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Preface

The aim of the current book is filling a gap in terms of the application of flow
chemistry for the discovery of new drugs, to boost medicinal chemist to use it as an
additional tool that is opening new avenues in synthesis of biologically active
compounds. Several books have reported the application of flow technology in
organic chemistry highlighting advantages and limitations. They supported the
spectacular development of flow chemistry tools in the last years as well as the
development of new reactions and processes not achievable in batch, due to its
capacity to use highly reactive and unstable reagents. In this regard, flow chemistry
allows expand reaction parameters far beyond traditional batch processes can do.
Flow reactions can be run in less than a second for temperatures and pressures far
above solvent boiling point. However, none of them focused on how these advan-
tages can be used to overcome the limitations of the current Drug Discovery process.

For this purpose, the book has been divided in several chapters, the first one
covering an overview of the use of this technology in Drug Discovery. From the
definition of a flow reaction and the fitting of the methodology in the discovery of
new drugs, advantages, limitations, and outlook.

One of the advantages of flow is that covers all key principles of Green Chem-
istry, from the higher synthetic efficiency, the safe use of dangerous compounds and
intermediates, reduction of residues due to telescoping reactions, reduction of
activation and protecting groups and the employ of higher concentrations using
even benign solvents (water, IL, supercritical fluids), to the higher energy transfer
and the efficient synergy with non-conventional activation methods (microwave,
ultrasound, electrochemistry, photochemistry,...). The efficient use of catalysis is
another key principle of Green chemistry and is efficiently implemented in flow.
Finally, on-line and in-line real-time analysis using spectroscopic methods pave the
way to automatization and the use of artificial intelligence for optimization and
scale-up of flow reactions.

One of the key features of flow chemistry has been its combination with other
technologies that has been underused or overlooked by medicinal chemist due to
technical limitations. In recent years, harvesting photons for running reactions has
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exploded as a controlled way to promote reactions not allowed by other procedures
and has interested medicinal chemists all over the world. However, reproducibility
of photochemical reactions has been a bottleneck for the development of drug
candidates. To overcome this issue, flow chemistry has proved to be a tool for
running reliable photochemical reactions at all scales.

Another way to activate molecules that has been underused in medicinal chem-
istry is electrochemistry. Adding or removing electrons from molecules using an
electrical current has demonstrated over the years the capacity to break and make
high energy bonds not accessible with chemical reagents, but reaction needs to take
place at the surface of the electrode, limiting the capacity of the reaction at the size of
the device. As surface to volume ratio is incredibly higher in flow than in batch,
electrochemistry can be run more efficiently using a continuous process.

The fact that reaction parameters can be fully controlled in flow has also its
application in enantioselective synthesis. Although this may not be a key step at the
beginning of a drug discovery project, as the molecule evolve during the process
stereochemical control becomes more relevant and essential to achieve the biochem-
ical properties of the bioactive molecule. For this reason, a chapter dedicated to
asymmetric catalysis in flow has been included to give the readers an overview on
how enantioselective procedures in flow can be used efficiently for the synthesis of
Active Pharmaceutical Ingredients (APIs) and useful building blocks in Drug
Discovery.

Flash chemistry or chemistry that can be done in microseconds is a novel concept
fully associated to the capability of flow to handle extremely reactive chemical
species. This concept was originally defined by Prof. Yoshida and a chapter has
been focused on this concept and how it can be useful to prepare amazing lithiated
intermediates, impossible to be achieved by other methodologies, and how they can
be used to prepare different drugs.

Organocatalysis is a methodology largely used in the pharma sector that is
receiving much interest nowadays as a tool in drug discovery. Organocatalyst
immobilization allows the recovery and reuse of this molecules and when combined
with flow chemistry enables the improvement in the number of cycles that they can
perform before deactivation. This has expanded the application to synthesis of
bioactive products as it is overviewed in the corresponding chapter.

Similarly, biocatalysis has benefit from flow specially when the corresponding
enzymes are immobilized in the corresponding support. This feature not only allows
the preparation of singular molecules it also can be used for the preparation of
libraries using enzymatic reaction, a key feature for medicinal chemists. Moreover,
they are also used for the preparation of bioconjugates, a modern approach to
achieve biobased medicines such as modified antibodies.

Beyond single step reaction, flow chemistry can be used for the total synthesis of
biologically active molecules an important aspect from drug discovery as these
highly reproducible protocols are essential to speed up the synthesis and evaluation
of the drug candidate. The use of flow for the synthesis for APIs has been frequently
associated to cost reductions and better efficiencies and it is becoming an essential
element in their production.
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We wanted to add two chapters that highlights new possibilities for flow chem-
istry. The first one is the use of biomass reagents for the preparation of bioactive
compounds. This is an emerging field that clearly will benefit from flow for their
production. The use of biomass for drug discovery is not only relevant at the level of
recycling waste to reduce the carbon footprint in our planet, it also will allow to
create novel building blocks for the synthesis of the molecules based on compounds
of biological origin that will be more drug like than those coming from the petro-
chemical industry.

The second highlighted application of flow chemistry is the accessibility of drug
discovery and APIs synthesis in developing countries. With this chapter we wanted
to highlight how important is to consider that innovation can come from anywhere in
the World nowadays when global solutions are required to build a more equitable
and healthier planet.

The last chapter of the book is dedicated to library synthesis in flow and how
important is this technology for automated synthesis, a hot topic in drug discovery as
allows a much faster exploration and finding of drug candidates. This chapter is
closing the book leave the door open to the future of the technology.

As editors of the book, we expect its reading will unlock the imagination to new
possibilities for drug discovery and helps readers to pursue new challenges in the
synthesis of bioactive products.
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Abstract The spectacular development of new chemical reactions and processes under
continuous flow has attracted particularly the attention of the pharmaceutical industry.
The chance to carry out complex chemistry, the sustainability of the process, and the
possibility of adapting new technologies to this technique have paved the way to the
integration of flow chemistry into drug discovery. Thus, this book chapter covers
essential aspects of flow chemistry and how a variety of technologies and catalytic

methods can be used to enable new chemical space in drug discovery programs.
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1 Introduction

1.1 Introduction to Flow Chemistry

During the last 20 years, flow chemistry has been positioned as a very effective
technology in the chemistry community and has gained the attention of researchers
from both academia and pharma companies, which have both contributed vast
number of publications covered by peer-reviewed articles in journals and in patents.
Among these contributions, new synthetic chemistry approaches and important
improvements of known batch procedures have been reported [1-3]. However,
this technology has not been yet implemented in every synthetic laboratory as it is
a disruptive technology and therefore very different from the traditional batch
approach all chemists have been trained to perform.

The interest in flow chemistry resides on the capability to conduct chemical
transformations in a continuous way by constant pumping of one or more solutions
containing the reagents. A mixing point merges the solutions, triggering the reaction,
which will continue through the channel where the stream is subjected to the
required conditions (i.e., thermal, microwave, light, current, etc.). Following that,
the resulting solution is collected in a flask ready for quenching or to be mixed with
another solution in order to achieve multistep sequential reactions. In contrast to the
batch mode [4, 5], the transformation takes place spatially along a tube, so their
dimensions as well as the flow rate determine the residence time.

A great number of variables can be modified in continuous flow to control the
reaction outcome, like temperature, reaction time, concentration, or energy source.
The accurate control of these parameters usually provides more selective trans-
formations, as side reactions can be avoided. As a result, better yields and purities
are obtained. Continuous flow chemistry can also be used to control reactions in
terms of extreme reactivity or safety; for instance, when handling hazardous
reagents, unstable intermediates, or non-safe or toxic gases. Thus, risks associated
with the scale-up of these transformations are reduced or completely avoided
because the potentially dangerous species are generated in a small reactor size and
reacted in situ (make and use concept). Furthermore, the elimination of headspace in
comparison with the batch mode favors the control of low-boiling point solvents and
reagents under pressurized flow reactors.

Another important feature is the control of highly exothermic self-accelerated
reactions (“runaway”’ reactions). The better heat and mix transfer processes due to
the high surface area-to-volume ratio allow for these transformations to be carried
out under precise conditions, which are unattainable by traditional batch chemistry.
Likewise, high-pressure reactions can be performed, thereby speeding up reaction
times. Cryogenic conditions are commonly avoided as the unstable species, for
instance organometallic intermediates, are present in the reaction line only for a
few seconds. Thus, continuous flow serves as a “filter of safety” when a problematic
reaction must be carried out, bringing back to the bench disregarded reactions
commonly known as “forgotten chemistries.”
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These facts overcome important limitations found in traditional batch approaches
showcasing important benefits of the technology [6], and expanding the chemistry
space available to the chemists (Fig. 1) [7], for instance, extremely fast reactions [§]
that can take place in less than 1 s (“flash chemistry”’). However, there are some
common limitations that must be considered. One of the main concerns is the
clogging of the flow system, which can happen at any point in the flow unit. This
can be due to the accumulation of particles on certain parts of the channels,
crystallization processes, chemical reaction fouling, or corrosion. In the last two
cases, the problem can be solved using a compatible material. For the first two cases,
a change in the solvent media, droplet reaction techniques, or an in-situ cleaning by
using sonication are common approximations to overcome the formation of solids. If
these approaches are not enough, a novel engineering design should be considered in
order to create an appropriate flow unit. Pumping systems are crucial as they are the
ones to keep the system continuously moving. Piston pumps offer the advantage that
they can handle higher pressures; however, pulsation problems may lead to uneven
mixing of reagent solutions. Syringe and peristaltic pumps can overcome this issue
but only work at lower pressure. All in all, most of the common issues found in
continuous flow are well-known and can be overcome by customizing the reactor
according to reaction needs.

