toluene sulfonic

acid to a solution of bile acid in methanol in the domestic MW oven. All these reac-

tions were completed in the MW oven within 1–3 min at 60% power (390 W) and the

desired bile acids, namely trihydroxy-5-cholestanoic acid, (23R)-3ct,7,23-tri-
hydroxy-5fS-cholan-24-oic acid, ursocholic acid, and 7-ketolithocholic acid were iso-

lated in 86%–94% yield [94].

In another work Dayal and coworkers described the rapid hydrogenation of unsat-

urated sterols and bile alcohols in a domesticMW oven (Scheme 24.13). This has been

achieved by the addition of catalytic amounts of Pd/C in methylene chloride/propyl-

ene glycol solvents in the presence of ammonium formate followed by MW irradia-

tion. It is suggested that this methodology will be helpful in the identification of

saturated and unsaturated sterols with different side-chain structures in rare diseases:

Scheme 24.12 Reagent and conditions: (i) MSA/MeOH, MW, 1–3 min, 390 W.

Scheme 24.13 Reagent and conditions: (i) Pd/C, CH2Cl2, NH4HCO2.
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sitosterolemia, cerebrotendinous xanthomatosis (CTX), as well as atherosclerosis and

diabetes mellitus. Sterols, such as cholesterol, campesterol, sitosterol, and bile alco-

hols with unsaturated side chains were converted to their reduced congeners with high

yield and purity [95].

Skoda-Foldes et al. reported the synthesis ofSteroidal dienes40byStille-couplingof
the corresponding alkenyl iodides with vinyltributyltin under MW irradiation in a

domesticMWoven in good yield (Scheme 24.14). Rate accelerationwas observed also

in the one-pot Stille-coupling-Diels-Alder reaction of 17-iodo-5-androst-16-ene 39.
The stereoselectivity of cycloaddition was slightly improved with diethyl maleate as

the dienophile, compared to that achieved with thermal heating [96].

In 2015, Penov Gasi developed MW-assisted synthesis and biomedical potency of

salicyloyloxy 42 and 2-methoxybenzoyloxy androstane and stigmastane 43 deriva-

tives (Scheme 24.15) [97].

In 2014, Boruah and his research group described a synthesis of a new class of ste-

roidal and nonsteroidal epoxide ring-opening reaction by nitrogen-containing

Scheme 24.14 Reagent and conditions: (i) Pd(PPh3)4.

Scheme 24.15 Reagent and conditions: (i) Pd(PPh3)4.
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heterocycles under MW irradiation. Their strategy involved the synthesis of epoxide

46 from commercially available cholesterol acetate 44 via allylic oxidation, acid-

catalyzed elimination, and epoxidation pathway (Scheme 24.16). This epoxidation

afforded only epoxide 46 due to the presence of angular methyl group at C-10 position

of the steroid moiety. Finally, the MW irradiation of an equimolar mixture of epoxide

46 and imidazole in a closed vessel in a Synthos 3000 MW reactor at 600 W (140°C
and 12 bar) for 6 min afforded compound 3-(1H-imidazol-yl)-4-hydroxy-5-en-

cholest-7-one 47 in 69% yield. The antimicrobial activities of the epoxide ring-

opening compounds and N-(1-cycloalkenyl) heterocyclic compounds were tested

by agar diffusion assay [98].

In another work, Boruah et al. reported a new set of steroidal A, D-ring fused

5,6-disubstituted pyridines and nonsteroidal substituted pyridines 49 starting from ste-

roidal β-halovinyl aldehyde 48, alkyne, and benzylamine, using a Pd(OAc)2 catalyzed

multicomponent reaction under MW (Scheme 24.17) [99].

In 2013,Dutta et al. reported the synthesis of novel steroidal heterocycles containing

4,6-diaryl substituted pyridine moiety 52 fused to the 2,3- and 16,17-positions of

Scheme 24.16 Reagent and conditions: (i) t-BuOOH, RuCl3, cyclohexane, rt, 4 h; (ii) HCl,

MeOH, reflux, 1 h; mCPBA, CHCl3, 5 h; (iii) N-heterocycles, MW, 600 W (140°C and 12 bar),

15 min.

Scheme 24.17 Reagent and conditions: (i) Pd(OA)2, PPh3, Na2CO3, neutral alumina, 10 min,

MW.
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the steroid nucleus. TheMichael reaction of steroidal ketones 50with in situ generated
chalcones provided the intermediates 3,5-diaryl-1,5-dicarbonyl steroidal derivatives

51. Subsequently, the intermediates 51 were converted to the pyridine derivatives

52 by solid-phase reaction with urea in the presence of BF3�OEt2 (Scheme 24.18)

as the catalyst under MW irradiation [100].

In 2013, Kakati et al. described the synthesis of a novel class of chalconoyl preg-

nenolones via Claisen-Schmidt condensation under MW activation and solvent-free

reaction conditions (Scheme 24.19). The compounds were screened for antimicrobial

activity against two bacterial strains Bacillus subtilis and E. coli and two fungal strains
Aspergillus niger andC. albicans. Some of the compounds exhibited significant inhib-

itory activity against the microbial strains. Presence of the α,β-unsaturated carbonyl

moiety in the synthesized compounds was found to be essential for the activity as

manipulation of the same through epoxidation of the double bond diminished the

activity [101].

In 2012, Boruah and his group described the synthesis of A-ring and D-ring fused

steroidal quinolines from the one-pot reaction of steroidal β-bromovinyl aldehydes

and arylamines in solvent-free and catalyst-free condition under MW irradiation

(Scheme 24.20) [102].

Scheme 24.18 Reagent and conditions: (i) KOH, toluene, rt; (ii) BF3�OEt2, MW.

Scheme 24.19 Reagent and conditions: (i) I2-Al2O3, 5–7 min.

832 Green Approaches in Medicinal Chemistry for Sustainable Drug Design



Hernández-Linaresandhiscoworkerdevelopedaneasyand fastprocedure forone-pot

synthesis of steroidal isoxazoles starting from 23-acetylsapogenins derivatives 58 in the
presence of P2O5/SiO2 in dry media under MWs irradiation [103] (Scheme 24.21).

In 2011, Borah et al. described the application of Baeyer-Villiger (BV) reaction in

the synthesis of natural products and steroid-peptide conjugates. Their strategy

involves the BV oxidation of carbonyl compounds with special reference to steroidal

ketones under MW irradiation justifying its accelerating effect [104] (Scheme 24.22).

Scheme 24.21 Reagent and conditions: (i) BF3-Et2O, AC2O, 10 min; (ii) KOH/EtOH 20%,

20 min; (iii) NH2OH-HCl, P2O5/SiO2, MW.

Scheme 24.20 Reagent and conditions: (i) 600 W, 10 min.

Scheme 24.22 Reagent and conditions: (i) m-CPBA, CHCl3, MW, 3–5 min.
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An efficient synthesis of 12-heterosteroids 69was achieved by Ibrahim-Ouali et al.

via a Baeyer-Villiger oxidation and photolysis as the key steps (Scheme 24.23) [105].

In 2012, Ahonena et al. reported the MW-assisted synthesis and solid-state struc-

tural characterizations of novel lithocholyl amides of 2-, 3-, and 4-aminopyridine

(Scheme 24.24). It is shown that the MW technique is a proper method in the prep-

aration of N-lithocholyl amides of isomeric aminopyridines [106].

ii–iii

Scheme 24.23 Reagent and conditions: (i) LiAlH4, THF, 0°C; (ii) CH3I, NaH, THF, rt;

(iii) PCC, MW; (iv) m-CPBA, PTSA, CH2Cl2; (v) DIBAL, CH2Cl2; (vi) HgO-I2, pyridine,

C6H6; (vii) MeLi, THF, �78°C.

Scheme 24.24 Reagent and conditions: (i) MeOH, PTSA; (ii) Ag2CO3/celite, MW, 3 min;

(iii) Ac2O, pyridine, DMAP; (iv) (CH2OH)2, PTSA, C6H6; (v) LiAlH4, Et2O, rt; (vi) CH3I, NaH,

THF, rt; (vii) HCl, acetone; (viii) m-CPBA, PTSA, CH2Cl2; (ix) DIBAL, CH2Cl2; (x) HgO-I2,

py, C6H6; (xi) MeLi, THF, �78°C.

834 Green Approaches in Medicinal Chemistry for Sustainable Drug Design



In 2010, Deb et al. synthesized fatty acid ester (FAE) derivatives of several steroids

80 under MW irradiation in an ionic liquid (Scheme 24.25) [107].

In 2010, Barthakur et al. reported a facile strategy for the annulation of

2,6-dicyanoaniline 82 moiety to steroidal A/B-ring from base-catalyzed and

MW-promoted reaction of steroidal 3-keto-2-hydroxymethylenes 81 with

malononitrile in high yields Scheme 24.26 [108].

In 2009, Boruah and his coworker described the fusion of a pyrimidine ring at 2,3

position of A-ring of steroid moiety (Scheme 24.27). Their strategy involved the solid-

phase three-component reaction of 2-hydroxymethylene-3-keto steroids,

arylaldehydes, and ammonium acetate under MW irradiation [109].

Scheme 24.25 Reagent and conditions: (i) Py, DMAP, fatty acid chloride, 40°C; (ii) KOH,
MW, 1 min, 80°C.

Scheme 24.26 Reagent and conditions: (i) NaOMe, Al2O3 (basic); (ii) CH2(CN)2.

Scheme 24.27 Reagent and conditions: (i) PhCHO, NH4OAc, 6 min.

Microwave-induced synthesis of steroids and their chemical manipulations 835



Borthakur et al. described the preparation of 3-oxo-4-azasteroid 88 from A-nor-

3,5-secosteroid-3-oic acid 87 in a solvent-less condition catalyzed by Lewis acid

under MW irradiation (Scheme 24.28). They utilized urea as an environmentally

benign source for the generation of ammonia for the aza cyclization reaction [110].

In 2006, Katritzky et al. described the synthesis of chiralO-(-protected dipeptidoyl)
steroids under the MW irradiation in isolated yields of 65%–96%, with complete

chirality retention (Scheme 24.29). Their strategy utilized readily available N-(Z-α-
aminoacyl)benzotriazoles 90 and Z-dipeptidoylbenzotriazole, with naturally occur-

ring steroidal alcohols 89 [111].

Cravotto and his coworker exploited the MW irradiation for the synthesis of bile

acid derivatives (Scheme 24.30). By using this MW energy, esterification, amidation,

hydrolysis, oxidation, and reduction were investigated [112].

In 2014, Wang et al. converted steroid saponins into diosgenin 97 by the

catalytic hydrolysis with an acid-functionalized ionic liquid under MW

irradiation (Scheme 24.31). The typical acid-functionalized ionic liquid,

1-sulfobutyl-3-methylimidazolium hydrosulfate ([BHSO3MIm] HSO4), was used to

evaluate the catalytic efficiency [113].

Asif and his coworker synthesized a series of steroidal thiazole derivatives by an

efficient manner by one-step reaction methodology employing MW irradiation. The

synthesis involves the reaction of steroidal ketones 98 with thiosemicarbazide and

phenacyl bromide [114] (Scheme 24.32).

Scheme 24.28 Reagent and conditions: (i) NaIO4/KMnO4; (ii) Urea/BF3�Et2O.

Scheme 24.29 Reagent and conditions: (i) 0.1 Eq. DMAP, THF, 65°C, 15 min.
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Baji and his research group synthesized a new, efficient MW-promoted

steroidal isothiazole derivatives 102 from corresponding β-bromo-α,β-unsaturated
aldehydes 101 that has been described using a sodium thiocyanateurea system

(Scheme 24.33). The β-bromo-α,β-unsaturated aldehydes derivatives are efficiently

synthesized from corresponding cyclic ketones 100 using Vilsmeier formylation reac-

tion [115].

Scheme 24.31 Reagent and conditions: (i) [BHSO3MIm] HSO4.

Scheme 24.32 Reagent and conditions: (i) EtOH, 35–40 min.

Amidation
Selective

acetylation

Scheme 24.30 Reagent and conditions: (i) PTSA, CH3OH, anhyd. Na2SO4, THF, MW, 400 W,

3 min, (ii) imidazole, benzylamine,MW, 4 min, 400 W, (iii) Ac2O, DMAP,MW, 350 W, 5 min.
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In 2013, Gogoi et al. reported Pd-catalyzed protocol for the synthesis of fused

steroidal pyrimidines 104 from β-halo-α,β-unsaturated aldehydes 103 under MW irra-

diation [116] (Scheme 24.34).

In 2014, Shekarrao et al. reported a facile method for the synthesis of steroidal

D-ring fused pyrazolo[1,5-a]pyrimidines 106 through a MW-mediated reaction

between steroidal β-bromovinyl aldehydes 105 and pyrazoloamines using

palladium(II) catalyst (Scheme 24.35) [117].

In 2015, Saikia et al. synthesized a new and efficient synthesis of steroid fused

pyrimidines [118]. Starting from steroidal α,β-unsaturated ketones 107 and amidine

derivatives 108 with base-mediated reaction under MW irradiation as depicted in

Scheme 24.36.

Scheme 24.33 Reagent and conditions: (i) PBr3/DMF/CHCl3; NaSCN/Urea/DMF, MW,

360 W, 10 bar.

Scheme 24.34 Reagent and conditions: (i) Benzamidine hydrochloride, base, ligand, MW,

130 W, 8 bar, 140°C.

Scheme 24.35 Reagent and conditions: (i) Pd(OAc)2, PPh3, K2CO3, DMF, MW, 20 min.
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An efficient synthesis of ring D-condensed 2-pyrazolines in the D5-androstene was

achieved by Motyan et al. in 2016, starting from a commercially

16-dehydropregnenolone or its acetate 109 with different arylhydrazines or

methylhydrazine under MW irradiation via hydrazone intermediates, followed by

intramolecular 1,4-addition as the key step (Scheme 24.37). The synthesized com-

pounds were subjected to in vitro pharmacological studies of their antiproliferative

activities against four human breast (MCF7, T47D, MDA-MB-231, and MDA-MB-

361) and three cervical (HeLa, C33A, and SiHA) malignant cell lines [119].

In 2003, Marwah et al. reported under MW irradiation steroidal enones, more spe-

cifically, position three carbonyls were efficiently and selectively converted to the

corresponding enol acetates 112 in the presence of additional enolizable carbonyl

functions at other positions, using acetic anhydride and a catalytic amount of

toluene-p-sulfonic acid. Acetylation of hydroxyl groups of the sterols, including those
at the hindered positions, was near quantitative (Scheme 24.38). Strictly anhydrous

conditions were not a prerequisite for acetylation and the reaction system easily tol-

erated up to 10% (v/v) moisture [120].

Scheme 24.38 Reagent and conditions: (i) Ac2O, toluene-p-sulfonic acid.

Scheme 24.36 Reagent and conditions: (i) Baes (2 mmol), 700 W, 10 min.

Scheme 24.37 Reagent and conditions: (i) PTSA, EtOH, 100°C, 20 min, MW.
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In 2009, Edelsztein et al. reported a new approach to CdC bonded steroidal

homodimers 114 derived from deoxycholic acid, pregnenolone, and progesterone

113 were synthesized by an olefin metathesis reaction assisted by MW heating

(Scheme 24.39). Due to the bulky nature of the steroidal skeleton, the more favorable

E-dimers were formed as the sole or major products depending on the linker

length [121].

Sharma and coworkers synthesized steroid fused pyridines by the condensation of

formyl enamides with cyanomethylenes underMW irradiation in the presence of basic

alumina (Scheme 24.40) [122].

Recently, Bautista-Hernández et al. reported the synthesis of a novel carbohydrate-

lithocholic acid conjugate linked through 1,2,3-triazole rings (Scheme 24.41). The

conjugate was synthesized via copper-catalyzed azide–alkyne cycloaddition

(CuAAC) from methyl 4,6-O-benzylidene-2,3-di-O-propargyl-α-D-glucopyranoside
117 and methyl 3-azidolithocholate 118. The 1,3-dipolar cycloaddition of dipropargyl
ether (1.0 equiv.) to azide (2.0 equiv.) with Cu-Al mixed oxide heterogeneous catalyst

and sodium ascorbate in EtOH-H2O (3:1) was reacted under MW irradiation at 100°C
to afford 119 in an excellent yield of 93% in just 5 min [123].

In 2017, Lopes et al. reported the regio- and stereoselective synthesis of novel chi-

ral 4,5,6,7-tetrahydropyrazolo[1,5-a]pyridine-fused steroids 121 via [8π + 2π] cyclo-
addition of diazafulvenium methides with steroidal scaffolds (Scheme 24.42).

Scheme 24.39 Reagent and conditions: (i) DIB, py, Cu2+, toluene; (ii) Grubbs cat second gen,
10 mol%, CH2Cl2, MW.

Scheme 24.40 Reagent and conditions: (i) Al2O3, 8–10 min.
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Scheme 24.41 Reagent and conditions: (i) Cu-Al mixed oxide, sodium ascorbate, EtOH, H2O

(3:1), MW, 30 W, 100°C, 5 min.

Scheme 24.42 Reagent and conditions: (i) TCB, MW, 250°C, 10 min.
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The biological evaluation of the new family of hexacyclic steroids as anticancer

agents was also carried out. Hexacyclic steroids bearing a benzyl group at C-22,

derived from 16-dehydropregnenolone and 16-dehydroprogesterone, show consider-

able cytotoxicity against EL4 (murine T-lymphoma) in contrast with the

corresponding C-22-unsubstituted derivatives showing low cytotoxicity. Thus, results

indicate that the presence of the benzyl group is important to ensure cytotoxicity [124].

In 2006, Kiuru et al. reported an efficient synthesis for 2,4,16,16-D4-estrone pal-

mitate, stearate, oleate, linoleate, and linolenate and the corresponding

2,4,16,16,17-D5-estradiol fatty acid 17-mono and 3,17-diesters using analogous fatty

acid chlorides or fatty acid anhydrides and 4-(dimethylamino)pyridine under MW

irradiation (Scheme 24.43) [125].

Kovács et al. synthesized a novel types of 17-exo-heterocycles 126 in the Δ5

androstene series carrying a 1,3,4-oxadiazolemoiety via aldehyde N-acylhydrazone
intermediates, obtained from the MW-assisted condensation of 3β-hydroxy or 3β-
acetoxyandrost-5-ene-17β-carbaldehyde 124 with different acylhydrazides 125
(Scheme 24.44). The subsequent phenyl iodonium diacetate-induced oxidative

R= Palmitate, stearate, oleate, linoleate, linolenate

Scheme 24.43 Reagents and conditions: (i) Fatty acid chloride or anhydride, DMAP, pyridine.

MW, 50 W, 50°C, 2 min.

Scheme 24.44 Reagents and conditions: (i) EtOH, MW, 120°C, 10 min, (ii) PIDA, CH2Cl2.
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cyclization proceeded under mild conditions. The synthesized compounds were

subjected to in vitro pharmacological studies to investigate their antiproliferative

activities on four malignant adherent cell lines (HeLa, MCF7, A2780, and A431),

and exhibited the highest potency against HeLa cells, some of them revealing action

comparable to that of the reference agent cisplatin [86].

In 2008, Zeng et al. reported a rapid and efficient method for the synthesis of novel

molecular clefts based on deoxycholic acid 130 (Scheme 24.45) [126].

In 2005, Scho and his research group described an efficient Pd(0)-catalyzed

method for the rapid and efficient preparation of 3-aminoestrone via

3-benzylaminoestrone from estrone-triflate (Scheme 24.46) [127].

Scheme 24.45 Reagents and conditions: (i) CH3OH, CH3COCl; (ii) triphosgene, CH2Cl2,

pyridine, 4-aminobenzotrifluride; (iii) CH2Cl2, triphosgene, pyridine; (iv) L-amino acid methyl

ester hydrochloride, pyridine.

Estrone-triflate Amino benzyl estrone

Scheme 24.46 Reagents and conditions: (i) Pd(OAc)2, MW, X-phos, Cs2CO3, 120–160°C;
(ii) H2, Pd/C.
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In 2003, De Meijere and his coworker demonstrated that a sequence of Stille and

Heck cross-coupling reactions and subsequent thermal 6p-electrocyclization provided

easy access to the steroidal compounds by a convergent A + CD ! ACD ! ABCD

strategy (Scheme 24.47). The highly chemoselective Stille couplings on the triflate

moiety of several 2-bromo-cyclohex-1-enyl triflates 135 with cis- and transfused

bicyclo[4.3.0]-nonenylstannanes 134 furnished the corresponding tricyclic

bromobutadienes 136 in good to excellent yields (70%–97%). These were subjected

to Heck reactions with tert-butyl acrylate to provide pentasubstituted tricyclic

1,3,5-hexatrienes. A significant increase in efficiency of the Heck coupling process

could be achieved by applying a protocol with a precatalyst on the basis of Herrmann’s

palladacycle prepared from Pd(OAc)2 and P(o-Tol)3 with added triarylphosphines as

co-ligands (73%–90% yield). Upon heating these hexatrienes cyclized to yield various

unsaturated steroid analogs 138 [128].

In 2013, Boruah and his research group reported the palladium-catalyzed mul-

ticomponent synthesis of steroidal A- and D-ring fused pyridines. Their strategy

involved a solvent-free three-component reaction of steroidal β-halovinyl aldehyde,
alkyne, and benzylamine in the presence of Pd(OAc)2 under MW irradiation led to

the target steroidal pyridine in high yield (Scheme 24.48). It is worth noting that all

of the reactions of β-bromovinyl aldehydes 139 with unsymmetrical alkynes 140

Scheme 24.47 Reagent and condition: (i) Pd(dba)2, AsPh3,CuI, LiCl, NMP, 60°C,
(ii) nBu4NOAc, DMF, MeCN, H2O, 120°C, (iii) DMF/toluene, MW, 170°C (45 min)–200°C
(2 min).

Scheme 24.48 Reagent and Conditions: (i) Pd(OAc)2, PPh3, Na2CO3, Al2O3, MW, 600 W,

10 min.
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and benzylamine 141 afforded only one regioisomer of the pyridine derivative 142.
A wide variety of alkyl-, aryl-, and ester-substituted alkynes underwent this highly

regioselective reaction to give good yields of the desired steroidal pyridines [99].

Our researchgroup in2015 reported an elegant synthetic strategy for the synthesis of a

new class of peptidomimetic steroid-amino acid hybrid compounds 144 having diverse
biological properties. We reported the synthesis of these compounds of alanine and

valine methyl esters with seco-steroids (A, B, and D ring cleavage) in an expedited

way byMW-promoted Ugi-four-component reaction (Ugi-4CR) (Scheme 24.49) [129].

Recently, our group reported an efficient strategy to construct a sterylferulates

(Scheme 24.50). Synthetic sterylferulates [3-O-(trans-4-feruloyl)-sterols] are cur-

rently gaining considerable importance in recent years to be used as nutraceuticals

and food additives as well as in pharmaceutical applications substituting

c-oryzanol—a class of naturally occurring sterylferulates having potent antioxidant

and other organoleptic properties. Considering the importance of this class of com-

pounds coupled with green technology associated with MW energy in organic synthe-

sis, we report here an expedited and high yield synthesis of sterylferulates from

abundant steroids, viz., cholesterol, cholestanol, stigmasterol, stigmastanol, β-sitos-
terol, β-campesterol, β-campestanol, and ergosterol applying MW energy in the cru-

cial step of esterification process of sterols with trans-4-O-acetylferulic acid 146 to

Scheme 24.49 Reagent and conditions: (i) L-Alanine methyl ester hydrochloride,

paraformaldehyde, triethylamine, benzylisocyanide,MeOH,MW400 W,100°C,15 bar, 10 min.

Scheme 24.50 Reagent and conditions: (i) TMSCl-NaI-Ac2O, (ii) DCC, DMAP, 20 min, base.
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furnish their esterified products, viz., 3-O-(trans-4-O-acetylferuloyl)-sterols 147 for

their eventual deprotection to their respective sterylferulates [130].

Recently, our group developed an efficient method for the synthesis of

MW-assisted peptidomimetic steroid–amino acid hybrid compounds based on steroi-

dal amines by Ugi-four-component reaction (Ugi-4CR) (Scheme 24.51) [131].

24.3 Microwave in the synthesis of compounds based
on the properties (cholesterol, hormone, bile acid,
vitamin, steroids links to other molecules,
and other types)

The interest in the microwave-assisted organic synthesis has been growing during

recent years. It results from an increasing knowledge of fundamentals of the dielectric

heating theory, availability of equipment designed especially for the laboratory use as

well as the discovery of the special techniques of the MW syntheses. The efficiency of

MW flash-heating chemistry in dramatically reducing reaction times (reduced from

days and hours to minutes and seconds) has recently been proven in several different

fields of organic chemistry and this aspect is of great importance in high-speed com-

binatorial and medicinal chemistry.

In an ideal world, chemical transformations occur at room temperature, reach full

conversion within a few minutes, and provide quantitative isolated product yields.

The reality, however, is quite different. Many synthetically relevant processes

necessitate an elevated temperature regime in order to proceed, with reaction times

of several hours or even days to drive a reaction to completion not being uncommon.

MW radiation is an alternative to conventional heating for introducing energy into

reactions. MW heating uses the ability of some compounds (liquids or solids) to

transform electromagnetic energy into heat. The use of MW irradiation has led to

the introduction of new concepts in chemistry because the absorption and transmis-

sion of the energy are completely different from the conventional mode of heating.

This method of heating associated with MW technology has applied a number of

useful processes. These include the preparation for analysis, organic synthesis,

application to waste treatment, polymer technology, drug release/targeting, ceramic,

Scheme 24.51 Reagent and conditions: (i) Paraformaldehyde (ii) benzylisocyanide,

(iii) N-(tert-butoxycarbonyl)-L-phenylalanine MW, 400 W, 100°C, 15 min, 82%–87%.
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and alkane decomposition [132]. The technique has also found use in a range of

decomposition processes including hydrolysis of proteins and peptides [133]. The

ability of MAOS to rapidly synthesize organic compounds is of significant benefit

for library generation and its potential as a feature tool for drug-discovery programs

has recently been recognized [134].

MW heating of foods may cause the formation of cholesterol oxidation products

(COPs). COPs formation depend on the conditions of MW heating and the composi-

tion of the foodmatrix. The aim of this work was to study the formation of major COPs

from cholesterol incorporated into palm, extra virgin olive, soybean, or fish oils during

MW heating, and to monitor changes in peroxide value and fatty acid (FA) profiles.

Model systems composed of mixtures of cholesterol and oil (2.5 mg of cholesterol/g

oil), were heated for 20 min in multimode (900 W), unimode MW (�300 W) ovens or

convection oven at 180°C. Maximum total COPs contents largely varied

(46.4–250.4 μg/g lipids), depending on the type of heating system and oil matrix.

Multimode MW heating caused greater COPs formation than unimode MW. COPs

formation trends in the conventional oven were similar to those ofMWheating, except

for fish oil. Results indicated that soybean oil, compared with the other oils tested, did

not promote cholesterol oxidation during MW heating, while the opposite trend was

observed for extra-virgin olive oil and palm oil. FA profile and natural antioxidants

influenced cholesterol and surrounding media oxidation during MW heating [135].

The synthesis of cholesterol-based sterylferulate is exemplified in Scheme 24.50,

in which MW irradiation played a crucial role in the esterification step with trans-
4-O-acetylferulic acid [130].

In 2018, Motyan et al. described the synthesis of novel 17β-pyrazol-50-ones in

the Δ5-androstane starting from available pregnenolone acetate. A steroidal

17-carboxylic acid was first synthesized as a norpregnene precursor by the bromoform

reaction followed by subsequent acetylation. Its CDI-activated acylimidazole deriv-

ative was then converted to a β-ketoester containing a two carbon atom-elongated side

chain than that of the starting material. A Knorr cyclization of the bifunctional

1,3-dicarbonyl compound with hydrazine and its monosubstituted derivatives in

AcOH under MW heating conditions led to the regioselective formation of 17-exo-
heterocycles in good to excellent yields (Scheme 24.52). The antiproliferative activ-

ities of the structurally related steroidal pyrazol-50-ones and their deacetylated analogs
were screened on three human adherent breast cancer cell lines (MCF7, T47D, and

MDA-MB-231): the microculture tetrazolium assay revealed that some of the pres-

ented derivatives exerted cell growth inhibitory effects on some of these cell lines

comparable to those of the reference compound, cisplatin [136].

Wang and coworker proposed a simple and fast sample pretreatment method for the

determination of steroid hormones in fish tissues by coupling dynamic MW-assisted

extraction with salting-out liquid-liquid extraction. The steroid hormones were suc-

cessively extracted with acetonitrile and water under the action of MW energy. Sub-

sequently, the extract was separated into an acetonitrile phase and an aqueous phase

with ammonium acetate. The acetonitrile phase containing the target analytes was

concentrated and determined by LC-MS/MS. The limits of detection for the steroid

hormones were in the range of 0.03–0.15 ng/g. This method was successfully applied
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to analyze seven kinds of fish tissues, and the recoveries of the steroid hormones for

the spiked samples were in the range of 75.3 � 4.9% to 95.4 � 6.2%. Compared

with the traditional method, the proposed method could reduce the consumption of

the organic solvent, shorten the sample preparation time, and increase the sample

throughput [137].

In 2006, Pore et al. designed a novel bile acid conjugates via Cu(I) catalyzed inter-

molecular 1,3-dipolar cycloaddition. These new molecules showed good antifungal

activity against Candida species [138] (Scheme 24.53).

In 2007, Aher and his group reported 1,3-dipolar cycloaddition of propargyl esters

of bile acids to azide group attached at different positions of bile acids gave dimers,

trimer, and tetramer linked with 1,2,3-triazole. These dimeric and oligomeric struc-

tures were able to solubilize hydrophilic dye-cresol red, in nonpolar solvent

(Scheme 24.54) [139].

i–ii iii–iv

Scheme 24.52 Reagent and conditions: (i) Br2/NaOH, dioxane, (ii) Ac2O/Py, (iii) CDI, THF,
(iv) MgCl2, Et3N, CH3CN.

Scheme 24.53 Reagent and conditions: (i) CuSO4�5H2O (5 mol%), sodiumascorbate (40 mol%),

DMF/H2O (9:1), MW, 5 min.
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24.4 Comparison of microwave vs classical method

MW technology is becoming exceedingly popular in the chemical industry because

it gives an increased rate of conversion and yield in a short duration of time. MW

energy couples with the polar molecules in the reaction system to generate vibra-

tions that are independent of the temperature of the reaction. It leads to instant local-

ized superheating due to ionic conduction [140]. MW combines two effects, that is,

nonthermal and thermal [141]. MW irradiation leads to direct coupling of molecules

of the reaction system which gives much better results compared to conventional

heating as it leads to direct coupling of molecules by selective absorption [142].

Thus, some reactions which take hours to complete under conventional heating

can be successful using the MW in a very short time. In the synthesis of lauric acid

esters using Novozym 435, conventional heating required 24 h whereas, the reaction

was completed in merely 8 min under the MW system [143]. Also, MW radiations

improve the stability profile of enzymes by delaying denaturation. Enzymes like

Candida antarctica lipase B have shown improved stability under MW system as

compared to conventional heating [144, 145]. Specialty esters are chemical compo-

nents that are used for their effect and performance. They can be categorized on

the basis of their application and function. Based on the application they are used

in agrochemicals, fragrance and flavors, personal care products, foods and

Scheme 24.54 Reagents and conditions: (i) PTSA (10 mol%), propargyl alcohol, 60°C
(ii) CuSO4�5H2O (5 mol%), sodium ascorbate (40 mol%), DMF/H2O (4:1), microwave, 5 min,

90%–96%.
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nutraceuticals, textiles, polymers, dyes, lubricants, etc. Specialty esters by function

include emulsifiers, viscosity builders, antioxidants, synthetic dyes, fixatives, sur-

factants, synthetic intermediates, pesticide synergists, etc. [146, 147]. Chemical,

as well as enzymatic routes, can be used for the synthesis of specialty esters. How-

ever, conventional enzymatic reactions are very slow [148, 149]. One of the

approaches to intensify the enzymatic reactions is through the use of MW energy.

MW heating and biocatalysis show the synergistic effect with augmentation of rate

and final conversion [150]. In the enzyme-catalyzed esterification of adipic acid

with various alcohols, low MW energy leads to an improvement in rate by a factor

of up to 2.63 as compared to normal heating [151]. This effect was due to the higher

collision frequency between the molecules under MW [152–154]. The synergism of

MW energy and biocatalysis has shown good results in esterification [155] as well as

transesterification reactions [156]. However, this synergistic approach in the synthe-

sis of specialty esters is still in a nascent stage.

24.5 Conclusion

From the above discussion, it is clear that MW heating effects have a major impact on

many areas of preparative science and particularly in the area of synthetic chemistry

and medicinal chemistry. It is notable that the impact has probably been far greater than

many other technological developments and that MW heating methods have become

mainstream. Numerous laboratories have commercial instruments, particularly as they

have become very reliable, safe, and relatively inexpensive. It has become clear that,

unlikemanynew technologies,MWshavegenuinelybecomeanacceptable and routinely

applied method for synthesis. Continued efforts by the suppliers of instruments should

hopefully make the technology available to every bench chemist and perhaps even to

every bench scientist who needs to heat a sample. Although costs have dramatically

reduced in recent years, we have yet to see them reduce to a point where the instruments

become viewed as a standard piece of individual laboratory equipment. If that does hap-

pen thenwe could see further dramatic developments in the uptake of this valuable tech-

nology. The size of instrumentsmay also need to reduce a little such that every laboratory

bench could readily accommodate an instrument. So, further developments from equip-

ment suppliers couldcontinue toenhance the field further.Scientifically,wecanenvisage

still further attempts to speed up processes. One of the most exciting developments has

probably been in peptide chemistry and the idea that we might at some point be able to

make large-scale synthetic proteins in a day is an appealing prospect. Further, major

impacts on sample preparation for biology,materials science, nanotechnology, and poly-

mer science are all likely to result in the next 5–10 years.Although there have been excit-
ing developments, there are still many opportunities for MW heating to revolutionize

these areas.
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Abbreviation

ANOVA analysis of variance

CADD computer-aided drug design

COX cyclooxygenase

DMF dimethylformamide

DMAP 4-dimethylaminopyridine

°C degree centigrade

GHz gigahertz

H hour
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IKK2 inhibitor of nuclear factor kappa-B kinase subunit

IL-1β interleukin-1-beta

LOXs lipoxygenases

Min minute

mg/kg milligram/kilogram

μg/mL microgram per microliter

% percentage

QSAR quantitative structure–activity relationships

SE standard error

SD standard deviation

SEM standard error of mean

TNF tumor necrosis factor

THF tetrahydrofuran

W watt
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25.1 Inflammation

Inflammation is a part of the body’s immune response. It is the response of organism to

the pathogens. Inflammation is a local reaction of the vascular and supporting elements

of a tissue to injury leading into the formation of protein-rich exudates. It is a protective

response from nonspecific immune system to localize, neutralize, or to destroy an inju-

rious agent in preparation for the process of healing. Symptomsof inflammation are calor

(heat), dolor (pain), tumor (swelling), rubor (redness), and function laesa (loss of func-

tion). It is the complex biological response of vascular tissues to harmful stimuli, such as

pathogens, damaged cells, or irritants. The symptoms of pain are redness, swelling, heat,

and loss of function. By the help of inflammation, the organism gets rid of the injurious

stimuli and to initiate the healing process. Inflammation is caused by physical agents,

chemical agents, immunological reactions, and infection by pathogenic organism.

Antiinflammatory refers to the property of a substance to treat and reduce inflammation.

Nonsteroidal antiinflammatory drugs (NSAIDs) are useful tools in the treatment of acute

and chronic inflammation, pain, and fever. Long-term usage of antiinflammatory drugs

leads to side effects such as gastrointestinal lesions, bleeding, and nephrotoxicity[1].

The inflammatory response represents a generalized response to infection or tissue

damage and is designed to remove cellular debris, to localize invading organisms and

arrest the spread of infection. The inflammatory response is characterized by the follow-

ing symptoms: reddening of the localized area, swelling, pain, and elevated temperature.