1.2 Flow Chemistry Setup

One of the most important benefits of continuous flow chemistry includes the
possibility of adapting the reactor unit to the requirements of the reaction. As several
pieces of equipment can be interchanged or replaced at different points, flow
chemistry is a toolkit, which provides great versatility in terms of setup. Most
parts of the flow system are connected by fubing whose composition depends on
the pressure and nature of the reagents. For low and medium pressures (<30 bar),
inert perfluorinated polymers such as PTFE, PEEK, PFA, and FEP are suitable.
Instead, stainless steel or Hastelloy are common alternatives when high temperature
and pressure are needed. A variety of pieces (nuts, ferrules) are also used to attach
and fix the tubing properly (Fig. 2).
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Fig. 2 General scheme of a flow system

(a) Very likely, reagents delivery is the first item to consider and a key element to
run reactions in flow. Most commonly, reagents are introduced as solutions from
a liquid delivery system in a sustained way to achieve the right mixing in the
subsequent unit. To achieve that, three types of pumps can be envisioned
depending on the flow rate, the nature of the solution, and the system pressure.
Syringe pumps are the simplest and adequate for low flow rates, although they
are limited to small-scale reactions and low pressurized systems. HPLC pumps
work at high pressure, although pulsation issues and uneven delivery of solu-
tions in terms of time can be observed specially at low flow rates preventing
appropriate mixing. Recently, peristaltic pumps have appeared on the scene as a
new solution using a central rotor that is constantly pushing the liquid through a
flexible tube [9]. Deliveries at low flow rate are improved, but they can only
work at limited system pressures. In the case of using gases, a gas bottle can be
installed to the flow system by using a mass flow controller (MFC), which can
control the amount of gas introduced into the reaction [10].

(b) The reaction starts at the mixing point where all reagents merge. Usually T or
Y-shape connections are used to mix two or more streams before being intro-
duced into the reaction unit. If a more efficient mixing is required, other special
alternatives with optimal mixtures can be considered [11-13]. For instance,
multilaminar mixers that separate both channels to micro streams to enhance
the surface area and thereby facilitate diffusion [14].

In case of gas—liquid mixing, phases can be separated into two convergent lines
separated by a gas permeable membrane: the “tube-in-tube” strategy developed by
Ley and coworkers (Fig. 3). The gaseous reagent from the outer tube goes through
the permeable membrane into the inlet tube to achieve the desired
transformation [15].

(c) Once reagents are properly mixed the reaction continues in the reactor unit.
Depending on the nature of the transformation, different reactors can be used. It
usually consists of a coil, a chip, or a packed-bed reactor (Fig. 4). Coils are
usually an easy access alternative as they are made up of a tube, which has been
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reactor membrane

Gas outlet

!

Product

Fig. 3 General scheme of a tube-in-tube reactor

Fig. 4 Flow reactors from left to right: chip, packed-bed reactor, coil

wrapped around a circular support, and the material will depend on reagents and
reaction conditions that will be used. Chips have been widely used in
microfluidic thermal reactions due to the high surface area-to-volume ratio.
Depending on the type of chemistry that is going to be developed, different
materials can be used in these systems (e.g., glass, silicon, stainless steel). For
instance, in photochemical reactions, the material needs to be permeable to light
(glass). Recently, 3D printing technology has enabled the production of chips
on-demand in order to adapt these devices into the flow unit [16, 17]. Packed-
bed reactors are the best alternative when solid reagents or catalysts need to be
used. It consists of a thicker tube that will contain the solid, and the other
reagents as solution will flow through it. In the case of catalysts, they are usually
immobilized [18].

Attending to electrochemical devices [19, 20], both cathode and anode electrodes
are in close contact with the flow channel. While divided cell microreactors use a
membrane to separate the cathode and anode channels, a sandwich disposition of the
electrodes with the flow channel is commonly found in undivided cell microreactors
(Fig. 5).
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One of the main drawbacks of flow chemistry is in-line precipitation of solids and
the subsequent blockage of the system. Different solutions have been envisaged for
this issue, i.e. the use of spiral tubing in combination with ultrasound irradiation [21]
or the use of agitated cell reactors (ACR), which promote an efficient mixture
through a lateral shaking of the reactor, thereby avoiding the precipitation of solids
and preventing the separation of phases [22].

(d) Flow reactions are shut down at the quenching point. This can be done by a
chemical agent, adding a quencher with an extra line containing or collecting
over a quenching solution, depending on different parameters, such as solid
formation or exothermicity. Another possibility is removing the effector; for
instance: cooling the line in case of a thermal reaction, getting the solution out of
the irradiation zone in the case of photochemistry or out of the electrical area in
case of electrochemistry.

(e) Back-pressure regulators (BPR) are valves that maintain a constant pressure
through the flow system. They are mainly used when gaseous reagents or
intermediates participate in the transformation to keep the gas in solution and
reduce possible residence time deviations. This gas can come also from the
solvent when reactions are heated above their boiling point. Two kinds of
devices can be found: either fixed when the regulator operates at predefined
pressure or variable, which is able to adjust the system pressure to reaction
needs.

Common aspects of flow chemistry equipment have been discussed above to
provide a general idea of the different parts of the flow unit and show the versatility
of the technology and how to adapt them to reaction requirements. In addition, the
modularity of the technology affords new opportunities for attaching analytical
equipment to follow the chemical transformation. It is possible to install different
analytical techniques (LCMS, GC, NMR, etc.) to have a direct read out of the
transformation [23-25]. A splitter device can sample the flow periodically and
transfer them to the analytical equipment or spectroscopic methods can be attached
in-line to collect the information as the reaction flows through. These techniques are
non-destructive and allow real-time analysis of the reaction. Furthermore, purifica-
tion techniques can also be added at the end of the flow unit, such as liquid-liquid
separation, where the aqueous and organic layers are separated through a hydropho-
bic membrane [26]. Other alternatives are the use of scavengers to trap impurities at
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some points of the flow unit [27] or gas separators if the previously mentioned tube-
in-tube reactor is connected to a vacuum line.

All the different modules described in this section can be interconnected and
automated to accelerate the optimization of reaction parameters, exploration of the
chemical space, and overcome chemist’s routine operations. In other words, accel-
erating the synthesis of organic molecules in a multistep way [28].

1.3 Types of Transformations

A wide variety of transformations involving homo- or heterogeneous reactions can
be carried out in continuous flow. In heterogeneous gas—liquid reactions, a large
excess of the gas counterpart is necessary to favor the miscibility in the organic
solvent. Microreactors are a convenient alternative as they eliminate the common
headspaces found in batch chemistry, thereby increasing the interfacial area between
the gas and liquid phases. Thus, for high pressures, manipulation of non-safe gases
or scaling-up a reaction, flow chemistry provides a very convenient approach.
Another type of heterogeneous transformations for which flow chemistry provides
a better interaction of phases are solid—liquid reactions [29]. The solid material is
immobilized in a packed-bed reactor and the liquid phase is pumped through it. In
this manner, the large excess of solids remains in the flow system thereby allowing
for subsequent reactions and facilitating work-up processes. If a gaseous reagent is
participating in the process a gas—liquid—solid reaction is assumed, hydrogenation
being the most common example [30].

Regarding homogeneous transformations in flow chemistry, the reactivity in
liquid-liquid reactions is also enhanced due to the small reactor size. The challenge
remains in maintaining a constant distribution of the fluid without affecting the
residence times [31]. In this regard, flow rates should be carefully controlled to
increase mass transfer efficiency.

Beyond conventional considerations of flow chemistry, the combination with
photo-, mechano-, and electrochemistry is revolutionizing traditional chemistry
approaches [32, 33].

2 The Drug Discovery Process in Pharma

Pharmaceutical companies invest large amounts of money and time to launch a new
drug on the market, this take on average more than 12 years with an estimated cost of
more than 1,000 million euros [34]. This process entails the preparation of a vast
number of molecules, which therefore makes the drug discovery process both long
and tedious. Moreover, drug discovery is a highly competitive field as different
companies are working to achieve the best drug candidate for a limited number of
protein targets or diseases [35, 36].
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Fig. 6 Stages in the drug discovery process

The drug discovery process is divided into several stages from initial target
identification to the selection of the clinical candidate (Fig. 6).

— Target validation-Hit identification

The first step of drug discovery is the identification and validation of a protein
target, which is linked to a potential treatment of a certain disease. Then a first set
of binders, also known as initial hits, needs to be identified as a starting point in
order to develop the chemistry part of the program. Several strategies can be
found to meet this end: high throughput screening (HTS) [37], chemical geno-
mics [38], virtual screening [39], and fragment-based screening [40] (by using
X-ray diffraction analysis or NMR techniques). The combination of these strat-
egies with the most appropriate assays is necessary to select the best scaffolds to
go through the next stage [41].

— Hit to Lead (HtL)

Once those hits are identified, which are usually molecules with micromolar
activities at the target protein, further modifications of the structure are envisioned
and carried out to establish structure—activity relationships (SAR) [42]. In paral-
lel, their physicochemical properties are profiled to build the corresponding
structure—property relationships (SPR). Typically, iterative design-synthesize-
test cycles are used to evolve the chemistry program. First designing the mole-
cules to be prepared, then they are synthetized and screened biologically. Data are
collected and used in the next generation of molecules to be made. This iterative
approach allows for both the improvement of binding affinity and pharmacoki-
netic (PK) properties of the molecules prepared. Optimally, compounds with
nanomolar activity as well as suitable selectivity and pharmacokinetic profile
(leads) are selected for subsequent test in in vivo models.

— Lead Optimization (LO)

At this stage, the optimization is focused on improving selectivity and
ADMET properties (Absorption, Distribution, Metabolism, Excretion, Toxicity)
in vivo of the compounds to establish their Pharmacokinetic/Pharmacodynamic
relationships (PK/PD). This ratio will define the potential therapeutic window of
suitable candidates that can be subjected to human testing.

— Late Lead Optimization (LLO)

The compounds with a suitable therapeutic window are prepared at multigram
amounts to complete all preclinical studies needed in order to support their
proposal as a new drug for human use to the regulatory agencies.

Based on the different stages of the drug discovery program, the synthesis of
molecules varies from the single milligram scale in HtL to 50-gram scale for the
selected candidate. The generation of a wide variety of molecular entities at
different scales is a key feature in drug discovery, for this reason, the
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development of new technologies that can accelerate this process is therefore
highly desirable.

3 Flow Chemistry as a Tool to Improve Drug Discovery

As we have seen so far, drug discovery is a high-cost process that is also associated
with various risks that may end the course before delivering a drug candidate.
Pharma companies are looking to diverse alternatives to reduce cycle times and
attrition rates by accelerating the fast generation of the required data to stop
unsustainable programs and focus efforts to progress the most promising ones.

Flow chemistry can be one of these alternatives. For instance, streamlining the
preparation of a Hif in gram amounts to be tested in vivo without requiring a time-
consuming re-designing of its synthesis. This simple advantage may reduce produc-
tion time from weeks or months to just a few days. For the aforementioned reasons,
flow reactor technology is continuously growing as a discovery technology and is
being implemented in pharmaceutical companies [43—48] notwithstanding the fact it
was initially primarily used in academia for the synthesis of Active Pharmaceutical
Ingredient (API) manufacturing [49].