Reddening results from capillary dilation that allowsmore blood to flow to the damaged

tissue. Elevated temperature results from capillary dilation which permits increased

blood flow through these vessels,with associated highmetabolic activities of neutrophils

and macrophages. The dilation of blood vessels is accompanied by increased capillary

permeability causing swelling as fluid accumulates in the spaces surrounding tissue and

cells. Pain in the case of inflammation is due to the lysis of blood cells that trigger the

production of bradykinin and prostaglandins. The area of inflammation also becomes

walled off as a result of the development of fibrinous clots. The deposition of fibrin iso-

lates the inflamed area, cutting off normal circulation. The fluid in the inflamed area is

known as inflammatory exudates, commonly called as pus. These exudates contain dead

cells and debris in addition to body fluids.After the expulsion of the exudates, the inflam-

mation may terminate and tissues may return to their normal state [2].

25.1.1 Acute inflammation

Acute inflammation is a short-term process which is characterized by the classic

signs of inflammation which are: swelling, redness, pain, heat, and loss of function

due to the infiltration of the tissues by plasma and leukocytes. It occurs as long as

the injurious stimulus is present and ceases once the stimulus has been removed,

broken down, or walled off by scarring (fibrosis). The first four characteristics have

been known since ancient times and are attributed to Celsus. Loss of function was

added to the definition of inflammation by Virchow in 1870. The process of acute

inflammation is initiated by the blood vessels neighboring to the injured tissue.

It allows the exudation of plasma proteins and leukocytes into the surrounding

tissue. The increased flow of fluid into the tissue causes the characteristic swelling
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associated with inflammation since the lymphatic system does not have the capac-

ity to compensate for it, and the increased blood flow to the area causes the red

color and increased heat [3]. The blood vessels also get altered permitting the

movement of leukocytes through the endothelium and basal membrane constituting

the blood vessel. Once in the tissue, the cells migrate along a chemotactic gradient

to reach the site of injury, where they can attempt to remove the stimulus and repair

the tissue (Fig. 25.1).

25.1.2 Chronic inflammation

Chronic inflammation is a pathological condition characterized by concurrent active

inflammation, tissue destruction, and attempts at repair. Chronic inflammation is not

characterized by the classic signs of acute inflammation listed above. Instead, chron-

ically inflamed tissue is characterized by the infiltration of mononuclear immune cells

(monocytes, macrophages, lymphocytes, and plasma cells) tissue destruction and

attempts at healing, which include angiogenesis and fibrosis. Endogenous causes

include persistent acute inflammation. Exogenous causes are varied and include bac-

terial infection, especially by Mycobacterium tuberculosis, prolonged exposure to

chemical agents such as silica, tobacco smoke, or autoimmune reactions such as rheu-

matoid arthritis. In acute inflammation, removal of the stimulus halts the recruitment

Fig. 25.1 Mechanism of acute

inflammation.
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of monocytes (which become macrophages under appropriate activation) into the

inflamed tissue, and existing macrophages exit the tissue via lymphatics. However,

in chronically inflamed tissue, the stimulus is persistent, and therefore, recruitment

of monocytes is maintained, existing macrophages are tethered in place, and prolifer-

ation of macrophages is stimulated [4].

25.1.3 Mediators of inflammation

A variety of chemical mediators from circulation system, inflammatory cells, and

injured tissue actively contribute to and adjust the inflammatory response. The

released chemical mediators include (1) vasoactive amines such as histamine and

serotonin, (2) peptide (e.g., bradykinin), and (3) eicosanoids (e.g., thromboxanes, leu-

kotrienes, and prostaglandins).

Inflammation is produced by the release of chemicals, from tissues and migrating

cells, induced by various reasons such as injuries. Most strongly implicated chemicals

are the prostaglandins (PGs), leukotrienes (LTs), histamine, and bradykinin [5]. More

recently, platelet-activating factor (PAF) and interleukin-1 also are included. Evi-

dence for their involvement comes from the studies with competitive antagonists

for their receptors and inhibitors of their synthesis (Fig. 25.2).

25.2 Importance of antiinflammatory drugs

Antiinflammatory drugs reduce pain caused by inflammation. It inhibits or blocks

the effect of cyclooxygenase (COX) enzymes. COX enzymes produce the chemical

called prostaglandin. At the side of injury or damage, some prostaglandins are

Stimuli

Disturbance of cell membranes

Phospholipids

Phospholipase A2

Arachidonic acid

Leucotriens
Lipoxins

Hydroxyeicosatetraenoic
acids

Prostaglandins
Thromboxane
Prostacyclin

Epoxides Isoprostanes

Free
radicalsEpoxygenasesCycolooxygenasesLipoxygenases

Fig. 25.2 Pathway of mediators released from arachidonic acid.
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produced. These drugs block the production of prostaglandin and reduce pain.

There are two types of COX enzymes—COX-1 and COX-2. COX-2 enzyme is

responsible for the production of prostaglandins. To reduce the pain, anti-

inflammatory compounds are used to ease up pain in various situations, including

osteoarthritis, rheumatoid arthritis, joint pains, muscle and ligament pains (strains

and sprains), dysmenorrhea (period pain), postoperative pain, headaches,

migraines, etc. to reduce inflammation. This can further reduce pain and stiffness

that occurs with inflammation condition such as rheumatoid arthritis [6]. The main

antiinflammatory drugs are either steroidal [7] (e.g., betamethasone, prednisolone,

and dexamethasone) or nonsteroidal [8] (e.g., aspirin, diclofenac, ibuprofen, indo-

methacin, naproxen, nimesulide, and celecoxib) used to treat both acute inflamma-

tory condition and chronic inflammatory diseases such as osteoarthritis and

rheumatoid arthritis [9]. However, their prolonged use is associated with various

side effects; for example, steroidal drug causes adrenal atrophy [10], osteoporosis,

suppression of response to infection or injury, euphoria, cataracts, glaucoma, and

nonsteroidal drug [11] causes peptic ulcers and bronchospasm due to blockade of

both the physiological and inflammatory prostaglandins and concurrent production

of leukotrienes [12, 13].

Traditional NSAIDs such as aspirin (1), ibuprofen (2), and diclofenac (3) that

exhibit nonselective COX inhibition represent the most widely prescribed NSAIDs

to relieve short-term fever, pain, and inflammation [14, 15]. The characteristic feature

of these traditional nonselective COX inhibitor NSAIDs was the presence of a carbox-

ylic acid (COOH) functional group. Consequently, selective COX-2 inhibitors

(coxibs) based on a diarylheterocyclic ring template as in celecoxib (4) and rofecoxib

(5) were developed [16, 17]. These agents were characterized by the presence of a

para-sulfonamide (SO2NH2) or a paramethane-sulfonyl (SO2Me) pharmacophore pre-

sent on one of the aryl rings (Fig. 25.3).

O

SO2CH3

O

Rofecoxib ( 5 )

N

N

CH3 SO2NH2

CF3

Celecoxib ( 4 )

Fig. 25.3 Chemical structures of some nonselective and selective COX inhibitors.

Microwave-induced synthesis as a part of green chemistry 865



25.2.1 Nitric oxide (NO)-donating NSAIDs (NO-NSAIDs)

The derivatives of nitric oxide-donating NSAIDs were principally developed to

decrease the gastrointestinal toxicities associated with the use of traditional NSAID.

In theGI tract, nitric oxide is known to exert its protective role by increasing themucous

secretion, mucosal blood flow, and inhibition of neutrophil aggregation. NO-NSAIDs

based on the aspirin, naproxen, and diclofenac ring templates. These agents contain

organic nitrates or nitrosothiols as the NO-donor moiety (Fig. 25.4) [18–20].
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Fig. 25.4 Chemical structures of some representative NO-donor antiinflammatory agents.
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25.2.2 Selective COX-2 inhibitors

The adverse cardiovascular events associated with selective COX-2 inhibitors led to

a dramatic decline in selective COX-2 inhibitor pipeline. Due to this many

approaches have done to develop some selective COX-2 inhibitor. Here, the chem-

ical structures of some representative selective COX-2 inhibitors are represented

(Fig. 25.5) [21–23].

N

CH3

SO2NH2H5C2O

Apricoxib ( 14 )

N

H5C2OOCH2C

SO2CH3

CH3

F

( 15 )

N

SO2CH3

CH3

O n-Pr

O CF3

COOHCl

CH3

CH3

CH3

( 16 ) SC-75416 ( 17 )

NH

N

Br

NHSO2CF3

( 18 )

NN

NH

CH3CH3

F3C

SO2CH3

( 19 )

Fig. 25.5 Chemical structures of some representative selective COX-2 inhibitors.
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25.2.3 Dual COX/LOX inhibitors

Currently, LOXs are potential targets in the treatment of various diseases such as

asthma, atherosclerosis, cancer, and a variety of inflammatory conditions. It was

hypothesized that blocking the arachidonic acid (AA) metabolism via COX inhibition

by either traditional NSAIDs or selective COX-2 inhibitors could lead to the gener-

ation of pro-inflammatory leukotrienes and lipoxins via the LOX pathway (Fig. 25.2)

partly accounting for the side effects seen with traditional NSAIDs and selective

COX-2 inhibitors. To counter this, several dual small molecule COX/LOX inhibitors

have been reported. Some representatives of dual COX/LOX inhibitors are given

below (Fig. 25.6) [24–26].

25.2.4 Ipoprotein-PLA2 inhibitors

The phospholipase A2 (PLA2) enzyme catalyzes the release of fatty acids such as AA,

a critical rate-limiting step, by acting on membrane phospholipids (Fig. 25.2). The

released AA gets converted to various pro-inflammatory mediators such as prosta-

glandins, leukotrienes, and platelet-activating factor (PAF) that are known to play
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Fig. 25.6 Chemical structures of some representative dual COX/LOX inhibitors.
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a major role in regulating the vascular tone [27]. Recent studies have indicated that

Lp-PLA2 is closely involved in the onset and progression of atherosclerosis

[28–31]. In humans, Lp-PLA2 is primarily produced from leukocytes and macro-

phages and is associated with circulating macrophages and low-density lipoproteins

(LDL). It acts on polar phospholipids in oxidized LDL to form lysopho-

sphatidylcholine and nonesterified phospholipids that are known to have pro-

inflammatory properties by activating and recruiting macrophages/monocytes

mediating plaque vulnerability, apoptosis, leading to onset and progression of

atheroma [32,33]. Some derivatives of PLA2 inhibitors are included here (Fig. 25.7).

25.2.5 Microsomal prostaglandin E2 synthase inhibitors

In the prostaglandin biosynthesis pathway, formation of the prostaglandin E2 (PGE2),

a major mediator of pain and inflammation from prostaglandin H2 (PGH2) is catalyzed

by PGE synthase such as cytosolic PGES (cPGES) and microsomal PGE synthases-1

and -2 (mPGES-1 and mPGES-2). The membrane-associated protein mPGES-1 is an

inducible enzyme under inflammatory conditions such as RA, OA, and atherosclero-

sis. Examples of some representatives of mPGES-1 inhibitors are given below

(Fig. 25.8) [34–38].
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Fig. 25.7 Chemical structures of some representative PLA2 inhibitors.
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Fig. 25.8 Chemical structures of some representative mPGES-1 inhibitors.
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25.2.6 TNF-α inhibitors

Treating RA with biological therapeutics that targets the pro-inflammatory cytokine

TNF-α has been highly successful. In this regard, several small molecule agents that

inhibit TNF-α indirectly have been reported below (Fig. 25.9) [39–41].

25.3 Introduction to microwave technique

Nowadays, microwave technique is considered as an important approach toward green

chemistry, because this technique is more environmentally friendly. It has the poten-

tial to have a large impact on the fields of screening, combinatorial chemistry, organic

chemistry, medicinal chemistry, and drug development. Conventional method of

organic synthesis usually needs longer heating time, tedious apparatus setup, which

result in higher cost of process and the excessive use of solvents or reagents lead

to environmental pollution. This growth of green chemistry holds significant potential

for a reduction of the by-product, a reduction in waste production, and a lowering of

the energy costs. Due to its ability to couple directly with the reaction molecule and by

passing thermal conductivity leading to a rapid rise in the temperature, microwave
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Fig. 25.9 Examples of some representative TNF-α inhibitors.
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irradiation is used to improve much organic synthesis. The application of alternative

solvents such as water, fluorous, ionic liquids, and supercritical media is increasing

rapidly. Catalysis remains one of the most important fields of green chemistry by pro-

viding atom-economical, selective, and energy efficient solutions to many industrially

important problems. The utilization of inorganic solid-supported reagents attracted

attention because of enhanced selectivity, milder reaction conditions, and associated

ease of manipulation. Microwave heating attracted the attention of investigators in

that it makes it possible to shorten the length of reactions significantly, to increase

their selectivity, and to increase the product yields, which is particularly important

in the case of high-temperature processes that take a long time [42–44].

25.3.1 Microwaves

Microwaves are in the form of electromagnetic energy which lie in electromagnetic

spectrum corresponds to wavelength of 1 cm to 1 m and frequency of 30 GHz to

300 MHz. This places it between infrared radiations, which has shorter wavelength

in the 1–25 cm range for radar, whereas remaining section is devoted to telecommu-

nication. Microwave energy consists of both electric as well as magnetic field. Micro-

wave moves with the speed of light and it has very less energy relative to the energy

which is required to break the bond in the chemical molecule thus, microwaves are

such a source of energy which will not hamper the structure of the chemical molecule.

Microwaves are coherent and polarized in contrast to visible waves (apart from

lasers). They obey the laws of optics and can be transmitted, absorbed, or reflected

depending on the type of material [45].

25.3.2 Mechanism of microwave heating

Traditionally, organic reactions are heated using an external heat source (such as an oil

bath), and therefore, heat is transferred by conductance. This is a comparatively slow

and inefficient method for transferring energy into the system because it depends on

the thermal conductivity of the various materials that must be penetrated, and results

in the temperature of the reaction vessel being higher than that of the reaction mixture.

By contrast, microwave irradiation produces efficient internal heating by direct cou-

pling of microwave energy with the polar molecules (e.g., solvents, reagents, and cat-

alysts) that are present in the reaction mixture [46].

25.3.3 Benefits of microwave-assisted synthesis

Microwaves can accelerate the rate of reaction, provide better yields and higher purity,

uniform and selective heating with lower energy usage, achieve greater reproducibil-

ity of reactions, and help in developing convenient and cleaner synthetic routes. The

main advantages of microwave-assisted organic synthesis are [47]:

l Faster reaction
l Better yield with higher purity
l Energy saving
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l Uniform and selective heating
l Green synthesis
l Reproducibility.

25.3.4 Microwave synthesis apparatus

The apparatus for microwave-assisted synthesis includes single-mode microwave

ovens and multimode microwave ovens [48].

25.3.4.1 Single-mode microwave apparatus

The important feature of a single-mode apparatus is its ability to create a standing

wave pattern. This interface generates an array of nodes where microwave energy

intensity is zero, and an array of antinodes where the magnitude of microwave energy

is at its highest. One of the limitations of single-mode apparatus is that only one vessel

can be irradiated at a time. However, the apparatus is user friendly. An advantage of

single-mode apparatus is their high rate of heating. This is because the sample is

always placed at the antinodes of the field, where the intensity of microwave radiation

is the highest. These apparatus can process volumes ranging from 0.2 to about 50 mL

under sealed-vessel conditions, and volumes around 150 mL under open-vessel con-

ditions. Single-mode microwave ovens are currently used for small-scale drug discov-

ery, automation, and combinatorial chemical applications.

25.3.4.2 Multimode microwave apparatus

An essential feature of a multimode apparatus is the deliberate avoidance of generat-

ing a standing wave pattern inside it. The goal is to generate as much chaos as possible

inside the apparatus. The greater the chaos, the higher is the dispersion of radiation,

which increases the area that can cause effective heating inside the apparatus. As a

result, a multimode microwave heating apparatus can accommodate a number of sam-

ples simultaneously for heating, unlike single-mode apparatus where only one sample

can be irradiated at a time. Owing to this characteristic, a multimode heating apparatus

is used for bulk heating and carrying out chemical analysis processes such as ashing,

extraction, etc. In large multimode apparatus, several liters of reaction mixture can be

processed in both open and closed-vessel conditions. A major limitation of multimode

apparatus is that heating samples cannot be controlled efficiently because of lack of

temperature uniformity [49–51].

25.3.5 Applications of microwave-assisted synthesis

Microwave-enhanced synthesis results in faster reactions, higher yields, and increased

product purity. In addition to this, due to the availability of high-capacity microwave

apparatus, the yields of the experiments are now easily scaled up from milligrams to

kilograms, without the need to alter reaction parameters. Microwave-assisted synthe-

sis can be suitably applied to the drug discovery process [52].
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Microwave-assisted organic synthesis is the foremost and one of the most researched

applications of microwaves in chemical reactions. Literature survey reveals that scien-

tists have successfully conducted a large range of organic reactions. These include

Diels-Alder reaction, Ene reaction, Heck reaction, Suzuki reaction, Mannich reaction,

hydrolysis, dehydration, esterification, cycloaddition reaction, epoxidation, reductions,

condensations, cyclization reactions, protection and deprotection, etc. Based on the

reaction conditions, organic synthesis reactions can be conducted in the following tech-

niques [53].

25.3.6 Microwave-assisted synthesis of novel antiinflammatory
agents

An efficient, rapid, eco-friendly, and cost-effective microwave-assisted protocol

using fewer amounts of solvents was developed for the synthesis of 3,5-diaryl/heteryl

substituted-2-pyrazolines by reaction of substituted prop-2-ene-1-ones with hydrazine

hydrate in acetic acid. The synthesized compounds were tested for their

antiinflammatory activity by using carrageenan-induced hind paw edema model in

albino rats. Indomethacin was used as standard drug. All the synthesized pyrazoline

derivatives except a few have shown significant activity. Among them compounds

containing furan, methoxy phenyl, thiophene, p-amino phenyl, trimethoxy-phenyl,

3-methoxy-2-hydroxyphenyl, and 2-hydroxy-phenyl group exhibited equivalent

potency with the standard drug indomethacin (Scheme 25.1; Table 25.1) [54].

Ipsita et al. have prepared some novel antiinflammatory agents using

4-aminoantipyrine, nicotinic acid, ethylisocyanoacetate, and substituted aldehydes

via Ugi four-component reaction under microwave irradiation in the presence of fluo-

rite as the catalyst (Scheme 25.2). All the synthesized molecules were examined in

vivo antiinflammatory activity using Wistar Albino rats with a reference drug, indo-

methacin. In general, an increase in percentage inhibition of paw edema was observed

as time interval increases for all the synthesized compounds (Table 25.2) [55].

R

O

CH3 + R CHO R

O

CH CHR1
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NH2NH2H2O 

NaOH

EtOH

R

N

N
H R1

Scheme 25.1 Synthesis of 3, 5-diaryl substituted-2-pyrazolines.
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Table 25.1 Antiinflammatory activity of 3,5-diaryl substituted-2-pyrazolines.

Compound code R R1

Rat paw edema (in mL) (mean � SE)

0 h 1 h 2 h 4 h

Control – – 3.75 � 0.023 4.69 � 0.075 5.10 � 0.21 4.65 � 0.23

Indomethacin – – 3.77 � 0.143 3.85 � 0.183 3.75 � 0.17 3.75 � 0.26**
1. H

O

3.69 � 0.15 4.57 � 0.24 4.78 � 0.19 3.80 � 0.35*

2. H
O

3.59 � 0.14 4.73 � 0.12 4.10 � 0.15 3.64 � 0.24**

3. H HO 3.71 � 0.06 4.74 � 0.19 4.79 � 0.11 3.75 � 0.07*

4. H

N

3.79 � 0.13 4.64 � 0.09 3.74 � 0.09** 3.89 � 0.11**

5. H

S

3.52 � 0.11 4.35 � 0.17 4.50 � 0.13 3.85 � 0.10*

6. H
N

+

O

−O 3.75 � 0.07 4.20 � 0.14 4.41 � 0.52 3.87 � 0.24**

7. H
N

3.64 � 0.11 4.40 � 0.37 4.59 � 0.41 3.75 � 0.18*
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Table 25.1 Continued

Compound code R R1

Rat paw edema (in mL) (mean � SE)

0 h 1 h 2 h 4 h

8. H OCH3

OCH3

OCH3

3.57 � 0.12 4.41 � 0.51 4.39 � 0.34 3.75 � 0.36*

9. H
Cl

3.69 � 0.15 4.58 � 0.24 4.74 � 0.19 3.80 � 0.35*

10. H OH

O

3.59 � 0.14 4.70 � 0.12 4.10 � 0.15 3.82 � 0.24**

11. OH

O

3.72 � 0.06 4.74 � 0.19 4.77 � 0.11 3.76 � 0.07*

12. OH
O

3.80 � 0.13 4.63 � 0.09 3.72 � 0.09** 3.84 � 0.11**

13. OH HO 3.54 � 0.11 4.40 � 0.17 4.57 � 0.13 3.77 � 0.10*

14. OH

N

3.74 � 0.07 4.25 � 0.14 4.40 � 0.52 3.81 � 0.24**
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15. OH

S

3.67 � 0.11 4.47 � 0.37 4.54 � 0.41 3.71 � 0.18*

16. OH
N+

−O

O

3.54 � 0.12 4.50 � 0.51 4.41 � 0.34 3.65 � 0.36*

17. OH

N

3.65 � 0.15 4.55 � 0.24 4.79 � 0.19 3.75 � 0.35*

18. OH 3.51 � 0.14 4.72 � 0.12 4.10 � 0.15 3.62 � 0.24**

19. OH
Cl

3.76 � 0.06 4.74 � 0.19 4.77 � 0.11 3.82 � 0.07*

20. OH OH

O

3.79 � 0.13 4.63 � 0.09 3.74 � 0.09** 3.82 � 0.11**

Results were expressed as mean � SEM. *P < .05, **P < .01 as compared to control.
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2-(40-Methylbiphenyl-2-yl)-5-aryl-1,3,4-oxadiazole analogs were designed and

synthesized using microwave-assisted method by Sujit et al. (Scheme 25.3). The com-

pounds were evaluated for antiinflammatory activity by in vivo models. Female

Wistar rats (175–200 g) were used for the experiment. Diclofenac was used as stan-

dard drug. Carrageenan-induced paw edema method was used to carry out this study.

Some of the compounds displayed prominent activity (Table 25.3) [56].

Aryl and heteroaryl-substituted dihydropyrimidinone has been achieved via initial

Knoevenagel, subsequent addition, and final cyclization of aldehyde, ethylcyano-

acetate, and guanidine nitrate in the presence of piperidine as a catalyst in solvent free

under microwave irradiation. A mixture of aldehyde, ethyl cyanoacetate, guanidine

nitrate, and—two to three drops of piperidine was subjected to microwave irradiation

at 60% power in 600-W microwave oven for 5 min. The solid product was separated

and recrystallized from ethanol to afford pure products in good yields (Scheme 25.4).

The antiinflammatory activity was determined in vivo using the carrageenan-induced

rat paw edema test. Indomethacin was used as the reference drug. Almost all of the

tested compounds were shown moderate to good antiinflammatory activity

(Table 25.4) [57].

The synthesis of 3-methyl-5-substituted-1H-pyrazol-1-yl-(3-substituted-

benzofuran-2-yl)methanone derivatives are carried out by microwave-assisted

organic synthesis at 100 W for 3 min (Scheme 25.5). Antiinflammatory activity is

determined by the rat hind paw method. Albino rats of either sex weighing

175–185 g were selected and divided into six each and fasted for 24 h prior to exper-

iment with water ad libitum. The edema was induced by injecting 1% carrageenan into

the plantar surface of the hind paw of rats. The first group was given the acacia

suspension (control) and the other group was administered with phenylbutazone as

a standard (50 mg/kg I.P.). The paw edema was measured by plethysmometer. The

pharmacological screening of the tested compounds showed antiinflammatory activ-

ity ranging from 38.33% to 78.11%, whereas the standard drug phenylbutazone

showed 79.5% inhibition after 4 h. The presence of 3-methoxy group and further

chloro substitution at fourth position increases the antiinflammatory activity

(Table 25.5) [58].
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+
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R

Scheme 25.2 Synthesis of Ugi-4CR under microwave irradiation.
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Table 25.2 Antiinflammatory activity of compounds against carrageenin-induced paw edema in Wistar Albino rats.

Test

comp. R

% Inhibition of paw edema at different time (h) interval
a

200 mg/kg 400 mg/kg

0 h 1 h 3 h 5 h 0 h 1 h 3 h 5 h

Controlb – 1.43 � 0.15

(0.0)

1.46 � 0.11

(0.0)

1.52 � 0.14

(0.0)

1.48 � 0.13

(0.0)

1.45 � 0.12

(0.0)

1.47 � 0.14

(0.0)

1.54 � 0.15

(0.0)

1.46 � 0.12

(0.0)

1. 3-NO2 1.13 � 0.04

(34.08)

1.16 � 0.15

(26.81)

1.18 � 0.08

(56.15)

1.17 � 0.03∗

(65.28)

1.19 � 0.02∗

(45.07)

1.15 � 0.13

(71.08)

1.17 � 0.11∗

(60.22)

1.16 � 0.12

(74.21)

2. 2-NO2 1.24 � 0.14

(10.21)

1.25 � 0.19

(16.12)

1.27 � 0.21

(46.11)

1.23 � 0.04

(55.13)

1.26 � 0.01

(42.13)

1.28 � 0.05

(32.06)

1.32 � 0.09

(57.11)

1.25 � 0.03∗

(54.03)

3. 4-N

(Me)2

1.34 � 0.01∗

(16.27)

1.35 � 0.04

(26.51)

1.38 � 0.06∗

(33.17)

1.28 � 0.06∗

(46.21)

1.33 � 0.01∗

(23.12)

1.37 � 0.02∗

(32.28)

1.40 � 0.05

(54.17)

1.34 � 0.03∗

(47.15)

4. 4-OMe 1.17 � 0.04

(30.31)

1.18 � 0.07

(56.27)

1.19 � 0.03

(54.32)

1.16 � 0.08

(64.52)

1.28 � 0.03

(36.25)

1.34 � 0.04

(60.21)

1.42 � 0.02

(72.05)

1.38 � 0.06

(76.18)

5. 2-OH 1.37 � 0.04

(16.05)

1.38 � 0.07

(23.07)

1.44 � 0.13

(40.05)

1.35 � 0.07

(55.13)

1.37 � 0.01∗

(18.03)

1.39 � 0.02∗

(35.07)

1.42 � 0.04

(53.13)

1.38 � 0.05∗

(24.16)

6. 4-OH 1.12 � 0.02∗

(32.06)

1.14 � 0.06

(34.13)

1.16 � 0.09

(58.04)

1.15 � 0.05

(67.05)

1.18 � 0.12

(40.62)

1.21 � 0.15

(70.21)

1.24 � 0.03

(68.18)

1.20 � 0.11

(74.08)

7. 2-Cl 1.31 � 0.06

(13.09)

1.33 � 0.04

(33.06)

1.42 � 0.05

(40.02)

1.36 � 0.06∗

(50.05)

1.28 � 0.13∗

(38.02)

1.25 � 0.014

(25.15)

1.42 � 0.07

(36.17)

1.48 � 0.15

(53.04)

8. 4-Cl 1.12 � 0.16

(33.14)

1.14 � 0.04

(47.23)

1.15 � 0.06∗

(57.11)

1.13 � 0.12

(70.21)

1.22 � 0.01∗

(40.13)

1.25 � 0.03∗

(71.32)

1.32 � 0.13

(66.57)

1.30 � 0.05

(75.31)

a Results are expressed as mean � SEM and compared with Student’s “t” test.
b The group was injected with 1 mL of 0.5% aqueous saline water.
∗ Significantly different from control at P < .05.

M
icro

w
av
e-in

d
u
ced

sy
n
th
esis

as
a
p
art

o
f
g
reen

ch
em

istry
8
7
9



Table 25.3 Effect of carrageenan induced hind paw edema on rats.

Group R

Difference in paw volume at hours (mean � SEM)

(% Inhibition)

1 h 3 h 5 h

Control – 1.35 � 0.05 1.59 � 0.03 1.98 � 0.03

Diclofenac – 1.23 � 0.03 1.12 � 0.02∗∗∗ 0.91 � 0.03∗∗∗

1.

N

N
H 1.25 � 0.02 1.29 � 0.03∗∗∗ 1.27 � 0.03∗∗∗

2. 1.25 � 0.03 1.17 � 0.03∗∗∗ 0.97 � 0.03∗∗∗

3.
Br

1.28 � 0.05 1.46 � 0.04∗ 1.66 � 0.04∗∗∗

4.

N

1.24 � 0.03 1.26 � 0.03∗∗∗ 1.17 � 0.03∗∗∗

5.

H
3
C

1.25 � 0.02 1.22 � 0.02∗∗∗ 1.06 � 0.03∗∗∗

6. N 1.25 � 0.02 1.32 � 0.02∗∗∗ 1.41 � 0.04∗∗∗

7.

Cl

1.23 � 0.02 1.22 � 0.03∗∗∗ 1.06 � 0.02∗∗∗

8.
O

1.24 � 0.04 1.26 � 0.03∗∗∗ 1.24 � 0.03∗∗∗

CH3

COOH

H2SO4

C2H5OH

CH3

COOC2H5

NHNH2H2O 

CH3

CONHNH2

RCOOH 

H2SO4/POCl3

CH3

N

O

N

R

Scheme 25.3 Synthesis of 2-(40-methylbiphenyl-2-yl)-5-aryl-1,3,4-oxadiazole analogs.
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A series of ethyl 2-[2-arylamino-4-(thiophen-2-yl) thiazol-5-yl] acetates and ethyl

2-[2-(arylhydrazino)-4-(thiophen-2-yl) thiazol-5-yl] acetates were synthesized by

Mahesh et al. Antiinflammatory activity was determined for all the synthesized com-

pounds using the carrageenan-induced rat hind paw edema method with Wister rats.

In vivo test results showed that the compoundswith halogen substitution at the para posi-

tion on the 2-aryl amino group exhibited good antiinflammatory activities, similar to that

of indomethacin (Scheme 25.6). Further, a molecular docking study was performed to

predict the possible binding modes on cyclooxygenase-1 (COX-1) and COX-2 for the

testedcompounds.Goodcorrelationwasobservedbetween theantiinflammatoryactivity

of the compounds and the results of the binding modes in COX-2 (Table 25.6) [59].

Table 25.3 Continued

Group R

Difference in paw volume at hours (mean � SEM)

(% Inhibition)

1 h 3 h 5 h

9.
OCH3

1.26 � 0.04 1.35 � 0.04∗∗∗ 1.48 � 0.03∗∗∗

10.
F

1.25 � 0.04 1.17 � 0.06∗∗∗ 0.96 � 0.05∗∗∗

11.

CH3

1.25 � 0.03 1.20 � 0.04∗∗∗ 1.00 � 0.03∗∗∗

12.
Cl

1.26 � 0.04 1.44 � 0.04∗∗ 1.59 � 0.04∗∗∗

13.

Br

1.24 � 0.01 1.24 � 0.01∗∗∗ 1.11 � 0.02∗∗∗

14. N 1.27 � 0.03 1.45 � 0.04∗∗ 1.64 � 0.05∗∗∗

Values are mean � SEM., n ¼ 6 in each group; Statistical analysis by Two-way ANOVA followed by post hoc
Dunnett’s test using Graphpad Instat software.
∗ P value < .05 compared with vehicle (gum acacia, 10 mL/kg) treated group.
∗∗ P value < .01 compared with vehicle (gum acacia, 10 mL/kg) treated group.
∗∗∗P value < .001 compared with vehicle (gum acacia, 10 mL/kg) treated group.

ArCHO + H2C

CN

COOC2H5

+
NH2 NH2

NH
+

N
H

N

NH
CN

O

Ar

NH2

Scheme 25.4 Synthesis of 2-amino dihydropyrimidinone derivatives.
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Table 25.4 Effects of compounds and indomethacin in the inhibition of carrageenan-induced rat paw edema.

Drug Ar

Paw volume response at different time intervals in mean � SEM

Dose 1 h 2 h 3 h 4 h

Control – 10 mL/kg 0.5912 � 0.005∗∗∗ 0.5930 � 0.002∗∗∗ 0.6102 � 0.002∗∗∗ 0.6303 � 0.002∗∗∗
Indomethacin – 100 mg/kg 0.2700 � 0.005∗∗ 0.3124 � 0.005∗∗ 0.3133 � 0.008∗∗ 0.3500 � 0.005∗∗
1. 4-NO2-

C6H4

20 mg/kg 0.4000 � 0.005∗∗∗ 0.4300 � 0.005∗∗ 0.4500 � 0.011∗∗∗ 0.4711 � 0.011∗∗∗

2.

N
H

40 mg/kg 0.3533 � 0.003∗∗ 0.3833 � 0.003∗∗ 0.3967 � 0.003∗∗ 0.4200 � 0.010∗∗

3.

O

20 mg/kg 0.4133 � 0.003∗∗ 0.4433 � 0.003∗∗ 0.4667 � 0.008∗∗∗ 0.4933 � 0.012∗∗∗

4.

N
H

40 mg/kg 0.3567 � 0.003∗∗ 0.3867 � 0.003∗∗ 0.4133 � 0.003∗∗ 0.4520 � 0.005∗∗∗

5.

N

CH3

20 mg/kg 0.3833 � 0.003∗∗ 0.4133 � 0.003∗∗∗ 0.4433 � 0.003∗∗ 0.4667 � 0.008∗∗∗

Values are expressed as mean � SEM; n ¼ 6 in each group, ∗∗∗P < .001, ∗∗P < .01, compared with control. Data was analyzed by one-way ANOVA followed by Duneet’s test.
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COR

OH

Br
+

COOC2H5

COOC2H5

O

R

COOC2H5

CH3COCH2CH3/K2CO3

NH2NH2H2O

O

R

CONHNH2

CH3COCH2R1/CH3OH

O

R

CONHNC(CH3)CH2R1

POCl3/DMF
O

R

O

N N

R1 CH3

Scheme 25.5 Synthesis of 3-methyl-5-substituted-1H-pyrazol-1-yl-(3-substituted benzofuran-

2-yl) methanone derivatives.

Table 25.5 Antiinflammatory activity of compounds on carrageenan induced rat paw edema.

Group Compound R R1

Admn.

mg/kg

Antiinflammatory activity on

carrageenan-induced rat paw edema

% of inhibition in hour

0 h 0.5 h 1 h 2 h 4 h 6 h

1. Control – – – – – – – – –
2. Phenyl

butazone

– – 50 46.65 50.01 56.12 58.22 62.66 61.01

3. 1. H C6H5 200 38.3 41.17 44.43 46.42 49.34 48.14

4. 2. H C6H4Cl(p) 200 52.5 62.06 64.03 65.58 66.63 64.86

5. 3. OCH3 C6H5 200 48.61 57.41 59.25 60.65 61.05 60.34

6. 4. OCH3 C6H4Cl(p) 200 55.3 66.66 69.55 72.35 74.46 74.01

S
O

CH X

H2C

COOC2H5

+
NH

NH2

S

X

PEG-400

MW

N

S

COOC2H5

NH

S

X

Scheme 25.6 Synthesis of ethyl 2-[2-arylamino-4-(thiophen-2-yl) thiazol-5-yl] acetates and

ethyl 2-[2-(arylhydrazino)-4-(thiophen-2-yl) thiazol-5-yl] acetates.
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A series of 1-(2-((18Z)-4-substituted benzylidene-4,5-dihydro-5-oxo-2-

phenylimidazol-1-yl) ethyl)-1,2-dihydro-4-methyl-2-oxoquinolin-7-yl substitutes of

imidazolo quinoline analogs were synthesized by condensation of substituted imidaz-

ole and substituted quinoline (Scheme 25.7). The title compounds were investigated

for antiinflammatory activity using carrageenan-induced rat paw edema method using

male albino rats weighing between 100 and 150 g. All the lead compounds were

assessed by QSAR and molecular modeling (CADD) studies to predict best physico-

chemical, pharmacokinetic, toxicological properties, and best fit with targets like

COX-1 and COX-2. The result indicates that the compounds show convincing activ-

ities against inflammation when compared with standard drug ibuprofen. The percent

protection was measured and the activity was compared with standard drug ibuprofen.

All the synthesized compounds exhibited antiinflammatory activity (Table 25.7) [60].

Table 25.6 Antiinflammatory activity of titled compounds.

Compound X

Mean paw

volume � SEM

% Antiinflammatory

activity

1. 2-Cl 0.22 � 0.060 66.6

2. 3-Cl 0.21 � 0.074 68.1

3. 4-Cl 0.18 � 0.069 72.7

4. 2-CH3 0.28 � 0.056 54.9

5. 3-CH3 0.20 � 0.079 69.6

6. 4-CH3 0.24 � 0.074 63.4

7. 4-Br 0.14 � 0.068 78.8

8. 4-F 0.15 � 0.070 77.2

9. 2,4-Cl2 0.18 � 0.07 72.7

10. 3-Cl-4-F 0.17 � 0.047 74.3

11. 4-OCH3 0.29 � 0.072 50.1

12. H 0.31 � 0.076 53.3

13. 2-OH 0.35 � 0.072 46.9

14. 2-Cl 0.30 � 0.079 54.5

15. 4-Cl 0.32 � 0.082 51.5

16. 4-NMe2 0.40 � 0.064 39.3

17. 4-OMe 0.48 � 0.077 27.3

18. 4-OH-3-OMe 0.42 � 0.083 36.36

Indomethacin – 0.12 � 0.051 82.6

N

CH3

OOR

NH2

+
O

N

OR1

N

N
N

O

O

O

R

R1

Scheme 25.7 Synthesis of 1-(2-((18Z)-4-substituted benzylidene-4,5-dihydro-5-oxo-2-

phenylimidazol-1-yl) ethyl)-1,2-dihydro-4-methyl-2-oxoquinolin-7-yl substitutes of

imidazolo quinoline analogs.
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Rishikesh et al. prepared various 4-(2-amino-6-(substituted)pyrimidin-4-yl)-3-

methyl-1-(substituted)-1H-pyrazol-5(4H)-one derivatives and their Schiff bases in a

microwave oven for the appropriate time in between 5 and 7 min at 30% power output

(Scheme 25.8). Antiinflammatory activity of the synthesized compounds was evalu-

ated by carrageenan-induced rat paw edema model, at equimolar doses, using groups

of six animals each, using indomethacin as the standard drug. The pharmacological

studies revealed that the presence of 4-hydroxy, 4-methoxy, 4-(N,N-dimethylamino),

or 2-hydroxy groups on phenyl ring at C6 of amino pyrimidine exhibited significant

antiinflammatory activity (Table 25.8) [61].

Anand et al. prepared some novel, nonsteroidal antiinflammatory drug (NSAID),

acetaminophen conjugates with amino acid linkers utilizing benzotriazole chemistry.

The target compounds were prepared by coupling unprotected amino acid-

acetaminophen conjugates with NSAID-benzotriazolides in the presence of K2CO3

in DMF under microwave irradiation at 50 W, 70°C for 2.5 h (Scheme 25.9). Biolog-

ical data acquired for all the novel bisconjugates exhibited antiinflammatory activity

than their parent drugs, and the potent bioactive compounds have no mortality rates or

toxic symptoms at fivefold the applied antiinflammatory dosage. Antiinflammatory

activity of compounds was determined in vivo by the acute carrageenan-induced

paw edema standard method in rats taking indomethacin as the standard drug.

Structure-activity relationships based on the observed results exhibit that the alkyl/

arylalkyl function of the amino acid residue controls the antiinflammatory potency

of the compounds. Generally, the benzyl group of the amino acid function affords

more potent agents compared with alkyl functions (methyl, isopropyl, and isobutyl)

(Table 25.9) [62].

Table 25.7 Antiinflammatory activity of the synthesized compounds (in vitro).

Compound R R1

% Protection
a

30 min 1 h 2 h 3 h

1. CH3CO H 35 � 1.793 47 � 1.444 49 � 1.876 34 � 1.414

2. CH3CO 4-OCH3 39 � 1.881 49 � 1.643 53 � 1.372 44 � 1.424

3. CH3CO 4-N(CH3)2 44 � 1.079 47 � 1.377 52 � 2.46 43 � 1.762

4. CH3CO 2-OH 39 � 2.198 49 � 1.404 57 � 1.729 39 � 2.306

5. C6H5CO H 35 � 1.472 47 � 2.174 49 � 1.752 39 � 1.861

6. C6H5CO 4-Cl 39 � 2.66 48 � 1.872 54 � 1.4111 41 � 1.472

7. C6H5CO 4-OCH3 39 � 1.831 42 � 1.472 49 � 1.876 35 � 1.876

8. C6H5CO 4-N(CH3)2 35 � 1.333 39 � 2.357 47 � 1.875 37 � 3.246

9. C6H5CO 2-OH 36 � 1.831 39 � 2.412 43 � 1.163 32 � 1.159

10. C6H5CH2 H 27 � 1.362 34 � 1.522 41 � 1.476 29 � 3.132

11. C6H5CH2 4-N(CH3)2 35 � 3.214 37 � 2.327 42 � 1.874 36 � 1.861

12. C6H5CH2 2-OH 38 � 2.538 41 � 1.781 46 � 1.323 32 � 1.672

Ibuprofen – – 46 � 2.429 53 � 2.16 65 � 1.871 43 � 1.871

Significant levels P < .01 as compared with the respective control. aEach value represents the means � SD (n ¼ 6).
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Design and microwave-assisted synthesis of 2-aryl-5-(4-pyridyl)-1,3,4-oxadiazole

derivatives are prepared by Biju et al., under microwave irradiation at 300 W inter-

nally at 30 s intervals for 4 min (Scheme 25.10). The antiinflammatory activity study

was carried out by carrageenan-induced rat paw edema method using indomethacin as

the standard drug. Some of the tested compounds showed good antiinflammatory

activity (Table 25.10) [63].

Adriana et al. prepared some p-toluenesulfonyl-hydrazinothiazole derivatives

by the Hantzsch condensation reaction of p-toluene-sulfonyl-thiosemicarbazide

with a series of α-halogenocarbonyls such as chloroacetone, 1,3-dichloroacetone,

NHNH2

R

+
CH3 OC2H5

O O MW

N

N

CH3

O

R

Ca(OH)2
1, 4-dioxane

CH3COCl

N

N

CH3

O

COCH3

R

C2H5OH

CHO

R1

R

N

N

CH3

O

O
R1NH2

NH

NH2

⋅HCl

N

N

N

N

NH2

O

CH3

R

R1

CHO

R2

N

N

N

N

O

CH3

N

R1

R R2

Scheme 25.8 Synthesis of 4-(2-(substituted)-6-(substituted)pyrimidin-4-yl)-3-methyl-1-phenyl-

1H-pyrazol-5(4H)-one as Schiff bases.
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α-bromoacetophenone, 3-chloroacetylacetone, ethyl α-bromoacetoacetate, and ethyl-

γ-bromoacetoacetate by microwave-assisted reaction (Scheme 25.11). The synthe-

sized derivatives were tested for potential antiinflammatory activity using rat hind

paw edema induced with 10% kaolin, in order to evaluate the vascular phase of the

inflammatory process. To compare the effectiveness of the tested compounds, phen-

ylbutazone was used as the standard drug (Table 25.11) [64].

Table 25.8 Results of antiinflammatory activity of compounds against carrageenan induced

rat paw edema model in rats.

Compounds R R1 R2

Mean volume in (mL) after drug treatment

(mean � SEM)

1 h 2 h 3 h

Control – – – 1.525 � 0.015 1.815 � 0.022 1.95 � 0.009

Indomethacin – – – 0.875 � 0.020 0.806 � 0.007 0.718 � 0.014

1. H 4-OH-3-OCH3 4-NO2 0.915 � 0.020 0.826 � 0.016 0.756 � 0.011

2. H 4-NO2 4-CH3 1.325 � 0.130 1.765 � 0.019 1.518 � 0.0154

3. H 4-OCH3 4-NO2 0.93 � 0.264 0.846 � 0.031 0.76 � 0.024

4. H 2-OH 4-CH3 0.924 � 0.013 0.801 � 0.042 0.744 � 0.030

5. H 4-(N,N-

(CH3)2)

4-NO2 0.903 � 0.016 0.846 � 0.018 0.741 � 0.033

6. (2,4-NO2) 4-OH-3-OCH3 4-Cl 0.891 � 0.0210 ****836 � 0.013 0.731 � 0.027

7. (2,4-NO2) 3-NO2 4-Cl 1.29 � 0.091 1.556 � 0.176 1.793 � 0.0

8. (2,4-NO2) 4-(N,N-

(CH3)2)

4-Cl 0.921 � 0.013 0.808 � 0.042 0.74 � 0.030

9. (2,4-NO2) 2-NO2 4-Cl 1.351 � 0.146 1.586 � 0.137 1.803 � 0.047

10. (2,4-NO2) 4-(N,N-

(CH3)2)

4-CH3 1.493 � 0.021 1.798 � 0.058 1.926 � 0.030

Data analyzed by one-way ANOVA followed by Dunnett’s test (n ¼ 6).

O

NH

N

N

R N

Boc

DMAP, THF

O

NH
O

R

Boc

NH
CH3

O

+
O

NH CH3

OH

Dioxane-HCl(g)

O

ClH3N
O

R

NH
CH3

O
NN

NNSAID

O

O

NH
O

R

NH
CH3

O

O

NSAID

Scheme 25.9 Synthesis of NSAID bisconjugates with acetaminophen and amino acids.
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Table 25.9 Observed and predicated values of the tested antiinflammatory active agents according to the multilinear QSAR modela.

Compounds R

Observed% inhibition of

edema at 3 h

Predicted% inhibition of

edema at 3 h Error

1.
CH3

OH

O

29.7 32.7 �3.0

2.

O

OH

O

46.0 58.4 �12.4

3.

N

C H 3

O

O H

O

O

C l

61.3 56.8 4.5

4.

CH3

O

NH
O

O

NH
O

17.3 25.9 �8.6

5.

CH3

O

NH
O

O

NH
O

10.6 9.9 0.7
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6.

CH3

O

NH
O

O

NH
O

8.7 11.4 �2.7

7.

CH3

O

NH
O

O

NH
O

43.5 34.0 9.5

8.
O

NH
O

O

O

NH

O 50.2 42.8 7.4

9.
O

NH
O

O

O

NH

O 25.8 21.7 4.1

10.
O

NH
O

O

NH
O

O 39.7 43.3 �3.6
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Table 25.9 Continued

Compounds R

Observed% inhibition of

edema at 3 h

Predicted% inhibition of

edema at 3 h Error

11.

O

NH
O

O

NH
O

O

51.4 51.6 �0.2

12.

O

NH

O

O

NH

O
N

Cl

O

O

58.2 44.0 14.2

13.

O

NH

O

O

NH

O
N

Cl

O

O

21.0 16.5 4.5
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14.

O

NH

O

O

NH

O
N

Cl

O

O

71.3 65.2 6.1

15.

O

NH

O

O

NH

O
N

Cl

O

O

48.5 60.9 �12.4

a Activity was undertaken as percentage inhibition of edema for the tested compound sat 3 h effect.
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CONHNH2

+

CHO

R

C2H5OH

N

NH

N

O

R

Chloramine T

N

N O

N
R

Scheme 25.10 Synthesis of 2-aryl-5-(4-pyridyl)-1,3,4-oxadiazole derivatives.

Table 25.10 Antiinflammatory activity by carrageenan-induced rat paw edema method.

Treatment R

Dose

(per kg)

Mean difference

in paw

thickness 5 SEM

Percentage

inhibition

of edema

Control – 20 mg/kg 2.23 � 0.09 –
Indomethacin – 20 mg/kg 0.72 � 0.08 67.71

1.

OCH3

500 mg/kg 0.70 � 0.03 68.60

2.

OH

500 mg/kg 0.69 � 0.04 69.05

3. NO2 500 mg/kg 0.96 � 0.03 56.95

4.

Cl

500 mg/kg 0.89 � 0.02 60.08

5. OCH3

OH

OCH3

500 mg/kg 0.86 � 0.04 61.43

CH3 SO2

NH NH

NH2

S

+

R1

X R2

O N

SCH3
SO2

NH NH

R1

R2

Scheme 25.11 Synthesis of p-toluenesulfonylthiosemicarbazide with some

α-halogenocarbonyl derivatives.
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An efficient and environmentally benign protocol was designed by Subramanyam

et al. for the synthesis of pyrazole derivatives by the reaction of chalcones with phenyl

hydrazine hydrochloride under solvent-free conditions at room temperature using

microwave radiation at 490 W (Scheme 25.12). In vitro antiinflammatory activities

of the tested compounds were evaluated with albumin denaturation method and mem-

brane test methods. Phenyl butazone, flufenamic acid, and salicylic acid are used as

standard reference drugs for the study. The tested compounds showed moderate to

good antiinflammatory activity. Especially, the compounds bearing with

4-nitrophenyl moiety, 4-fluorophenyl moiety, and pyridinyl group showed potent

antiinflammatory activity compared with other derivatives. It was observed that the

position of the substituent on terminal benzene ring of pyrazole moiety has profound

effect on the activity. The para position on the terminal benzene ring is the favorable

site for the higher potency. Evidently, the compound with NO2 and F at para position,

exhibiting highest inhibitory activity in the two methods. The presence of pyridine as

substituent also exhibits high inhibitory activity in the two methods when compared

with standard drugs. The remaining compounds were found to have moderate to good

activity (Tables 25.12 and 25.13) [65].

Table 25.11 Inhibition of inflammatory edema induced by in rats with 10% kaolin.

Compounds R1 R2

Dose

(mg/kg)

% Inhibition of edema after

2 h 4 h 24 h

Phenylbutazone – – 50 44.66 39.68 23.07

1. – – 50 23.33 30.15 5.49

2. CH3 H 50 45.73 43.18 32.31

3. CH2Cl H 50 50.00 53.96 �40.65

4. C6H5 H 50 44.18 41.66 9.14

5. CH3 COCH3 50 30.00 4.76 �20.17

6. CH3 COOC2H5 50 8.33 15.87 12.08

7. CH2COOC2H5 H 50 46.51 40.90 6.09

8. CH3 H 50 16.66 15.87 8.79

9. CH2Cl H 50 53.48 50.00 7.92

10. C6H5 H 50 51.93 51.51 12.80

11. CH3 COCH3 50 35.00 22.22 �9.89

12. CH3 COOC2H5 50 60.46 62.12 13.41

13. CH2COOC2H5 H 50 47.28 57.57 9.14

OH

NH
O

CH3

+
H R1

O

NaOH/C2H5OH

OH

NH
O

R1

C6H5NHNH2HCl 

N

N
R1

NH

OH

Scheme 25.12 Synthesis of pyrazole derivatives.
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Table 25.12 In vitro antiinflammatory activity of the title compounds by inhibition of albumin

denaturation method.

Compounds R1

Dose

(mg/mL)

Mean

OD SD

%

Inhibition

NC – RO water 2.385 0.043 –
PC1 – 100 0.954a 0.010 60.432

PC2 – 200 0.504a 0.005 79.363

SC – 0.2 1.045a 0.022 57.676

1.

H3CO

0.2 1.521a 0.009 39.235

2. 0.2 1.236a 0.005 43.242

3. 0.2 1.151a 0.006 54.474

4.

O2N

0.2 0.624a 0.025 75.328

5.

Cl

0.2 1.014a 0.008 62.743

6.

F

0.2 0.737a 0.010 74.137

7. Cl

Cl

0.2 1.114a 0.009 56.948

8.

NO2

0.2 1.197a 0.019 53.754

9.

F3C

0.2 0.823a 0.007 68.203

10.

N

0.2 0.687a 0.015 74.272

NC ¼ phenyl butazone; PC ¼ flufenamic acid.
a P < .05.
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A series of pyrazolo[3,4-b]quinolines have been synthesized using one-pot water-

mediated synthetic route under microwave irradiation involving the condensation of

2-chloroquinoline-3-carbaldehydes with semicarbazide or 2,4-dinitrophenyl hydra-

zine at 1000 W for 2–5 min (Scheme 25.13). The synthesized compounds were eval-

uated for their antiinflammatory activity using carrageenan-induced paw edema

Table 25.13 In vitro antiinflammatory activity of the title compounds by membrane

stabilization test method.

Compounds R1

Dose

(mg/mL)

Mean

OD SD

%

Inhibition

NC – RO water 2.430 0.133 –
PC1 – 100 0.912a 0.025 62.713

PC2 – 200 0.373a 0.042 85.253

SC – 0.2 0.962a 0.076 61.921

1.

H3CO

0.2 1.395a 0.008 41.045

2. 0.2 1.203a 0.011 45.933

3. 0.2 1.333a 0.324 42.152

4.

O2N

0.2 0.730a 0.015 76.625

5.

Cl

0.2 0.706a 0.016 70.964

6.

F

0.2 0.656a 0.026 79.720

7. Cl

Cl

0.2 1.153a 0.010 52.898

8.

NO2

0.2 1.295a 0.007 47.701

9.

F3C

0.2 0.814a 0.026 66.545

10.

N

0.2 1.687a 0.040 77.042

NC ¼ phenyl butazone; PC ¼ salicylic acid.
a P < .05.
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method. Ibuprofen was used as a standard. The pharmacological evaluation showed

that the compounds are good at inhibiting edema induced by carrageenan. Some of

the tested compounds showed statistically significant antiinflammatory activity. Fur-

thermore, the activity is higher in case of substitution with negative hydrophobic and

electronic constants (methoxy substitution) as compared with that of the substitutions

with both positive and negative hydrophobic and electronic constants; as was seen

with the methyl and chloro substitution. However, the activity was found to decline

in compounds with no substitution (Table 25.14) [66].

CH3

O

R

Substituted acetophenone

(i)
CH3

NOH

R

(ii)

N

CHO

Cl

R

N

R

N

N

NH2
O

(iii)

N

N

N

NO2

NO2

R

(iv)

Scheme 25.13 Synthesis of pyrazolo[3,4-b]quinolines.

Table 25.14 Antiinflammatory activity of the synthesized compounds.

Compound R

% Inhibition � SEMa

After 2 h After 3 h

Control – – –
Ibuprofen – 69.52 � 1.26 78.04 � 0.71

1. H 33.09 � 1.13∗∗∗ 50.00 � 1.13∗∗∗

2. Cl 46.42 � 2.01∗∗∗ 61.38 � 1.62∗∗∗

3. OCH3 54.52 � 1.45∗∗∗ 67.07 � 0.71∗∗∗

4. CH3 28.57 � 1.22∗∗∗ 44.51 � 2.11∗∗∗

5. H 35.00 � 1.32∗∗∗ 49.59 � 1.12∗∗∗

6. Cl 38.09 � 2.23∗∗∗ 56.50 � 1.39∗∗∗

7. OCH3 45.71 � 1.52∗∗∗ 63.41 � 1.41∗∗∗

8. CH3 24.52 � 2.00∗∗∗ 42.27 � 1.43∗∗∗

a Relative to their respective control and data were analyzed by one-way ANOVA followed by Tukey test for n ¼ 6.
∗∗∗P < .001.
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Parameshwar et al. have prepared a novel series of 1-(4-chlorophenyl)-

3-(4-substituted phenyl)-5-(5-(4-nitrophenyl)furan-2-yl)-4,5-dihydro-1H-pyrazole

derivatives and 3-(4-substitutedphenyl)-5-((5-(4-nitrophenyl)furan-2-yl)-4,5-

dihydropyrazol-1-yl)(pyridin-4-yl)methanone derivatives by microwave irradiation

method for time period of 5–8 min at a power level of 600 W in the presence of piper-

idine catalyst (Scheme 25.14). The compounds were screened for their in vivo

antiinflammatory activity using the carrageenan-induced paw edema method by tak-

ing ibuprofen as the standard. The results of the antiinflammatory activity showed that

the presence of pyridinoyl moiety on nitrogen of pyrazoline enhances the activity

(Table 25.15) [67].

Vyankatesh et al. carried out the synthesis of 2-amino-4,5-diphenyl-1-substituted-

1H-pyrrole-3-carbonitrile derivatives by direct reaction of a heterocyclic compound

with substituted anilines using microwave irradiation (Scheme 25.15). In vitro

antiinflammatory activity of synthesized compounds was analyzed by using spectro-

scopic quantification by protein denaturation method. The synthesized pyrrole deriv-

atives show promising in vitro antiinflammatory activity by taking diclofenac sodium

as reference drug. The percentage inhibition of protein denaturation was calculated.

NH2

O2N

1. NaNO2⋅HCl

2. Furfuraldehyde, CuCl

O2N

O

OHC

R COCH3

Aq. NaOH, ethanol

O

O2N O

R
CONHNH2

NHNH2HCl

Cl

Ethanol/piperidine Acetic acid/

piperidine

N

N
O

O

R

O2N

Cl
N

N

N
O

O

R
O2N

Scheme 25.14 Synthesis of 3-(4-substituted phenyl)-5-((5-(4-nitrophenyl)furan-2-yl)-4,5-

dihydropyrazol-1-yl)(pyridin-4-yl)methanone derivatives.
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This antidenaturation effect was further supported by the change in viscosities. It has

been reported that theviscosities of protein solutions increase ondenaturation.Theabil-

ity of pyrrole derivatives to bring down thermal denaturation of protein is possibly a

contributing factor for its antiinflammatory activity (Table 25.16) [68].

OH

O

+

NH2

R

Ethanol

NH

O

R Malononitrile, pyridine

N
NH2

CH3

R

Scheme 25.15 Synthesis of 2-amino-4,5-diphenyl-1-substituted-1H-pyrrole-3 carbonitrile

derivatives.

Table 25.15 Antiinflammatory activity of ibuprofen and synthesized compounds.

Compd. R 0.5 h 1 h 2 h 3 h

% Inhibition

after 3 h

Control – 2.62 � 0.02 3.81 � 0.05 4.24 � 0.06 4.68 � 0.03 –
Ibuprofen – 1.68 � 0.03∗ 1.16 � 0.02∗ 0.96 � 0.02∗ 0.55 � 0.04∗ 88.26

1. H 1.95 � 0.01∗ 2.15 � 0.04∗ 1.97 � 0.02∗ 1.68 � 0.05∗ 64.05

2. Cl 1.81 � 0.03∗ 1.72 � 0.06∗ 1.35 � 0.03∗ 1.07 � 0.03∗ 77.03

3. CH3 1.84 � 0.02∗ 1.84 � 0.05∗ 1.76 � 0.04∗ 1.52 � 0.03∗ 67.47

4. OH 1.91 � 0.06∗ 2.11 � 0.04∗ 1.55 � 0.03∗ 1.49 � 0.04∗ 68.14

5. OCH3 1.80 � 0.02∗ 1.69 � 0.06∗ 1.48 � 0.04∗ 1.19 � 0.03∗ 74.58

6. H 1.86 � 0.02∗ 1.77 � 0.07∗ 1.67 � 0.03∗ 1.58 � 0.05∗ 66.15

7. Cl 1.80 � 0.01∗ 1.72 � 0.03∗ 1.28 � 0.02∗ 0.92 � 0.04∗ 80.19

8. CH3 1.85 � 0.01∗ 1.75 � 0.05∗ 1.68 � 0.04∗ 1.39 � 0.03∗ 70.31

9. OH 1.76 � 0.02∗ 1.68 � 0.03∗ 1.48 � 0.02∗ 1.22 � 0.04∗ 73.83

10. OCH3 1.82 � 0.01∗ 1.64 � 0.02∗ 1.39 � 0.02∗ 0.95 � 0.02∗ 79.73

Each value represents mean � SE of six animals.
∗ P < .05 as compared with control; using one-way ANOVA was done by Dunnett’s t-test. Ibuprofen and test
compounds were taken at a dose of 100 mg/kg body weight.

Table 25.16 The antiinflammatory activities of synthesized compounds.

Compounds R

%of inhibition of protein denaturation

50 μg/mL 100 μg/mL

Diclofenac sodium – 76.7 82.01

1. p-Nitroacetanilide 70.12 70.25

2. N,N-Dimethyl-aniline 50.79 52.95

3. o-Anisidine 60.29 61.36

4. Aniline 53.06 58
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Venakata et al. synthesized some imidazolo quinazoline-4-one analogs by micro-

wave irradiation method and are screened for antiinflammatory action by

carrageenan-induced paw edema method (Scheme 25.16). Carrageenan-induced rat

hind paw edema, the percentage inhibition and reduction in paw volume were signif-

icant as compared with indomethacin (Table 25.17) [69].

Rakesh et al. have designed an efficient and rapid synthesis of (E)-1,
5-dimethyl-4-((2-((substituted-2-oxo-2H-chromen-4-yl)methoxy)naphthalen-1-yl)

methyleneamino)-2-phenyl-1,2-dihydropyrazol-3-one derivatives containing

Schiff bases under microwave irradiation under 200 W power at 35°C for

8–12 min (Scheme 25.17). The synthesized compounds were subjected to anti-

inflammatory effect against denaturation of hen’s egg albumin method at the con-

centration with standard aceclofenac drug. The results suggested that an electron

releasing group (dOCH3) and hydrogen bonding group (dOH) increases the

antiinflammatory potency (Table 25.18) [70].

COCl

+ NH2CH2COOH 

CONHCH2COOH

CHO

R1

AC2O/CH3COONa
NO

O

C6H5

R1

AcOH

NN

O

C6H5

NH2

R1

O

N

O

CH3

X

X

AcOH

N

N

O

CH3

X

X NN

O

C6H5

R1

Scheme 25.16 Synthesis of Imidazolo quinazoline-4-one derivatives analogs.

Table 25.17 Percent protection antiinflammatory activity of quinazoline-4(3H)-one analogs.

Compounds X

% Protectiona

30 min 1 h 2 h 3 h

1. H 36 � 1.789 41 � 1.414 44 � 1.871* 34 � 1.414

2. Br 37 � 2.098 49 � 1.414 50 � 1.789* 30 � 2.366

∗Significant levels P < .01 as compared with the respective control.
aEach value represents the means � SD (n ¼ 6).
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CH3

OH

O

Br

O
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O
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CH3

CH3
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K2CO3, Acetone

Scheme 25.17 Synthesis of (E)-1,5-dimethyl-4-((2-((substituted-2-oxo-2H-chromen-4-yl)

methoxy) naphthalen-1-yl)methyleneamino)-2-phenyl-1,2-dihydropyrazol-3-one derivatives

containing Schiff base.

Table 25.18 In vitro antiinflammatory activity in protein denaturation method of compounds.

Test

compounds R

Percentage of inhibition of

egg albumin in 31.25 μg/mL

Control – –
1. 5,7-diCH3 7.69 � 0.03

2. 6-ter-butyl 40.59 � 0.01

3. 6-OCH3 53.65 � 0.03

4. 6-CH3 19.33 � 0.04

5. 6-Cl 39.09 � 0.03

6. 7-OH 67.27 � 0.05

7. 7-CH3 24.87 � 0.01

8. 5,6-benzo 3.78 � 0.05

9. 7,8-benzo 14.44 � 0.02

Aceclofenac – 5.50 � 0.01

Values are mean � SD, n ¼ 3.
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A series of 3, 5-disubstituted-4, 5-dihydro-1H-pyrazoles have been synthesized by

Musarat et al. under solvent-free microwave irradiation method by the condensation

of α, β-unsaturated ketones with hydrazine and its differently substituted derivatives

(Scheme 25.18). All the synthetics were evaluated for their antiinflammatory activity

under in vivo conditions using carrageenan-induced rat paw edema method. The

results suggested that the tested compounds have antiinflammatory activity

(Table 25.19) [71].

OH

OCH3

R O

RNHNH2

N

N
OCH3

OH
CH3

R

Scheme 25.18 Synthesis of 3, 5-disubstituted-4, 5-dihydro-1H-pyrazoles.

Table 25.19 Effect of compound 1–12 (5 mg/kg/body weight) and ibuprofen (100 mg/kg/

body weight) on the oedema in the acute model of inflammation induced by carrageenan.

Groups R R1

Concentration

(mg/kg)

Mean � S.

E.

Activity

(%)

Control – – – 1.58 � 0.10 –
1. H3CO OH H 5 1.00 � 0.09 36.70%#

2. H3CO OH CH3 5 0.95 � 0.12 39.87%#∗∗

3. H3CO OH Ph 5 1.09 � 0.11 31.01%#∗

4. OH

H3CO

H 5 1.19 � 0.16 24.68%#

5. OH

H
3
CO

CH3 5 1.32 � 0.10 16.45%#

Continued
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Efficient approach for the synthesis of a series of triazolothiadiazole analogs of

ibuprofen has been carried out by Sujith et al. using microwave energy (Scheme

25.19). Antiinflammatory activity was determined by carrageenan-induced paw

edema method in Wistar albino rats using plethysmography. Diclofenac at an oral

dose of 20 mg/kg served as the standard drug. The antiinflammatory activity data

showed that the compound having furyl group at position 6 of triazolothiadiazole

possesses highest activity. Similarly, other compounds possessing methyl,

4-bromophenyl, and 2-chlorophenyl showed an excellent antiinflammatory activity

(Table 25.20) [72].

Table 25.19 Continued

Groups R R1

Concentration

(mg/kg)

Mean � S.

E.

Activity

(%)

6. OH

H3CO

Ph 5 1.27 � 0.19 19.62%#

7. OH

H3C

H 5 1.20 � 0.09 24.05%#

8. OH

H3C

CH3 5 1.31 � 0.12 17.08%#

9. OH

CH3

Ph 5 1.25 � 0.13 20.88%#

10. OH

H3CO

H 5 1.12 � 0.11 29.11%#∗

11. OH

H3CO

CH3 5 1.05 � 0.09 33.54%#∗

12. OH

H3CO

Ph 5 0.92 � 0.15 41.77%#∗∗

Ibuprofen – – 100 0.78 � 0.14 50.63%#∗∗

Values represented the mean � S.E.M, which were analyzed by Student’s t-test, n ¼ 6.
∗ P < .01.
∗∗ P < .001.
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Ashwani et al. prepared a series of 5-substituted imidazolones by the con-

densation of different 5-substituted oxazolones and substituted aromatic amines

in anhydrous pyridine under solvent-free conditions in a microwave reactor

(Scheme 25.20). The in vivo antiinflammatory activity of the synthesized com-

pounds was determined using the carrageenin-induced paw edema method in rats.

The antiinflammatory activity of the test compounds was compared with a standard

drug indomethacin. Compounds containing chlorophenyl and p-methoxybenzene

group demonstrated remarkable reduction in inflammation, after 4 h of carrageenan

administration (Table 25.21) [73].

H3C

CH3

CH3

COOH

+ H2NNHCSNHNH2

NN

N

H3C CH3

CH3 NH2

SH

RCOOH NN

N

H3C CH3

CH3

S

N

R

Scheme 25.19 Synthesis of triazolothiadiazole analogs of ibuprofen.

Table 25.20 Antiinflammatory activity of ibuprofen derivatives against carrageenan-induced

rat paw edema model in rats.

Compounds R

Change in paw volume in milliliter � SEMa (% inhibition)

0.5 h 1 h 1.5 h 2 h 2.5 h 3 h

Diclofenac – 0.2 � 2.38

(82)∗
0.5 � 1.01

(65)∗
0.6 � 2.56

(80)∗∗
0.8 � 4.18

(76)

1 � 3.9

(73)∗
1 � 0.89

(75)∗∗

Ibuprofen – 0.88 � 4.31

(20)

1.15 � 2.67

(18)∗∗
2.17 � 2.69

(25)∗
2.11 � 3.74

(36)∗
2.19 � 4.25

(39)

2.26 � 2.35

(42)∗

1. CH3 0.4 � 1.13

(64)

0.8 � 3.02

(43)∗
1.1 � 1.67

(62)∗
1.4 � 2.08

(58)

1.6 � 3.27

(56)

1.5 � 4.08

(62)∗

2. C2H5 1.05 � 3.22

(5)

1.1 � 1.14

(22)

1.5 � 2.14

(49)∗∗
1.8 � 4.41

(45)

2 � 1.71

(44)

1.75 � 2.19

(55)∗

3. C3H7 1 � 3.64

(10)

1.2 � 1.79

(15)∗
2.2 � 1.74

(24)

2.4 � 1.15

(28)

2.5 � 4.99

(31)∗
2.6 � 4.19

(34)∗∗

4. 4-Br-C6H5 0.8 � 2.14

(28)

0.6 � 1.64

(58)∗∗
0.9 � 3.37

(69)

1.2 � 0.97

(64)∗
1.15 � 2.31

(68)∗
1.3 � 1.72

(67)∗

5. 2-Cl-C6H4 0.4 � 0.87

(64)

0.8 � 1.48

(43)∗
1.25 � 3.05

(57)

1.35 � 1.54

(59)∗∗
1.5 � 4.11

(58)∗∗
1.6 � 3.13

(59)∗

6. 2-Cl-4-NO2C6H3 2.0 � 0.94

(�)

1.35 � 1.71

(4)

1.2 � 2.84

(59)∗
1.1 � 2.64

(67)

1.2 � 5.14

(67)∗∗
1.2 � 4.28

(69)

7.

O

0.7 � 3.16

(36)∗
1.15 � 3.26

(18)∗
1.3 � 1.44

(55)

1.35 � 0.85

(59)∗
1.4 � 2.07

(61)

1.4 � 1.56

(64)∗∗

a Results are expressed as their mean values (n ¼ 6).
b P < .05.
c P < .01; significant from the control.
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Table 25.21 Antiinflammatory potential of compounds on carrageenan-induced rat paw

edema.

Tested

substances R R1

Change in paw

edema (mL) �
SEMa,b

%

Protection

Control – – 0.94 � 0.021 0.0

Indomethacin – – 0.24 � 0.021

74.5

74.5

1. 3-Cl,4-F-phenyl 3-NO2-phenyl 0.69 � 0.028

26.6

26.6

2. 3-NO2-phenyl 3-NO2-phenyl 0.72 � 0.023

23.4

23.4

3. Napthyl 3-NO2-phenyl 0.68 � 0.029

27.6

27.6

4. Pyridyl 2-Cl-phenyl 0.20 � 0.019

78.7

78.7

5. 3-Cl,4-F-phenyl 2-Cl-Phenyl 0.27 � 0.026

71.3

71.3

6. Pyridyl 4-F-Phenyl 0.32 � 0.024

65.9

65.9

7. Cl,4-F-phenyl 4-F-Phenyl 0.36 � 0.026

61.7

61.7

8. 2,5-

Dimethylbenzene

4-F-Phenyl 0.27 � 0.024

71.3

71.3

9. Pyridyl 4-OH-phenyl 0.31 � 0.027

67.0

67.0

10. 3-Cl,4-F-phenyl 4-OH-phenyl 0.26 � 0.027

72.3

72.3

11. Pyridyl p-Methoxybenzene 0.19 � 0.026

7

79.8

12. 3-Cl,4-F-phenyl p-Methoxybenzene 0.42 � 0.017

55.3

55.3

a SEM denotes the standard error of the mean.
b All data are significantly different from control (P < .001).

N

O

C6H5

O

R + NH2 R1

Pyridine

N

N

C6H5

O

R R1

Scheme 25.20 Synthesis of 5-substituted imidazolones.
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Frank et al. synthesized 5-substituted-2-(2-methyl-4-nitroimidazomethyl)-1, 3,

4-oxadiazoles containing the nitroimidazole moiety by microwave-assisted method

(Scheme 25.21) and their antiinflammatory activity was reported [74].

Yashoda et al. synthesized a series of 1-substituted-2, 4, 5-triphenyl imidazoles by

the reaction of equimolar mixture of 2, 4, 5 triphenyl imidazole with chloro compound

in the presence of anhydrous potassium carbonate (Scheme 25.22). Antiinflammatory

activity was screened by carrageenan-induced rat paw edema method. Some of the

tested compounds showed highly significant activity [75].