Flow has also been associated with the preparation of challenging molecules. For
instance, it has proved its value as a tool to introduce C(sp’) fragments and escape
from flatland [50]. This abovementioned point is important in order to explore
different dispositions of donor, acceptor, lipophilic or hydrophilic groups so as to
find the most preferred interaction with the target protein, thereby improving their
binding properties [51, 52].

3.1 Green Components of Flow Chemistry

Despite the well-established methodologies to prepare drug candidates [53-55],
there is a recent tendency to develop chemical transformations from a more sustain-
able point of view that have indeed made the introduction of continuous flow very
interesting from a green perspective [56-58]. Interestingly, the chances of combin-
ing continuous flow with catalytic methodologies or novel synthetic approaches
(e.g., photochemistry, electrochemistry, ultrasounds, microwave irradiation, bio-
mass reagents) open the doors to explore chemical space difficult-to-achieve by
traditional methods.

Ultrasound irradiation has been widely explored in organic synthesis not only to
favor heterogeneous processes, but also to induce new chemical reactivities
[59]. This energy source facilitates the development of faster procedures under
mild reaction conditions. Thus, its integration into continuous flow is very conve-
nient to avoid clogging in microreactors, thereby broadening their applicability in
drug discovery. However, scaling of these reactors is still a work in progress, as
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problems associated with uniform irradiation and low energy transfer efficiencies
need to be overcome [60].

The ability of microwave heating (MW) to shorten reaction times allows the
preparation of biologically active compounds in a much faster way, reducing cycle
times in drug discovery. These applications have been widely described in literature
[61, 62] and are particularly useful in many cross-coupling reactions involving
transition metals as they usually have long reaction times. Despite the advantages
shown in batch mode, there are some drawbacks concerning the scalability of such
reactions mainly due to the limited penetration of the microwave irradiation. To
overcome this, continuous flow setups have been investigated to exploit this tech-
nique in the drug discovery process, furnishing interesting transformations in
organic synthesis [63, 64].

In addition to the previously mentioned methodologies, flow chemistry has also
been considered for the synthesis of high-valued chemicals from renewable biomass
[65]. This promising approach represents a sustainable alternative to limited fossil
sources, as it is considered a virtually infinitive reservoir that can be used for the
production of organic derivatives such as polyols, furanoids, or carboxylic acids. In
this regard, microreactors provide better heat and mass transfer processes, which are
mostly required for these multiphasic systems [66].

3.2 Diversity Oriented Synthesis (DOS) in Flow

The development of technologies, which can support the rapid generation of chem-
ical entities, is a common goal to reduce cycle times and accelerate the finding of the
potential clinical candidate. Thus, sequential synthesis is perfectly compatible with
flow reactors and enables the preparation of chemical libraries for rapid screening vs
biological targets. This is highly interesting for the pharmaceutical industry as it can
be linked with automated compound synthesis. Thus, various reagents can be loaded
into the flow system and the products are collected separately after multiple possible
combinative processes. By using segmented flow, different micro-reactions are
flowing continuously between an inert solvent, which separates the reaction droplets
[67]. A subsequent analysis and purification of each reaction allows for the prepa-
ration of a diverse set of chemical entities.

Diversity Oriented Synthesis has appeared in recent years as an interesting tool to
access novel chemical space [68]. It aims to generate a functionally diverse library
based on a collection of compounds with known molecular structures of high
complexities, which can interact with different biological targets [69]. In this
manner, substantial chemical space can be covered by considering different small-
molecular shapes and obtaining a diverse set of compounds with varying biological
activities [70, 71]. For instance, unstable organometallic reagents can be prepared
and reacted in situ with a variety of simple starting materials providing a set of
diverse chemical analogues (Fig. 7). The generation of highly energetic intermedi-
ates can also be controlled in flow and it has been used to perform reactions in less
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Fig. 7 Preparation of Grignard reagents in flow and reaction with electrophiles

than a second. This concept named as “flash chemistry” allows to carry out chemical
transformations, which are unattainable by other methodologies [72].

3.3 Catalysis in Flow

The pharmaceutical industry is constantly requiring new chemical transformations to
synthetize bioactive molecules in drug discovery programs. To achieve that end,
new catalytic methodologies under flow conditions provide an opportunity to enable
difficult chemistries or to improve well-established methodologies [73, 74].

3.3.1 Hetero- and Homogeneous Catalysis

Transition metal catalyzed transformations have clearly revolutionized synthetic
chemistry. A convenient application of this synthetic field under continuous flow
is the use of transition metal complexes as supported catalysts [29], by allowing the
reuse of the catalyst in subsequent reactions. Among the variety of transition metals
used for these purposes (gold, zirconium, iron), palladium-complexes have been
most common due to their numerous synthetic applications, such as the Sukuki-
Miyaura, Sonogashira, Heck or Negishi cross-couplings. These complexes have
been immobilized on various solid supports, among which silica proved to be one
of the most effective ones (Fig. 8) [75]. In addition, heterogeneous reactions can be
carried out in flow with solid metal sources to prepare organometallic agents
on-demand. For instance, Grignard reagents and organozinc species are synthetized
as unstable intermediates by flowing the corresponding halo-derivative to a previ-
ously activated packed-metal [76].

The limitations associated with the applicability of supported catalysts, such as a
possible leaching found in some palladium-catalyzed transformations [77], can be
overcome under homogeneous catalysis [78], which present important advantages
such as a better control of the catalyst loading. Although this approach is less
friendly for the environment as recycling of the catalyst can be more challenging,
some efforts have been done to overcome this issue. For instance, separation by
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liquid-liquid extraction, nanofiltration and recirculation were described as alterna-
tives to reuse expensive and often toxic catalytic metals [79].

Organocatalysis and enantioselective catalysis have also been performed in flow
using either homogeneous or heterogeneous catalyst to generate scaffolds in an
enantioselective manner [80-82].

3.3.2 Biocatalysis

Biocatalytic methods under continuous flow have been developed to improve the
interaction between the enzyme and the organic substrate [83]. Immobilizing the
enzyme on solid supports and flowing the substrates through this bed allows an
increase in the surface area thereby improving the efficiency and selectivity along
with an increase of the overall turnover number (TON) of the protein. This is
particularly useful because some enzymes are only available in small quantities
and they can be recycled avoiding purification steps.

3.3.3 Photocatalysis

During the last years, photoredox catalysis has been positioned as an outstanding
alternative for the synthesis of organic molecules [84, 85]. Despite the wide range of
useful transformations reported in batch chemistry until now, some common limi-
tations associated with the use of light are yet unsolved. For instance, scalability
processes are limited due to the attenuation of light as a function of distance
(Bouguer-Lambert-Beer law), which reduces the penetration of photons over the
entire reaction mixture. On the other hand, over-irradiation can cause the formation
of side products that complicates purification processes. These issues associated with
the use of photochemistry in batch mode can be overcome with continuous flow
photochemical microreactors that ensure a homogeneous and effective irradiation. In
this manner, more selective transformations and an acceleration of the reaction times
are achieved [86-90]. In this way, high value building blocks have been synthetized
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in drug discovery programs broadening chemical space, which cannot be obtained
otherwise (Fig. 9) [91-93].

3.4 Electrochemistry in Flow

Electrochemistry has also been merged with organic synthesis as a disruptive
technology for the development of sustainable methodologies [94-98]. The chance
to carry out an organic reaction by using an electric current as a cheap reagent
generates a greener alternative to strong oxidizing or reducing agents, by increasing
safety and a smaller footprint. These transformations start with a mass transfer
reaction of the substrate from the solution to the electrode surface. Then, the
substrate is adsorbed onto the electrode and an electron transfer process occurs
thereafter generating the product. Finally, the product is desorbed from the electrode
and diffuses back to the liquid phase.

Electrochemical reactions are typically regarded as heterogeneous transforma-
tions in which both mass and charge transfer regimes must be considered. As a
consequence, vigorous stirring is required in batch mode because only molecules in
close contact with the electrodes are ready to react. The recent development of
electrochemical machinery in continuous flow has overcome this problem as it offers
a substantially enlarged surface area-to-volume ratio, thereby increasing the repro-
ducibility and selectivity of the process [99]. In this regard, a great number of flow
cells have been reported to date illustrating their versatility in organic synthesis
[19, 20]. The green benefits of flow electrochemistry make it a valuable tool for the
generation of new drug candidates in drug discovery programs [100, 101]. In par-
ticular, electrochemical transformations are extremely useful in late state
functionalization as they avoid de novo synthesis of the derivatives, which may
take weeks or months. The biological study of the new set of analogues obtained can



Flow Chemistry in Drug Discovery: Challenges and Opportunities 15

(@] (0]
Cl H OH Cl H OH
©:N 10 F/mol N
Cl 4 eq. NaHSO; cl OH
18 22
10 F/mol
0.5 eq. NaHSO,
— - (0]
(@]
Cl OH Cl H OH
N GSH N
N > GS
Cl o Cl OH
- 19 - 21
(0] (0] SHH (0]
N
GSH: HO)J\E/\/U\N \)J\OH
NH, Ho 0o
20

Fig. 10 Electrochemical preparation of metabolites in flow

provide valuable information in terms of metabolic stability or pharmacokinetics.
For instance, oxidative processes can reveal the most susceptible positions to be
oxidized in vivo, simulating CYP450 oxidation (Fig. 10). This late state electro-
chemical derivatization can drive decision making in drug discovery programs,
accelerating the discovery of better drug candidates.

3.5 Library Synthesis and Automation Using Flow

Discovering a new drug is a slow and expensive process in which most attritions are
due to different parameters related to the chemical structure of the molecule (e.g.,
toxicity, pharmacokinetics, cost of materials) [102]. One bottleneck is the synthesis
of a great number of chemical entities, which can facilitate a better understanding of
structure—activity relationships required for drug discovery program. In this regard,
the corresponding cycle design-to-test usually takes various weeks, which is also an
inconvenience for obtaining data rapidly. Furthermore, field competition makes the
search of innovative technologies necessary to accelerate the drug discovery process.