Anjna et al. reported a synthesis of 2-amino dihydropyrimidinone derivatives by

three-component condensation of aldehydes, ethyl cyanoacetate, and guanidine

nitrate in the presence of—two to three drops of piperidine under microwave irradi-

ation (Scheme 25.23). The synthesized compounds were screened for their

antiinflammatory activity using carrageenan-induced rat paw edema method. Most

of the compounds were reported to have significant antiinflammatory activity. They

observed that by increasing microwave power up to 600 W, there was an increase in

the yield and shortened reaction time, but beyond 600 W there was no significant

change in reaction time and yield [76].

N

NO2N CH3

CH2CONHNH2

+ RCOOH
POCl3

O

N N

N

N
O2N

CH3

R

Scheme 25.21 Synthesis of 5-substituted-2-(2-methyl-4-nitroimidazomethyl)-1, 3,

4-oxadiazoles containing the nitroimidazole moiety.

N

N

R

Scheme 25.22 Synthesis of 1-substituted-2, 4, 5-triphenyl imidazoles.
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Chikhale et al. have presented the one-pot synthesis of a series of ethyl

6-methyl-2-methoxy-3-(substituted 1-phenylethanone)-4-(substituted phenyl)-1,2,3,

4-tetrahydropyrimidine-5-carboxylates via Biginelli-type condensation of aromatic

aldehydes with urea (or thiourea) using as a catalyst (Scheme 25.24). Antiinflam-

matory activity was carried out by carrageenan-induced rat paw edema method [77].

Naeem et al. have prepared 4-thiazolidinone derivatives by using

1,3-dipyridin-2-ylthiourea, chloroacetic acid, substituted benzaldehyde, and ionic liq-

uids in water and irradiated under microwave irradiation (Scheme 25.25). The com-

pound was synthesized and evaluated for antiinflammatory activity [78].

N NH

NH

N

S

+
O

Cl

OH

+

CHO

R

R1

ILS (-H2O)

MW

N

S

N

N

N

R1

R O

Scheme 25.25 Synthesis of 4-thiazolidinone derivatives.

CNCH2COOC2H5 +

CHO

R

+
NH2 NH2

NHNO3
N
H

N

NH

NH2 O

CN

R

Scheme 25.23 Synthesis of 2-amino dihydropyrimidinone derivatives.

NH2

NH

R1

+ NCCH2CN +

CHO

R2

CH3COONa

C2H5OH

N

N
CN

NH2R1

R2

Scheme 25.24 Synthesis of 3-(substituted 1-phenylethanone)-4-(substituted phenyl)-1, 2,

3,4-tetrahydropyrimidine-5-carboxylates.
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Tripathy et al. have demonstrated one-pot synthesis of 1,2,4,5-tetra-substituted

imidazoles by single-step four-component condensation reaction, wherein the cycli-

zation occurs to form imidazole ring. The target molecule was obtained from benzil,

ammonium acetate, aldehydes, and amine were triturated with silica under microwave

irradiation (Scheme 25.26). The synthesized compound was screened for

antiinflammatory activity by rat paw edema method [79].

O

O

+ NH4OAc + R2NH2 +

OH

O H

Silica, 6 min
N N

OH

R2

O

O

+ NH4OAc + R2NH2 +

F

O H

Silica, 6 min
N N

F

R2

O

O

+ NH4OAc + R2NH2 +

OH

O H

OCH3

Silica, 6 min
N N

OH

R2

OCH3

Scheme 25.26 Synthesis of 1,2,4,5-tetra-substituted imidazoles.
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Tripathy et al. have synthesized trisubstituted imidazoles using synthetic micro-

wave oven, which showed significant reduction in reaction time, increased yield,

and synthesis of library of compounds in a very short time (Scheme 25.27). The syn-

thesized compounds were screened for antiinflammatory activity by rat paw edema

method and they showed good activity [80].

Condensed thieno-pyrimidines have shown some interesting biological activity as

nonsteroidal antiinflammatory agents, and the drug design possibilities in this field

led Prasad and Kishore to prepare an efficient microwave-assisted route for pyrimido

[1,2-c]thieno[3,2-e]pyrimidine derivatives as antiinflammatory agents (Scheme 25.28).

All reactions were performed under continuous internal temperature control [81].

O

O

+ NH4OAc + R1NH2 + CHO
80% formic acid

N

N
R1

Scheme 25.27 Synthesis of trisubstituted imidazoles.
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Scheme 25.28 Synthesis of condensed thienopyrimidine derivatives.
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A solvent-free microwave-assisted method promoting cyclization of polycyclic

benzimidazole derivatives was published by Sondhi et al. with the aim of identification

of their antiinflammatory activity. The cyclization reactions were carried out by irradi-

ating a mixture, previouslymixed in amortar, in aMWoven (4–8 min, 850 W). Various

diamines were mixed with succinic acid to obtain tricyclic benzimidazole derivatives

and with either 4-carboxyphenyl acetic acid or 2,3-pyrazinedicarboxylic acid to obtain

tetracyclic derivatives (Scheme 25.29) [82].

Burke et al. have reported the preparation of an imidazoquinoxaline-based

inhibitor of IkB kinase 2 (IKK2) as an orally active therapeutic agent for the treat-

ment of inflammatory diseases. Despite promising in vitro efficacy studies in both

acute and chronic preclinical inflammation models, the compound has relatively

weak potency in vivo. Thiophene and pyrazolopurine chemotypes revealed them-

selves to be potent and selective inhibitors of IKK2, but their preparation was

tedious, and pharmacokinetic profiles and chemotype diversification were quite

poor. Kempson et al. aimed to improve the low metabolic stability of the

pyrazolopurine and thiophene tricycles and developed a new synthetic route to

block their metabolism sites. To test this hypothesis, a series of oxazole and imid-

azole tricycles were prepared under MW irradiation in the cyclization step

(Scheme 25.30) [83].
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Scheme 25.29 Synthesis of polycyclic benzimidazole derivatives.
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Musarat et al. have prepared a series of 3,5-disubstituted-4,5-dihydro-1H-

pyrazoles under solvent-free microwave irradiation method by the condensation of

α, β-unsaturated ketones with hydrazine and its differently substituted derivatives

(Scheme 25.31). All the synthetics were evaluated for their antiinflammatory activity

under in vivo conditions using male Wistar rats. Their study describes the potential

of these pyrazole ring containing scaffolds to assess the TNF-α and IL-1β inhibitory

potential. TNF-α and IL-1β are inflammatory cytokines that are pro-inflammatory in

nature and play a major role in inflammatory cascades of many pathologically dread-

ful diseases ranging from neurodegenerative disorders to autoimmune diseases such

as rheumatoid arthritis. Their results revealed that the compounds have moderate to

considerable activity when compared with the standard ibuprofen. The synthesized

compounds showed antiinflammatory activity in the range of 20%–49%, whereas

standard drug showed 50% inhibition in paw edema [71].
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Scheme 25.30 Synthesis of imidazoquinoxaline-based inhibitor of IkB kinase 2.
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Scheme 25.31 Synthesis of 3,5-disubstituted-4,5-dihydro-1H-pyrazoles.
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Anjna et al. reported a synthesis of 2-amino-dihydro-pyrimidinone derivatives by

three-component condensation reaction between aldehydes, ethyl cyanoacetate, and

guanidine nitrate in the presence of piperidine under microwave irradiation

(Scheme 25.32). The synthesized compounds were screened for their

antiinflammatory activity using carrageenan-induced rat paw edema method. Most

of the compounds were exhibited significant antiinflammatory activity. The synthe-

sized compounds were produced in an excellent yield within short period of time.

They observed that by increasing microwave power up to 600 W, there was an

increase in the yield and shortened reaction time, but beyond 600 W there was no sig-

nificant change in reaction time and yield [84].

Hassan et al. reported the synthesis of 3-(4,6-disubtituted-2-thioxo-1,2,3,4-tet-

rahydropyrimidin-5-yl) propanoic acid derivatives. The compounds were synthesized

by using Biginelli reaction, a condensation of thiourea, 5-(4-isobutylphenyl)-5-

oxopentanoic acid and substituted aldehydes. Aryl acetic acid or propanoic acid deriv-

atives have found to have major contribution in nonsteroidal antiinflammatory agents

(Scheme 25.33). Acid side chain was frequently used to have more potent

antiinflammatory agent. The synthesized compounds were obtained in good yield.

All the newly synthesized compounds demonstrated antiinflammatory activity com-

parable to that of ibuprofen at the same dose [85].

Muhammad Naeem et al. prepared 4-thiazolidinone derivatives by using

1,3-dipyridin-2-ylthiourea, chloroacetic acid, substituted benzaldehyde, and ionic liq-

uids in water and irradiated under microwave irradiation (Scheme 25.34). The com-

pound was synthesized and evaluated for antiinflammatory activity [86].
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Scheme 25.32 Synthesis of 2-aminodihydropyrimidinone derivatives.
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26.1 Background on dipole moment

Dipole is basically a system comprising two poles opposite in nature. Dipoles are char-

acterized by their dipole moment (μ), a measure of the system’s overall polarity, and a

vector quantity. Two kinds of dipole moment are known in electromagnetism: electric

dipole moment, which is the measure of the electrical polarity of a system of charges,

and magnetic dipole moment, which is the measure of the magnetic polarity of a sys-

tem of charges.

An electric dipole moment is established when a positive (q+) and a negative (q�)

electrical charge with equal magnitude is separated by a distance (d). Dipole moment

is equal to the distance between the charges multiplied by the magnitude of the charge.

μ¼ qd

The SI unit for electric dipole moment is coulomb-meter (C m), however, the most con-

venient unit is Debye (D), 1 Debye is equal to 3.34 � 10�30 C m. The unit is named

Debye in honor of physical chemist Peter J. W. Debye, who has first studied molecular

dipoles extensively. The direction of electric dipole moment always, independent of the

sides, points from the negative charge toward the positive charge. Electric dipole

moment can be in different forms. The electric dipole moment associated with the tran-

sition between the two states is known as transition dipole moment, the electrical dipole

moment in quantummechanics.Molecular dipolemoment is the electric dipolemoment

of a molecule due to nonuniform distributions of positive and negative charges on var-

ious atoms. Themeasure of the polarity of a chemical bondwithin amolecule is noted as

bond dipolemoment. Electron electric dipolemoment is an intrinsic property of an elec-

tron, that is, the measure of the charge distribution within an electron.
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Magnetic dipole moment is the measure of the magnetic polarity of a system of char-

ges. It can be in two forms: electron magnetic moment and nuclear magnetic moment.

In this study, we have mainly described about molecular dipole moment, the dipole

moment associated with a molecule that arise from the differences in electronegativity

of atoms, that is, the measure of the polarity of the molecule. Three types of dipoles are

observed in molecules: permanent dipoles, instantaneous dipoles, and induced dipoles.

Amolecule with a permanent dipolemoment is called a polar molecule. Dipolemoment

values of the some of the common molecules are presented in Table 26.1.

Potassium bromide (KBr) is an ionic compound and has one of the highest dipole

moments. The overall dipole moment of a molecule can be estimated from the vector

sum of bond dipole moments. Thus, it depends on the relative orientation of the bonds

and based on the dipole moment information the geometry of the molecule is described.

Fig. 26.1 shows the molecular geometry of carbon dioxide (CO2), water (H2O), and iso-

mers of 1,2-dichloroethenemolecules. CO2 has zero dipole which implies that two C]
O bond dipole moments cancel each other out and therefore the molecule is linear. For

H2O theOdH bondmoments do not cancel each other out and therefore the molecule is

bent. The isomers of same molecule show different dipole moment, for example, dipole

moment of cis and trans isomers of 1,2-dichloroethene is different. In cis isomer, the

two polar CdCl bonds are on the same side of the C]C double bond and the dipole

moment is 1.90 D. In trans isomer, the two CdCl bonds are on opposite sides of the

C]C and cancel each other out and the dipole moment is zero.

The dipole moment values of numerous compounds and their implications on bio-

logical activity are discussed here based on the available data.

Table 26.1 Dipole moment values of selected molecules.

Molecule Dipole moment Molecule Dipole moment

CO2 0 HF 1.82 D

CO 0.112 D HCl 1.08 D

H2O 1.85 D C6H6 0

NaCl 9 D CH3Cl 1.87 D

NH3 1.47 D HCN 2.98 D

CH2N2 4.27 D KBr 10.41 D

(A) (B) (C) (D)

Fig. 26.1 Molecular geometry of (A) CO2, (B) H2O, (C) cis isomers of 1,2-dichloroethene, and

(D) trans isomers of 1,2-dichloroethene.
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26.1.1 2-Pyrrolidone

2-Pyrrolidone is a compound consisting of a five-membered lactam. A lactam is a

cyclic amide, which can be found in different forms: α-lactam (three-atom rings),

β-lactam (four-atom rings), γ-lactam (five-atom rings), δ-lactam (six-atom rings),

and ε-lactam (seven-atom rings). Lactam plays an important role in drug discovery.

Many pharmaceutical drugs including povidone, cotinine, ethosuximide, piracetam,

and doxapram are 2-pyrrolidone derivatives. Fig. 26.2 shows the molecular structure

of 2-pyrrolidone. Several studies have been performed to calculate the dipole moment

of the five-membered lactams, that is, 2-pyrrolidone [1].

Kumler et al. have observed dipole moment in the range 3.7–3.9 D for simple

amides in dioxane at 30 degrees [2]. In dioxane, the dipole moment value calculated

for 2-pyrrolidone at 30 degrees was 3.79 D. Fischer reported dipole moment value of

3.7 D for 2-pyrrolidone in benzene [3]. Huisgen et al. calculated a lower value of

3.55 D for 2-pyrrolidone in benzene at 25 degrees [4]. Prior to that, Devoto has

observed a much lower value of 2.3 D for pyrrolidone in benzene [5]. A reduction

in dipole moment was observed due to the formation of a pyrrolidone dimer [3], a

value of 2.2 D was reported in benzene dimer at 25 degrees [4]. A rise in dipole

moment was expected from the stabilized carbonyl resonance. But, the observed result

was opposite due to the destabilization of the ring resonance by the small amount of

s-character in the ring bonds, which resulted in a low moment [1].

26.1.2 Cholestanone

Cholestanone is a steroid ketone prepared from cholestanol. It is a biologically active

organic compound and can be found in animals, plants, and fungi. Studies have shown

that the biological activity of steroids could be increased by the substitution of fluorine

for hydrogen on a carbon atom adjacent to the carbonyl group [6–11].

Fig. 26.2 Molecular structure of 2-pyrrolidone.

Fig. 26.3 Molecular structure of 3-cholestanone.
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The dipole moment of 3-cholestanone was found to have a value of 3.01 D in ben-

zene solution. The molecular structure of 3-cholestanone is shown in Fig. 26.3.

Allinger et al. have calculated the dipole moment of 2-fluorocholestanone [12].

2-Fluorocholestanone can be found in two forms: 2α-fluorocholestanone and 2β-fluo-
rocholestanone. The calculated dipole moment of 2α-fluorocholestanone was 4.28 D

and 2β-fluorocholestanone was 2.95 D. The experimentally measured dipole moment

of the only known 2-fluorocholestanone was 4.39 D in benzene solution.

26.1.3 Purines, pyrimidines, and azines

Purines and pyrimidines are biologically important aromatic organic compounds.

Both purines and pyrimidines are needed by the cell in approximately equal quantities

in order to form DNA and RNA. Therefore, an important objective was to study the

dipole moment of purines and pyrimidines.

Mishra et al. have calculated the dipole moment of ground and lowest singlet π-π*
and n-π* excited states of biologically important azines, pyrimidines, and purines [13].

Findings showed that in going from the ground to the n-π* excited state the dipole

moment of pyridine changed by �2.3 D, pyridazine changed by �2.0 D, and pyrimi-

dine changed by �2.1 D.

Experimentally obtained values of dipole moment changes for pyridine, pyridazine,

and pyrimidine were �3.2 D, �2.84 D, and �2.7 D, respectively, following the

corresponding π-π* excitation [14]. No significant changes have been observed in

the dipole moments of these molecules following the respective π-π* excitations.

26.1.4 Thiophene and carboxamides

Thiophene is a five-membered heterocyclic compound. The substituted thiophenes and

condensed thiophenespossess pharmacological activities like antiviral [15], antibacterial

[16], anticancerous [17], antifungal [18], analgesic, and antiinflammatory [19].

Melavanki et al. have reported the ground and excited state dipole moment of three

carboxamides: (E)-2-(4-chlorobenzylideneamino)-N-(2-chlorophenyl)-4, 5, 6,

7-tetrahydrobenzo[b]thiophene-3-carboxamide (C1), (E)-N-(3-chlorophenyl)-2-(3,
4-dimethoxybenzylideneamino)-4,5,6, 7-tetrahydrobenzo[b] thiophene-3-carboxamide

(A) (B) (C)

Fig. 26.4 Molecular structure of C1 (A), C2 (B), and C3 (C).
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(C2), and (E)-N-(3-chlorophenyl)-2-(3, 4, 5-trimethoxybenzylideneamino)-4, 5, 6,

7-tetrahydrobenzo[b]thiophene-3-carboxamide (C3) [20] (Fig. 26.4). Calculated dipole

moment values are presented in Table 26.2. It indicates that the excited state dipole

moment is higher compared to ground state.

26.2 Dipole moment and anticancer activity

Cancer is ranked as the second most common cause of death after cardiovascular dis-

eases. Different types of cancers are found in human, and it is affecting the humanity

very aggressively. Therefore, it is important to develop more active cancer drugs with

less side effects. This section describes different types of anticancer drugs and their

dipole moment values.

26.2.1 Organometallic bismuth (III) compounds

Bismuth is the least toxic among the heavy metals, relatively cheap, and is easily

available. These attractive features along with the green chemistry principles are

responsible for the preparation of numerous organic and inorganic derivatives of bis-

muth. Organic compounds which contain at least one bond between a carbon atom and

a metal atom are basically known as organometallics. Organometallic bismuth com-

pounds and their derivatives are safely and broadly used in organic synthesis, catal-

ysis, and medicine.

Studies on the biological activityof organobismuth (III) thiolates have shown the anti-

microbial properties of the compounds [21–23], which were effective against various

bacterial and fungal infections. It was also observed that derivatives of compounds were

able to inhibit the growth ofEscherichia coli bacteria and bacteria became elongated and

filamentous [24] during the treatment, even at the concentrations as low as 1 μg/g. In
1988, Klapotke revealed the antitumor activity of organobismuth (III) thiolates [21]

and the activity was similar to that of inorganic platinum compounds (cisplatin).

Recently, heterocyclic organobismuth (III) compounds have shown anticancer activities

in various human cancer cell lines and were more effective against leukemia cell lines.

One of the important parameter for the biological application of compounds is sol-

ubility in polar solvents. Thus the polar bismuth compound was much better than neu-

tral derivatives for pharmaceutical benefits. It is obvious that higher dipole moment

has a profound influence on the medicinal activity of these bismuth compounds.

Table 26.2 Calculated dipole moment values of ground state (μg), excited
state (μe) and the change in dipole moment (Δμ) for C1, C2, and C3.

Compound μg (D) μe (D) Δμ (D)

C1 0.84 3.94 3.10

C2 3.63 7.53 3.89

C3 0.27 4.69 4.42
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26.2.2 Topovale

Topovale, also known as ARC-111, is a potent topoisomerase I inhibitor. Topoisom-

erase inhibitors are chemical compounds used to stop the action of topoisomerase

I and II, an enzyme that controls the changes in DNA structure.

Studies have shown that ARC-111 (dibenzo[c,h]-[1,6]naphthyridin-6-one) is one
of the effective topoisomerase I (top I) targeting agents and its analogs exhibit anti-

tumor activities [25]. ARC-111 interrupts DNA replication in cancer cells, which

results in cell death. A series of ARC-111 compounds were considered, by substituting

X in compound 1 (Scheme 26.1), for cytotoxicity test against tumor cell lines in RPMI

8402 [26].

The dipole moment data along with pIC50 data of the five selected compounds

(1a–1e) are illustrated in Table 26.3. Three chemometric tools were used for calculation:

multiple linear regression (MLR), partial least squares (PLS), and artificial neural net-

work (ANN). The data from chemometric tools, PLS, and ANN indicated that the dipole

moment of ARC-111 analogs have great impacts on antitumor activities.

26.2.3 MDMA

MDMA (3,4-methyl-enedioxy-methamphetamine), commonly known as ecstasy, is a

psychoactive drug. MDMA is an amphetamine derivative, a methylenedioxy group

(dOdCH2dOd) is attached to the aromatic ring, that makes it resemble the struc-

ture of the hallucinogenic drugs.

Scheme 26.1 Schematics of ARC-111 analogs.

Table 26.3 Dipole moment in Debye (D) and cytotoxicity data calculated using MLR, PLS,

and ANN methods.

Compound 1a 1b 1c 1d 1e

Substituent X

μ 0.9 1.0 1.2 1.4 1.5

pIC50 (MLR) 5.9 7.3 8.2 8.9 9.4

pIC50 (PLS) 6.0 6.8 7.9 8.9 9.1

pIC50 (ANN) 6.6 6.9 8.3 8.8 8.9
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Riahi et al. have carried out studies on the effects of the novel drug MDMA as an

anticancer drug on biologic receptor of DNA [27]. Density functional tight-binding

(DFTB) and Hartree-Fock (HF) techniques were used for the quantum mechanical

description of interactions between MDMA and DNA base pairs. For the computa-

tional studies, molecular geometries of MDMA and DNA bases (adenine, guanine,

cytosine, and thymine) were optimized. Parameters like polarizability, atomic char-

ges, geometrical values (bond lengths, bond angles, and dihedral angles), dipole

moment, and energies of the frontier molecular orbitals (HOMO and lowest unoccu-

pied molecular orbital (LUMO)) were calculated. Table 26.4 illustrates the dipole

moment of the MDMA along with dipole moment of adenine (A), guanine (G), cyto-

sine (C), thymine (T), base pairs adenine-thymine (AT), and base pair guanine-

cytosine (GC). The dipole moment was varied from 0.89 to 7.97 D.

26.2.4 Efavirenz (EFZ)

Efavirenz (Sustiva or EFZ) is an anti-HIV drug that slows down the damage to the

immune system and prevents the occurrence of AIDS-related illnesses. It belongs

to a family of drugs known as nonnucleoside reverse transcriptase inhibitors, which

converts single-stranded viral RNA into a double-stranded DNA.

The description of interactions between EFZ and DNA base pairs (Watson-Crick
base pairing) using the DFTB method was reported [28]. Riahi et al. reported a dipole

moment value of 4.68 D for EFZ. Before the calculation, in order to get the most stable

equilibrium structure, all the structures were optimized at B3LYP level using the

6-31G* basis set. The dipole moment was derived with respect to their mass center

for the charged species. The dipole moment was found to affect the medicinal activ-

ities of the compounds.

26.2.5 Adriamycin and daunomycin

Adriamycin (doxorubicin or 14-hydroxydaunomycin) and daunomycin (daunorubi-

cin) are well-known chemotherapy drugs. They are used for the treatment of a wide

range of cancers.

Scientific studies showed that adriamycin and daunomycin produce complexes

with DNA and block the processes of transcription and replication [29, 30]. Even

though Adriamycin showed only a slight difference in geometry with daunomycin

Table 26.4 Dipole moment calculated using HF and DFTB methods.

Adenine

(A)

Thymine

(T)

Guanine

(G)

Cytosine

(C)

Adenine-

thymine

(AT)

Guanine-

cytosine

(GC) MDMA

μ (DFTB) 2.4 3.8 2.7 6.1 1.2 2.5 0.9

μ (HF) 2.5 3.3 2.5 7.9 1.1 2.2 0.8
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(Scheme 26.2), its activities are different. Daunomycin is mainly used to treat leuke-

mia, while adriamycin has a wide range of anticancer activities including acute lym-

phoblastic, malignant lymphomas of both Hodgkin and non-Hodgkin types,

myeloblastic leukaemias, carcinoma of different parts of the body, like bladder,

breast, thyroid, lung, and ovary [29, 31].

The dipole moment of optimal structures was calculated using HF and B3LYP

computational methods [32]. Adriamycin showed dipole moment value of 5.74 D

and daunomycin showed a value of 4.72 D [33]. As predicted the dipole moment

of these two molecules are high enough for molecular and cell attraction to occur.

26.2.6 Methotrexate, temozolomide, carmustine, tamoxifen, and
hydroxifen

Methotrexate is mainly used as chemotherapy drug either alone or in combination with

other drugs. Different types of cancers in human including breast, lymphoma, head,

lung, neck, leukemia, bladder, osteosarcoma, and trophoblastic neoplasms can be effec-

tively treated with Methotrexate. Methotrexate disrupts the synthesis of DNA, RNA,

thymidylates, and proteins [34–39] by inhibiting the production of folate. It is cytotoxic
during the S-phase of the cell cycle. The cytotoxic prodrug temozolomide has shown a

broad spectrum of antineoplastic activities [40] by preventing DNA replication and

methylating nucleotide bases.

Carmustine (BiCNU) is one of the nitrosoureas, 1,3-bis(2-chloroethyl)-1-

nitrosourea, used in the treatment of certain neoplastic diseases. Carmustine acts as

an alkylating agent, and can form interstrand cross-links in DNA and RNA, which

can prevent replication and transcription. Tamoxifen is mainly used to prevent and treat

breast cancer in women and men. Hydroxytamoxifen is a metabolite of tamoxifen.

Tamoxifen is characterized as a mixed agonist/antagonist, which acts as an estrogen-

stimulating agent in cholesterol metabolism, bone density, and cell proliferation in

the endometrium and acts as estrogen-inhibiting agent in the mammary tissue.

Theoretical calculations were done for anticancer drugs like methotrexate, car-

mustine, temozolomide, tamoxifen, and hydroxifen to study their physicochemical

H3CO O

O

O
O

O

OH

2

OH

OH
CH2R

CH3

H2N OH

Scheme 26.2 Molecular structure of adriamycin (R ¼ OH) and daunomycin (R ¼ H).
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and geometrical properties [41]. Dipole moments of methotrexate, carmustine,

temozolomide, tamoxifen, and hydroxifen were calculated in density functional the-

ory (DFT) and are presented in Table 26.5.

26.2.7 Ruthenium azopyridine complex

Ruthenium azopyridine complexes are one of the promising organometallic com-

pounds because of their high activity and less toxicity compared to platinum. The bio-

logical activities of ruthenium compounds are strongly controlled by ligand structure.

Azopyridine ligands are organic compounds consisting of a pyridine and an aromatic

ring (Scheme 26.3 and Table 26.6), linked by an azo bond, and can easily bind with

ruthenium ion which provides metal with excellent stability.

Anticancer activity is also observed in ruthenium azopyridine complex [42, 43].

Bamba et al. have reported its anticancer activities against breast cancer (MCF-7),

renal cancer (A498), ovarian cancer (IGROV), lung cancer (H226), and colon cancer

(WIDR) [44]. The five isomers of RuCl2L2 complexes (α-, β-, γ-, δ-, and ε-) are
shown in Scheme 26.4. Nine ruthenium azopyridine complexes were considered

for cytotoxic activity test. The experimental anticancer activity data were correlated

with dipole moment calculated by the DFT methods (Table 26.7). To quantify the

relationships between dipole moment and cytotoxic activity, MLR was used.

A strong correlation was reported between the experimental anticancer data and

the predicted data.

Scheme 26.3 Azopyridine ligand with different substituents X1 and X2.

Table 26.5 Dipole moment (in Debye) of methotrexate, carmustine, temozolomide,

tamoxifen, and hydroxifen.

Methotrexate Carmustine Temozolomide Tamoxifen Hydroxifen

μ 7.1 1.8 5.8 1.4 1.8
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Scheme 26.4 Five isomers (α-, β-, γ-, δ-, and ε-) of RuCl2L2 complexes and L stands for all

azopyridine ligands.

Table 26.6 Different substituent for X1 and X2.

Compound X1 substituent X2 substituent Ligand

3a H 2-Phenylazopyridine

3b H o-Tolylazopyridine

3c CH3 4-Methyl-2-phenylazopyridine

Table 26.7 Dipole moment (μ) and anticancer activity (pIC50) of six selected RuCl2L2

complexes against different cell lines.

3b-α 3b-β 3b-γ 3c-α 3c-β 3c-γ

μ 7.85 8.61 2.54 7.51 9.38 2.84

A498 6.44 4.13 5.92 5.95 4.36 6.30

H226 7.52 4.53 7.08 6.33 4.74 6.77

IGROV 8.05 4.52 7.11 6.65 4.85 6.85

MCF-7 7.67 4.49 7.03 6.37 4.82 7.10

WIDR 7.34 4.28 6.63 6.09 4.67 6.69
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26.2.8 Glutamine

Glutamine is an α-amino acid with many functions in the body. It is used in the bio-

synthesis of proteins and is a critical part of the immune system. Glutamine has a spe-

cial role in intestinal health since human body naturally produces this amino acid.

To know and detect novel anticancer agents with good selectivity to kill cancer

cells and inhibit their proliferation without being toxic [45] is a very difficult task.

Nonessential amino acids like glutamine (GLN) can supply its amide nitrogen atoms

in the biosynthesis of other amino acids, amino sugars, purine, pyrimidine bases, and

coenzymes [46, 47] via amide transferases [48]. Srikanth et al. have discussed the anti-

tumor activities of GLN [49]. Elidrissia et al. have modeled different antitumor glu-

tamines by substituting 5-N-substituted-2-(substituted benzenesulfonyl) glutamines

with different substitutions (Scheme 26.5) [50]. The theoretical calculations from

modeled structures showed that molecular descriptor like dipole moment is a useful

tool for the prediction of more active antitumor 5-N-substituted-2-(substituted
benzenesulfonyl) glutamine compounds. They also addressed the importance of quan-

titative structure-activity relationship (QSAR) studies for the prediction of new bio-

logical active glutamine compounds.

26.2.9 Lantadenes

Lantadenes are bioactive compounds derived from the weed Lantana camara. It
exhibited potent cytotoxic activity against a number of cancer cell lines and showed

antitumor potential.

QSAR-based studies including dipole moment calculation were helpful in deter-

mining the anticancer activities of lantadenes against A549 cell lines [51]. A series

of 40 compounds were considered for the study (Scheme 26.6). Substituents of four

selected compounds and their anticancer activity are presented in Table 26.8.

26.2.10 Xanthone

Xanthone (9H-xanthene-9-one) is a naturally occurring oxygenated heterocyclic com-

pound with interesting pharmaceutical properties. The compound has dibenzo-γ-
pyrone as the main structure with molecular formula C13H8O2, as shown in

Scheme 26.5 Molecular structure of 5-N-substituted-2-(substituted benzenesulfonyl) glutamines.

Dipole moment in medicinal research: Green and sustainable approach 931



Scheme 26.7. It is prepared by heating phenyl salicylate. The most significant activ-

ities of xanthones include antibacterial, anticancer, antiviral, antiprotozoal, antimalar-

ial, and antiinflammatory.

Xanthone compounds showed higher anticancer activity for colorectal cancer

(WiDR cell line) [52]. Miladiyah et al. made QSAR analysis to predict their activity

based on the biological activity of xanthones in WiDR cell lines and quantum

Table 26.8 Substituent of four selected compounds and their anticancer activity against A549

cell lines.

Compound X1 X2 X3 pIC50

5a ]O H 2.84

5b ]O H 1.19

5c dOH H 0.79

5d dOH H 0.43

Scheme 26.6 Molecular structure of lantadenes.
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descriptors of the structures of xanthones. They have selected AM1 semiempirical

method for the optimization of the structure because AM1 method is fast, requires

no complex mathematical calculation [53], and is able to predict large molecules

and multivalent compounds with good accuracy [54].

Miladiyah et al. considered a series of xanthone derivatives as cytotoxic agents

against the WiDR cell line and the range for inhibitory concentration of compounds

was between 9.23 and 286.4 μg/mL. One compound showed good activity with a

selectivity index (SI) of 66.40. The study revealed that the parameters like dipole

moment, log P, and descriptors of the net atomic charges were hypothetically most

significant for the compound’s cytotoxic activities.

26.2.11 Fullerene C60 and benzopyrene

Fullerene, an allotrope of carbon, consists of carbon atoms connected either by single

bonds or by double bonds to form a partially closed or fully closed mesh and the fused

rings are made with five to seven carbon atoms. The fullerene molecules were found in

different shapes and sizes. Fullerene and its derivatives have enormous potential in

various fields of science owing to their unique chemical and physical properties. Ful-

lerene C60 (buckyballs or buckminsterfullerene) is the most famous member in the

fullerene family. Fullerene C60 is nontoxic, biologically antioxidant, and has less sol-

ubility. Because of the numerous conjugated double bonds and low-level LUMO [55],

fullerene can easily take up an electron, which makes it an apt antioxidant. Studies

demonstrated the biological antioxidant potential of fullerenes [56] and its activity

against carcinogenic agent [57, 58].

Benzo(α)pyrene (BaP) belongs to the family of polycyclic aromatic hydrocarbons

with the formula C20H12. They are pentacyclic and are the fusion products of pyrene

and a phenylene group. BaP is listed as a Group 1 carcinogen by the International

Agency for Research on Cancer (IARC). BaP can be found in automobile exhaust

fumes, coal tar, all smoke resulting from the combustion of organic material including

tobacco smoke, and many foods, especially grilled and smoked meats [59, 60]. BaP

destabilizes the genome by making covalent adducts to DNA [61] and eventually

cause cancer [62–64]. In an enzymatic reaction, BaP turns into a toxic compound

by forming benzo(α) pyrene-7, 8-dihydro diol-9, 10-epoxide [65]. Studies were done

Scheme 26.7 Molecular structure of xanthone derivatives.
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to analyze the chemical reactivity of the carcinogenic BaP 7,8 diol 9,10 epoxide using

semiempirical (PM3) and DFT methods [65].

Tavangar et al. have examined the interaction of fullerenes with benzo(α) pyrene
7, 8 epoxide (BaPe) molecule using the DFT method [58]. They have considered

fullerene C60 and its derivatives (OH, COOH, CONH2, and CH2OH) for the reaction

with BaP epoxide in two different positions: adjacent to the functional group and

away from group. This study analyzed the effect of different chemical groups on

the electronic structure of fullerene C60 and its anticancer activity. Results showed

that the solubility of fullerene C60 could be improved by attaching to these chemical

groups.

The dipole moment of all structures increased after the reaction (Table 26.9).

Studies showed that the total charge of BaPe is positive in all the tested structures,

which indicates a charge transfer from BaPe to C60 and functionalized C60 during

reaction. BaPe had the lowest positive charge in C60CH2OH-7,8 BaPe complex

and largest charge in C60CONH2-7,8 BaPe.

26.2.12 Coumarins

Coumarins are aromatic organic compound found in many plants. Coumarin has

acquired attention because of its various therapeutic properties such as antiviral, anti-

microbial, antitumor, antiinflammatory, antidiabetic, anticancer, antioxidant, and

many others [66]. Coumarins, a molecule that has a benzene and a pyrone ring at

the junction, can be derived from benzo-α-pyrones.
Ouattara et al. have considered QSAR method to correlate the structure of the

compound and its anticancer activity, mainly for breast cancer [67]. A series of

compounds described were obtained by C4 substitution through thio-methyl linker.

They have considered a series of 20 compounds, of which five selected compounds

are shown in Scheme 26.8. Table 26.10 illustrates the dipole moment and antican-

cer activity of the selected compounds. The study revealed that dipole moment is

the paramount descriptor for improving anticancer activity.

Table 26.9 Dipole moment for optimized structures.

Compound C60 C60OH C60CH2OH C60COOH C60CONH2

Dipole

moment

0 1.0 1.1 1.3 2.8

Compound C60-BaPe C60OH-

7,8 BaPe

C60CH2OH-

7,8 BaPe

C60COOH-

7,8 BaPe

C60CONH2-

7,8 BaPe

Dipole

moment

2.0 5.1 2.0 4.7 5.1
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26.3 Dipole moment and antifungal activity

There are a wide variety of fungi that cause infections in human. Fungus of the genus

Candida cause serious illnesses, the frequency of which remains constant despite the

development of new therapeutic means, especially in immunocompromised patients.

Among the Candida kind, 54% of infections are due to albicans species. The thrush,

7
Coumarin core

7a 7b 7c

7d 7e

Scheme 26.8 Molecular structure of coumarin core (7) and five selected coumarin derivatives

(7a–7e).

Table 26.10 Dipole moment and biological activity of five selected compounds.

7a 7b 7c 7d 7e

Dipole moment 6.6 8.4 7.1 4.5 4.2

IC50 47.7 83.8 58.7 21.1 6.9
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due to fungus of the genus Candida, is the most common opportunistic infection, and

its frequency has doubled between the age of 80 and 90 years. Indeed, it represents

more than 75% of infectious fungus. Aspergillus are mostly respiratory pathogens.

For example, the genus Aspergillus niger causes not only mycoses such as keratitis,

otomycoses, onyxis, cutaneous lesions but also otitis and sinusitis.

26.3.1 Thiosemicarbazide

Thiosemicarbazide is a biologically active compound; it is a white odorless crystalline

powder.

Thiosemicarbazide is formed by a reaction between heterocarboxylic acid hydra-

zide and aryl isothiocyanate (Scheme 26.9). Thiosemicarbazide and its derivatives

have a broad spectrum of therapeutic properties such as antiviral, antifungal,

antibacterial, antimalarial, and antitumor. This compound is also effective for the con-

trol of bacterial leaf blight of rice.

Siwek et al. have described the antifungal effect of 4-arylthiosemicarbazides against

Candida species [68]. They have considered six series of 4-arylthiosemicarbazides

derivatives for the study. To provide a better understanding of the relationship between

antifungal activity and structure of the compound, molecular modeling approach and

docking studies were carried out. The 4-arylthiosemicarbazide compounds with

isoquinoline ring andmethyl or methoxy groups showed higher antifungal activity than

other substituted groups. The active compounds are also distinguished by high dipole

moment, highest occupied molecular orbital energy (EHOMO), favorable binding

energy (EB), and an electron accepting heteroaromatic ring at N1 position. No direct

quantitative correlation was found between antifungal activity and LUMO localization.

The study did not exhibit any relation between geometry and antifungal activity, rather

demonstrated a direct relation between electronic property and biological activity.

26.3.2 Pyrazolopyridines

Pyrazolopyridines are a family of drugs, with nitrogen-containing fused heterocycles,

that has unique pharmacological properties such as antidepressant, antiinflammatory,

antihyperglycemic, antitumor, antibacterial, anxiolytic and are also used for the treat-

ment of Alzheimer diseases, drugs addiction, and infertility [69–77].
Quiroga et al. have shown the synthesis and antifungal in vitro activity of pyrazolo

[3,4-b] pyridines derivatives (Scheme 26.10) [78]. Microwave-assisted aza-Diels-

Scheme 26.9 Synthesis of 4-arylthiosemicarbazides.
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Alder reaction between pyrazolylformimidamides and β-nitrostyrenes method were

used to prepare pyrazolo [3,4-b] pyridines derivatives. All these compounds were

tested for antifungal properties against Candida albicans and Candida neoformans
at a concentration range of 250–3.9 μg/mL. To find the correlation between structure

and antifungal activity, theoretical calculations were done at semiempirical level

using PM3 method and the quantitative parameters like dipole moment and Log P
were calculated. Whereas dipole moment gives the polarity of compound, Log P
determines its ability to penetrate fungal cell membranes and to reach the interacting

sites [78, 79]. The data of the compounds is presented in Table 26.11. The result

showed that the most active compounds (11a, 12a, and 12c) that reach 100% inhibi-

tion at 250 μg/mL have lower dipole moments values and highest Log P.

X = H, Cl, Br, CH3, OCH3

Scheme 26.10 Molecular structure of pyrazolo [3,4-b] pyridines derivatives: 11a (X ¼ H), 11b

(X ¼ Cl), 11c (X ¼ Br), 11d (X ¼ CH3), 11e (X ¼ OCH3), 12a (X ¼ H), 12b (X ¼ Cl), 12c

(X ¼ Br), 12d (X ¼ CH3), and 12e (X ¼ OCH3).

Table 26.11 The in vitro antifungal activity, dipole moment and Log P values of pyrazolo

[3,4-b] pyridines derivatives.

11a 11b 11c 11d 11e 12a 12b 12c 12d 12e

Inhibition percentages (%)

of Candida albicans at
250 μg/mL

100 54.9 63.6 18.2 34.9 100 45.4 100 40.4 47.9

Inhibition percentages (%)

of Candida neoformans at
250 μg/mL

100 32.5 67.3 11.8 33.6 100 35.4 100 42.6 44.7

μ 2.2 4.5 4.6 6.1 3.8 2.1 4.3 2.7 3.9 3.9

Log P 6.4 3.1 5.2 2.9 3.4 6.8 3.5 6.6 4.3 4.8
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26.3.3 Oxadiazoles

Oxadiazoles are five-membered heterocyclic compounds containing a nitrogen atom

and at least one other noncarbon atom in the ring. It belongs to azole family with

molecular formula C2H2N2O. Four isomers of oxadiazole are found. The three iso-

mers 1,2,4-oxadiazole, 1,2,5-oxadiazole, and 1,3,4-oxadiazole have a wide range of

pharmaceutical applications; they appear in a variety of drugs including butalamine,

raltegravir, oxolamine, fasiplon, and pleconaril. The fourth isomer 1,2,3-oxadiazole is

unstable.

Ashtekar et al. have studied the antifungal activity of 1,3,4-oxadiazole by QSAR

approach [80] to design more potent antifungal oxadiazole derivatives. They have

considered a series of 2-substituted phenyl-5-(1-(substituted piperidin-4-yl)-1H-
1,2,3-triazol-4-yl)-1,3,4-oxadiazole derivatives (Scheme 26.11) to test against Fusar-
ium oxysporum. The study suggested that molar refractivity and dipole moment show

positive contribution toward the antifungal activity of oxadiazole.

26.3.4 Beta-pinene (β-pinene)

β-Pinene is a monoterpene, a class of terpene that consists of two isoprene units, com-

monly found in plants. β-pinene is one of the two isomers of pinene. It possesses bio-

logical activities like antibacterial, antidepressant, cytotoxic, and antimicrobial.

Gao et al. have investigated the synthesis of three series of β-pinene derivatives and
their fungicidal activities against three important agricultural pathogens Rhizoctonia
solani, Fusarium graminearum, and Botrytis cinerea [81]. The antifungal effect was

determined from the inhibition of mycelia radial growth.

Most of the synthesized compounds exhibited moderate to significant fungicidal

activity. Among them, acylthiourea derivatives from β-pinene showed better activ-

ity. The structure-activity relationship (SAR) analysis indicated that the compounds

with more net positive charge possessed better fungicidal activity. The study showed

that the most important factors affecting the activity were the geometry and charge

distribution, which involved some descriptors such as HOMO, LUMO, and dipole

moment.

X1 = H, CH3 , CH2 CH3 , SO2 CH3 , COC6 H5 , COC6 H5 , 4Cl, COCH 3

X2 = H, Cl, OH, OCH3 , CH3

Scheme 26.11 2,5-Disubstituted 1,3,4-oxadiazoles analogs.
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26.3.5 Indol-4-one

Indole, consisting of a six-membered benzene ring fused to a five-membered pyrrole

ring, is an aromatic heterocyclic organic compound that has a bicyclic structure.

González et al. have designed, synthesized, and tested a series of indol-4-one deriv-

atives with 1- and 2-(2,4-substituted phenyl) side chains (Scheme 26.12) [82]. The

antifungal in vitro testing was done against A. fumigatus, A. niger, Candida albicans,
Candida glabrata, Candida parapsilosis, Candida krusei, Candida tropicalis, and
Candida guilliermondii. The results showed that the derivatives of compounds 15

and 16 possess antifungal activity. They have reported that a change in the position

of the halophenyl regioisomers from N1 to C2 has increased the antifungal activity.

González-Chávez et al. have reported theoretical reactivity study of indol-4-ones

derivatives and its correlation with antifungal activity [83]. The calculated dipole

moment of the compounds is presented in Table 26.12. The calculated dipole moment

of compound 14 was 5.9 D. The compounds with a 2-F substitution in the aromatic

ring showed higher dipole moment.

X = H, 2-F,4-F, 2,4-diF, 2-Cl, 4-Cl,2,4-diCl

Scheme 26.12 Molecular structure of indol-4-one derivatives.

Table 26.12 Dipole moment of indol-4-one derivatives.

Substitution

(X)

Compound

15

Dipole

moment

Compound

16

Dipole

moment

H a 6.7 a 5.4

2-F b 7.2 b 6.6

4-F c 4.8 c 5.3

2,4-diF d 5.4 d 4

2-Cl e 7.2 e 4.4

4-Cl f 4.7 f 5.3

2,4-diCl g 5.4 g 4.4
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This study suggested that there is a correlation between the relative polarity of

compounds and the antifungal activity [82, 83].

26.3.6 Aminobenzenesulfonamide Schiff bases

Sulphonamides (sulfonamides) are derivatives of para amino benzene sulfonamide.

They are the first effective chemotherapeutic drugs used for bacterial infection.

A wide range of pharmacological activities have been observed in sulfonamides deriv-

atives, such as antibacterial, oral hypoglycemic, anticancer, antileprotic,

antiinflammatory, antiepileptic, antihypertensive, antifungal, antiprotozoal, antiretro-

viral, and are used as diuretic.

Santosh et al. have synthesized a series of Schiff bases derivatives from

4-aminobenzenesulphonamide and tested against the fungi A. niger and Candida
albicans [84]. Six selected compounds are shown in Scheme 26.13.

Richard et al. have conducted an SAR study on identical series of compounds to

predict more active antifungal agents [85]. The study described the relationship

between the antifungal activity and quantum descriptors like dipole moment and

electrophile index of the molecules (Table 26.13). It showed that the diameter inhi-

bition of A. niger and Candida albicans may be improved with a low value of the

dipole moment. In A. niger, the diameter inhibition may also be improved with a

high value of the electrophilicity index, a useful tool to predict the reactivity of

an electrophile.

Scheme 26.13 Molecular structure of 4-aminobenzenesulphonamide Schiff bases.
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26.3.7 Chalcones and chromanes

Chalcones are natural compounds that belong to the flavonoid family [86]. These

compounds have attracted great interest due to their wide range of pharmacological

properties, including antiinflammatory, analgesic, antipyretic, antimutagenic,

antileishmanial, antiproliferative, and antifungal effects [87–93].
Chromanes are small natural compounds, and fragments of complex natural prod-

ucts that are used in this manner. They have attracted intense interest because of their

numerous biological activities such as antimicrobial, allergenic, plant growth inhib-

itory, antiherbivore, and antiproliferative effects against cancer cell lines [94, 95]. In

addition, a structure known as dihydrochromane (or tetrahydropyran) is an impor-

tant structural fragment of the molecules in many biologically active and natural

compounds [96, 97]. In particular, antibiotic activity has been identified for this

fragment [98].

A current trend in the discovery and development of highly active compounds is the

hybridization of two or more active fragments that may present improved pharmaco-

logical activities [99, 100].

Mellado et al. have synthesized a series of chalcones and dihydrochromane-

chalcones hybrids (Scheme 26.14) and the compounds were tested for antifungal

activity against Botrytis cinerea and Monilinia fructicola [101]. QSAR study was

used to elucidate the structural-activity relationship of these compounds. The study

showed that the biological activity depends more significantly on the dipole moment

and electron density on C1 carbon and CO. The active compound exhibited a higher

electron density on the oxygen atom due to the resonance effect of the

dihydrochrome system and the dimethylamine group. The increased polarization

of the carbonyl group led to an increased antifungal activity of the compound against

Monilinia fructicola. This study also presented an increase in antifungal activity of

chalcone for Monilinia fructicola with an electron donor substituent on the ortho

position of C1.

Table 26.13 Dipole moment, electrophile index and experimental antifungal activities of the

compounds.

Compound

Candida albicans
inhibition

diameters (mm)

Aspergillus
niger inhibition
diameters (mm)

Dipole

moment

(Debye)

Electrophile

index (eV)

17 12 14 6.2 2.4

18 13 15 5.8 2.1

19 16 13 5.9 1.7

20 11 15 6.4 2

21 20 15 10.1 2.1

22 13 19 5.4 2.4
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26.4 Dipole moment and antibacterial activity

Pathogenic bacteria cause diseases. Although most bacteria are harmless or often ben-

eficial, some are pathogenic, with the number of species estimated as fewer than a

hundred, that are seen to cause infectious diseases in humans. One of the bacterial

diseases with the highest disease burden is tuberculosis, caused by Mycobacterium
tuberculosis bacteria, which kills about 2 million people a year. This section intro-

duces different antibacterial compounds and their structural-activity relationship.

26.4.1 Copper (II) complexeswith quinolones and nitrogen-donor
heterocycles

Quinolones shows a wide range of antibacterial activities. By targeting essential type

II bacterial topoisomerases [102], quinolones inhibit DNA replication [103]. They act

more effectively in the presence of certain metal ions like Cu2+, Mg2+ [104, 105]. Sev-

eral groups have reported the synthesis and antibacterial activity of metal compounds

with quinolones [106–108].
Deng et al. have presented the QSAR of a series of copper (II) complexes with

quinolones and nitrogen-donor heterocycles [109]. Specifically, they have investi-

gated the electronic, hydrophobic, and steric property parameters of complexes with

antibacterial activity and aimed to find the minimum inhibitory concentration against

Staphylococcus aureus, a Gram-positive bacteria. Different descriptors relating to

electronic characteristics, like dipole moment, HOMO, LUMO, energy difference,

and net charges, were investigated in the correlation analysis. The theoretical

Scheme 26.14 Schematics of hybridization of chalcone and dihydrochromane fragments.
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calculations indicated that net HOMO (ƩNHOMO) and dipole moment are the most

independent parameters affecting the antibacterial activity. They found a positive cor-

relation, that is, antibacterial activity increases with dipole moment.

26.4.2 Thiourea derivatives

Thiourea derivatives and their transition metal complexes were studied extensively

due to their wide range of pharmacological activities [110–113].
Soliman reported QSAR on five N-alkyl substituted thiourea ligands (L) and their

[ZnL2Cl2] complexes to investigate their antibacterial activity against E. coli and
Pseudomonas aeruginosa [114]. This study considered N-alkyl-substituted thiourea

derivatives (L), namely, diazinane-2-thione (DAT), N,N0-diethylthiourea (DETU),

N,N0-dimethylthiourea (DMTU), N-methylthiourea (MTU), tetramethylthiourea

(TMTU) (Scheme 26.15), and their zinc chloride complexes [ZnL2Cl2]. Among the

different compounds, tetramethylthiourea (TMTU) showed better biological activity.

Different quantum chemical descriptors were analyzed during this study.

Table 26.14 illustrates the calculated dipole moment of the compounds. The com-

pound tetramethylthiourea (TMTU) showed lowest dipole moment among the thio-

urea derivatives (L) and highest biological activity.

Table 26.14 Calculated dipole moment of N-alkyl substituted thiourea ligands and their

[ZnL2Cl2] complexes.

DAT DETU DMTU MTU TMTU ZnDAT ZnDETU ZnDMTU ZnMTU ZnTMTU

μ 6.4 4.9 5 5 4.8 2.4 2.5 3.3 2.63 4.65

DAT DETU DMTU

MTU TMTU 

Scheme 26.15 Structure of N-alkyl-substituted thiourea ligands.
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The results indicated that the antibacterial activity of the thiourea derivatives

(L) increases with an increase in N-alkyl substituents. The decrease in dipole moment,

energy gap, and charge descriptors of these compounds as well as the increase in their

molecular polarizabilities due toN-alkyl substituents enhanced the antibacterial activ-
ities of the thiourea derivatives (L). Interestingly, the antibacterial activities of

[ZnL2Cl2] complexes enhanced with a decrease in polarizability and charge descrip-

tors as well as with the increase in energy gap.

26.4.3 Indolylpyrimidines

The pharmaceutical importance of pyrimidine compounds lies on the fact that they can

be effectively used as analgesic, antiinflammatory, anticonvulsant, insecticidal, her-

bicidal, antitubercular, anticancer, and antidiabetic agents. The indole ring is known to

exhibit antiinflammatory, antimicrobial, and antifungal activities. The fused ring sys-

tem of substituted indolylpyrimidines displayed remarkably effective antitumor and

antibacterial activities.

Datar made a QSAR analysis to predict the antibacterial activity of

indolylpyrimidine derivatives against Pseudomonas aeruginosa, a Gram-negative

pathogen and Staphylococcus aureus, a Gram-positive pathogen [115]. Dipole

moment and antibacterial activity of nine selected derivatives (Scheme 26.16) are

presented in Table 26.15.

The obtained data showed that dipole moment is highly correlated with the activity.

The higher the dipole moment the higher the inhibitory activity for Pseudomonas
aeruginosa.

Scheme 26.16 Molecular structures of indolylpyrimidines.
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26.4.4 Terpenes and phenylporpanes

Terpenes and phenylporpanes are the major constituents of different essential oils.

Several groups have reported the antibacterial [116] and antimycobacterial activities

of essential oils [117].

Chavira et al. have evaluated the antimycobacterial activity of 25 constituent

molecules of essential oils againstMycobacterium tuberculosisH37Rv andMycobacte-
rium bovis AN5 [118]. Four selected terpenes compounds are shown in Scheme 26.17

and their dipole moment and antimycobacterial activities are illustrated in Table 26.16.

All the 25 considered compounds showed antimicrobial activity againstMycobac-
terium tuberculosis. Carvacrol and thymol were the highly active terpenes. Cin-

namaldehyde and cinnamic acid were the most active phenylpropanes (MIC values

of 3.12 and 8.16 μg/mL, respectively, not shown in the table).

Table 26.15 Dipole moment and antibacterial activity of nine selected derivatives.

Compounds X1 X2 μ

Zone of inhibition

against

Pseudomonas

aeruginosa in mm

Zone of

inhibition

against

Staphylococcus

aureus in mm

26a OH p-NH2 3.5 24 26

26b OH o,p-OH 4.3 14 14

26c OH p-NO2 14.3 23 22

26d SH H 4.2 12 13

26e SH p-Cl 6.1 16 17

26f SH p-CH3 3.9 10 21

26g NH2 p-Br 6.3 17 23

26h NH2 p-F 6.7 23 22

26i NH2 p-OCH3 5.9 25 29

Scheme 26.17 Molecular strucure of p-cymene, carvacrol, menthol, and thymol.
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Menthol has a higher dipole moment and cymene has the lowest dipole moment.

Thymol and carvacrol are the compounds with lower free energy of solvation. The

study demonstrated that the lipophilicity alone is not responsible for the

antimycobacterial activity of the compounds, but this activity is linked to the elec-

tronic characteristics of the phenolic group.

26.4.5 Quinazolinone

The quinazolinone derivatives are biologically active compounds, which are inten-

sively used as anticonvulsant, anticancer, antiinflammatory, antiulcer, antibacterial,

and analgesic agents [119–121].
Irfan et al. have investigated the structural and electronic properties and the

antibacterial activity of quinazolinone derivatives (Scheme 26.18) against Gram-

positive (Staphylococcus aureus) and Gram-negative bacteria (Klebsiella pneumonia,
Proteus bacilli, and Shigella flexneri) [122]. The same group have synthesized and

characterized the quinazolinone derivatives as active compounds [123, 124].

Compounds (31 and 32) showed activity against Staphylococcus aureus,Klebsiella
pneumonia, Proteus bacilli, and Shigella flexneri. Compound 32 exhibited dipole

moment (5.1 D) higher than compound 31 (3.6 D), revealing that this compound

Table 26.16 Dipole moment and antimycobacterial activity of terpenes against

Mycobacterium tuberculosis and Mycobacterium bovis.

Compound Compound

Mycobacterium
tuberculosis MIC

(μg/mL)

Mycobacterium
bovis MIC (μg/
mL)

Dipole

moment

27 p-Cymene 91.66 � 14.43 91.66 � 14.43 0.0890

28 Carvacrol 2.02 � 0.88 5.20 � 1.81 1.9475

29 Menthol 41.66 � 14.43 83.33 � 14.43 2.4083

30 Thymol 0.78 � 0.01 2.02 � 0.88 1.8865

Scheme 26.18 Quinazolinone derivatives.
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has higher ability of interaction with the surrounding medium and more binding abil-

ity resulting in superior biological effects.

26.4.6 Azole-derived compounds

Azole-derived compounds are widely used as antifungal agents due to their properties

like broad spectrum of action, chemical stability, and oral bioavailability. The activity

of azoles against fungi is based on the inhibition of ergosterol [125]. Azoles also show

antibacterial activity by inhibiting the enoyl acyl carrier protein reductase [126].

Among the azole derivatives, triazole compounds showed higher antifungal activity

[127] and good antimicrobial [128] and antitumor [129] activities. Azoles derivatives

in combination with metals are promising to develop new efficient drugs, even against

drug-resistant pathogens [130–135].
Hurtado et al. have reported the synthesis and characterization of new

chromium(III) and cobalt(II) complexes derived from triazole ligands and their anti-

fungal, antibacterial, and cytotoxic activities [136]. The ligand was prepared using the

phase-transfer-catalyzed reaction of 1,3-bis(bromomethyl) toluene and 1H-1,2,4-
triazole (Scheme 26.19).

They have considered three triazole chromium(III) complexes and three triazole

cobalt(II) complexes for the study. The calculated molecular dipole moment showed

values ranging from 2.22 to 12.97 D. For activities against Candida tropicalis, the com-

pound with larger permanent dipole moments showed lowest MIC values. The same

results were observed in other biological traits, which indicate that the dipole moment

is a useful parameter to consider for developing better biologically active complexes.

26.4.7 Polyphenols

The main compound of many plant extracts are phenolic compounds. Besides their

established antioxidant activity, many phenolic compounds have also shown

antibacterial activity.

Bordes et al. have studied the antibacterial activity of 35 polyphenols against six

foodborne pathogens, three Gram-positive bacteria (Staphylococcus aureus, Bacillus

33 34 35

Scheme 26.19 Synthesis of the ligand.
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subtilis, andListeriamonocytogenes) and threeGram-negative bacteria (E. coli,Pseudo-
monasaeruginosa, andSalmonellaenteritidis) [137].The studyshowedthat theeffectsof
phenolic compounds depend on bacterial strains andwere highly heterogeneous ranging

frombacterial growth stimulation to antibacterial activity.Different quantumdescriptors

like HOMO, LUMO, dipole moment, polarizability, the maximal and minimal atomic

Mulliken charges, and the maximal and minimal atomic Hirshfeld charges were consid-

ered for QSAR analysis. The calculated data described that both electronic and electric

charge (dipole moment, minimum atomic charge (Mulliken)) properties of polyphenols

were important for the explanation of bacterial load difference with E. coli.

26.5 Dipole moment and various other medical disorders
(antimicrobial, antimalarial, and antileishmanial)

26.5.1 Hydrazide analogs

Hydrazide analogs possess biological activities like antidepressant, anticonvulsant,

antiinflammatory, antimycobacterial, antimalarial, anticancer, and antimicrobial.

Narasimhan et al. have reported the synthesis, antimicrobial activity, and QSAR stud-

ies of the substituted benzoic acid benzylidene/furan-2-yl-methylene hydrazides

[138]. A series of 20 compounds were synthesized (Scheme 26.20) and considered

for the study. The in vitro antimicrobial activity was evaluated against two Gram-

positive bacteria—Staphylococcus aureus, Bacillus subtilis; Gram-negative bacte-

rium—E. coli, and a fungal strain—A. niger.

Table 26.17 illustrates the antimicrobial activity and dipole moment of eight

selected compound. Compounds 38a and 39d were most effective against

K

Scheme 26.20 Synthesis of substituted benzoic acid benzylidene/furan-2-yl-methylene

hydrazides.
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Table 26.17 Dipole moment and antimicrobial activity of substituted benzoic acid benzylidene/furan-2-yl-methylene hydrazides.

Compound X1, X2, X3, X4, X5 X pMICsa pMICbs pMICec pMICan μ

38a X1, X2, X4, X5 ¼ H; X3 ¼ Cl 1.6 1.4 1.4 1.4 3.1

38b X1, X3, X5 ¼ H; X2X4, ¼ NO2 1.2 1.5 1.2 1.5 5.2

38c X2, X3, X5 ¼ H; X1 ¼ Cl; X4 ¼ NO2 1.4 1.8 1.2 1.5 5.4

39a X1, X2, X4, X5 ¼ H; X3 ¼ Cl 1.5 2.5 1.9 1.3 3.9

39b X2, X3, X4, X5 ¼ H; X1 ¼ Br 1.5 2.6 2. 1.4 3.5

39c X2, X3, X5 ¼ H; X1 ¼ Cl; X4 ¼ NO2 0.8 0.8 0.8 1.5 8.2

39d X2, X3, X4, X5 ¼ H; X1 ¼ Br 1.6 2.5 1.8 1.3 2.8

39e X1, X2, X4, X5 ¼ H; X3 ¼ NH2 1.5 2.4 1.6 1.3 3.9
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Staphylococcus aureus (pMICsa value of 1.60 and 1.67, respectively). Compounds

39a, 39b, 39d, and 39e showed better activity against Bacillus subtilis. Compounds

39a, 39b, and 39d were the most active ones against E. coli with pMICec value of

1.97, 2.03 and 1.80, respectively. These active antibacterial compounds exhibited very

weak activity against A. niger. Thus, the structural requirements for antibacterial and

antifungal activities were different for substituted hydrazides. The study also showed

that the presence of electron-withdrawing groups (–NO2, –Cl, –Br) on aromatic ring

improved the antimicrobial activity of compounds.

Different quantum descriptors were used for QSAR analysis. Dipole moment was

the best descriptor for antibacterial activity of substituted hydrazides against Staphy-
lococcus aureus. Analysis showed that this is due to the presence of carbonyl group

(C+-O�) and the permanent polarization results in a dipole-dipole interaction with

antibacterial target. The study also demonstrated the importance of dipole moment

in describing antibacterial activity of the compound against Bacillus subtilis and

E. coli and its ineffectiveness in describing the antifungal activity.

26.5.2 Phenothiazine (PTZ)

Phenothiazine is a heterocyclic compound from thiazine family. The derivatives of

phenothiazine are highly bioactive and have a wide spread use as antipsychotropic

[139], antimalarial [140], antimicrobial [141], antitumor [142, 143], antitubercular

[144, 145], and analgesic [146].

Bayoumy et al. have reported the synthesis, biological activity, and molecular

modeling of phenothiazine derivatives [147]. All the compounds were tested against

Gram-positive bacteria (Staphylococcus aureus and Bacillus subtilis), Gram-negative

bacteria (E. coli and Pseudomonas aeruginosa), and fungal strain (Candida albicans
and F. oxysporum). The biological activity along with dipole moment of three selected

compounds (Scheme 26.21) is presented in Table 26.18.

SAR revealed that compound 40 containing cyanoacetamide moiety was equipotent

to ampicillin in inhibiting the growth of E. coli and Pseudomonas aeruginosa
(MIC ¼ 125 μg/mL) and its activity was noted as 33% more than that of ampicillin

Scheme 26.21 Molecular structure of phenothiazine derivatives.
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Table 26.18 Calculated dipole moment and biological activity of three selected compounds.

μ

Candida
albicans MIC

in (μg/mL)

F. axysporum
MIC in

(μg/mL)

Staphylococcus
aureus MIC in

(μg/mL)

Bacillus
subtilis MIC

in (μg/mL)

E. coli
MIC in

(μg/mL)

Pseudomonas
aeruginosa MIC

in (μg/mL)

40 2.1 125 62.5 125 125 125 125

41 5.6 NA NA 57.5 62.5 125 62.5

42 1.9 NA NA NA NA 31.5 62.5

Colitrimazole 5.8 4.2 NA NA NA NA

Ampicillin NA NA 187.5 125 125 125
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against Staphylococcus aureus (MIC¼ 125 μg/mL). Compound 42 showed 75% more

activity than ampicillin against E. coli (MIC¼ 31.5 μg/mL) and 50% more than that

against Pseudomonas aeruginosa (MIC ¼ 62.5 μg/mL). Compound 41 was 66%

(MIC ¼ 62.5 μg/mL) and 69% (MIC ¼ 57.5 μg/mL), respectively, more potent than

ampicillin against Staphylococcus aureus.
Compound 42 was most potent against Gram-negative bacteria and had lowest

value of dipole moment compared to other compounds. The inverse correlation

between the activity and the dipole moment of compound 42 revealed that a decrease

in dipole moment decreases the polarity and increases the lipophilic nature of the com-

pound and aids in its permeation more efficiently through the lipid layer of the micro-

organism [148].

26.5.3 Thiazolidine

Thiazolidine is a heterocyclic compound with five-membered saturated ring with a

thioether group and an amine group in 1 and 3 positions of the ring. Thiazolidine-2,-

4-dione (TZD) is an important derivative of thiazolidine with a sulfur and nitrogen

atom in positions 1 and 3, and carbonyl in position 4 of the ring. These derivatives

have a wide range of medicinal applications such as antiviral [149], antimicrobial

[150, 151], anticonvulsant [152], antiinflammatory [153, 154], and antimalarial activ-

ities [155, 156].

Scientific reports showed that these types of compounds have activity against

Gram-positive bacteria (Staphylococcus aureus, Staphylococcus epidermis, Kocuria
rhizophila, Bacillus cereus, and Bacillus subtilis), Gram-negative bacteria (E. coli,
Pseudomonas aeruginosa, and Klebsiella pneumonia), and fungi (Candida maltosa,
A. niger, A. fumigatus, Cryptococcus neoformans, and A. flavus) [157, 158].

De Pavia et al. have reported the synthesis of 5-arylidene-thiazolidine-2,4-dione

derivatives and evaluated their antimicrobial activity against Staphylococcus aureus
ATCC 29213 [159]. Six selected derivatives are shown in Scheme 26.22.

43                                                        44                                                     45

46                                               47                                   48

Scheme 26.22 Six selected 5-arylidene-thiazolidine-2,4-dione derivatives.
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Different descriptors were considered for structural-activity analysis and the only

selected descriptor that was not exclusively related to benzene ring was the dipole

moment. The data showed that active compound have lower dipole moment values

compared to inactive compounds (Table 26.19).

26.5.4 Cinchona alkaloids

The bark of Cinchona, a flowering plant from Rubiaceae family, is the source of a

variety of alkaloids, the most familiar one is quinine. Cinchona alkaloids especially

were used for treating falciparum malaria [160], which has evolved resistance to syn-

thetic drugs. The bark contains different alkaloids, namely, laevorotatory (�) quinine

(60-methoxy cinchonan-9-ol) (Q), its diastereomer dextrorotatory (+) quinidine (QD),

and their 9-epimers epiquinine (EQ) and epiquinidine (EQD), (�) cinchonidine (des
methoxyquinine) (CD), its diastereomer (+) cinchonine (C) and their 9-epimers

epicinchonidine (ECD) and epicinchonine (EC). In addition to the above alkaloids,

Cinchona bark also produced analogous dihydro compounds of hydroquinine (HQ)

and its diastereomer hydroquinidine (HQD) (Scheme 26.23).

Warhurst et al. have calculated the dipole moment of different amino alcohol alka-

loids (Table 26.20) [161]. The calculated dipole moment of each active alkaloid was

lower than that of its 9-epimer. In Q and QD, the positive electric field of the aliphatic

N1 proton was directed toward the quinolone ring, and the dipole moment was less,

while in the 9-epimers EQ and EQD the field was directed toward the solvent and the

dipole moment was higher.

26.5.5 Tetraoxanes

Tetraoxanes are biologically active compounds containing two peroxide groups. Dif-

ferent groups have reported the antimalarial activity of tetraoxanes [162–166].

Table 26.19 Dipole moment and activity of 5-arylidene-thiazolidine-2,4-dione derivatives.

43 44 45 46 47 48

Dipole

moment

4.9826 3.8561 4.4923 1.6363 7.0838 3.1789

Activity Inactive Inactive Inactive Active Inactive Active
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Paula et al. have calculated the electron affinity, dipole moment, and log P 1,2,4,5-

tetraoxanes and analyzed its correlation with activity against Plasmodium falciparum
[167]. Six selected compounds are shown in Scheme 26.24.

Scheme 26.23 Molecular structure cinchona alkaloids.

Table 26.20 Calculated the dipole moment of different cinchona alkaloids.

Compound X1 X2 μ

49a Q dOCH3 dCH2:CH2 1.88

50c C dH dCH2:CH2 0.96

49b HQ dOCH3 dCH2CH3 2.08

49c CD dH dCH2:CH2 1.15

50a QD dOCH3 dCH2:CH2 1.66

50b HQD dOCH3 dCH2CH3 1.79

51 EQ 2.44

52 EQD 2.21

51 ECD 1.54

52 EC 1.27
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The results showed both dipole moment and EA have an important correlation with

antimalarial activity. An increase in the dipole led to a higher activity (Table 26.21).

Docking study suggested that a highly polarized molecule have stronger interaction

with the heme, which leads to a stronger binding.

26.5.6 Chalcones

Chalcones, also known as chalconoids, are biologically important compounds. The

central core of the compound is chalcone, aromatic ketone, and an enone. Researchers

have reported the antiinflammatory [168], antibacterial [169], trypanocidal [170], anti-

tumoral [171], antiviral [172,173], andantileishmanial activities [174–177]ofchalcones.
Souza et al. have described the effects of sulfonamide 4-methoxychalcones against

Leishmania amazonensis [178, 179].

Scheme 26.24 Molecular structure of selected 1,2,4,5-tetraoxanes.

Table 26.21 Calculated molecular and experimental biological activity.

Compounds Dipole EA Log P pIC50

53 0.07 38.96 4.27 7.66

54 0.10 38.04 5.24 7.55

55 0.14 40.69 6.37 7.72

56 0.08 44.61 5.42 7.89

57 4.83 49.06 4.59 8.68

58 0.52 44.53 3.52 7.27
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To determine structural and electronic features, a SAR analysis of sulfonamide

4-methoxychalcones was performed. The derivatives of sulfonamide

4-methoxychalcones are shown in Scheme 26.25. Different parameters including

HOMO, LUMO, electron distribution, and dipole moment were calculated.

Table 26.22 demonstrates dipole moment data and antileishmanial activity. No direct

correlation was observed.

26.5.7 Cimetidine analogs

Cimetidine’s activity against peptic ulcer has opened the research interest of H2 recep-

tor antagonists as clinically effective agents. The cimetidine derivatives like ranitidine

[180] and tiotidine [181] showed a better H2 antagonists activity.

60a 60b 60c

X

60d 60e 60f

X

60g 60h 60i

X

Scheme 26.25 4-Methoxychalcone and sulfonamide 4-methoxychalcone derivatives.
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Table 26.22 Dipole moment and biological activity against the intracellular infective form (amastigote) of Leishmania amazonensis.

59 60a 60b 60c 60d 60e 60f 60g 60h 60i

μ 3.3 7.3 8.9 7.2 7.3 8.6 8.2 7.8 7.5 7.1

IC50 (μM) >30 >30 12.5 � 0.5 16.1 � 3 >30 >30 2.0 � 0.3 18.7 � 5 18.5 � 5.9 >30
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Young et al. have considered a series of cimetidine analogs to investigate H2 recep-

tor histamine antagonist activity by replacing the cyanoguanidine moiety with other

neutral and dipolar groups [182]. The study showed that there was no simple relation-

ship between antagonist activity and dipole moment alone. But the combination of

dipole moment and lipophilicity gave a reasonable correlation. The most active com-

pound showed high dipole moment with high lipophilicity.

26.6 Conclusions

In this chapter, we have described the significance of dipole moment in determining

the biological activity of diverse compounds. Many of the compounds have shown a

direct correlation between dipole moment and biological activity. For example, a

higher dipole moment is observed for a better potent compound compared to a rela-

tively nonpotent compound in an identical series of molecules. A higher cellular inter-

action of the more polar molecule is offered as one of the causes for the superior

medicinal activity. In contrast, some examples have demonstrated that a compound

with lower dipole moment has better activity than a compound with higher dipole

values. In these examples and in many others, a few authors have clearly suggested

that dipole moment is not exclusively responsible for controlling biological activities.