Parallelization approaches using automated systems speed up the synthesis of
drug candidates and can increase chemical diversity in a fast and effective manner,
accelerating decision making in drug discovery programs while helping the scientist
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to maximize time, for instance in the exploration of new synthetic methodologies
[28, 103—105]. They are generally based on an autosampler to load the reagents into
the system and a fraction collector for reaction compilation. Thus, novel chemical
series can be synthetized in a fast and efficient manner, by providing suitable
information during early stages and expanding drug discovery capabilities. Typi-
cally, series of compounds in flow are made in a sequential way using plug flow
approaches [106]. The optimization of synthetic routes can also be carried out in
automated systems in combination with Design of Experiments (DoE) exploration
[107]. A considerable reduction of cost, time, and human error is achieved because
an array of reaction variables is optimized by using advanced algorithms.

Traditional methods for reaction optimization imply the generation of vast data,
which require important amounts of starting materials. High throughput experimen-
tation (HTE) techniques offer the opportunity to carry out the reaction optimization
on smaller scale in order to identify the best reaction hotspots [108, 109]. The
automated version of HTE has been envisioned in the pharmaceutical sector as an
opportunity to catapult both reaction discovery and development due to the rapid
generation of information [110]. However, the analysis of the automated reactions is
relatively slow and it limits the benefits of the technology. The coupling with
analytical techniques such as mass spectroscopy (MS) overcomes this issue
[111, 112]. Through the continuous flow approach the screening datapoints can be
scaled up and many issues can be resolved through the use of microfluidic cell-chips
[113]. For instance, installation of proper equipment allows for carrying out 1,500
chemical combinations in a day with real-time analysis data, which speeds up drug
discovery programs (Fig. 11) [114].

3.6 Artificial Intelligence (AI) and Flow Chemistry

Artificial Intelligence (Al) has also been implemented in continuous flow automated
systems [115, 116]. These platforms are capable of selecting the best synthetic routes
from scientific databases by utilizing a chemical programming language, which
controls molecular assembly [117]. Thereafter, the system is able to test different
reaction parameters and execute the synthesis of chemical libraries robotically.
Ideally, the continuous flow approach should be compatible with different reaction
conditions allowing for the translation of small-scale synthetic reactions to larger
amounts if required. The integration of Al in continuous flow platforms provides a
considerable advance in the preparation of drug candidates without human interven-
tion (Fig. 12) [118].

The aforementioned area of automation and the variety of technologies that can
be adapted to continuous flow made possible the development of fully integrated
systems comprising design, synthesize, and test cycles [119]. Algorithmic predic-
tions, purification steps, and biological screening can be combined in automated
platforms to reduce the optimization time required for a drug candidate [120]. Typ-
ically, the experimentation is compartmentalized and several days are required from



17

Flow Chemistry in Drug Discovery: Challenges and Opportunities

yrmmmm—————————————

a]Seppn 1O

———

m Z-asw nTlm uonesedas

_puez-ava j uwnjo)

Z SW-01
__,\.
i ISWT
1
i
| S T e e e N
i1 T-QSW | i uopeiedas |}
i {puer-avag m.lm. uwnjoy |
v

1313W0.4323dS SSOIA (SN
1012318 Anday apoig :gvad

1}
i 102 uooeay
1

R

wioperd FLH Pzyd 11 814

dooj ajdwos yim
anjoa yaums yiod g

3A[DA Y23IMS JUBAJOS

FADA DTdH

O
D

X

Uuol13129|9s JUIA|0S

aseq [
puedy

1shjeren

7 jueyeal.

Tauepeas "~

J3|dwesoiny




E. Lopez and J. Alcazar

=l

18

959+,

3}Iayd
And+@si3 Ag
uoneslyiaueny "q9

N A

Aesseolq
paseq-diy) ‘eg

uonezmundo 3nip Joj wroperd ayooy BT

-uewjoq I St

3uidwes g

uoljeuolyoel

aull-ul 'y

=

SINDTAq
uonedylng "¢

=

SIS9yluAs AU

4010BaJ MO|{ "¢

S|ela1eN
Sumuels '1




Flow Chemistry in Drug Discovery: Challenges and Opportunities 19

design to test. By using this methodology, a more rational approach is achieved, as
the SAR data obtained from the drug candidates are used to design the next
generation more efficiently [121]. These strategies will drastically reduce time,
cost, and materials as well as accelerating library production and opening new
avenues for understanding the drug discovery process.

4 Conclusions and Outlook

To sum up continuous flow chemistry offers unique opportunities for drug discov-
ery. From expanding the medicinal chemist’s toolbox to accelerating design-
synthesize-test cycle through the integration of automation and Al

Various aspects make flow chemistry extraordinarily attractive for the generation
of bioactive target compounds such as drugs or natural products. First, flow chem-
istry enables forgotten and underused chemistries making them parallelizable for the
rapid generation of organic molecule analogues expanding accessible chemical
space. Then, an array of technologies can be installed to construct unique molecules,
which could be problematic to synthetize otherwise. Altogether, the sustainable
approach provided by flow chemistry has made this technology very convenient to
obtain bioactive molecules during the drug discovery process and for reaction scale-
up in industrial environments.

Nevertheless, there are still challenges where flow chemistry yet needs to dem-
onstrate its value. Parallel batch and automated approaches are well established and
can perform diverse chemistries regardless of the solubility of the mixture, a
limitation in flow. Thus, chemists can run 1,536 reactions per plate in a well-plate
format. Flow chemistry can achieve comparable numbers of reactions. Chemists
should consider it as a complementary technology to other existing platforms. It is
always an interesting approach for flow medicinal chemists to look for transforma-
tions that are not useful in batch to be translated in continuous flow and essentially
make the best of it.

In the following chapters key authors will describe different applications in the
drug discovery setting. This overview will provide the reader with a broad under-
standing of how flow chemistry can help medicinal chemists to improve the way in
which clinical candidates can be discovered.

Compliance with Ethical Standards

Ethical Approval: This manuscript is a review of previously published accounts, as such, no
animal or human studies were performed.

Informed Consent: No patients were studied in this chapter.
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Abstract Flow chemistry is considered to be an enabling technology that covers
many of the key principles of Green Chemistry. In this chapter, we review the main
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issues related to Green Chemistry, the use of green solvents, synergy with other
enabling and green technologies that have been revitalized under flow conditions, in
situ production and handling of hazardous reagents, and the possibility of telescop-
ing, screening, optimization, automatization, and scale-up. We will finish with the
topic of quantification of sustainability in comparison with batch conditions and the
most important contributions for the design of greener processes.

Keywords Green, Hazard, LCA, Methodology, Solvents

1 Introduction

Flow chemistry has been highlighted by IUPAC as one of the emerging technologies
in chemistry with the potential to make our planet more sustainable [1]. Flow
chemistry was selected as one of the “Ten Chemical Innovations that will Change
our World,” together with nanopesticides, enantioselective organocatalysis, solid-
state batteries, reactive extrusion, MOFs (metal organic frameworks) and porous
materials for water harvesting, directed evolution of selective enzymes, recovery of
monomers from plastics, reversible-deactivation of radical polymerization, and
3D-bioprinting [1].

Pharmaceutical industries are constantly searching for ways to increase the
efficiency of drug discovery, from research to the development of new drugs and
also in terms of new regulations and costs associated with environmental protection,
even in developing countries [2]. Shortening the time from research to production by
reducing the requirements for reoptimization of the reaction conditions in each step
is also a prerequisite. Finally, the application of Green Chemistry principles is a
central pillar in order to improve security, reduce waste and, in particular, to improve
efficiency [3].

The introduction of flow chemistry in the pharmaceutical industry has made a
remarkable contribution to the fulfillment of these goals, both in efficiency and
Green Chemistry [4].

In this respect, the FDA declared continuous manufacturing (CM) as one of the
most important tools in the modernization of the pharmaceutical industry [5].

The increased surface area-to-volume ratio in relation to batch chemistry permits
rapid and controlled heating and heat transfer. This allows precise temperature
control with an improvement in reaction rates and yields and minimizes thermal
runaway in exothermic reactions. Flow systems also enable better mixing, which is
especially important in biphasic reactions, thus improving reactions that involve
gases and liquids.

Another benefit is the simplicity when it is necessary to perform reactions above
the boiling point of the solvent, which can be achieved by regulating the pressure
with a BBR (back pressure regulator).
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1. Prevention of production of waste

2. Atom Economy

3. Less Hazardous Chemical Syntheses

4. Designing Safer Chemicals

5. Safer Solvents and Auxiliaries

6. Design for Energy Efficiency

7. Use of Renewable Feedstocks

8. Reduces Derivatives

9. Catalysis

10. Design for Degradation

11. Real-time Analysis for Pollution Prevention
12. Inherently Safer Chemistry for Accident Prevention

Fig. 1 Green Chemistry principles [6]

The small scale used and the ability to generate unstable reagents that are formed
and consumed immediately are also principal advantages over batch mode operation
and this permits the safe use of reagents that are otherwise avoided.

Photochemical and electrochemical reactions have been revitalized. Reactions
can be performed at higher concentrations than in batch and, in the case of photo-
chemical reactions, limitations of light penetration can be reduced, thus allowing the
use of more simple irradiation sources such as LEDs.

Finally, the possibility of telescoping multi-step sequences avoids purification
steps, reduces waste, and improves yields. Flow methodologies have a great impact
on most of the Green Chemistry principles and, in consequence, on the efficiency
and economy of a given process (Fig. 1). The possible use of telescoped synthesis
and higher concentrations have a marked impact on the reduction of waste (principle
1). Reactions show higher efficiency both synthetically (principle 2) and in energy
transfer (principle 6). Hazardous compounds and intermediates can be used safely
due to the reduction of scale and the possibility of in situ generation and use
(principles 3 and 12). Flow chemistry opens the window to reactions that otherwise
cannot be performed (New Process Windows) (principles 4, 7, and 10). Procedures
for using green solvents (supercritical, recyclable solvents, etc.) under flow condi-
tions have been successfully implemented (principle 5). Multiphase reactions can be
efficiently performed, thus reducing the need for derivatives or activating groups
(principle 8). Homogeneous and heterogeneous catalysis and biocatalysis can take
advantage of this methodology (principle 9), thus reducing the amount of catalyst
required by immobilization. Finally, flow methodologies are especially suitable for
the implementation of real-time analysis with spectroscopic methods (principle 11)
and, consequently, for the implementation of automatization and artificial intelli-
gence for optimization and scale-up. Scale-up under flow conditions is, in principle,
easier than in batch and three possibilities can be envisaged: (1) running the process
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for a longer time (scaling out), (2) running multireactors in parallel (numbering up),
and (3) using larger reactors (scaling-up) [7].