It is obvious that even if a compound has optimal dipole moment, the activity can be

affected by other parameters like solubility, hydrophilicity, hydrophobicity, enzymatic

reactions, cell andmacromolecular interaction, cell membrane interaction, cell perme-

ability, and molecular docking. Based on this, it is understandable that dipole moment

calculation can be extremely valuable prior to the synthesis of a molecule of potential

medicinal activity. An increase or decrease in dipole moment values can be achieved

by modifying the core structure of a lead molecule. Electron-donating and electron-

withdrawing groups along with the configuration of a molecule can increase or

decrease the dipole moment of a molecule. In reality, such studies although seem to

be useful, unfortunately no publications describe the alteration of chemical structures

based on dipole moment values when medicinal chemistry of molecules are involved.

Therefore, it is necessary to perform these types ofmodifications to prepare derivatives

of the leadmolecules so that scientists can identify molecules with high and low dipole

moment (depending on the previous results or start without any prior knowledge) in

that particular series and test them for enhanced biological activity. It is feasible to

calculate the dipole moment of a projected structure prior to synthesis. Intra- and inter-

cellular interactions of molecules with polar and nonpolar compounds are expected to

cause significant differences in the medicinal properties of these molecules. An ionic

or covalent molecule because of its intrinsic and extrinsic electrical charge distribution

surely will affect numerous parameters of the diseased and nondiseased cells probably

in a meaningful way.

Clearly, the research in dipole moment area in chemical biology is increasing very

rapidly. Despite efforts we were unable to include all compounds and references. We

are extremely sorry for this.
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[108] M. Ruı́z, L. Perelló, J. Server-Carrió, R. Ortiz, S. Garcı́a-Granda, M.R. Dı́az, et al.,

J. Inorg. Biochem. 69 (1998) 231.

[109] S. Deng, X. Zeng, W. Hu, X. Liu, International Conference on Biomedical Engineering

and Biotechnology, 2012.

[110] F.-Y. Wu, L.-N. Zhang, Z.-J. Ji, X.-F. Wan, J. Lumin. 130 (2010) 1280.

[111] M.R. Malik, V. Vasylyeva, K. Merz, N. Metzler-Nolte, M. Saleem, S. Ali, A.A. Isab, K.

S. Munawar, S. Ahmad, Inorg. Chim. Acta 376 (2011) 207.

[112] S.A. Khan, N. Singh, K. Saleem, Eur. J. Med. Chem. 43 (2008) 2272.

[113] U. El-Ayaan, J. Mol. Struct. 998 (2011) 11.

[114] S.M. Soliman, Asian J. Chem. 26 (2014) 1161.

[115] P.A. Datar, J. Comput. Med. 2014 (2014) 1–9.
[116] L. Hernández-Ochoa, C.A. Macias-Castañeda, G.V. Nevárez-Moorillón, E. Salas-
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27.1 Introduction

In a recent study by Tuft’s Institute to determine how much it costs to bring a drug

molecule to the market, a staggering number came up [1]. It costs about 2.6 billion

dollars to bring a single molecule to the market. With this increased price tag, the pro-

cess of drug discovery is becoming more and more challenging and less sustainable.

Modern-day drug discovery is getting challenged not only by the sustainability of the

process but also by the increased requirements for the process to be more environmen-

tally benign. Medicinal chemistry is a branch of drug discovery science which encom-

passes chemistry, structure-activity relationship (SAR), drug design, computational

chemistry, pharmacology, and absorption, distribution, metabolism, excretion

(ADME). In the preclinical drug discovery, medicinal chemistry is at the interface

of multiple research-stages. Different stages include target identification, target to

hit, hit to lead, lead optimization, and candidate selection. An estimate of the time

and money involved in these different stages of the drug discovery processes is

described in Fig. 27.1. The estimate was based on a study done in 2010 from data col-

lected in various stages of discovery processes at Eli Lilly and Company [2].

The complete drug discovery process is distributed in several stages to bring an

NME to the market, namely, target identification, target validation, hit to lead, lead

optimization, preclinical development, and clinical development [3]. The clinical part

involves the most money, time, and a long elaborated process because it involves

Fig. 27.1 Time required, and the money involved in each stage of a new molecular entity

(NME) launch.
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patient dosing. It consists of the phases I, II, and III clinical trials. On the other hand,

preclinical development requires intense biological, pharmacokinetic (PK), pharma-

codynamics (PD), ADME, and pilot synthesis efforts. It is also associated with the

correct selection of the dosage mode and parameters to determine if the drug is safe

for human testing.

The remainders of the stages are the preclinical discovery research which involves

medicinal chemistry. The medicinal chemistry effort takes about 3–6 years and roughly
about one-third of the total cost (�29%) to bring out a new drug. The process starts with

the identification of the biological target and molecule/s, which intensely involves the

high-throughputbiological screeningofeither theexisting in-houseorexternalmolecular

libraries.Once few targetmolecules are identified, different simple analogswere synthe-

sized to validate the target/s and get template/s with a scope of patentability for the par-

ticular biological target. It was then followed by amore intense procedure of SAR effort,

identification of secondary assays, in vivo testing, and ADME characterization. This

stage is known as the hit to lead or identification of lead. Once a lead is identified, more

intense chemistry, in vitro, in vivo biology, andADME involvement occur. This is also a

very rigorous stage associated with significant medicinal chemistry involvement. In this

stage, the best candidate and backups are selected based on their in vivo efficacy, PKpro-

filing, stability, initial safety study, and easeof scalability.Evenwith this elaborate effort,

the failure to produce a candidate is often the case in any drug discovery program. The

worst comes when a drug fails in the clinical trial. In 2008, the FDA approved 21 new

drugs of which the large pharma developed only six of them. In 2009, the FDA approved

24 new drugs, and the large pharma discovered only 10. Additionally, it was estimated

that one in twenty molecules that advanced to the clinic failed to advance. So with the

soaring cost of bringingNMEand decreased productivitymeasured by the lower number

ofdrugs for the researchmoney spent by thepharmaceutical companies raise thequestion

of sustainability. The environmental stringency further adds to the pressure of improving

research and discovery (R&D) productivity to bring in NME in lesser time and money.

One of the green approaches of increasing the R&D productivity is the introduction

of computational algorithms, like QSAR, structure- and ligand-based drug discovery,

virtual screening, ADME predictive tools, and statistical models like the rule of five,

beyond the rule of five. With the introduction of the computational tools, the preclin-

ical discovery time can be reduced by half and cost by one-third as described in

Fig. 27.2 [1, 4, 5].

Fig. 27.2 Increasedefficiencywith the introductionof computational tools inearlydrugdiscovery.
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SAR is a qualitative way to determine the biological activities of compounds based

on the variation in their structural features. Whereas, quantitative structure-activity

relationship (QSAR) [6] is a mathematical predictive model uses different parameters

to speculate the biological activities of molecules based on their similarities in a struc-

tural cluster.

Structure-based drug discovery (SBDD) is the design of new drug molecules based

on the crystal structure of enzyme-ligand complex [7–9]. If the X-ray structure of the
target enzymewith a modulator is known, new SAR compounds can be designed using

computational methods. This method of identifying and designing new drugs not only

reduces the time for bringing a lead molecule but also provides a sustainable and green

way of doing medicinal chemistry.

The ligand-based drug discovery approach is usually used to design SAR com-

pounds when the X-ray structure of the receptor is unknown [10–12]. It is also known
as three-dimensional (3D)-QSAR strategy. Based on a series of active ligands, SAR

compounds are designed to find lead molecule.

In this modern day, the sustainable way of approaching drug discovery is the use of

virtual screening strategy to find hit molecules which uses much faster and efficient

techniques. Structure-based or ligand-based virtual screening is an alternate and effi-

cient tool to the traditional high-throughput biological screening to identify hit mol-

ecule [8, 13–16]. In this paradigm, we use several efficient computational tools like

metabolic, ADME, CNS permeability predictors, filters such as, ligand efficiency

(LE), lipophilic ligand efficiency (LLE), rule of 5 and methods like SBDD, QSAR,

and 3D QSAR to design new lead-like molecules. The main goal is to reduce the time

and cost to bring new drug molecules more sustainably.

27.2 QSAR, 3D QSAR, and ligand-based drug design

QSAR is a mathematical way of finding a relationship between the variations of phys-

icochemical properties and biological activities of molecular entities. Once a mathe-

matical correlation is drawn, it can be used as a predictive tool for the biological

activities of designed molecules to progress the course of drug discovery.

QSAR predictive design and pharmacophore approaches are the basis for making

ligand-based drug discovery.

27.2.1 Why there is a need for QSAR?

Say we are planning to develop a medicinal chemistry approach of a drug containing a

benzene ring. To find a potent compound, we will use 10 different substituents in three

positions of the benzene ring with varied substitution pattern.

So, we have to synthesize 103 compounds to explore the variations.

But with the concept of QSAR, we can easily form a mathematical equation relat-

ing to the properties of the substituents and synthesize a handful of compounds. Ana-

lyze the biological activity of this small set of compounds and from this data-driven
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model predict the activity of the compounds to be synthesized further to find potent

compounds.

The basic steps of QSAR are as follows:

(1) Selection of the data set or the trial set which has known biological properties

(2) Finding of the structural or physicochemical parameters

(3) Variable or descriptor selection

(4) Model building

(5) Model validation

(6) Model application, prediction of the activity of the test set or predicted compound.

The concept of QSAR method was first started in the 19th century, back when Crum-

Brown and Fraser postulated a relationship in 1868, correlating the physiological

activities of molecules to their chemical composition [17]. The major drawback of the

postulatewas the lackof any quantitative representation of the structures. Later, Richard-

son [18], Mills [19], Richet [20], and Overton and Meyer [21, 22] also gave qualitative

relationships in termsofdescribingphysicochemicalpropertieswithbiologicalactivities.

The major breakthrough happened in the mid-1900s when Hammett postulated a

quantitative equation defining linear free energy as a function of the substituent con-

stant (σ) and rate or reaction constant (ρ), while studying the substitution effects for

different meta (m-) and para (p-) substituted benzoic acids [23, 24]. In postulating the
equation, he considered the effect of the substitutions on the dissociation of benzoic

acid to the benzoate anion and proton. The free energy is related to the equilibrium

constant as follows:

ΔG¼�RT lnk

where

ΔG ¼ change in Gibb’s free energy for the reaction

R ¼ universal gas constant 8.3145 J mol�1 K�1

T ¼ temperature in Kelvin

K ¼ equilibrium constant.

Hammett equation is represented as follows:

log
K

K0
¼ σρ;

where

K ¼ equilibrium constant for a substituted reactant

K0 ¼ equilibrium constant for the unsubstituted parent reactant.

σ (substituent constant) is a function of the substituent. It is a measure of the electronic and

the inductive effects of the substituents. σ is positive for the electron-withdrawing substit-

uents, whereas it is negative for the electron-donating substituents. It is “zero” for hydrogen

by definition.

For nitro (dNO2) group, σ is positive. Hence, it shows electron-withdrawing effect either

through inductive (for m-) or through the combination of inductive and resonance effects

(for p-). On the other hand, methoxy (dOCH3) group could have both positive and negative
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values. Depending on the position of the substitution, it could have electron-withdrawing

inductive effect as in m- or electron-donating resonance effect as in p- substitution.
ρ (reaction constant) is a function of the nature of the reaction, temperature, and solvent.

Electron-withdrawing groups favor where ρ > 0

Electron-donating groups favor where ρ < 0

For unsubstituted benzoic acid ρ ¼ 1 at 25°C and using water as the solvent.

Taft [25] was the first one who introduced the concept of steric factor (Es) into the

equation by comparing the rate of hydrolysis of a substituted ester to that of the parent

one. In his postulate, he separated the polar, steric, and resonance effects. The equation

representing the steric factor (Es) was described as follows:

Es¼ logkR� logk0

where

kR ¼ rate of hydrolysis of a substituted ester

k0 ¼ rate of hydrolysis of the parent ester.

The next major contribution in the field of QSAR was by Hansch et al. with the intro-

duction of the concept of lipophilicity or hydrophobicity in predicting the biological

activity [26–28].
The term lipophilicity is defined by the affinity of a drug toward the lipid phase. It is

an intrinsic property of drugs to get distributed in the lipid bilayer of different physi-

ological environments to reach the targets like brain, gut, or tumor. It is defined by log

P,where P is the partition coefficient of the drug distributed between octanol andwater,

where octanol represents the lipid phase.

P¼ concentration of the drug in octanol½ �
to the concentration of drug in water½ �

There is a linear relationship exists between the concentration and the lipophilicity. In

general, higher binding to the lipid phase (octanol) is represented by increasing log P
values. It is not feasible to determine the log P values of all the compounds. So the log

P values are usually calculated computationally. The term “clog P” or calculated log
P is used in most cases. In case for the drug molecules the term “logD” is used instead
of log P, because the majority of the drug molecules contain ionizable groups. In an

ideal situation, log P and log D are the same for nonionizable molecules.

The three primary physicochemical properties were used in Hansch’s empirical

design:

(1) Hydrophobic properties or parameters

(2) Electronic properties or parameters

(3) Steric properties or parameters.

Hansch equation is represented as follows:

1
c ¼ k1π� k2π

2 + k3σ + k4Es + k5
�

1/C ¼ biological activity, where C ¼ concentration of a drug for the given response

π ¼ partition coefficient of the drug distributed between octanol and water and is the rep-

resentation of the lipophilicity of the drug
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σ ¼ Hammett’s substitution constant and it is a measure of the electronic effect of the

substituent

Es ¼ Taft’s steric parameter

k1, k2, k3, k4, and k5 are constants dependent on temperature and solvent.

Activity increases if the π value is positive, for hydrophobic substituents.

The activity also increases if the σ value is negative, for electron-donating groups.

Free and Wilson postulated an additive model where the biological activity was

represented by the summation of the equally weighted molecular descriptors of dif-

ferent substituents [29].

The equation is represented as

1

c
¼Σai + μ

where

ai ¼ the activity contribution of substitution i
μ ¼ activity of the parent molecule.

Each type of chemical group was assigned with the relative contribution to the activity

depending on their type and position, e.g., m-, p- substitution.
Topliss was one of the pharmaceutical industry pioneers came up with a rational

approach for QSAR. He designed a very logical approach for analog synthesis for drug

design based on the electronic and hydrophobic effects of the substituents, which was

known as Topliss tree approach [30]. There were two Topliss schemes, one for the

aromatic substituents and one for the aliphatic substituents. This approach showed

a grand promise for simple substitutions in SAR development.

The three primary statistical methods often used in the linear QSAR models are

(1) Multiple linear regression analysis (MLR) which uses multivariate linear regression to

determine the drug property as the function of all the descriptors [31].

(2) Principal component analysis (PCA) is a data optimization technique utilizes the relation-

ship among the independent variables [32].

(3) Partial least-square analysis (PLS). It is a regression method that uses the conversion of a

large number of the original descriptors to orthogonal functions known as latent

variables [33].

Even though there are lots of benefits of using two-dimensional (2D) QSAR for

predicting biological activities of compounds, this classical QSAR approach is asso-

ciated with a lot of shortcomings. The advantages of the method are relatively shorter

time involved and the number of compounds to be synthesized in a SAR development.

The major sources of uncertainty of this method are the unreliability of the data,

unavailability of appropriate physicochemical parameters, lack of knowledge of sub-

stituent constants beyond simple substitutions, and poor quality of the statistical

method selection for model building and validation.

Overall, the classical QSAR is a good approach in predicting biological activities

of molecules with simple substituents.
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27.2.2 Ligand-based virtual screening

Ligand-based virtual screening is a technique where the future SAR can be developed

for a biological target where no receptor crystal structure is available, but a lot of infor-

mation is available for the ligands. In this approach, often a 3D QSAR method gets

applied. The concept of “pharmacophore” is also critical. Since the 3D QSAR is

derived from the exiting ligands from a biological target, it is somewhat limited to

the similarity in structural features of the parent ligand. 3D QSAR uses the 3D struc-

tural elements of the ligands correlating with the noncovalent interactions surrounding

the molecules in its model building.

The pharmacophores are defined as the descriptor of the molecular features respon-

sible for biological activity [34, 35]. IUPAC defines pharmacophore as the additive

representation of the steric and electronic effects to produce the necessary biological

responses [35]. The pharmacophoric features are H-bonding, hydrophobic, and elec-

trostatic interactions encompassing virtual points in the molecule. Say, for example,

there is a phenyl ring in a molecule responsible for biological activity. The

pharmacophore will not be represented by the phenyl ring but the nature of the gen-

eralized substitution pattern, that is, a hydrophobic substituent which would produce a

similar effect.

Let us take an example of a CDK2 inhibitor [36] that has the following 2D structure

(Fig. 27.3).

The pharmacophoric representation is given in Fig. 27.4,

where H1, H2, H3, H4, and H5 are the hydrophobic substitutions; A1 is the

H-bond acceptor region. In this example, the concept of pharmacophore dictates that

similar hydrophobic groups can replace the purine or phenyl or the cyclohexyl rings.

In addition to that, the acceptor O can be replaced by other H-bond acceptor atoms or

groups.

A list of reviews describes different techniques used for developing the 3D QSAR

studies over the time [10, 38–54]. Commonly used methods are comparative molec-

ular field analysis (COMFA) [55], comparative molecular similarity indices

(COMSIA) [56], genetically evolved receptor models (GERM) [57], comparative

binding energy analysis (COMBINE) [58], and comparative residue interaction anal-

ysis (CORIA) [59]. All of these techniques use alignment-based methods. The result

H2N
S

O
O

N
H

N N
H

NN

O

Fig. 27.3 CDK2 inhibitor [36].
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varies depending on how the active conformations of all the molecules align to each

other [60]. The problem arises from aligning highly flexible molecules.

COMFA is the most widely used methods in 3D QSARmodel development. It cor-

relates the steric and electrostatic properties the molecules to their biological activi-

ties. In this method, molecules are aligned in a 3D grid with their electrostatic and

steric energies. The energies of each molecule are calculated at each grid points. Usu-

ally, the minimum energy conformers are assigned as the active conformer. With the

energies of each grid points, partial least-square (PLS) statistics were used to develop

the COMFA model. The effectiveness of the COMFA model in predicting activity is

solely dependent on the selection of the active conformations of the molecules and

proper alignment of these active conformers. The drawbacks of the COMFA methods

are as follows:

(1) Flexible molecules produce poor alignments resulting in erroneous results.

(2) The energy functions do not properly accommodate hydrophobicity or H-bonding

interactions.

(3) Uncertainty in the selection of trial and test sets.

(4) Practical issues with PLS.

(5) Unrealistic high values of the electrostatic and steric interactions because of the use of

hyperbolic energy functions like Coulombic and Lennard-Jones potentials.

(6) Cut off values are used.

Fig. 27.4 Pharmacophoric representation of ligand for PDB ID 2C6O, generated by maestro

[37].
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COMSIA is a similar technique as COMFA but much improved and eliminates some

of its drawbacks. The major improvements can be depicted as

(1) It includes hydrophobic, H-bond donor, and acceptor interactions along with the steric and

the electrostatic functions.

(2) Uses Gaussian distribution of similarity indices, which eliminates the steep slopes as in

Lennard-Jones or Coulombic functions.

(3) It does not put an arbitrary cutoff limit.

(4) Similarity indices offer the molecular fields to define the ligand-binding interactions.

(5) Better accommodate flexible molecular alignments.

Some recent research on 3D QSAR studies using COMFA and COMSIA are

referenced here [61–71].
Both COMFA and COMSIA are provided by Sybyl software developed by

Tripos [72].

GERM is a 3D technique which incorporates the macromolecular binding site

models in the absence of receptor structures. The primary requirement of this model

is the presence of a chemical series with SAR with reasonable alignments. It uses a

genetic algorithm to calculate the atomic-level models of the receptor site. The model

shows a high level of correlation between the calculated intermolecular energies

and the activities. The predicted binding energy also correlates very well with the

biological activity of the test set. Genetic codes are used for each type of atoms usu-

ally found in protein structures, e.g., aliphatic or polar hydrogens, carbonyl or neutral

carbon atoms, amide or amino nitrogen, etc. The energies are calculated by using

Chemistry at HARvard Macromolecular Mechanics (CHARMM) force field. The

model has a very high potential of successfully finding leads from a 3D-structural

database. The limitation of GERM is that it considers only a single orientation of

the ligand in the training set and in the binding site. Also, since the model is based

on hypothetical receptors, these assumptions come with the shortcoming of the model

building [73].

COMBINE is a 3D QSAR method uses structural data from the ligand-

macromolecular complex. In this method, the free energy of activation is calculated

by considering the ligand bound or unbound to the receptor [74]. The energies

between the ligand and the receptor interactions are calculated using molecular

mechanics force field. The electrostatic interactions are determined using the

distance-dependent dielectric constants without assigning any arbitrary cutoff values.

The limitation occurs for the prediction of the binding pattern of different ligand-

receptor systems, because of the biasedness of this method to the positioning frag-

ments to the binding sites and data-based searching. Some recent researches on 3D

QSAR studies using COMBINE are referenced here [75–79].
CORIA is a 3D QSAR methodology based on the thermodynamic functions

describing the ligand-receptor binding. In this method, both the qualitative and quan-

titative functions are included in the ligand interaction to the binding site. Initially, it

was based on only the nonbonding interactions of the ligands to the different

active-site residues of the receptor [59]. But later the method got expanded in two

different variants, viz. reverse-CORIA (r-CORIA) and mixed-CORIA (m-CORIA).

In the r-CORIA, the nonbonding interaction energies of the ligand are calculated
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considering the receptor interaction as a whole, while in m-CORIA the energies are

calculated considering the interaction with the individual active sites in the receptor.

Some recent researches on 3D QSAR studies using CORIA are referenced here

[80–82].

27.3 Structure-based drug design and virtual screening
strategy

The primary requirement for a SBDD model is the presence of a defined X-ray struc-

ture of a ligand with the biological target of interest. SBDD is a well-known, green,

and very effective procedure used by many in industry and academia for finding lead

compounds in medicinal chemistry-driven drug discovery program [83–86].
Structure-based virtual screening strategy is often used as an alternative to the expen-

sive and time consuming high-throughput biological screening strategies [8, 13, 87].

The computer-based drug discovery research at Merck in the early 1980s was consid-

ered as the pioneer of SBDD [88]. The popularity of this SBDDmethod lies to the fact

that by knowing the structural information of the existing ligand-protein binding, new

ligands can be easily predicted to improve the drug discovery program. The prediction

can be drawn based on the known crystal structure by extracting the interaction pattern

of the existing ligand to the active site of the protein and reproducing that for the new

predicted ligands. The process for achieving it is called molecular docking [89]. In the

structure-based virtual screening, hits can be identified from small molecules obtained

from a database by docking the structures to the receptor active sites. Often this pro-

cess of direct docking of small molecules to the active site to find the lead from a large

database is very computer intensive and could take a month depending on the number

of molecules to be docked. To avoid excessive computer time, often the ligand struc-

ture is converted to a structure-based pharmacophore model and screened through the

database much quickly [90]. The pharmacophore model is described in Fig. 27.4,

where the structure of the ligand from the crystal structure (PDB ID 2C6O) was con-

verted to its pharmacophoric representation. The total process of SBDD can be repre-

sented by the following cartoon (Fig. 27.5).

The overall SBVS process is divided into three following stages:

(1) Binding site detection, protein, and ligand refinement

(2) Direct docking of ligands or shape screening for structure-based pharmacophores

(3) Analysis of the hits and identification of the lead

27.3.1 Binding site detection, protein, and ligand refinement

Thebinding site interaction canbedetermined easily if the ligand is co-crystallizedwith

the target protein. The protein structure is then refined to eliminate the ambiguity in the

binding mode. The process includes removing the nonparticipating water molecules

(redundant water molecules for the protein-ligand interaction) [91], adding hydrogen

atoms, setting up bond orders, and formal charges. It also selects the correct tautomeric
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form and the orientation of the hydroxyl or thiol groups of the protein fragments [92].

Once the protein is refined, the next is the ligand selection, and it is done fromadatabase

containing compounds. Among the common databases used for virtual screening, the

most popular is the free ZINC database [93]. It contains over 120 million purchasable

compounds [94]. The other data bases are ChemSpider [95], maintained by the Royal

Society ofChemistry (RSC), ChemDB [96] and PubChem [97],which ismaintained by

the national center for biotechnology information (NCBI). Most large commercial

chemical vendors also make their compound files available for virtual screening.

The selected ligands are thenminimized to get the lowest energy conformation and pos-

sible tautomer conformations. Once these ligand refinements are done, the next stage is

finding the fit which matches the receptor interaction.

27.3.2 Direct docking

The selected ligands can be docked individually to the receptor grid to find the fit. The

algorithm of the docking program has two jobs, viz. prediction of the correct binding

modes of the ligands at the active site and subsequent ranking of these poses. The

docking program treats the ligands flexibly, which are then minimized by three

Ligand bound
protein structure

Receptor based
pharmacophore

Compound data base

New lead

Shape screening
Docking

Refined ligand
structure

Fig. 27.5 Cartoon expressing structure-based virtual screening (SBVS).
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different methods, viz., systematic methods (conformational search); randommethods

(Monte Carlo); and simulation methods (molecular dynamics and energy minimiza-

tion) [98]. Some most commonly used docking programs are AutoDock [99], DOCK

[100], Glide [101], and GOLD [102]. It is difficult to conclude which gives the best

results and all can be used depending on the availability or need.

27.3.3 Structure-based pharmacophore screening

Structure-based pharmacophore modeling (SBPM) is based on identifying the com-

plementary chemical features of the active site and their spatial relationship with

the ligand. Subsequently, a pharmacophore model is generated from selected features.

Here are few of the common software available commercially to generate

pharmacophores—such as HipHop [103], HypoGen [104], DISCO [105], PHASE

[106, 107], and MOE [108]. One of the major problems with SBPM is the generation

of too many chemical features (not prioritized). Typically, a selection of three to five

chemical features for virtual screening is an optimum approach. Since the purpose for

SBPM-based virtual screening is to find hits with similar chemical features as the tem-

plate, often the screening ends up with completely new molecular entity. But finding a

de novomolecule might not always translate into biological activity. This is one of the

major drawback of the model. But on the other hand, if the new molecular entity is

active, it would produce the scope for a patentable template.

27.3.4 Analysis of the hits

In certain cases, some virtual screening ends up with a lot of hits. The introduction of

various statistical methods can be used to prioritize these large number of hits. One of

this method is clustering analysis with similarity search [109]. The similarity between

molecular cluster often calculated using Tanimoto coefficient [110].

27.3.5 Similarity searching

Mathematically, Tanimoto coefficient can be described as follows:

The similarity between objects A and B can be described as

Tc ABð Þ¼ c

a+ b� c

where

Tc ¼ Tanimoto coefficient between object A and B

a ¼ number of features present in A but not in B

b ¼ number of features present in B but not in A

c ¼ number of features present in both.

27.3.6 Homology modeling

In certain cases, especially for the G-coupled receptor (GPCR), where there is hardly

any X-ray structural information is available, a homology model can be used.
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Homology model is developed by constructing an atomic-resolution model of the tar-

get protein, by comparing its protein sequence with the high-resolution X-ray struc-

ture of a homologous protein [111, 112]. The process of homology modeling is

achieved through the following three steps:

l Alignment of the sequence between the target protein and an appropriate homologous

protein.
l The building of homology model, refinement, and validation.
l Docking of ligands in the newly build receptor model.

Some recent studies using structure-based drug design and virtual screening are

referenced here [113–133]. To elucidate several of the features of structure-based vir-
tual screening, we will use the following example.

In our lab, we have developed a pharmacophore-based virtual screening approach

to find CDK5-p25 inhibitors for Alzheimer’s disease [134].We were looking for com-

pounds with selectivity in CDK5-p25 but not in CDK2 or other cell cycle kinases to

avoid any side effects. We started with a ligand-bound crystal structure of CDK5-p25

(protein data bank or PDB ID 3O0G). The structure of the ligand is given in Fig. 27.6.

The ligand binding in the protein space-filling structure is represented as follows

(Fig. 27.7).

The overall receptor-ligand H-bonding interactions can be pictorially represented

as follows.

In Fig. 27.8, the four different H-bonding interactions of the ligand with the recep-

tor sites are shown as interactions with CYS 83, GLU 81, LYS 33, and a ternary water-

mediated interaction with ASN 144. These interactions can be represented in the

e-pharmacophore model, as in Fig. 27.9.

In Fig. 27.9, the maestro-generated e-pharmacophore models have two acceptor

sites (A1 and A2), three donor sites (D3, D4, and D5), one hydrophobic pocket

(H6), and two aromatic residues (R7 and R8). But as we were mentioning before,

not all the chemical features are relevant to the H-bonding, donor, acceptor, or π stac-
king interactions. Selected features are used in the virtual screening workflow. The

virtual screening workflow is described below.

Fig. 27.10 represents the workflow of computer-based screening strategy used in

screening a database of 2.84 million compounds to end up with a hit of nine com-

pounds. With further biological assays of these nine compounds, we were able to iden-

tify a single compound as the lead [134]. This is the shown benefit of virtual screening

a huge database to come up with a lead in a short time and money with an efficient and

green process.

O2N

O

N
S

NH2

HN
Cl

Fig. 27.6 Structure of the ligand from PDB ID 3O0G
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Fig. 27.7 Bound ligand in protein space-filling structure of CDK5-p25 (PDB ID 3O0G);

generated by maestro [37].

CYS 83

HOH 311

GLU 81
LYS 33

ASN 144

Fig. 27.8 H-bonding interaction of ligand in the active site (PDB ID 3O0G); generated by

maestro [37].
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Fig. 27.10 Virtual screening workflow to identify hit [134].

Fig. 27.9 E-Pharmacophore [107] representation of ligand (PDB ID 3O0G); generated by phase

[106].
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27.4 Drugability

The concept of drugability or drug likeness goes back to a Pfizer scientist Cristopher

Lipinski who formulated an empirical rule based on the physicochemical properties of

oral drugs. The rule is known as Lipinski’s rule of five [135, 136]. According to the

rule, compounds will have good absorption and bioavailability, if

(1) Molecular weight is �500

(2) Log P or lipophilicity is �5

(3) Number of H-bond donor is �5

(4) Number of H-bond acceptor is �10

This concept was originally developed to predict orally active compounds but later

had to be extended for central nervous system (CNS) drugs by including certain other

features. For CNS drugs, blood-brain barrier (BBB) permeability is a major determi-

nant beyond the physicochemical properties. For active CNS drugs, the standard rule

of thumb is that the polar surface area (PSA) of the compound is �60–70 [137] and

number of rotatable bonds �10. Two simple rules can be used to predict the physi-

cochemical properties of CNS drugs [138].

First rule says N+ O � 5; the molecule will have a good brain permeability.

Second rule says, log P � (N + O) ¼ +ve; molecule will be CNS active.

There are several computational methods available to predict the CNS

permeability [139].

In modern drug discovery, virtual screening techniques utilize several filters to

refine the database to screen only drug-like compounds. This refinement increases

the chance of getting a hit with drug-like properties. Few of the common in silico fil-

ters used for virtual screening are ADME prediction, solubility prediction, Lipinski

rule of five, and BBB permeability (for CNS drugs). Two relatively newer concepts,

like ligand efficiency (LE) [140, 141] and lipophilic ligand efficiency (LLE) often

used in finding hit and lead molecules and in lead optimization strategies [142].

All these computational techniques described in this chapter made modern drug

discovery more efficient and sustainable.
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504s
Carboplatin, 656, 657f
Carboxamides, 924–925
2-Carboxybenzaldehyde, 51

Carboxylate ion, 87–88
Carboxylic acid, 87–88
17-Carboxylic acid, 847

Carcinomas, 652

Carmustine, 656, 656f, 664, 664s, 928–929,
929t

Carrageenin-induced rat paw edema,

antiinflammatory activity, 874, 879t,
884–885t

2-aryl-5-(4-pyridyl)-1,3,4-oxadiazole

derivatives, 886, 892t
diclofenac effect, 880–881t
indomethacin in inhibition of, 882t
3-substituted-5-substituted-1H-pyrazol-1-

yl-(3-substituted-benzofuran-2-yl)

methanone derivatives, 878, 883t
Carvacrol, 17, 945, 945s
Catharanthus roseus, 659, 760
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Cavitation, 531

C—C bonded steroidal homodimers, 840,

840s
C—C bond-forming reactions, 196–198
CDK2 inhibitor, 971, 971f
CDK5-p25 inhibitors, 977

Cellular biocatalysis, 588

Central nervous system (CNS)

cumin, 748

depressant activity, 715–718, 719t, 723,
724–725t

drugs, 980

stimulants and depressants, 719, 720s
Ceratonia siliqua, 233, 235
Cerbera manghas, 232
Ceric ammonium nitrate (CAN), 10

Ceritinib, 784

Cetyltrimethylammonium bromide-modified

organoclay, 106

Chalcones, 791–794, 793–795s, 793f,
794–795t

antimycobacterial activity, 794t
antitubercular activity of substituted, 795t
conventionally and microwave-assisted

synthesis, 795t
dipole moment, 941, 942s, 955–956
4-methythiochalcone to 4-methylsulfonyl

chalcones, 794s
structure of, 793f
synthesis of, 793s, 795s

trans-Chalcones, 110, 110s
Chalconoyl pregnenolones, 832, 832s
Chemically cross-linked hydrogel, 619,

620f
enzymatic cross-linking reaction, 623

hybrid polymer networks, 621–622
interpenetrating network, 622

photo-cross-linking network, 621

polymer-polymer cross-linking network,

621–622
small-molecule cross-linking network, 621

Chemically modified graphenes (CMGs)

as heterogeneous catalysts, 47

medicinally important heterocyclic

scaffolds using, 49–65, 49f
Chemical mediators, inflammation, 864

Chemoselective glycosylation, 356

Chemoselective one-pot glycosylation (OPG)

method, 356f

Chemotherapeutic agents, carbohydrate-

based, 357

Chemotherapy, 654, 662

Chenodeoxycholic acid, 462

Chenodeoxycholic acid bisthiocarbazones,

826, 826s
Chiral aziridine, 353s, 379–389, 381f
Chiral O-(-protected dipeptidoyl) steroids,

836, 836s
Chiral 4,5,6,7-tetrahydropyrazolo[1,5-a]

pyridine-fused steroids, 840–842, 841s
Chitosan-based biocompatible thermogels

(CTGels), 636

Chlorambucil, 662, 663s
Chloramine-T, 466, 466s
(R,S)-1-Chloro-3-(3,4-difluorophenoxy)-2-

propanol, 150

Chloro-fluoro carbons (CFCs), 580

Chloromethyl isopropyl carbonate (CMIC),

83–84
5-Chloro-1-methyl-4-nitro-1H-imidazole,

666, 666s
(�)-7-Chloro-9-(4-methylpiperazin-1-yl)-

9,10-dihydropyrrolo[2,1-b][1,3]
benzothiazepine, 728, 729f

5-Chloro-N2-(2-iso-propoxy-5-

methyl-4-(piperidin-4-

yl)phenyl)-N4-(naphthalen-1-yl)

pyrimidine-2.4-diamine, 784, 784f
1-(7-Chloro-4-oxo/-2-phenylquinazoline-3

(4H-yl)) substituted urea, 717–718,
718s

7-Chloro-3-[substituted (amino/phenyl

amino)]-2-phenyl quinazolin-4 (3H)-
one/thione derivatives, 717–718, 718s

Cholestanone, 923–924, 923f
Cholesterol, 452, 459

Cholesterol-based sterylferulate, 847

Cholesterol-lowering drugs, 581

Cholesterol oxidation products (COPs), 847

Cholesteryl benzoate, 462–463
Cholic acid, 462

Cholinium, 167

Chromanes, 941, 942s
Chromatographic purifications, 159–162
Chromenes, 60–63
4H-Chromenes, 60, 61–62s, 306–309
Chromenothiazolopyrimidinones, 292–293
Chronic inflammation, 863–864
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Ciclamycin O, 356s
Ciclamycin-O-trisaccharide, 354
Ciguatoxin synthesis, 389–391
Cimetidine analogs, 956–958
Cinchona alkaloids, 953, 954s, 954t
Cis-2,6 and 3,6-disubstituted morpholine

synthesis, 395–396s
Cis-2,6 and 3,6-disubstituted morpholine

synthesis, 395–396s, 397f
2,6-Cis-disubstituted morpholine, 392s
Cis-2,5 disubstituted morpholine derivatives,

393f, 393t
Cis-2,6 disubstituted morpholine derivatives,

393f, 393t
Cis-fused chromano[4.3.-c]isoxazoles, 192s
Cis isomers of 1,2-dichloroethene, 922f
Cisplatin, 656, 657f, 684–685
2,5-Cis pyrrolidine synthesis, 408t
Cladribine, 661, 661f
Claisen-Schmidt condensation, 832

Classical method, 819–821, 849–850
Clathria pyramida, 568
Clay-mediated synthesis, of biologically

active molecules

kaolin, 113

modified bentonite clay, 109

modified kaolin, 114–115
modified montmorillonite clay, 105–107
modified montmorillonite K-10 clay,

107–108
modified montmorillonite KSF clay,

111–113
montmorillonite K-10 clay, 99–105
montmorillonite KSF clay, 110–111
montmorillonite-KSF vs. K-10 clays,

117–120
natural bentonite clay, 108–109
natural clay, 99

pillared clay, 115

super acid clays, 116

Clay minerals, 96–98
Cleistanthus collinus, 232
Click reaction, 202

Closed Field Unbalanced Magnetron

Sputtering (CFUMS) system, 30

Cluster glycoside effects, 625

Coating techniques, 18–20
Codeine, 161

Cold spray (CS) technique, 16

antibacterial and antimicrobial coating by,

25–36, 30f
brittle materials, 38–39, 39f
characteristics parameters of, 36t
development, 38–40
green aspects of, 37–38
microstructural parameters and micro-

hardness, 31t
nozzle design, 24–25
process and advantages, 23–25
sustainability and, 36–37
temperature vs. velocity profile for, 22f

Comparative binding energy analysis

(COMBINE), 971–973
Comparative molecular field analysis

(COMFA), 971–973
Comparative molecular similarity indices

(COMSIA), 971–973
Comparative residue interaction analysis

(CORIA), 971–974
Computer-based screening strategy, 977, 979f
Condensed thienopyrimidine derivatives,

908, 908s
Controlled drug delivery system, 604–605
Controlled-release technology (CRT), 603

Conventional drug delivery, 604.