Optimization of the reaction parameters can lead to green-by-design products
[5]. Flow chemistry is also an ideal system for computer-controlled reactions since
several parameters, e.g., reaction time, temperature, flow rate, pressure, amongst
others, can be easily and accurately controlled [8].

Finally, Life Cycle Assessment (LCA) studies — as well as other parameters —
used to quantify the sustainability, E-factor, Atom Economy, Process Mass Intensi-
fication (PMI), solvent rate consumption or energy resource consumption have
confirmed the benefits of switching to flow methodologies [9].

In 2005, the Green Chemistry Institute Pharmaceutical Roundtable (GCIPR) was
formed with the mission of catalyzing the implementation of Green Chemistry and
Green Engineering in the global pharmaceutical industry [10]. The main objectives
were to monitor and identify new research opportunities, influence technical
agendas, and encourage external funding. Amongst the projects granted, the subjects
that received the most funding were amide reduction, catalysis, greener solvents, and
flow chemistry, including biocatalysis in flow.

In this chapter we will cover some issues related to flow methodologies and Green
Chemistry such as solvents, coupling with enabling technologies, the use of hazard-
ous reagents, analysis, optimization, automatization, and quantitative analysis of
sustainability.

2  Solvents

Solvents play a central role in chemistry since most reactions in the laboratory and
on an industrial scale are performed in solution. Solvents allow the mixing of
reagents at the molecular level and at the appropriate concentrations to achieve a
suitable reaction rate. Solvents also transport reagents or products and facilitate the
dosage when introducing a reagent into the reactor. Solvents also provide control
over the reaction temperature; in endothermic processes, the reaction temperature
can be increased by heating the solvent with an external heat source, while in
exothermic processes they absorb the heat released by boiling the solvent (reflux)
with steam cooling and direct solvent cooling.

Solvents are not only used in reactions but also in the analysis and purification
(crystallization and chromatography) of compounds and, since they are used in a
large excess, they are responsible for most of the waste associated with a chemical
process [11].

Considering environmental issues, solvents present problems of toxicity, flam-
mability, or explosion hazards and they may cause issues of persistent contamination
and occupational diseases due to long-term exposure. In addition, the volume of
solvent is usually much larger than that of reagents and products, so the costs and
risks of production are largely determined by those of the solvents.
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LCA studies have shown the important impact of solvents on the green aspects of
pharmaceutical processes [12]. Three approaches have been used to reduce the
impact of solvents: reduction of solvent volumes, solvent replacement, and the use
of neoteric and green solvents. All of these possibilities have been used and
promoted with flow methodologies.

Pharmaceutical companies have designed solvent selection guides in order to
reduce the environmental impact by replacing toxic or harmful solvents [13]. Indeed
the ACS GCI Pharmaceutical Roundtable has developed a solvent selection tool in
order to facilitate solvent replacement [14]. In this regard, Yaseneva et al. found by
LCA studies that solvent recycling as well as replacement of THF by Me-THF
reduced the environmental impact of the flow process [12].

Ley et al. observed a dramatic reduction in the use of solvents on employing
telescoped multi-step flow sequences as compared with batch operations, since
solvent switching, extractions, evaporations, chromatography, etc. can be minimized
or avoided [15].

Wong and Cernak consider that reaction miniaturization, both in well plates and
in flow, can accelerate medicinal chemistry development and minimize the environ-
mental impact as solvents preferred in miniaturization have the characteristics of
green solvents [16]. Three main factors should be considered when selecting a
solvent: (1) high boiling point to avoid evaporation of the solvent, (2) good solubility
of substrates to avoid slurries, and (3) clogging and plastic compatibility since many
reactors contain plastic components [16].

2.1 Supercritical Fluids and Ionic Liquids

The possibility of accessing high temperatures and pressures and the small scale
used in flow reactions makes the use of supercritical fluids very attractive since
safety is improved and the scale can be smaller than in batch reactions. Moreover,
the reaction can be analyzed in-line and optimization of parameters such as temper-
ature and pressure is facilitated as they can be modified in situ [17]. The properties of
the supercritical solvent, i.e., density, viscosity, diffusivity, and surface tension, are
intermediate between those of the gas and the liquid and they can be modulated
continuously from gas-like to liquid-like properties. scCO, has been the solvent of
choice in most processes because it is a good solvent for organic compounds, it can
be generated under mild conditions (Tc = 31.1°C, Pc = 73.8 bar) and products can
be recovered by reducing the pressure to atmospheric pressure. From the Green
Chemistry perspective, the recovery of a waste gas that produces the greenhouse
effect and the simplicity of recycling make scCO, an interesting solvent of choice.
scH,O can be obtained at high temperatures and pressures (Tc = 374.2°C,
Pc = 220.5 bar) and consequently it is mostly used for oxidation reactions.
Poliakoff et al. described a photo-oxidation reaction in one step for the synthesis
of the antimalarial trioxanes 5. They started with an allylic alcohol and used
5,10,15,20-tetrakis(pentafluorophenyl)porphyrin (TPFPP) as a photosensitizer and
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Fig. 2 Continuous flow photo-oxidation to produce antimalarial trioxanes 5 (in scCO,)

scCO; as the solvent. 1 and 2 were obtained with a conversion >50%. Cyclic ketone
4 was used as a reagent and solvent in Lewis acid-catalyzed cyclization to
5 (Fig. 2) [18].

The application of supercritical fluids in flow conditions in hydrogenation,
hydroformylation, and biocatalysis [19] has recently been reviewed [20]. In most
cases immobilization of the catalyst gave improvements in productivity, higher
stability of the catalytic system, and higher selectivity, even in stereoselective
reactions [21]. Moreover, catalyst isolation and recovery were enhanced.

Ionic liquids (ILs) are a unique class of solvents. These materials consist of salts
that are liquids at temperatures below 100°C. They are very polar solvents with high
conductivity, negligible vapor pressure, high stability and they are non-flammable
and show good solubility for many organic compounds. ILs are based on ammo-
nium, phosphonium, and heterocyclic salts (imidazolium and pyridinium salts). The
properties of the IL can be modulated by careful choice of the salt and the counterion
and they can even be used as smart solvents that can act as a catalyst [22].

Enzymes, lipases, proteases, peroxidases, dehydrogenases, and glycosidases have
been used in ILs because of their ability to dissolve both polar and non-polar
compounds.

ILs and scCO, are immiscible and form biphasic systems under all conditions.
Considering the solubility of hydrophobic compounds in scCO,, this solvent can be
used to extract such compounds from IL solutions. A new concept of biphasic
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Fig. 4 Rh-catalyzed hydrogenation of methyl itaconate in a SILP system

biocatalysis has been described, where a biocatalyst is immobilized and coated in an
IL (denoted the catalytic phase) and substrates and products reside in the scCO,
phase (extractive phase). Products can be easily separated and recovered by evapo-
ration of scCO, and this can be recycled by re-compression [23].

This approach was developed by Lozano and Leitner independently for the
kinetic resolution of racemic phenylethanol (6) catalyzed by Candida Antarctica
lipase B (CALB) suspended in the ionic liquid or immobilized in SiO, (Fig. 3)
[24, 25].

The concept of supported ionic liquid phase (SILP) catalysis has subsequently
been introduced as an attractive methodology in flow chemistry. In SILP, a molec-
ular catalyst is dissolved in an immobilized ionic liquid (IL) anchored on a porous
material (silica or alumina). scCO, has been used for organic synthesis in flow
considering the low solubility of the supported IL in scCO,. This methodology
exploits the advantages of a homogeneous biphasic IL-scCO, system and that of an
immobilized catalyst. scCO, is the mobile phase that brings the reactants to the IL
and extracts the final product to the collector.

Poliakoff described the hydrogenation of dimethyl itaconate (9) using a chiral Rh
catalyst supported on Al,O5 with a phosphotungstic linker (Fig. 4) [26]. Conversion,
selectivity, and TON depended on the temperature, pressure, and flow rate, with the
optimum conditions being 60°C, 10 MPa and 1.25 mL min~" to give ee up to 83%
and variable conversions.

A step further was the development of Supported Ionic Liquid-Like Phases
(SILLPs), which are usually formed by immobilization of an IL moiety onto the
surface of a polymer (polystyrene-divinylbenzene, PS-DVB). This approach permits
a reduction in the amount of the IL used and facilitates its recovery and reuse. As an
example, Luis et al. [27] described the preparation of citronellyl propionate (15) with
an immobilized CALB-SILLP catalyst under continuous scCo, flow (Fig. 5).
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Fig. 5 CALB-catalyzed esterification of citronellol in a SILLPs system

Finally, the concept of Sponge-Like Ionic Liquids (SLILs) was introduced. This
refers to hydrophobic ILs with long alkyl chains [28]. These materials have a very
good ability to dissolve hydrophobic compounds and this results in a single phase
liquid if they are heated above their melting point. The mixture becomes a solid
phase upon cooling to room temperature and the solute is trapped in the IL net. On
centrifugation at lower temperature, the ionic liquid (lower phase) behaves as a
sponge and releases the liquid solute to the upper phase (sponge wrung out).
Immobilized lipases have been used to catalyze the synthesis of flavor esters by
esterification reactions in SLILs, thus simplifying the procedures described by this
centrifugation procedure.

2.2 Deep Eutectic Solvents

Deep eutectic solvents (DES) have emerged as a green alternative to ionic liquids
and they overcome many of the problems associated with the latter, i.e., toxicity and
degradability. DES have been used for extraction, biocatalysis, and electrochemis-
try. DES are composed of two or three environmentally friendly components that can
associate through hydrogen bonds to form a stable mixture with a melting point
lower than that of the individual components. In a similar way to ILs, the properties
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Fig. 7 Tandem synthesis of 3-aminohexahydrocoumarins 24

of DES can be modulated by a careful choice of the components and of the anion.
When these two components are primary metabolites, they are named natural deep
eutectic solvents (NADES) [29]. The most popular choice is the use of choline
chloride as the hydrogen bond acceptor and acids or alcohols as hydrogen bond
donors.

The high viscosity of DES is a barrier for their use in flow chemistry; however, it
is possible to reduce the viscosity by using water as a cosolvent. In this regard,
Grabner et al. used low viscosity DES for chemoenzymatic reactions. They used
immobilized enzymes for the tandem decarboxylation of p-coumaric acid (16)
followed by a Pd-catalyzed Heck reaction to give 4-hydroxystilbene (19) in 20%
overall yield and together with 20 as a side product in a ratio 19: 20, 3:1 (Fig. 6) [30].