See also Drug delivery

Conventional method, of organic synthesis,

871–872
Conventional mode of heating, 846–847
Conventional organic solvents, 245–246
Conventional synthesis

6-amino-5-cyano-2-(hydroxy/mercapto)-4-

substitutedpyrimidine derivatives,

787t
4-aminoquinoline-phthalimides, 796t
antitubercular agents, 785t, 787t
benzocoumarin-benzothiazepine hybrids,

801t
chalcones, 794, 795t

Convergent organic synthetic protocol, 353

Copper oxide-reduced graphene oxide (CuO-

RGO), 61

Corticosteroids, 457–460
Cortisone, 450, 454

Cotinine, 50

Cottonseed oil. See Gossypium hirsutum
Coumarin-3-carboxylic acids, 504s, 504t
Coumarin-pyrimidine hybrids, 685t
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Coumarins, 676, 676f
derivatives, 733, 733s
dipole moment, 934, 935s
synthesis of, 60–63

Couroupita guianensis, 5
Crystalline thiepane, 551

Cucurbita maxima, 6, 763
Cumin, 740t

features of, 741

pharmacological activities, 746–748
phytochemical composition, 742

Curcuminoids, 741

3-Cyano pyridine derivatives, 695–696, 695s
Cyclic imides, 118, 119t, 120s
Cyclization pathway, 819–821
[4 + 2] Cycloaddition

reaction, 428

via enamine activation, 430–436
via iminium ion activation, 429–430

Cyclocondensation reaction, 668–669
Cyclodehydration reaction, iron-catalyzed,

391–392
β-Cyclodextrin, 236
Cyclooxygenase (COX) inhibitors, 865f
Cyclophosphamide, 664, 664s
Cyclopropane, 377s, 411
Cyclopropanecarboxaldehyde, 80

Cyclopropane ring expansion, 405

Cyclopropylacetylene (CPA), 79–80s
Cyclopropyl methyl ketone, 80

p-Cymene, 945, 945s
Cynanchum bungei, 152
Cynodon dactylon, 762
Cytarabine, 660, 661f
Cytosolic PGE synthase (cPGES), 869

Cytotoxic activity

against human tumor cells, 682t
2-((5-substitutedbenzothiazol-2-yl)thio)-

N’-(4-substituted benzylidene)

acetohydrazide, 672

Cytotoxic drug, immunomodulator

antirheumatic, 400

Cytotoxicity, 494–495

D

Dacarbazine, 656, 656f
Dalton’s Lymphoma Ascites (DLA) Model, 5

Daphne mezereum, 768

Daunomycin, 927–928, 928s
Daunorubicin, 659, 660f
D-condensed 2-pyrazolines, 828, 828s, 839,

839s
Deacetylation of bile acids, 829, 829s
Decitabine, 660, 661f
Deep eutectic solvents (DESs), 246

with hydrogen bond interaction, 246–247,
247f

organic transformations in, 248–325
polar and protic, 247

Deformylation of bile acids, 829, 829s
Dehydration reaction

investigated inside the lipophilic

nanoreactor, 186s
in water, 184–187

Dehydroepiandrosterone, 473–474
16-Dehydropregnenolone acetate, 819–821
de Laval Nozzle, 24–25, 25f
Dendrimers, in drug delivery, 610

Density functional theory (DFT) calculation,

432

Density functional tight-binding (DFTB),

927, 927t
Deoxocassine synthesis, 380s
Deoxycholic acid, 843, 843s
1-Deoxynojirimycin, 370f
Depression, 713

Desipramine, 160

Desmodium gangeticum, 231–232
Detoxification of aflatoxins, 745

Dialdehydes, 621

1,2-Diamines, 189–190
2,4-Diaryl(dialkyl)amino-3-nitroquinolines,

677, 678s, 678t
2,6-Diaryl-4-aminopyrimidines, 516s
2,6-Diaryl-4-(3H)-pyrimidinones, 516s
2,5-Diarylimidazoles, 264f
3,3-Diaryl-2-indolinones, 100

Diarylpyrimidin-2(1H)-ones, 63, 64s
3, 5-Diaryl substituted-2-pyrazolines, 874,

874s, 875–877t
4,6-Diaryl substituted pyridine moiety,

831–832, 832s
1,4-Diazabicyclo[2.2.2]octane (DABCO),

118–120, 120s
Diazotization, 100

Dibenz-[b,f][1,4]-oxazepine derivatives, 726,

727s
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Dibenzo[a,c]phenazine, 542

Dicationic salts, 101

4,7-Dichloroquinoline, 85–87
4,7-Dichloroquinolinein, 85–86
Diclofenac, 878

Dicoumarols, 107

2,6-Dicyanoaniline annulation, 835, 835s
Didecyldimethylammonim ibuprofen,

168–169
1,4-Dideoxy-1,4-epithio-D-arabinitol,

553–554, 553s
1,4-Dideoxy-1,4-imino-D-arabinitol, 370f
1,6-Dideoxy N-alkylated iminosugar

diastereoselective synthesis of, 370–371
Dielectric constants, 783t
Diels-Alder reaction, 402, 428

under aqueous medium, 432–433
aza-Diels-Alder reaction, 439, 440t
cycloaddition strategy, 819–821
of dienophiles, 430–431
hetero, 431s
in hydroisoquinoline and

hydroisochromine synthesis, 443t
intramolecular, 429–430
organocatalytic enantioselective, 429, 429s
regioselectivity in, 428s
thio-Diels-Alder reaction, 438

N-(2,5-difluorobenzyl)-5-chlorobenzo[d]
thiazole-2-carboxamide, 804–805,
805f

Dihydroatemisinin, 85

2,5-Dihydroazepines synthesis, 386t, 387s,
388t

Dihydrobenzofuran, 432s
Dihydrofolate reductase (DHFR), 660

Dihydrofuran, 80s
2,3-Dihydrofuran, 80

3,4-Dihydro-2H-pyran (DHP), 585

2,3-Dihydrophrole synthesis, 387s
Dihydropropinidine synthesis, 380s
Dihydropyrano[2,3-c]pyrazole, 260
1,4-Dihydropyridine (1,4-DHP), 53,

187–188, 534–535
Dihydropyridines

bioactive, 188f
medicinally important, 189s
synthesis of, 55s

1,4-Dihydropyridines, 53, 55s, 102–103,
103s, 187–188, 277–278, 279s

Dihydropyrimidines, 285–286
Dihydropyrimidinones, 111, 111s, 113, 114s,

499, 499s
synthesis of, 286–288

3,4-Dihydro-pyrimidinones, 499s, 499t
3,4-Dihydropyrimidin-2(1H)-ones, 106, 107s
3,4-Dihydropyrimidinones (DHPMs),

526–527, 527t
3,4-Dihydropyrimidones, 63, 64s
Dihydropyrimidones (DHPMs), 109, 109s
2,3-Dihydropyroles, 388t
Dihydropyrons (DHPs) synthesis, 403,

404–405s
Dihydroquinazolinones, 298s
2,3-Dihydroquinazolinones, 51, 52s, 297
2,3-Dihydroquinazolin-4(1H)-ones,

297–298
2,5-Dihyroazepines, 386–387s
Diindolylindolinones, 100

3,3-Diindolyl-2-indolinones, 101s
1,2-Diketones, 189–190
2,5-Diketopiperazines (DKPs), 503, 503s,

503t
Diludine, 187–188
5-(Dimethylamino) naphathalene-1-sulfonyl

(dansyl), 483–484
4-(Dimethylamino)pyridine, 842, 842s
2,2-Dimethyl butyryl-S-methyl mercapto

propionate (DMB-S-MMP), 586, 587f
Dimethylcarbamate (DIMCARB), 154, 154f
2,5-Dimethylpyrrole-3,4-dicarboxylates, 543

(E)-1,5-Dimethyl-4-((2-((substituted-2-

oxo-2H-chromen-4-yl) methoxy)

naphthalen-1-yl)methyleneamino)-2-

phenyl-1,2-dihydropyrazol-3-one

derivatives, 899, 900s
Dimethyl sulfoxide (DMSO), 51

(3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyl

tetrazolium bromide), 672, 674t
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl

tetrazolium bromide (MTT) assay

method, 667

Diosgenin, 469, 482s, 836, 837s
1,8-Dioxoacridines, 53, 54–55s
1,4-Dioxocholestane, 463

3-(1,3-Diphenyl-4,5-dihydro-1H-
pyrazol-5-yl)-1H-indole derivatives,
726, 727s

3,4-Diphenylpyrroles, 543
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1,3-Dipolar cycloaddition

of propargyl esters, 848

reaction, 819–821
Dipolar polarization, 782

Dipole moment, 921–922
antibacterial activity, 942, 945t
azole-derived compounds, 947, 947s
chalcones, 955–956
cimetidine analogs, 956–958
cinchona alkaloids, 953, 954s, 954t
indolylpyrimidines, 944, 944s
nitrogen-donor heterocycles, 942–943
phenothiazine, 950–952, 950s
phenylporpanes, 945–946
polyphenols, 947–948
quinazolinone, 946–947, 946s
quinolones, 942–943
substituted benzoic acid benzylidene/

furan-2-yl-methylene hydrazides,

948s, 949t
terpenes, 945–946, 946t
tetraoxanes, 953–955, 955s
thiazolidine, 952–953
thiourea derivatives, 943–944

anticancer activity, 925, 930t, 932t
(3,4-methyl-enedioxy-

methamphetamine), 926–927
adriamycin, 927–928, 928s
benzopyrene, 933–934
carmustine, 928–929, 929t
coumarins, 934, 935s
daunomycin, 927–928, 928s
Efavirenz, 927

fullerene C60, 933–934
glutamine, 931, 931s
hydroxifen, 928–929, 929t
lantadenes, 931, 932s
methotrexate, 928–929, 929t
organometallic bismuth (III)

compounds, 925

ruthenium azopyridine complex,

929–930, 929s
tamoxifen, 928–929, 929t
temozolomide, 928–929, 929t
topovale, 926, 926s
xanthone, 931–933, 933s

antifungal activity, 935–936, 941t
aminobenzenesulfonamide schiff bases,

940, 940s

beta-pinene, 938

chalcones, 941, 942s
chromanes, 941, 942s
indol-4-one derivatives, 939–940, 939s,
939t

oxadiazoles, 938, 938s
pyrazolopyridines, 936–937, 937s
thiosemicarbazide, 936

azines, 924

biological activity, 935t, 951t
Leishmania amazonensis, 957t
molecular and experimental, 955t

carboxamides, 924–925
cholestanone, 923–924, 923f
hydrazide analogs, 948–950
molecule values of, 922t
for optimized structures, 934t
purines, 924

pyrimidines, 924

2-pyrrolidone, 923, 923f
thiophene, 924–925

Disaccharides, 368

Disk diffusion method, 4

3,5-Disubstituted-4,5-dihydro-1H-pyrazoles,
901, 901s, 910, 910s

2,3-Disubstituted-6-iodo-3H-
quinazolin-4-one derivatives,

672–673, 675s
3-(4,6-Disubtituted-2-thioxo-1,2,3,4-

tetrahydropyrimidin-5-yl) propanoic

acid derivatives, 911, 912s
Diuretic activities, 744

Docetaxel (Taxotere), 657, 657f, 765
Dodecylbenzene sulfonic acid (DBSA), 186

Dose reduction, 77

Double salt ionic liquids (DSILs), 158–159
Doxapram, 50

Doxorubicin, 659, 660f, 672–673, 703
Drugs

green chemistry in synthesis, 580–581
ionic liquids in, 147–151
loading, 606, 608

Drugability, 980

Drug delivery, 603. See also Conventional

drug delivery

albumin nanoparticles in, 607

carbon nanotubes in, 610

dendrimers in, 610

graphene oxide in, 610–611
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hydrogels as, cancer cells, 634–635,
634f

magnetic nanoparticles in, 607–608
nanoparticles for, 605

polymer-based nanoparticles in, 606

selenium in, 609–610
silicon dioxide in, 608

sustained/controlled, 604–605
temperature-induced, 611

ultrasound-triggered, 611–612
zinc oxide in, 608–609

Drug discovery, 965

computational tools in, 966, 966f
quantitative structure-activity relationship,

966–967
ligand-based virtual screening,

971–974
need for, 967–970
steps of, 968

stages of, 965–966, 965f
virtual screening, 967

G-coupled receptor, 976–977
ligand-based, 971–974
structure-based (see Structure-based
virtual screening (SBVS))

Dual cyclooxygenase/lipoxygenases

inhibitors, 868, 868f
(S)-Duloxetine, 723, 725s
Dysoxylum binectariferum, 760

E

Ecdysone, 455

Ecdysteroids, 455

Eco design tool kit, 580–581
Econazole, 814–815, 815f
Efavirenz, 79–80
Dipole moment, 927

first-generation synthesis of, 81s
preparation of, 80s
second-generation synthesis of, 81s

Ehrlich’s ascites carcinoma (EAC) cell lines,

9–10
Electric current responsive hydrogels, 630

Electric dipole moment, 921. See also Dipole

moment

Electric wire arc processes, 21–22
Electron-withdrawing effect, 968

Elettaria cardamom, 232

Ellagitannins, 364, 364f
Ellipticine, 677–679, 679t
Enamine activation, [4 + 2] cycloaddition via,

430–436
Enaminones, 89

Engineered tissue microenvironment,

633–634
Enol acetates, 839, 839s
Environmental, Health, and Safety (EHS)

properties, 245–246
Environmentally benign chemistry.

See Green chemistry

Enzymatic cross-linking reaction, 623

Enzyme inhibitor, 770

E-pharmacophore models, 977, 979f
(1R,2S)-Ephedrine, 149–150
24-Epibranssinolide (EBL), 461

Equilenin, Bechmann’s synthesis of, 451

Erlotinib, 677

Esomeprazole, 190

Ester diphenoxylate, 184–186
Esterification of bile acids, 829, 829s
Esters

bioactive, 185f
dehydration reaction in water,

184–187
direct synthesis in water media, 187s

Estramustine, 456

Estrogen antagonist, 662, 662f
Estrogenic activity

cumin, 747

fennel, 750

Estrone, 452–453, 456, 468
Ethambutol, 170

Ethers

bioactive, 185f
dehydration reaction in water,

184–187
direct synthesis in water media, 187s

Ethyl 2-[2-arylamino-4-(thiophen-2-yl)

thiazol-5-yl] acetates, 881, 883s
Ethyl 2-[2-(arylhydrazino)-4-(thiophen-2-yl)

thiazol-5-yl] acetates, 881, 883s
Etoposide, 657, 658f
16-E-(triflyloxymethylidene)-3-

methoxy-estrone, 819–821
Excoecaria agallocha, 232
17-Exo-heterocycles, 825, 825s,

842–843, 842s
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F

Fagomine, 370f
Fatty acid anhydrides/chloride, 842, 842s
Fatty acid ester (FAE) derivatives, 835,

835s
Felodipine, 187–188
Fennel, 740t

features of, 741–742
pharmacological activities, 748–751
phytochemical composition, 742–743

Fenoprofen, 159–160
Ferulic acid amide derivatives, 693, 694s
Ficus racemosa, 231
Flame spray, 21–22
Flavanones

hydrazone derivatives of, 89s
synthesis of, 61, 62s

Flavones, 60–63
Flucloxacillin, 400

Fluorinated chalcone and pyrazoline analogs,

703, 703s
Fluorinated coumarin-pyrimidine hybrids,

684–685, 684s, 685t
17-Fluorinated steroids, 473

6-Fluoro-4-oxopyrido[2,3-a]carbazole-3-
carboxylic acids, 677–679, 679t

5-Fluorouracil (5-FU), 660, 661f, 665, 665s
Fluoxetine, 160

Foeniculum vulgare. See Fennel
Folic acid antagonist, 660, 660f
Forced swimming test, 717–718, 721, 726
2-Formyl-estradiol diacetate, 480

Friedel-Crafts reactions, 146–147
Frovatriptan, 193–194
Fuc-GM1 anticancer vaccine structure, 362f
Fuc-GM1 carbohydrate epitope, 363s
Fucose GM1, 361–362, 362f
α-L-Fucosidase, 559
Fullerene C60, 933–934
Full interpenetrating network (IPN), 622

Functionalized pyrroles, 249, 249s
Functionalized quinoxalines, 58–59
Furaldehyde, 89s
Furanosteroidal antibiotic viridian, 456

Furans, 252–253, 411
Furo[3,4-b][4,7]phenanthroline, 497, 497s
Furo[3,4-e]pyrazolo[3,4-b]pyridine analogs,

500, 500s

G

GAGs. See Glycosaminoglycans (GAGs)

Garlic Cloves (Allium sativum), 4
Gastro-protective activity, fennel, 750

Gatifloxacin, 389

G-coupled receptor (GPCR) virtual screening,

976–977
Gefitinib, 389, 668–669
Gemcitabine, 660, 661f
Gem-cyclopropanediesters
reaction with imines, 410t
Sc(OTf )3 catalyzed cycloaddition of imine

to, 410s
Genetically evolved receptor models

(GERM), 971–973
Gewald reaction, 253–254
6-Gingerol, 768

Glucocorticoid receptor (GR), 823–824
Glucocorticoids, 450

Glucose-responsive hydrogels, 630–631
Glutamine, 931, 931s
Glycosaminoglycans (GAGs), 358–359
β-Glycoside, 365–366
Glycosides

polyphenolic naturally occurring, 364

stereoselective synthesis of, 354

unsaturated, 370–371
Glycosylation, 356–357, 365s
chemoselective, 356

refinement of the strategy of, 356–357
stereoselectivity of, 356–357

Glycosyl, building blocks of living systems,

357

Glycyrrhetinic acid (GRA), 827, 828s
Gold (I)-catalyzed cycloisomerization, 400

Gold catalyzed lactonization, 206s
Gonadal hormones, 455–456
Gossypium hirsutum, 768
Gossypol. See Gossypium hirsutum
Graphene oxide (GO), 236, 238–239
in drug delivery, 610–611
as heterogeneous catalysts, 47

medicinally important heterocyclic

scaffolds using, 49–65, 49f
oxidative and acidic properties of, 47

preparation by Hummers method, 48f
substituted pyrroles and related

heterocycles using, 50
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Green chemistry, 3, 75, 714–715, 822–823
in active pharmaceutical ingredient, 78–79
adoption of, 586–589
in antiretroviral therapy, 79–84
approaches, 526–544
atom economy/efficiency, 524

basic principles of, 95

biosynthetic method, 96

cost reduction through, 78–79
in drug synthesis, 580–581
in malaria treatment, 84–89
microwave-induced method, 96

in organic synthesis, 143–144
principles of, 524–525, 578–579
requirements, 143

sonication method, 96

in statin analysis, 594

and sustainable approach, 95–96
waste/by-products, prevention, 524

Green dose setting, 77–78
Green synthesis, anticancer agents, 676–677
4-aryl-2-amino-4H-chromenes, 708, 708s
benzimidazole derivatives, 691–692
coumarin, 681–685, 681s
ferulic acid amide derivatives, 693, 694s
1-hydroxynaphthalene-2-carboxanilides,

708, 708s
imatinib, 686

indole, 705, 705–706t, 705s
o-quinonic adducts, 707, 707s
pinostrobin, 706, 706f
pyrazole, 701–704, 701s
pyridine derivatives, 694–698, 694s
pyrimidine derivatives, 707

pyrrole derivatives, 693, 693s
quinazoline, 700

quinoline derivatives, 677–680
thiadiazole derivatives, 686–690
thiazoles, 699

Grinding technique, 535–540, 535f
Grundmann’s ketone, 463

Guanidinyltetrazoles, 513, 513s

H

Haemonchus contortus, 744
Halides, 196

Halogenation, 204–205
1-Halo-2-methoxynaphthalenes, 197, 197s

Hammett equation, 968–969
Hansch equation, 969–970
Hansch’s empirical design, 969

Hantzsch condensation reaction, 886–887
Hartree-Fock (HF) techniques, 927, 927t
H-bonding interaction of ligand, 977, 978f
Head-to-tail dimer, 534

Heating-cooling process, 630

Heck reactions, 463, 819–821
Heparin, 358–359
Heparin pentasaccharides

improved synthesis of, 360s
one-pot synthesis of, 359s, 360t

Heparin sulfates, 358–359
Hepatoprotective activity, ajwain, 745

Herbal medicines, 759–760
Heteroaryl-glycosides, 565

Heteroatom, ring, 550–557
Heterocycles

bioactive

nitrogen-based, 378, 379f
N, O, and S-based, 389

one-pot synthesis of, 378

using graphene oxide nanosheets, 50

N-Heterocycles, 378
Heterocyclic analogs of 1192U90, 731–732,

731f
N-Heterocyclic carbene (NHC) ligands,

567

Heterocyclic compounds

anticancer agents, 676, 677f
medicinally important, 49–65, 49f

Heterocyclic hydrazone, 88

N-Heterocyclic moiety, 378

Heterocyclic scaffolds, 47, 248–325
Hetero Diels-Alder reaction, 430–431, 431s
Heteropoly acids (HPAs), 111, 111s
12-Heterosteroids, 834, 834s
Hexadecylpyridinium, 167

Hexahydroquinolines, 53, 55s
High-performance liquid chromatography

(HPLC), 83–84
High-pressure cold spray (HPCS), 23–24,

24f
High-speed vibratory ball milling (HSVBM)

green method, 542–543
High-velocity oxy-fuel (HVOF), 21–22
3-(1H-imidazol-yl)-4-hydroxy-5-en-cholest-

7-one, 830–831, 831s
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2-(1Hindol-3-yl)-4-substitued-2,3-

dihydrobenzo[1,5]thiazepine

derivatives, 723, 724s
Homatropine, 170

Homo-interpenetrating network (IPN), 622

Homology modeling, 976–979
Hormonal therapy, 662

Human cervical carcinoma (HeLa) cells, 6

Hummers method, 47, 48f
Hyacinthacine C1, 370f
Hyaluronic acid (HA), 28–29, 29f
Hybrid hydrogels, 632–633
Hybrid polymer networks (HPN), 621–622
Hydantoins, 791, 792t

biologically active, 266f
synthesis of substituted, 266

Hydrazide analogs, 948–950
Hydrazines, 656

Hydrazinyl phthalazines, 149

Hydrochloride salt, buclizine, 389

Hydrodesulfurization (HDS), 240

Hydrogels, 617–619, 619f
in anticancer drug delivery, 635–636, 636f,

637t
biomimetic, multicellular cancer spheroids,

632–633
chemically cross-linked, 619, 620f
enzymatic cross-linking reaction, 623

hybrid polymer networks, 621–622
interpenetrating network, 622

photo-cross-linking network, 621

polymer-polymer cross-linking network,

621–622
small-molecule cross-linking network,

621

classification, 619–624, 620f
as drug delivery systems in cancer cells,

634–635, 634f
as engineered tissue microenvironment,

633–634
physically cross-linked, 620f, 623
hydrophobic interaction, 623

ionic complexes, 624

polyelectrolyte complexes, 624

stimuli-responsive sugar-derived

hydrogels, 626

categories, 626–627, 626f, 627t
electric current responsive hydrogels,

630

glucose-responsive hydrogels,

630–631
light-responsive hydrogels, 629

pH-responsive hydrogels, 629

redox-responsive hydrogels, 630

solvent-responsive hydrogels, 630

sound responsive hydrogels, 630

temperature-responsive hydrogels,

628–629
sugar-derived

in anticancer drug delivery, 637t
applications of, 624–626, 624f
benefits for biological applications,

624–626
properties of, 625f

as in vitro cell culture models, 631–632
Hydrogen bond donor (HDB), 246–247
Hydroisochromine, 443t
Hydroisoquinoline, 443t
Hydrolysis, 200–201
Hydrophobic interaction, 623

Hydroxifen, 928–929, 929t
Hydroxy acid derivatives, 203f
Hydroxyapatite (HA), 19–20, 28–29
2-Hydroxybenzaldehydes, 532

2-(4-Hydroxybenzyl)quinazolin-4(3H)-one,
300s

5-Hydroxyindole, 110, 110s
3-Hydroxy-3-indolyl oxindoles, 115s
5α-Hydroxy-6-ketopregnanes, 461
Hydroxylammonium ionic liquids, 164

1-Hydroxynaphthalene-2-carboxanilides,

708, 708s
8-Hydroxyquinoline, 190

8-Hydroxyquinoline ether derivative, 728

7-Hydroxysterol, 459

Hyodeoxycholic acid thiosemicarbazone

derivatives, 826–827, 827s

I

Ibuprofen, 148, 159–160
Imatinib, 686, 686s
Imidazo[1,2-a]pyridines, 56, 479
synthesis of, 56, 56–57s, 279–281, 280f

2-(3H-Imidazo[4,5-b]pyridine-2-yl)-
N-arylbenzamides, 497, 498s

Imidazo[2,1-b][1,3,4]thiadiazole derivatives,

788, 788s
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Imidazoles

synthesis of, 57, 262–265
tetrasubstituted, 262

tri- and tetra-substituted, 58s
2,4,5-trisubstituted, 58s

Imidazolium-cation ionic liquids, 163

Imidazolium ionic liquids, 165–166
Imidazolo-quinazoline-4-one derivatives

analogs, 700, 700f, 899, 899s
16-Imidazolyl-substituted steroids, 472

Imidazopyridines, 56

Imidazoquinoxaline-based inhibitor of IkB

kinase 2 (IKK2), 909, 910s
Imines, 200

gem-cyclopropanediesters reaction with,

410t
sugar-derived, 374

Iminium ion activation, [4 + 2] cycloaddition

via, 429–430
Iminosugars

anti-Michael-anti-aza Henry reaction in

synthesis of, 372s, 372t
bicyclic, 369–370, 370f, 373
one-pot reduction/addition, 375s
one-pot synthesis of, 369–378
one-pot synthesis of α/β-C glycoside,

376–377t, 376s
organo-catalyzed one-pot enantioselective

synthesis of, 372s
structure of, 369f

Immunomodulator antirheumatic cytotoxic

drug, 400

Immunomodulatory activity, cumin, 747

1,3-Indanedione, 89

Indeno[2,1-b][4,7]phenanthroline, 497, 497s
Indenoquinoline derivatives, 89

aqueous protocol for, 89s
Indigofera tinctoria, 760
Indoles

analogs, 805–806, 805s
anticancer activity, 705, 705–706t, 705s
bis(indolyl)indolinones preparation from,

100t
2-Indolinones, 100

Indolizidines

exo-trig radicle cyclization to, 377s
one-pot strategy for the synthesis of, 373s,

374t
polyhydroxylated, 373

Indol-4-one derivatives, 939–940, 939s, 939t

Indoloquinazoline alkaloids, 299s
Indolylpyrimidines, 944, 944s
Indomethacin, 874

Indoprofen, 159–160
Inflammation, 862

acute, 862–863, 863f
chronic, 863–864
inhibition of edema, 893t
mediators of, 864

symptoms of, 862

Inflammatory exudates, 862

Infrared (IR) radiation, 534–535
Injectable hydrogels, 635–636
Insect steroids, 455

International Agency for Research on Cancer,

759–760
Interpenetrating network (IPN), 622

Intrinsic pathway, 769

In vitro cell culture models, hydrogels as,

631–632
In vivo hypolipidemic effects, ajwain, 745

Iodine, 377

5-Iodo-anthranilic acid, 672–673
19-Iodocholesterol, 459

6-Iodo-2-phenoxymethyl-3-substituted

quinazolin-4(3H)-ones, 670, 671s,
672t

Iodoquinol, 148

Ionic complexes, 624

Ionic liquids (ILs)

as alternative sustainable solvents,

246

anions and cations in, 144f, 145
as active pharmaceutical ingredients,

166–171
applications, 145–147
biological activities of, 163–166
extraction of bioactive natural products,

152–154
imidazolium, 145s
in medicinal chemistry, 147

organic solvent properties with, 146t
for pharmaceutical crystallization, 157

in pharmaceutically active compounds

detection, 155–156
in pharmaceutical purification and

separation, 158–162
synthesis, 144–145
in synthesis of drugs and drug precursors,

147–151

Index 1005



Ipoprotein-PLA2 inhibitors, 868–869
Irinotecan, 658, 658f, 766
Iron-catalyzed cyclodehydration reaction,

391–392
Isatins, 100, 100t
Isoindolo[2,1-a] quinazoline-5,11-diones, 51
Isoindolo[2,1-a]quinazolinones, 52s
Isoniazid (INH) analogs, 496, 496s
(S)-2-Isopropyl-1-tosylaziridine, 395

Isothiazoles, 837, 838s
Isoxazoles

drugs candidates in chemotherapy, 401f
from oxetane rearrangement, 401s
preparation of, 267s
synthesis of, 267–268, 400–402, 401s

Isoxazolines, 268s
Isradipine, 187–188

K

Kaolin, 113

Kaolinite, 98

Ketoesters, 203s
Ketone, 51

Ketoprofen, 159–161
Klebsiella sp., 5

Knorr cyclization, 847

Kotalanol, 569, 569t
KSF-supported heteropoly acids (HPAs), 111,

111s

L

Lacidipine, 187–188
Lantadenes, 931, 932s
Latent variables, 970

Latex interpenetrating network

(IPN), 622

Leflunomide, 400

Leishmania amazonensis, 955, 957t
Leishmania infantum, 560–562
Lentiginosine, 370f
Leukemias, 652

Levofloxacin, 389

Lewis acid, 196–197, 395s, 398s
Lewis lung carcinoma cells (LLCs), 474–475,

819–821
Lidocaine, 169

Lidocaine docosate (LD), 168–169
Ligand-based virtual screening, 971–974

Ligands

H-bonding interaction of, 977, 978f
refinement, 974–975

Light-responsive hydrogels, 629

Lignocaine, 169–170
Lipase B from Candida antarctica (CAL-B),

151

Lipinski’s rule of five, 980

Lipophilicity, 969

Lipophilic N-benzylic-imidazo[1,2-a]
pyridine-carboxamides (IPAs), 812

Liposomal nanocarriers, 605–606
Listeria monocytogenes, 18–19, 18f
Lithium cyclopropylacetylide, 80–81
N-lithocholyl amides of isomeric

aminopyridines, 834

Lomustine, 656, 656f, 664, 665s
Loss tangent, 783, 783t
Lovastatin, 583

biosynthetic pathway for production of,

584f
chemical synthesis of, 586f
green process for, 588–589
production methods, 584–585
total chemical synthesis of, 590f

LovD acyltransferase, 586
Lower critical solution temperature (LCST),

628

Low melting mixtures, 246–247
Low-pressure cold spray (LPCS), 23–24, 23f
Low transition temperature mixtures

(LTTMs), 246–247
Low-velocity powder flame, 21–22
Luciferase reporter phage (LRP) assay

method, 784–786, 791–793
Lung cancer, 652–653, 759–760
Lymphomas, 652

M

Magnetic dipole moment, 921–922.
See also Dipole moment

Magnetic graphene oxide anchored sulfonic

acid, 54

Magnetic nanoparticles (MNPs), in drug

delivery, 607–608
Major tranquilizers. See Antipsychotics

Malaria treatment, green technology in, 84–89
Malononitrile, 60, 494–495
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Mangiferin, 160

Mannich base reaction, 801–803
Mannich reaction, 86

Mastomys coucha, 743–744
Matrigel, 632

Maximum electroshock (MES) seizure test,

717–718
MebiolTMGel. See Thermoreversible

gelation polymer (TPG) hydrogel

Mechlorethamine, 663, 663s
Med Chem Express, 784

Medical implants, 17

Medicinal chemistry, 147, 965–966
Medicinal plants, anticancer agents, 759–761,

763–764t
Allium sativum (Allicin), 767

Andrographis paniculata, 767
Annona muricata, 767
Apis mellifera, 768
Barleria grandiflora, 762
Bidens pilosa, 768
Bolbostemma paniculatum, 768
Cannabis sativa, 768
in clinical use, 765–766
Cucurbita maxima (pumpkin), 763

Cynodon dactylon, 762
Daphne mezereum, 768
enzyme inhibitor, 770

Gossypium hirsutum, 768
Momordica dioica, 762
Moringa oleifera, 762
Nervilia fordii, 768
Podophyllum peltatum, 767
Salvia miltiorrhiza, 768
Solanum nigrum, 761
Terminalia chebula, 763–764, 768
Tinospora cordifolia, 762
Zingiber officinale, 768

Membrane stabilization test method,

895t
Menthol, 945s, 946
6-Mercapto, 672–673
2-Mercaptoacetic acid, 494–495
6-Mercaptopurine, 661, 661f
Metal-catalyzed C—C bond-forming

reaction, 205–208
Metal-free electrophilic aminoalkylation,

390s
Metallic nanoparticles, 3

Metal salts, 656

Methanol, 114t
Methicillin-resistant Staphylococcus aureus

(MRSA)

antimicrobial killing of, 32

surviving after exposure to various copper

deposits, 32, 32f
Methotrexate, 660, 660f, 665, 666s, 928–929,

929t
4-Methoxy-acetophenone, 540

2-Methoxybenzoyloxy androstane and

stigmastane, 830, 830s
4-Methoxyphenyl chalcones, 530–531
5-Methyl-7-aryl-4,7-dihydrotetrazolo[1,5-a]

pyrimidine-6-carboxylic esters,

516–517, 517s
β-Methylchalcones, 116, 117s
N-Methyl-deoxynojirimycin, 370f
(3,4-Methyl-enedioxy-methamphetamine)

dipole moment, 926–927
Methyl 2-oxodecanoate, 202–203
Methylphenidate, 184–186
N-Methylpyrrolidinone (NMP), 84

4-Methylsulfonyl chalcones, 793, 794s
N-Methyl thiolcarbamates, 565

2-(2-Methyl-3-trifluoromethylanilino)

nicotinic acid, 530

4-Methythiochalcone, 794s
Metoprolol, 161

Mianserine, 160

Micellar electrokinetic chromatography

(MEKC), 159

Micellar Suzuki-Miyaura coupling, 208,

208s
Michael-Henry reaction, 371–372
Michael reaction of steroidal ketones,

831–832
Microbial infections, 357

Microplate Alamar Blue Assay (MABA)

method, 803

Microsomal prostaglandin E2 synthase

inhibitors, 869–870, 870f
Microwave, 782–783, 822–823, 823f
accelerating effect of, 822

17-carboxylic acid synthesis, 847

cholesterol oxidation products, 847

vs. classical method, 849–850
1,3-dipolar cycloaddition of propargyl

esters, 848
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Microwave (Continued)
monomodal, 782f
in steroid synthesis, 819–821, 823
23-acetylsapogenins derivatives, 833,

833s
2-amino-5α-cholest-6-eno[6,7-d]
thiazole derivatives, 826, 827s

amino benzyl estrone, 843, 843s
amoxicillin, 824, 824s
β-chlorovinyl aldehydes, 827, 828s
bile acid derivatives, 836, 837s
C—C bonded steroidal homodimers,

840, 840s
chalconoyl pregnenolones, 832, 832s
chenodeoxycholic acid

bisthiocarbazones, 826, 826s
chiral o-(-protected dipeptidoyl)

steroids, 836, 836s
chiral 4,5,6,7-tetrahydropyrazolo[1,5-a]

pyridine-fused steroids, 840–842,
841s

D-condensed 2-pyrazolines, 828, 828s,
839, 839s

deacetylation of bile acids, 829,

829s
deformylation of bile acids, 829,

829s
deoxycholic acid, 843, 843s
4,6-diaryl substituted pyridine moiety,

831–832, 832s
2,6-dicyanoaniline annulation, 835,

835s
4-(dimethylamino)pyridine, 842, 842s
diosgenin, 836, 837s
enol acetates, 839, 839s
esterification of bile acids, 829,

829s
17-exo-heterocycles, 825, 825s,
842–843, 842s

fatty acid anhydrides/chloride, 842,

842s
fatty acid ester derivatives, 835, 835s
glycyrrhetinic acid, 827, 828s
3-(1H-imidazol-yl)-4-hydroxy-5-en-

cholest-7-one, 830–831, 831s
hyodeoxycholic acid thiosemicarbazone

derivatives, 826–827, 827s
isothiazole derivatives, 837, 838s
isoxazoles, 833, 833s

2-methoxybenzoyloxy androstane and

stigmastane, 830, 830s
3-oxo-4-azasteroid, 836, 836s
peptidomimetic steroid–amino acid

hybrid compounds, 846, 846s
pyrazolines, 825, 825s
[3,2-c]pyrazolo-corticosteroids,
823–824

pyridine derivative, 844–845, 844s
salicyloyloxy, 830, 830s
sarcosine conjugated bile acids, 825,

826s
steroidal dienes, 830, 830s
steroidal D-ring fused pyrazolo[1,5-a]
pyrimidines, 838, 838s

steroidal ketones reaction, 836, 837s
steroid fused pyridines, 840, 840s
steroid fused pyrimidines, 838,

838–839s
sterylferulates [3-O-(trans-4-feruloyl)-
sterols], 845–846, 845s

substituted pyridines, 831, 831s
thiosemicarbazone derivatives, 824,

824s
in synthesis of compounds based on

properties, 846–848
Microwave-assisted ionic liquid (MAIL)

approaches, 153

Microwave-assisted organic synthesis

(MAOS), 526, 822–823, 846
Microwave-assisted phosphite-mediated

Cadogan reaction, 677–679
Microwave-assisted solvent-free synthesis,

723, 724t
Microwave-assisted synthesis, 782

6-amino-5-cyano-2-(hydroxy/mercapto)-

4-substitutedpyrimidine derivatives,

787t
4-aminoquinoline-phthalimides, 795–796,

796s
antiinflammatory agents, 874

2-amino dihydropyrimidinone

derivatives, 881s, 905, 906s
2-aminodihydropyrimidinone

derivatives, 911, 911s
2-amino-4,5-

diphenyl-1-substituted-1H-pyrrole-3

carbonitrile derivatives, 897–898,
898s, 898t
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2-aryl-5-(4-pyridyl)-1,3,4-oxadiazole

derivatives, 886, 892s
3, 5-diaryl substituted-2-pyrazolines,

874, 874s, 875–877t
(E)-1,5-dimethyl-4-((2-((substituted-2-

oxo-2H-chromen-4-yl) methoxy)

naphthalen-1-yl)methyleneamino)-2-

phenyl-1,2-dihydropyrazol-3-one

derivatives, 899, 900s
3, 5-disubstituted-4,

5-dihydro-1H-pyrazoles, 901,

901s
3,5-disubstituted-4,5-

dihydro-1H-pyrazoles, 910, 910s
3-(4,6-disubtituted-2-thioxo-1,2,3,4-

tetrahydropyrimidin-5-yl) propanoic

acid derivatives, 911, 912s
2-(4’-methylbiphenyl-2-yl)-5-

aryl-1,3,4-oxadiazole analogs, 878,

880s
5-substituted imidazolones, 903, 904s
5-substituted-2-(2-

methyl-4-nitroimidazomethyl)-1, 3,

4-oxadiazoles containing

nitroimidazole moiety, 905, 905s
3-(substituted 1-phenylethanone)-4-

(substituted phenyl)-1, 2, 3,4-

tetrahydropyrimidine-5-carboxylates,

906, 906s
3-substituted-5-substituted-1H-

pyrazol-1-yl-(3-substituted

benzofuran-2-yl) methanone

derivatives, 878, 883s
3-substituted-5-substituted-1H-

pyrazol-1-yl-(3-substituted-

benzofuran-2-yl)methanone

derivatives, 878

4-(2-(substituted)-6-

(substituted)pyrimidin-4-yl)-3-

methyl-1-phenyl-1H-pyrazol-5(4H)-

one derivatives, 885, 886s
1-substituted-2, 4, 5-triphenyl

imidazoles, 905, 905s
1,2,4,5-tetra-substituted imidazoles, 907,

907s
4-thiazolidinone derivatives, 906, 906s,
911, 912s

antitubercular agents, 780, 783–784, 785t,
787t

6-aryl-3-[(5-alkyl-1,3,4-

thiadiazol-2-yl-sulfanyl) methyl]-

1.2,4-triazines, 797, 798t
benzimidazole derivatives, 811–812
benzimidazoles, 808–810, 809–810s
benzocoumarin-benzothiazepine

hybrids, 800–801, 800s, 801t
benzodiazepines derivatives, 789, 789s,
790t

benzothiazoles, 804–805
chalcones, 791–794, 793–795s, 793f,
794–795t

hydantoins, 791, 792t
indole analogs, 805–806, 805s
1,3,4-oxadiazoles, 801–803
1,3-oxazole derivatives, 813, 814t
phenothiazine analogs, 798–799, 799s,
800t

piperazines, 806, 806s
pyrazinamide-Mannich bases, 814,

814f
pyrazolines, 806–808, 807s, 808t
pyridine derivatives, 812

pyrimidine derivatives, 784–787
quinoline derivatives, 795–796
structures, 781f
thiadiazole derivatives, 788, 788t
thiazolidine derivatives, 812, 813s
triazines, 797

1,2,3-triazoles, 814–815
apparatus for, 873

applications, 873–874
2-aryl-5-(4-pyridyl)-1,3,4-oxadiazole

derivatives, 886, 892s
benefits of, 872–873
chalcones, 794, 795t
multimode microwave apparatus, 873

single-mode microwave apparatus, 873

Microwave chemistry, 782–783
Microwave heating, 3–4, 871–872
Microwave-induced method, 96

Microwave irradiation, 3–4
3-(1,3-diphenyl-4,5-dihydro-1H-

pyrazol-5-yl)-1H-indole derivatives,
726, 727s

thienopyrimidines under, 728, 728s
Ugi-4CR under, 878s

Microwave irradiation (MWI), 497, 526–530
Microwave technique, 871–872
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Mifepristone, 462

Milling technique, 540–544
Minimum inhibitory concentration (MIC), 77,

470

Mixed-CORIA (m-CORIA), 973–974
Modafinil, 149

Modified bentonite clay, 109

Modified kaolin, 114–115
Modified montmorillonite clay, 105–107
Modified montmorillonite K-10 clay,

107–108
Modified montmorillonite KSF clay,

111–113
Molecular docking, 974

Momordica charantia, 234–235
Momordica dioica, 762
Monoamine oxidase inhibitors, 713–714
Monoclonal antibodies, 654–662
Monosaccharides, 369–370
Montmorillonite K-10 clay, 99–105

α-aminonitriles preparation over, 102s
azo dyes preparation over, 99s
bis(indolyl)indolinones preparation, 100t
1,4-dihydropyridine derivatives synthesis

over, 103s
3,3-diindolyl-2-indolinones preparation

over, 101s
montmorillonite KSF clay vs., 117–120
polyhydroquinoline derivatives synthesis

over, 103s
pyranopyrazoles synthesis over, 105s
5-substituted 1H-tetrazoles synthesis over,

104s
trazodone hydrochloride synthesis over,

103s
2,4,6-trisubstituted pyridine synthesis over,

105s
Montmorillonite KSF clay, 110–111

vs. K-10 clays, 117–120
Morinda citrifolia, 6
Morinda pubescens, 6
Moringa oleifera, 6, 762
Morita-Baylis-Hillman (MBH) reaction, 197,

197–198s
Morpholine, 389, 390f
Morpholine synthesis, 398–399, 398–399s
Multicatalytic system, 354

Multicellular cancer spheroids (MCS),

617–618, 632–633

Multicomponent reactions (MCRs), 193–196,
409s

Multidrug resistance (MDR), 606

Multifaceted heterocycles synthesis, 397

Multimode microwave apparatus, 873

Multiple linear regression (MLR) analysis,

970

Mycobacterium avium, 782
Mycobacterium phlei, 803, 804t
Mycobacterium tuberculosis (Mtb), 780, 782,

784, 863–864
Mycobacterium tuberculosis H37Rv strain,

803, 803–804t
Mycolic acid, 780

Mycothiol, 570, 570s

N

Nab-paclitaxel. See Abraxane1
N-Alkylated iminosugar Miglitol, 370

Nanocomposites, 235–241
Nanodimensional micelle, 182

Nanodrug

nanomaterials as, 605

nanoparticles as, 605–611
Nanomaterials, as nanodrug, 605

Nanoparticles, 231–235, 603–604
for drug delivery, 605

as nanodrug, 605–611
stimuli-responsive drug delivery by, 610

Nanoreactors

built-in aqueous media, 185f
built-in surfactant-assembled, 184f
cyclization reaction, 187–192
properties and uses of, 182–184

Nanotechnology, 603–604
Naphthofurans, 252–253
1-Naphthylamine-2-sulfonic acid, 451,

819–821
Naphthyridines, 302–304
1,8-Naphthyridines, 305s
(S)-Naproxen, 148, 197f
Natural bentonite clay, 108–109
Natural clay, 99

Natural products, 4–6, 760
Nemadipine B, 187–188
Nematicidal activity, ajwain, 746

Neoflavonoids, 107–108, 108s
Neomangiferin, 160
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Neoponkoranol, 551, 552s
Nervilia fordii, 768
Neuroleptics. See Antipsychotics
Neurosteroids, 459–460
New molecular entity (NME), stages,

965–966, 965f
Nifedipine, 187–188
Nitration of substituted phenols, 113,

113s
Nitrendipine, 187–188
Nitric oxide-donating NSAIDs, 866, 866f
Nitroalkane, 401–402
7-Nitrobenzo[c][1,2,5] oxadiaol-4-yl,

483–484
Nitrogen-based bioactive heterocycles, 378,

379f
Nitrogen-donor heterocycles, 942–943
Nitrogen gas, 24–25
Nitrogen mustards, 654, 655f
Nitrone formation, 191s
Nitrosureas, 656

Nojirimycin, 370f
Nonsteroidal antiinflammatory drug

(NSAID), 400

acetaminophen conjugates with amino

acid, 885, 887s
Norepinephrine-dopamine reuptake inhibitor,

714–734
B-Norestradiol, 464

NSAID. See Nonsteroidal antiinflammatory

drug (NSAID)

N-((5-(substituted methylene amino)-1,3,4-

thiadiazol-2-yl)methyl) benzamide,

686, 688–689t, 688s
5-N-substituted-2-(substituted

benzenesulfonyl) glutamines, 931,

931s

O

p-Octyloxyphenylmethanethiol, 560

Olefin metathesis reaction, 840

Oligomeric methodology, 169–170, 169s
Oligosaccharides synthesis, 357, 357f
Omeprazole, 161

One-pot glycosylation (OPG) strategy,

354–368
One-pot multicomponent reaction

mechanism, 391f

One-pot reaction, 354, 394–395, 394f, 405
One-pot sequential glycosylation, 380s
One-pot synthesis

aripiprazole, 731, 731s
in carbohydrate chemistry, 354

of tropinone, 353, 353s
One-pot synthetic strategy, 353

OptiMer analysis, 358

OptiMer program, 358

O-quinonic adducts, 707, 707s
Organic synthesis

application of protocol in, 196s
green and alternative solvents in, 143–144

Organic synthetic protocol, 353

Organic transformations, in deep eutectic

solvents, 248–325
Organic volatile impurities (OVIs), 161–162
Organocatalyst, 432

Organocatalytic cycloaddition reaction

[4 + 2] cycloaddition reaction, 428

[4 + 2] cycloaddition via enamine

activation, 430–436
[4 + 2] cycloaddition via iminium ion

activation, 429–430
Ox-indoles, 436–443

Organogel, 619f
Organometallic bismuth (III) compounds, 925

Origanum vulgare, 5–6
Ormocarpum cochinchinense, 6
Ortho-2-bromobenzylchloride, 464

Osteonectin, 607

Oxacyclic heterocycles synthesis, 411–412
Oxadiazoles, 938, 938s
1,3,4-Oxadiazoles, 801–803
Oxaliplatin, 656, 657f
1,4-Oxazepanes, 395–396s, 397f
Oxazole-containing bioactive natural

products, 269f
1,3-Oxazole derivatives, 813, 814t
Oxazoles, 268–270
Oxepanes, 191

Oxetane IM, 402

Oxetanes, 397

Oxeta-3-one, 401–402
Oxidative cyclization, 193

Oximes, 200

Ox-indoles, 436–443
Oxiranes, 389–391
3-Oxo-4-azasteroid, 836, 836s
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2-Oxocyanopyridine series, 695–696,
696–698t

2-Oxo dihydropyrroles, 50, 50–51s

P

Paal-Knorr furan synthesis, 249s
Paal-Knorr pyrrole synthesis, 248, 248s
Paclitaxol (Taxol, 607, 657, 657f,

760, 765

Papaverine, 161

Paracetamol, 85–86
Partial least-square analysis (PLS), 970

Pauson-Khand reaction, 477

Penicillins, 184–186
Penipanoid C, 300s
Pentacyclic steroids, 470

Pentasaccharides, heparin

improved synthesis of, 360s
one-pot synthesis of, 359s, 360t

Peptidomimetic steroid–amino acid hybrid

compounds, 845–846, 845–846s
Pharmaceutical crystallization, ionic liquids

for, 157

Pharmaceutically active compounds, ionic

liquids in detection of, 155–156
Pharmaceutical manufacturing, using ionic

liquids, 158–159
Pharmaceutical purification and separation,

ionic liquids in, 158–162
Pharmacokinetic enhancement, 77

Pharmacophore, 971, 972f
Phaseolus vulgaris, 5
Phase transfer catalysts (PTC), 181

Phenethyl caffeate derivatives, 151

Phenothiazine

analogs, 798–799, 799s, 800t
dipole moment, 950–952, 950s

Phenyl acetic acid (PA), esterification of,

106s
Phenylacetimidamide, 200–201, 201s
(R)-Phenylacetylcarbinol (PAC), 149–150
Phenyliodide, 206s
(3-Phenyloxiran-2-yl)methanol, 150

Phenylporpanes, dipole moment, 945–946
3-Phenyl-[1,2,3]triazolo[1,5-a][4,1]

benzoxazepines, 206s
pH-induced drug release, 611

Phospholipase A2 inhibitors, 868–869, 869f

Phosphonium ionic liquids, 165–166
Phosphonium salts, 102

9-[2-(Phosphonomethoxy)propyl]adenine

(PMPA), 83–84
Phosphor-molybdic acid (PMA), 542–543
Phosphorylated trisaccharide, 366–367
Photocatalysis, 534–535
Photochemical alkene pericyclic reactions,

534

Photo-cross-linking network, hydrogel, 621

pH-responsive hydrogels, 629

Phthalimides, 190, 191s
Physically cross-linked hydrogel, 620f, 623
hydrophobic interaction, 623

ionic complexes, 624

polyelectrolyte complexes, 624

Phytosterols, 460–461
Piezoelectric (PZT) materials, 531–532
Pillared clay, 115, 116t
Pim-1 kinase inhibitory activity, 695–696
Pinewood nematode (PWN), 746

Pinostrobin, 706, 706f
Piperaquine, 86–87, 86s, 87f
Piperaquine phosphate, 87

Piperazines, 87, 389, 390f, 806, 806s
Piperazine synthesis, 398–399, 398–399s
Piperidine, 378, 379f, 381
synthesis, 406, 406s, 408t

Plant-derived anticancer agents, 767–770
in clinical use, 765–766, 766f

Plant steroids, 460–463
Plasma-sprayed alumina, 20

Plasma-sprayed technique, 28–29
Plasmodium falciparum, 84
Plausible reaction mechanism, 257s
Plethysmometer, 878

Plumbago indica, 5
Podophyllotoxins, 657, 658f, 765, 767
Podophyllum peltatum Linnaeus, 765, 767

Podophyllum species (Podophyllaceae),

765

Poly(D,L-lactide) (PLA), 105–106, 106s
Polyacrylamide-calcium phosphate

nanocomposites (PAM-CP), 239–240
Polyaniline-montmorillonite (PANI-MMT)

nanocomposites, 237

Poly-aromatic hydrocarbon (PAH), 462–463
Polycyclic azaheterocycles synthesis,

402–403, 402s
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Polycyclic benzimidazole derivatives, 909,

909s
Polycyclic-fused isoxazolo[5,4-b]pyridines,

510, 510s
Polydiallyldimethylammonium chloride

(PDDA), 236

Polydimethylsiloxane (PDMS), 240

Polyelectrolyte complexes, 624

Polyether ether ketone (PEEK), 20

biocompatible by cold gas spray, 34–35
surface of, 34–35
in vivo evaluation, 36f

Polyethylene glycol (PEG), 10

Polyhydroquinolines, 53, 55s, 103s
Polyhydroxylated indolizidines, 373

Poly-hydroxysteroid 3,5,6-

trihydroxypregn-16-en-20-one, 465,

819–821
Poly(2-hydroxyethyl methacrylate)

(PHEMA), 618

Polymer-based nanoparticles (NPs), 606

Polymeric delivery systems, 625

Polymer-polymer cross-linking network,

hydrogel, 621–622
Polyphenolic glycosides “ellagitannins,”,

364, 364f
Polyphenolic naturally occurring glycoside,

364

Polyphenols, 947–948
protein interactions, 364

O-Polysaccharides, 367, 367f
Polysaccharides synthesis, 357

Polystyrene sulfonic acid (PSSA), 499

Polysubstituted tetrahydropyridines, 53, 54s
Porsolt’s behavioral despair test, 717–718,

723

Povarov reaction, 199–200
Pravadoline, 148

Pravastatin, 593

Preferential cytotoxicity, ZnO nanoparticles,

608–609
Pressured microwave-assisted hydrolysis

(PMAH) technique, 827

Prevacid, 184–186
Principal component analysis (PCA), 970

Procaine, 184–186
Procaine salicylate, 167, 167s
Procarbazine, 656, 656f
Prodrug methodology, 170–171

Progesterone, 474–475
Proline-based catalyst, 430–431
2-Propanol, 87

Propantheline acesulfamate, 167, 167s
Propantheline bromide, 167

Propargyl esters of bile acids, 848

Propranolol, 161

Prop-2-ynyl 2-azidobenzoates, 206s
Prostaglandin, 864–865
Protease inhibitor (PI) drugs, 77

Protein-based biohydrogels, 617–618
Protein denaturation method, 899, 900t
Protein-ligand binding, 974–975, 977, 978f
Protic ion, 169–170
(1S,2S)-Pseudoephedrine, 149–150
Pseudo-interpenetrating network (IPN), 622

Psychosis, 714

p-toluenesulfonyl-hydrazinothiazole
derivatives, 886–887, 892s

Purines, 924

antagonist, 661, 661f
Pus, 862

Pycnostelma paniculatum, 153–154
Pyran derivatives, 304–306
Pyranocoumarins, 60, 61s
Pyrano[2,3-c]pyrazoles, 60, 62s, 261s
Pyrano[3,2-c]quinoline analogs, 680

Pyrano[2,3-d]pyrimidine-2,4(1H,3H)-diones,
542

Pyranopyrans, 60, 61s
Pyranopyrazole pharmacophore, 702, 702s,

702–703t
Pyranopyrazoles, 105, 105s
pharmacophore, 702, 702s, 702–703t
plausible mechanism for synthesis of, 263s
synthesis of, 259–261, 260s

Pyranopyrazolones, 60, 62s
Pyranoquinolines, 60, 61s
Pyrans, 191

4H-Pyrans, 60–63
Pyrazinamide-Mannich bases, 814, 814f
Pyrazole-based azoles, 701, 701s
Pyrazole-4-carbonitrile derivatives, 257–258s
Pyrazole-5-carbonitriles, 263s
Pyrazoles, 701–704, 701s, 702t, 893, 893s
heterocycles, 256

natural products incorporating, 256f
synthesis of, 255–259

2-Pyrazoline derivatives, 539–540, 539t
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Pyrazolines, 806–808, 807s, 808t, 825, 825s
regioselectivity in formation of, 259s
synthesis of, 259s

Pyrazolo[3,4-b]pyridines, 281–284, 936–937,
937s, 937t

Pyrazolo[3,4-b]quinolines, 895–896, 896t,
896s

[3,2-c]pyrazolo-corticosteroids, 823–824
Pyrazolo[1,5-c]quinazolines derivatives,

512s, 512t
Pyrazolone derivatives, 721, 722s
Pyrazolo-pyranopyrimidines, 63, 64s
Pyrazolopyridines

dipole moment, 936–937, 937s
synthesis of, 54, 56s

Pyridines

derivatives, 53–56, 694–698, 694s, 695t,
812, 844–845, 844s

synthesis of, 189s, 275–276
Pyridinium, 163

Pyrido[3,4-b] indole (β-carboline)
derivatives, 705s

Pyrido[3,4-b]indoles, 705–706t
Pyrido[2,3-d]pyrimidines, 63–65, 64s
Pyridopyrimidines, 289–290
Pyrimidine antagonist, 660, 661f
Pyrimidine-6-carbonitrile derivatives, 707,

707s
Pyrimidine derivatives, 707, 784–787
Pyrimidine nucleoside-4-thiazolinione

hybrids, 150–151
Pyrimidines

dipole moment, 924

under microwave irradiation, 513s
synthesis of, 284

and oxo-derivatives, 514

Pyrimidones, 63–65
Pyrimidopyrimidinediones, 290–291
Pyrone derivatives synthesis, 403–404
Pyrroles, 693, 693s

bioactive, 251f
functionalized, 249, 249s
plausible mechanism for synthesis of, 250s
synthesis of, 248–251
using graphene oxide nanosheets, 50

Pyrrolidine synthesis, 409s
2-Pyrrolidinones, 50, 50s
2-Pyrrolidones, 923, 923f
Pyrroloacridines, 56s

Pyrrolo[1,2-b]isoquinoline, 323f
Pyrrolo[2,3,4-kl]acridin-1-ones, 53–54
Pyruvate decarboxylase (PDC), 149–150

Q

Quantitative structure-activity relationship

(QSAR), 966–967
antitubercular activity, 791–793
ligand-based virtual screening, 971–974
linear, 970

need for, 967–970
steps of, 968

3D-QSAR, 793

Quinazoline-4(3H)-one analogs, 899t
Quinazolines, 512, 668–669
anticancer activity, 700

synthesis of, 296–300
synthetic approaches for, 51–52
in vitro antitumor activity, 672–673, 675t

Quinazolin-(3H)-ones, 700, 700t
Quinazolinones, 51

dipole moment, 946–947, 946s
synthesis of, 298s

Quinazolin-4(3H)-ones, 52
synthesis of, 51, 52s

1-(Quinoliloxypropyl)-4-aryl-piperazines,

728

Quinoline, 680, 680s, 681t
derivatives, 294–295, 795–796

Quinoline-4-carbaldehyde, 87

Quinolizidines, 373

one-pot strategy for the synthesis of, 373s,
374t

2-Quinolizinyl-benzimidazole, 692

Quinolones

dipole moment, 942–943
tricyclic, 190s

Quinoxalin-2-carboxamides, 717, 717s
Quinoxalines, 58–59, 59s, 189–190, 189s,

498, 498s

R

Ranitidine, 170

Ranitidine docosate, 168–169
Reactive oxygen species (ROS), 5

Reboxetine, 150

Redox-responsive hydrogels, 630

Reduction strategies, in water, 202–204
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Regioselective oxirane ring opening/

expansion, 389–396
Regioselective synthesis, 819–821
Relative reactivity value (RRV), 357

Research and discovery (R&D) productivity,

966

Resorcinol, 532

Reverse-CORIA (r-CORIA), 973–974
Rhodanines, 508, 508s, 508t
Ribavirin, 202, 202f
Riboflavin tetraacetate (RFTA), 534

Rifampicin, 748

Rizatriptan, 193–194
Robinson double Mannich reaction, 353,

353s
Room temperature ionic liquids (RTILs),

144

Rosa indica, 6
Rosiglitazone drug, 273s
Rosuvastatin, 591–593, 592f
Rotarod test, 717–718, 726
RRV. See Relative reactivity value (RRV)

Ruthenium azopyridine complex, 929–930,
929s

S

Salacia reticulata, 568
Salacinol, 569, 569t
Salicylic acid, 167, 169

Salicyloyloxy, 830, 830s
Salmonella typhimurium, 768
Salting-out liquid-liquid extraction, 847–848
Salvia miltiorrhiza, 768
Sapogenins, 480

Sarcomas, 652

Sarcosine conjugated bile acids, 825, 826s
Sargassum muticum, 233
Schiff base synthesis, 109, 109s
Schiff’s bases, 670

Schizocommunin, 299s
Schizophyllum commune, 5
Schizosaccharomyces pombe, 7
Secosteroids, 460

Secreted protein acidic rich in cysteine

(SPARC), 607

Selective cyclooxygenase-2 inhibitors, 865f,
867, 867f

Selective serotonin reuptake inhibitors, 713

Selenium

in drug delivery, 609–610
nanoparticles, 4

Semi-interpenetrating network (IPN), 622

Sequential acid-mediated reaction, 819–821
Sequential interpenetrating network (IPN),

622

Seroquel, 184–186
Serotonin-norepinephrine reuptake inhibitors,

713

Setaria digitate, 743–744
Seven-membered heterocycles, 324–325
Shear instability, 38–39
Silica, 98

nanoparticles, 237–238
Silico filters, 980

Silicon dioxide, in drug delivery, 608

Silver nanoparticles (AgNPs), 3–6, 232
Silver nitrate, 19–20
Silver sulfadiazine (AgSD), 19–20
Simultaneous interpenetrating network (IPN),

622

Simvastatin, 583–584
chemical synthesis of, 586f
green process for, 586–588
production methods, 585

Single-crystal analysis, 375

Single-mode microwave apparatus, 873

Single-pot reaction, 353

Sitagliptin, 580

Skatole, 100

Small-molecule cross-linking network,

hydrogel, 621

Smectite, 98

Sodium bis(trimethylsilyl)amide, 464s
Sodium hydroxide, 502

Solanumindicum L., 5

Solanum nigrum, 761
Solanum tuberosum, 5
Solenopsin derivatives, 380s
Sol-gel chemistry, 623

Solvent-free microwave-assisted method, 909

Solvent-free reaction, 544–545
Solvent-responsive hydrogels, 630

Solvents, 783t
Sonication method, 96

Sonogashira cross-coupling reaction,

819–821
Sound responsive hydrogels, 630
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Spectaline synthesis, 380s
Spinal cord cancers, 652

Spirocyclic indoles, 436–443
16-Spiro-1,3,2-dioxaphosphorinanes, 472

Spirooxindoles, 115, 115s, 194–195, 195s,
313–323, 506, 507s, 507t

Spiropyrrolo[1,2-b]isoquinolines, 324s
6-Spirosubstituted pyrido[2,3-d]pyrimidines,

500, 500s
Squalene, 450

SSEA-4 hexasaccharides synthesis, 361s
Staphylococcus sp., 5
Statins, 581–582, 582t, 594
Steric factor (Es), 969
Steroidal A, D-ring fused 5,6-disubstituted

pyridines, 831, 831s
Steroidal alkaloids, 461–462
Steroidal 3-cyano-2-aminopyridines, 478

Steroidal dienes, 830, 830s
Steroidal D-ring fused pyrazolo[1,5-a]

pyrimidines, 838, 838s
Steroidal glycoconjugates, 819–821
Steroidal imidazo[1,2-a]pyridine hybrids,

479

Steroidal imidazolidinthiones, 482

Steroidal isoxazoles, 833, 833s
Steroidal ketones reaction, 836, 837s
Steroidal spiro-indenoquinoxaline-

pyrrolidines, 479s
Steroidal thiosemicarbazone derivatives, 824,

824s
Steroidal thiosemicarbazones, 482

Steroid fused pyridines, 840, 840s
Steroid fused pyrimidines, 838, 838–839s
Steroid hormones, 455, 847–848
Steroids

backbones, 449, 449f
biosynthesis, 451s
different classical synthetic methods,

463–484
importance, 454–456
isolation of, 450–454
medicinal properties, 456–463
microwave in, 819–821, 823–846
23-acetylsapogenins derivatives, 833,

833s
2-amino-5α-cholest-6-eno[6,7-d]
thiazole derivatives, 826, 827s

amino benzyl estrone, 843, 843s

amoxicillin, 824, 824s
β-chlorovinyl aldehydes, 827, 828s
bile acid derivatives, 836, 837s
C—C bonded steroidal homodimers,

840, 840s
chalconoyl pregnenolones, 832,

832s
chenodeoxycholic acid

bisthiocarbazones, 826, 826s
chiral o-(-protected dipeptidoyl)

steroids, 836, 836s
chiral 4,5,6,7-tetrahydropyrazolo[1,5-a]

pyridine-fused steroids, 840–842,
841s

D-condensed 2-pyrazolines, 828, 828s,
839, 839s

deacetylation of bile acids, 829,

829s
deformylation of bile acids, 829,

829s
deoxycholic acid, 843, 843s
4,6-diaryl substituted pyridine moiety,

831–832, 832s
2,6-dicyanoaniline annulation, 835, 835s
4-(dimethylamino)pyridine, 842, 842s
diosgenin, 836, 837s
enol acetates, 839, 839s
esterification of bile acids, 829, 829s
17-exo-heterocycles, 825, 825s,
842–843, 842s

fatty acid anhydrides/chloride, 842,

842s
fatty acid ester derivatives, 835,

835s
glycyrrhetinic acid, 827, 828s
3-(1H-imidazol-yl)-4-hydroxy-5-en-

cholest-7-one, 830–831, 831s
hyodeoxycholic acid thiosemicarbazone

derivatives, 826–827, 827s
isothiazole derivatives, 837, 838s
isoxazoles, 833, 833s
2-methoxybenzoyloxy androstane and

stigmastane, 830, 830s
3-oxo-4-azasteroid, 836, 836s
peptidomimetic steroid–amino acid

hybrid compounds, 846, 846s
pyrazolines, 825, 825s
[3,2-c]pyrazolo-corticosteroids,
823–824
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pyridine derivative, 844–845, 844s
salicyloyloxy, 830, 830s
sarcosine conjugated bile acids, 825,

826s
steroidal dienes, 830, 830s
steroidal D-ring fused pyrazolo[1,5-a]
pyrimidines, 838, 838s

steroidal ketones reaction, 836,

837s
steroid fused pyridines, 840, 840s
steroid fused pyrimidines, 838,

838–839s
sterylferulates [3-O-(trans-4-feruloyl)-
sterols], 845–846, 845s

substituted pyridines, 831, 831s
thiosemicarbazone derivatives, 824,

824s
naturally occurring, 450f
structural classifications, 454–456
usage, 454–456

Steroid sulfates, 476

Sterols, 459, 829–830
Sterylferulates [3-O-(trans-4-feruloyl)-

sterols], 845–846, 845s
Stille coupling, 819–821, 844
Stille-coupling-Diels-Alder reaction,

830

Stimuli-responsive drug delivery, 610

Stimuli-responsive sugar-derived hydrogels,

626

categories, 626–627, 626f, 627t
electric current responsive hydrogels,

630

glucose-responsive hydrogels, 630–631
light-responsive hydrogels, 629

pH-responsive hydrogels, 629

redox-responsive hydrogels, 630

solvent-responsive hydrogels, 630

sound responsive hydrogels, 630

temperature-responsive hydrogels,

628–629
Stress shielding, 18

Strictin, 364

Strictinin, 366s
Structure-activity relationship (SAR), 967

benzimidazole derivatives, 811–812
1,4-benzodiazepines derivatives, 790–791,

790f
benzimidazoles, 808–810, 809–810s

benzocoumarin-benzothiazepine

hybrids, 800–801, 800s, 801t
benzothiazoles, 804–805
chalcones, 791–794, 793–795s, 793f,
794–795t

hydantoins, 791, 792t
indole analogs, 805–806, 805s
1,3,4-oxadiazoles, 801–803
phenothiazine analogs, 798–799, 799s,
800t

piperazines, 806, 806s
pyrazolines, 806–808, 807s, 808t
quinoline derivatives, 795–796
triazines, 797

1,3-oxazole derivatives, 813, 814t
pyrazinamide-Mannich bases, 814, 814f
pyridine derivatives, 812

thiazolidine derivatives, 812, 813s
1,2,3-triazoles, 814–815

Structure-based drug discovery (SBDD),

966–967, 974–979
Structure-based pharmacophore modeling

(SBPM), 976

Structure-based virtual screening (SBVS),

967, 974, 975f
analysis of hits, 976

binding site detection, protein, and ligand

refinement, 974–975
direct docking, 975–976
homology modeling, 976–979
similarity searching, 976

structure-based pharmacophore screening,

976

Styryl-quinoline derivatives, 795, 796s
Subcutaneous pentylenetetrazole (scPTZ)

test, 726

4-Substitued benzaldehyde derivatives, 672

2,2,5-Substitued tetrahydrofuran (THF)

synthesis, 413s
2-((5-Substitutebenzothiazol-2-yl)thio)

acetohydrazides, 672

6-Substituted aminopurine analogs, 504, 505s
3-((Substituted-benzo[d]

thiazol-2-ylamino)methyl)-5-

(pyridin-4-yl)-1,3,4-oxadiazole-2

(3h)-thione, 801–803, 802s
2-Substituted benzofurans, 50, 51s
Substituted benzoic acid benzylidene/furan-2-

yl-methylene hydrazides, 948s, 949t
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2-((5-Substitutedbenzothiazol-2-yl)thio)-

N’-(4-substituted benzylidene)

acetohydrazide, 672

3-(Substituted-(1,10-biphenyl)-3-yl)[1,2,4]

triazolo[3,4-b][1,3,4]thiadiazole-6-
thiol, 686, 687s, 687t

Substituted 2,4-diarylthiazoles, 699, 700s
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