Similarly, Guajardo et al. used this approach for lipase-catalyzed
esterifications [31].

Finally, Zamani and Khosropour used choline chloride (ChCl) and urea as a DES
for the tandem synthesis of 3-aminohexahydrocoumarins 24 from
N-Arylamidoglycines 21 and aromatic aldehydes 22 followed by reaction with
dimedone (23) in higher yields than the batch procedure (Fig. 7) [29].



32 A. Diaz-Ortiz and A. de la Hoz

OH (0] (0]
NH, N NH,
25

H,0,, CPME

0, 50 °C, 75 psi actinomycin 26
2, f

97%

N NHR o 9H OH
LI X o
b
Il OO0
OH
z purpurogallin 28

Fig. 8 Preparation of actinomycin (26) by oxidation of o-aminophenol (25) with K-OMS-2 in
CPME and flow conditions

2.3 Biomass-Derived Solvents

Biomass opens up several possibilities in Green Chemistry from the design of new
starting materials, for example glucose, to the extraction of valuable compounds like
terpenes or proteins. The use of biomass-derived solvents is always a useful green
alternative. Vaccaro et al. described the use of several biomass-derived solvents
[11]. y-Valerolactone (GVL), prepared by hydrogenation and cyclization of levulinic
acid (from lignocellulosic material), can be used to replace dipolar aprotic solvents;
cyclopentyl methyl ether (CPME), prepared from cyclopentene (from petrol), and
methanol are used as replacements for THF; methyleneglutaronitrile (MDN), a waste
product from the manufacture of Nylon-66; methyl lactate, obtained by esterification
of lactic acid (from carbohydrates) [11], or p-cymene for esterification reactions [32].

As an example, Vaccaro et al. described the use of CPME in flow for the
manganese-catalyzed synthesis of aminophenoxazinones 26, diaminophenazines
27, and purpurogallin (28). The procedure was optimized for the synthesis of a
known API, actinomycin (26) (Fig. 8), and showed a good F-factor and increased
TON and TOF values without metal contamination of the product [33].

There are several possibilities for the design of biomass-derived solvents for
specific uses. Most of these require a comprehensive investigation into the charac-
teristics and possibilities in synthetic chemistry and their impact in minimization of
waste.

2.4 Miscellaneous

Other interesting types of green solvent are known as “switchable hydrophilicity
solvents” (SHSs). An SHS is considered as a hydrophobic solvent that, in the
presence of water and carbon dioxide (CO,), can “switch” to a hydrophilic solvent
(Fig. 9). These solvents have been used for extractions in flow and show improved
extraction due to the enhanced interfacial area and lower solvent consumption, thus
providing an interesting green approach [34].
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NR, + H,O + CO, NR2H+ + HCOj

Fig. 9 Switchable solvents

Fluorous solvents have been used as spacers in the segmented flow synthesis of a
library of 20 pyrazole derivatives in 45 min, with a total consumption of 8 mL of
DMF and complete recycling of the fluorous spacer. The authors showed that
solvents like DMF increase the stability of the droplet and a minimal flow rate of
1.3 mL/min is required to obtain stable droplets [35].

3 Enabling Technologies

Drug Discovery can often be described as a “race.” The enabling chemistry tech-
nologies currently used in the drug discovery process can provide a significant
competitive advantage. The goal is not only to achieve a reduction in time or the
cost of goods and an increase in the probability of success, but the development of
safer, efficient, and green processes where flow chemistry in conjunction with other
technologies enables chemistries that are difficult or dangerous to scale in batch
mode. In a typical continuous process, the narrow diameters, increased surface areas,
and the possibility of immobilized beds can be beneficial for photochemical, elec-
trochemical, and biocatalyzed reactions [36, 37].

3.1 Photochemistry

Photochemical transformations are of great interest in drug discovery because the
chemistry of excited singlet and triplet states can often lead to an increase in the
complexity and stereochemistry of product structures. When performing photo-
chemical reactions, several advantages over traditional batch processes can be
found employing microfluidic technology, in-chip-based microreactors or transpar-
ent tubing offers. Another advantage is the uniform irradiation of the entire reaction
solution and maximum penetration of light due to the short path lengths. A
microfluidic system allows for improved temperature control, especially minimiza-
tion of hot spots and heat dispersal. Finally, as an additional benefit photochemistry
in flow offers the possibility to precisely control UV exposure time by the flow rate
and reactor volume, thus avoiding the under- and over-irradiation problems found in
batch reactors [36].

Simple flow reactors can be built from economical materials (polymer capillaries,
low energy consumption and safer LEDs, amongst others). In parallel, many com-
panies supply commercial equipment for continuous flow photochemical synthesis,
including light sources.
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Fig. 10 Cyclopropenation reactions of carbenes under photochemical continuous flow conditions

Visible-light photocatalysis has received a great deal of attention recently. Well-
known, but costly, iridium or ruthenium metal complexes have been widely used in
this context. However, the use of metal-free sensitizers like porphyrin or riboflavin
derivatives, or biological-derived catalysts of Rose Bengal broadens the application
range of continuous flow photocatalysis and makes the process much greener
[38]. An excellent review on heterogeneous photocatalysis in flow chemical reactors
and its application in environmental remediation has recently been published [39].

Carbenes are very useful reactive intermediates to obtain a wide range of complex
and valuable molecules of high interest in drug discovery. Typically, the chemistry
of these systems is accessed by the use of transition metal catalysts. Koenigs et al.
described the application of low-energy blue light for the photochemical generation
of carbenes 30 from donor—acceptor diazoalkanes 29 (Fig. 10). This easy and
catalyst-free approach permits highly efficient cyclopropenation reactions with
alkynes 31, which can be performed under continuous flow conditions. This protocol
allows a 36-fold increase in productivity over conventional batch cyclopropenation
and avoids the use of metal catalysts and the need to exclude moisture and air [40].

The sun is the most sustainable light source available on planet Earth. However,
the limited applications of solar photochemistry can be associated with its broad
spectral distribution, the fluctuations in solar irradiance, and the dilute energy
content (up to 6.6 mol-m_z-h_l) [41]. Recently, Noél et al. [42] described, for the
first time, a diverse set of photon-driven transformations that can be efficiently
powered by solar irradiation using solvent-resistant and cheap luminescent solar
concentrator-based photomicroreactors (LSC-PMs). In these devices, the LSC light
guide embedded within microreactor channels can act as final absorbers of the
sunlight-generated luminescent photons. As an application for the LSC-PM concept,
the authors described the continuous solar-driven synthesis of artemisin (35), an
antimalarial drug whose annual production is insufficient. A solar-based production
plant could be very convenient to resolve the needs of areas where malaria is
endemic. The semisynthetic approach to artemisin (35) involves the biomimetic
photooxygenation of dihydroartemisinic acid 33 to the corresponding endoperoxide
34 as the crucial step. The authors adapted the reaction conditions described [43] for
the use of methylene blue (MB) as a photocatalyst to perform the reaction on a
window ledge under solar irradiation with a reaction control system (Fig. 11). Nogl
et al. obtained yields between 69 and 78%, with a significantly higher productivity
(up to 21.2 mmol-m~>h~") during days of higher irradiance [42].

Cyclic amines are very interesting and useful compounds in drug discovery.
MacMillan et al. described the photochemical decarboxylative coupling of amino
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Fig. 12 Dual catalysis reaction in flow

acids with aryl halides as a novel C(sp®)-C(sp’) coupling process [44]. However, the
scalability of photochemical transformations is limited by the attenuation effect of
photon transport (Bouguer—Lambert—Beer law). To solve this issue, photoredox
catalysis has been combined with continuous flow technology. For example, Alcazar
[45] translated the dual photoredox and nickel catalysis for novel C(sp?)-C(sp°)
coupling from batch to flow (Fig. 12). This protocol provides a huge time reduction
in flow, from 3 days to 20-30 min, and it allows to increase the scale obtaining
amounts of products that would be difficult to achieve in batch. Additionally, the use
of flow demonstrates its sustainability, also markedly improving the space-time
yield.

a-Arylation of carbonyl compounds is one of the most useful Negishi cross-
coupling reactions for medicinal chemists. This functionality can be found in several
pharmaceutical drugs, such as naproxen, ibuprofen, flurbiprofen, tolmetin, and
fexofenadine. However, this reaction frequently fails when electron-rich heterocy-
cles and chloro-derivatives are used. With the aim of solving this challenge to access
products of great interest in drug discovery, Alcazar et al. designed a visible light-
induced Negishi cross-coupling process, through activation of a Pd(0)-zinc complex,
that allows the expansion of the scope of zinc enolates with deactivated aryl halides
(Fig. 13) [46]. NMR experiments in the presence and absence of light confirmed that
the formation of the palladium-zinc complex is key in accelerating the oxidative
addition step.
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Fig. 13 Light-induced palladium-catalyzed Negishi reactions in flow conditions
3.2 Electrochemistry

Electrochemical processes replace dangerous and pollutant chemical oxidizing and
reducing agents by electricity, which can be obtained from renewable sources to
improve the overall ecological footprint of the chemical transformation. So, electro-
chemical processes are inherently green. However, the lack of standardized equip-
ment, reproducibility, and protocols has prevented the participation of such
techniques in conventional chemical research for many years [47]. Several require-
ments, such as very large electrodes to generate satisfactory electron flow, or
inhomogeneous electric fields and energy loss owing to Joule heating, make it
difficult to scale up electrochemical processes in batch mode [48].

The difficulties outlined above can be overcome by using electrochemical flow
cells. Microreactors provide high surface/volume ratios and allow very accurate
control over residence time, flow rate, temperature, and pressure. Additionally, the
possibility of overoxidation is reduced under flow conditions as the reaction mixture
flows continuously out of the reactor, in contrast to conventional batch electrolysis
processes. In an electrochemical flow cell, the ohmic resistance is reduced by the
short distance between the two electrodes and, in this way, electrolysis can be carried
out with low concentrations of supporting electrolyte or even in its absence. As a
result, the combination of the advantages of electroorganic synthesis and flow
chemistry leads to more selective, safer, controllable, more efficient, economically
viable, and ecofriendly chemical processes [49].

Finerenone (BAY-94-8862) (42) is a nonsteroidal mineralocorticoid receptor
antagonist. This product, developed by Bayer to slow down kidney disease derived
from type 2 diabetes mellitus, is prepared as a racemic mixture and purified by chiral
column chromatography to obtain the active S enantiomer [50]. A recent patent
application from Bayer described the recycling of the undesired R enantiomer by
conversion back to racemic mixture through an oxidation/reduction flow electro-
chemical process (Fig. 14) [51]. The patent notes that 200 kg of the drug candidate
has been generated for clinical trials using this process.

Hypervalent iodine reagents are mild, selective, versatile, and environmentally
benign oxidants with wide applications in organic synthesis. These reagents can be
prepared by anodic oxidation of iodoarenes, thus avoiding hazardous and frequently
expensive chemical oxidants and improving the ecological impact of the process
[52, 53]. Recently, Wirth et al. reported the first general synthetic approach to iodine
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Fig. 15 Electrochemical generation and utilization of hypervalent iodine reagents in a coupled flow
reaction system

(IIT) reagents 45 by anodic oxidation under continuous flow conditions using glassy
carbon as the anode material and fluorinated alcohols [54]. Since the above iodine
(IIT) reagents 45 are not sufficiently stable and decompose rapidly when the solvent
is removed, the authors successfully used them directly in various oxidative trans-
formations such as oxidation of sulfides, oxidative heterocyclization, phenol
dearomatization, and o-functionalization of carbonyl compounds (Fig. 15). Addi-
tionally, Wirth proposed the transformation of these derivatives into stable
hypervalent iodine reagents by quantitative ligand exchange through a treatment
with acids in flow [54].
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Benzothiadiazole is an important moiety present in many biologically active
compounds that can be built by oxidative cyclization of N-arylthioamides 46.
Recently, an electrochemical synthesis of benzothiazoles and thiazolopyridines 47
in batch has been described that involves the use of supporting electrolytes, TEMPO
as a mediator, and an inert atmosphere [55]. Xu and Wirth developed an efficient
flow method without the need for an inert atmosphere, supporting electrolyte or
catalyst and using laboratory grade solvents (Fig. 16) [56]. The process has been
scaled up to gram scale, thus overcoming one of the most important limitations of the
batch process.

It is well known that sulfonamides are key functionalities in APIs. Nogl et al.
developed an environmentally benign method that allows the oxidative coupling
between thiols and amines to prepare a wide variety of sulfonamides (Fig. 17)
[57]. The process is completely driven by electricity, can be performed in only
5 min, and does not need any sacrificial reagent or additional catalyst. These mild
reaction conditions are compatible with a broad substrate scope and functional
groups and only produce hydrogen as a benign by-product at the counter electrode.

In an interesting example, Atobe et al. described the electrochemical flow gener-
ation of o-quinones followed by a Diels—Alder cycloaddition in batch [58]. In many
cases the oxidation potentials of an o-quinone precursor and dienophile are relatively
close and thus competing oxidation processes can be expected. To overcome this
impediment, researchers prepared the o-quinone in an electrochemical microreactor
and then carried out the Diels—Alder cycloaddition by adding it to a batch vessel
containing a solution of the dienophile. On using 4-fert-butylpyrocatechol as the o-
quinone precursor and 6,6-dimethylfulvene as the dienophile, the researchers
obtained the corresponding cycloadduct in 75% yield, while in batch only 13%
was isolated.
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3.3 Biocatalysis

Biocatalysis refers to the use of biological systems (mostly enzymes) as catalysts and
the scope and application of this approach have been broadened, thanks to the
extensive advances in protein and metabolic engineering together with biocatalyst
immobilization. Whole cell catalysis uses the whole organism, such as Escherichia
coli, for the transformation, while purified protein biocatalysis uses an extracted
protein from the cell [19]. However, biocatalysis does suffer from several synthetic
and operational problems.

The integration of biocatalyzed reactions with flow reactor technology leads to
sustainable and highly productive continuous processes. The most important advan-
tages of flow-based biocatalysis are: (1) limitation of substrate/product inhibition
effects, (2) in-line purification with easy recovery of the product, and (3) no
mechanical mixing. Flow processes accelerate biotransformations due to enhanced
mass transfer, which in turn makes large-scale production more economically
feasible in smaller equipment with a substantial decrease in reaction time, from
hours to a few minutes, and in waste generation. Automated machines and devices
for in-line product recovery are now available at relatively low cost, thus making
flow-based biocatalysis an affordable technology [59].

Ursodeoxycholic acid (UDCA, 54) is an effective drug for the treatment of
hepatitis and it can be synthesized from cheap and more abundant chenodeoxycholic
acid (CDCA, 52). The preparation in batch involves the use of four enzymes in a
two-step one-pot process. After the first step, the enzymes are inactivated by heat
treatment to avoid the reverse reaction. This operation is not only costly and time-
consuming but it also means that the enzymes cannot be reused [60]. Xu et al.
transferred the process to flow to separate spatially the enzymes required for the first
and second steps (Fig. 18) [61]. Thus, four enzymes were pairwise co-immobilized,
LDH-7aHSDH and 7BHSDH-GDH, on an epoxy-functionalized resin by covalent
bonding. The specific loading and activity recovery of the immobilized enzymes
were significantly improved by 12- and 516-fold, respectively, and this resulted in a
continuous process that avoided the heat treatment to denature the enzymes and
allowed their reuse. The authors reported that with this biocatalyzed flow system
UDCA (54) can be synthesized in approximately 100% yield and an excellent space-
time yield of 88.5 gL~ '.d™".

CDCA 7-oxo-LCA
52 53

Fig. 18 The cascade enzyme reactions in the biocatalyzed flow synthesis of UDCA (54) from
CDCA (52)
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In 2017 a three-step flow chemical synthesis of captopril (57) was described. The
first step is a heterogeneous biocatalyzed regio- and stereoselective oxidation of
cheap prochiral 2-methyl-1,3-propanediol (55) (Fig. 19) [62]. This transformation
was performed in flow using immobilized whole cells of Acetobacter aceti, thus
avoiding aggressive and environmentally harmful chemical oxidants and the use of
purified proteins, which would increase the cost of the process. The authors isolated
the highly hydrophilic intermediate (R)-3-hydroxy-2-methylpropanoic acid (56)
in-line by using a catch-and-release strategy. After this operation, captopril can be
isolated by means of three sequential high-throughput chemical steps in only 75 min
in an overall yield of 50% after crystallization.

3.4 Microwaves

Microwave radiation is an energy source widely employed with success in all fields
of chemistry and its use has strongly modified the way in which chemical syntheses
are performed. Microwave-assisted processes are characterized by short reaction
times, simplified isolation procedures, higher product purities, increased yields and,
in some cases, modifications in the selectivity. Furthermore, microwave irradiation
can promote some reactions that do not occur under conventional heating [63].
Flow chemistry and microwaves (MW) have several aspects in common. Due to
heat transfer is very rapid and overheating is possible, the translation of microwave
irradiation to flow conditions has been described as a really easy process [64].
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Fig. 20 Continuous Johnson—Claisen rearrangement under microwave irradiation

Microwave and flow processes can be easily performed under high temperatures
and/or pressures and they are complementary when scale-up is considered. It is well
known that one of the main advantages of flow reactions is the ease with which
processes can be scaled without any reoptimization of the reaction conditions, even
when operating with micro- and mesoreactors. The small diameters of flow reactors
are ideal for the application of microwaves due to the low penetration depth of the
waves, and this overcomes the problem encountered in scaling processes under
microwave irradiation [65]. As a consequence of the current synthetic utility of
microwave-assisted continuous flow processes, currently most of microwave man-
ufacturers have systems that are adapted to continuous flow conditions [66].

v,0-Unsaturated esters have been employed in the synthesis of natural and
unnatural bioactive compounds. These scaffolds can be prepared by conventional
procedures through a [3,3]-sigmatropic rearrangement using harsh reaction condi-
tions (high pressure and temperature, and often long reaction times) [67]. Hamashima
et al. described the rapid and easy Johnson—Claisen rearrangement of allyl alcohols
58 and triethyl acetate 59 with a continuous flow system coupled to a microwave
reactor (Fig. 20) [68]. The transformation was carried out without solvent using only
a catalytic amount of acetic acid, thus avoiding the abovementioned harsh condi-
tions. The productivity of the y,5-unsaturated esters 60 was 89.5 g/h under the
optimal reaction conditions, which suggests that 2.1 kg of the target product could
be obtained in 1 day.

Ley et al. described a single-mode bench-top resonator for the microwave-
assisted flow generation of primary ketenes by thermal decomposition of
a-diazoketones 61 at high temperature. The reaction of these compounds in situ
with imines 62 by means of a [2 + 2] Staudinger cycloaddition afforded the
corresponding trans-configured f-lactams 63 in good yields when aliphatic, aryl,
or heteroaryl a-diazoketones were employed (Fig. 21) [69]. The authors also
reported some insights into the mechanism of the reaction at high temperature,
including the use of Augmented Reality.

In 2018 Cravotto et al. reported an efficient Pd-catalyzed microwave procedure
for alkyne semihydrogenation in flow [70]. The authors employed alumina-sphere
loaded Pd nanoparticles for the MW continuous flow semihydrogenation of
2-butyne-1,4-diol (64) in ethanol under H, flow (7.5 mL/min, counter pressure
4.5 bar). The corresponding alkene was obtained in good conversion (>90.5%)
and very high selectivity to (Z)-2-butene-1,4-diol (65) (95.2%) (Fig. 22) [71].
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Fig. 23 Hantzsch microwave-assisted flow reaction under solvent-free conditions

Hantzsch 1,4-dihydropyridines (1,4-DHPs) have a wide variety of pharmacolog-
ical activities, including the treatment of hypertension and angina pectoris, as well as
antitrypanosomal, anticancer, antitubercular, antiplasmodial, antibacterial,
antileishmanial, and antioxidant applications. Using a prototype 2.45 GHz MW-
equipped MiniFlow 200SS apparatus designed and built by Sairem, Vanden Eynde
described the preparation of 1,4-DHPs 69 [72]. The authors suggested the use of
Raman spectroscopy as an aid to optimize better the wide range of reaction param-
eters. More recently, a 1,4-DHP 69 synthesis has been developed employing a fixed
bed catalyst (y-Fe,O5; nanoparticles) in an MW-assisted solvent-free flow reaction
approach (Fig. 23) [73]. The convenient optimization of catalyst nanoparticle uni-
formity and size, temperature, and residence time can increase the reaction yield up
to 98.7% avoiding by-products formation.

Bromine (Br,) is probably the most typically employed reagent for bromination
processes. However, Br, has several problems from the point of view of safety, atom
economy, and selectivity. In fact, hydrogen bromide (HBr) is easy to handle and it
achieves a high atom economy, so it is considered to be a better alternative for
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bromination processes. Among the chemical compounds that promote HBr oxida-
tion during the bromination reaction, dimethyl sulfoxide (DMSO) is preferred
because it is readily available, safe, and inexpensive. Thus, an efficient procedure
has been reported for large-scale oxidative bromination with HBr-DMSO under
continuous flow microwave-assisted conditions (Fig. 24) [74]. The reaction is
performed using water as the solvent and in a metal-free manner to obtain a
productivity of 60 g/min under the optimal conditions, suggesting a productivity
of 8.6 Kg/day.

4 Hazardous Reagents

Various reagents and intermediates commonly used in drug discovery and in the
preparation of APIs (Active Pharmaceutical Ingredients) are highly toxic, inflam-
mable, explosive, corrosive, or carcinogenic. This has limited the use of such
reagents in chemical synthesis and especially in the scaling of processes. Continuous
flow processes are considered to be inherently safer for a variety of reasons,
including lower reaction volumes, better temperature control, and ability to accom-
modate higher pressures without risk. Unstable, highly reactive or toxic intermedi-
ates can be generated in situ from benign, readily available and cheap precursors in a
closed, pressurized system and converted directly into more stable, non-hazardous
intermediates or products. Thus, flow processes offer the ability to prepare more
hazardous and batch-inaccessible fine chemicals on a large scale, thereby unlocking
access to products that would have been difficult to make competitively [75].

4.1 Azides

Azides are synthetically useful compounds, but the hazards associated with their
preparation have limited their production and use. It is well known that organic



44 A. Diaz-Ortiz and A. de la Hoz

O  COOBn

O o COOBn
SnBUZOMe

! CN
_>
s (eer ]
+ Cooler
N\N

200 °C
Me3SiN3 (2 equiv)
in acetone

74

HN-~

76
valsartan

Fig. 25 Continuous flow synthesis of valsartan (BPR)

azides are very energetic and potentially explosive substances. In addition, toxic and
explosive hydrazoic acid may be released in the synthetic transformation. For these
reasons, azides are perfect candidates for use in continuous flow process.

A practical continuous method for the in situ generation of mesyl azide from
sodium azide was reported for the preparation of a series of a-diazo-p-keto esters and
a-diazo-B-ketosulfones in a safe process [76]. The use of an in-line liquid-liquid
separator allowed the partition of the desired diazo compound in acetonitrile from
the water-soluble by-products and the subsequent reaction was telescoped.

Recently, Le Grognec described an efficient continuous flow process that
involved trimethylsilylazide (74) and a polystyrene-supported organotin reagent
for the synthesis of 5-substituted 1H-tetrazoles from nitriles in a short time
(7.5 min or 15 min for the less reactive nitriles) [77]. The products could be isolated
with high purity and a low concentration of tin residues (less than 5 ppm). The
authors applied this method to the synthesis of valsartan (76), an angiotensin II
receptor antagonist (Fig. 25).

The acyl azide method is a very good synthetic approach for peptide bond
formation while avoiding side reactions such as epimerization. However, the method
is underutilized because acyl azides are considered to be highly unstable and
potentially explosive intermediates. In 2020, Kappe and Hone developed a new
protocol in which acyl azides were safely generated and reacted in situ within a
continuous flow system [78]. The azide intermediate 79 was generated by using
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nitrous acid in water and extracted into the organic phase containing the amine
nucleophile for peptide coupling without epimerization (>1%) (Fig. 26).

Isoxazoles are widely present in bioactive compounds and they serve as valuable
synthetic intermediates for numerous drug candidates. In a recent application of
azide chemistry, the synthesis of isoxazoles in a continuous flow system has been
reported in a two-step process: the Friedel-Crafts acylation of alkynes and conjugate
addition of the azide to the resulting p-chlorovinyl ketones followed by a
photochemical-thermal reaction [79].

Tamiflu, one of the most effective anti-influenza drugs, is usually prepared from
shikimic acid by employing potentially hazardous azide chemistry. Watts [80]
developed a safe and easily scalable continuous flow route to Tamiflu.

4.2 Diazomethane

Diazomethane is a very versatile and useful C; building block that reacts selectively
under mild conditions with improved atom efficiency (it produces only nitrogen as a
by-product). However, the preparation and handling of diazomethane in organic
synthesis is troublesome due to its toxicity, extreme instability, and volatility.

In 2017, Lehmann developed a two-step continuous process for the in-line
on-demand generation of the highly toxic N-methyl-N-nitrosourea (MNU) (83)
and diazomethane (84) from cheap and non-hazardous N-methylurea (82) (Fig. 27)
[81]. This high-yielding and atom-efficient process allows both reagents to be
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generated and consumed directly without any isolation. Thus, the closed system and
the small reaction volumes avoid human exposure and minimize the risk of explo-
sive decomposition. The productivity of this continuous flow reactor reached up to
117 mmol-h~'.

A recent review highlighted the developments in the synthesis of the
diazomethane precursor, subsequent generation and purification of diazomethane,
and the final transformation to afford the target product. This study focused on an
industrial perspective where the process is classified by its capability to generate
specific forms of diazomethane, e.g., as a neat gas, diluted gas, or in organic
solution [82].

Kappe and Pieber reported a simple continuous flow technology protocol for the
synthesis of anhydrous trifluoromethyl diazomethane (88) from the amine 87 and
NaNO, (78) under acidic conditions. The diazo compound diffuses through a
gas-permeable membrane into an organic stream and reacts with a carbonyl com-
pound (89), thus resulting in highly functionalized building blocks (Fig. 28)
[83]. The authors found that the success of the condensation required the use of an
immobilized catalyst in a packed-bed reactor.

4.3 Hpydrogenation

Hydrogenation is usually an exothermic molecular reduction. However, in a large-
scale batch reactor the gas/liquid/solid multiphase mixing is problematic. In addi-
tion, hydrogen employed during the hydrogenation process is a highly flammable
gas that readily forms explosive mixtures with air. In contrast, a flow-reactor
approach provides numerous advantages, including the precision of reaction
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parameters, good multiphase mixing, automatic control, low carbon emissions, high
reproducibility, and high safety.

To achieve safe, efficient, and sustainable continuous flow hydrogenations with
reduced reaction times and increased selectivities, new catalyst types and immobi-
lization methods as well as flow reactors have been developed in recent years.
Heterogeneous catalysts are more stable and easier to recycle than homogeneous
catalysts [84].

Primary amines are often present in bioactive compounds and they are employed
as synthetic intermediates for APIs. Linezolid (94) (Zyvox) is a new class of
antibiotic developed by Pfizer in 2000. Gardiner et al. reported a novel continuous
flow hydrogenation reactor containing a series of 3D-printed catalytic static mixers
(CSMs), which were coated with Pd catalysts by electroplating, for the synthesis of
93, the key intermediate of linezolid (Fig. 29) [85]. This system reduced the
manufacturing cost of the reactor, eliminated the need for catalyst filtration, and
allowed an easy scale-up to produce 425 g of the product per day (with 99%
conversion and 99% purity). In addition, a single set of twelve Pd-coated CSM
inserts could be used almost continuously for hydrogenation reactions for over a year
without significant loss of catalytic activity.

Recently, Smyth and Manyar developed a continuous flow packed-bed catalytic
reactor for the hydrogenation of aromatic nitrobenzoic acids in water. These hydro-
genations are green, more efficient, less consumptive, and safer than the conven-
tional reduction process [86].

Catalytic hydrogenation of nitriles is also an attractive approach to primary
amines from the viewpoint of sustainability. However, the process suffers from
limited substrate scope and low selectivity, with secondary and tertiary amines
frequently formed as by-products. Kobayashi et al. described a polysilane/SiO,-
supported Pd as an effective catalyst in the hydrogenation of nitriles to primary
amine salts in almost quantitative yields under continuous flow conditions [87]. It is
remarkable that a complex mixture was obtained in this reaction under batch
conditions. The catalyst remained active for more than 300 h (TON >10,000)
without loss of selectivity and no metal leaching. The authors applied this continu-
ous flow reaction to the total synthesis of venlafaxine (97), which is a common
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antidepressant drug (Fig. 30). The hydrogenation step as the key reaction gave the
desired compound 96 in 92-93% yield.

4.4 Carbonylation

Carbon monoxide, CO, is a cheap, atom efficient, and synthetically valuable C,
building block for organic chemistry that is readily available in large quantities from
the bulk chemical industry. However, there are significant risks in handling this
substance due to its toxicity and flammability. Moreover, because CO gas has low
solubility in many solvents, harsh reaction conditions (high temperatures and/or high
pressures of CO) are usually required in conventional batch carbonylation reactions
in flasks or autoclaves. All of these drawbacks can be safely solved by means of
continuous flow processes [88].

Hetero/aryl chlorides are the least expensive of the aryl halides but they are
underused in carbonylation reactions owing to their very poor reactivity. Kappe
et al. described a continuous flow protocol for the Pd-catalyzed
methoxycarbonylation of (hetero)aryl chlorides (98) using CO gas and methanol
under high temperature and pressure conditions (Fig. 31) [§9]. The protocol provides
moderate to excellent product yields in a short 16 min residence time and the process
is safe and potentially scalable. Likewise, in 2017 Kappe described a continuous
flow Pd-catalyzed oxidative protocol employing CO and O, gas for the synthesis of
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carbonylated heterocycles, such as benzoxazolones, 2-benzoxazolidinones, and
other biologically important five- and six-membered carbonylated heterocycles
[90]. The same author also described a similar protocol for the Pd-catalyzed reduc-
tive carbonylation of (hetero)aryl bromides to their corresponding (hetero)aryl
aldehydes using syngas (CO + H,) under flow conditions. This protocol proceeds
with low catalyst and ligand loadings to afford products in good to excellent
yields [91].

Polyzos et al. developed a continuous flow visible light photoredox catalytic
approach for the annulative alkoxycarbonylation of alkenyl-tethered
arenediazonium salts (100) [92]. This protocol involves room temperature, rapid
reaction (200 s), moderate CO pressure (25 atm), facile and safe scale-up, and
exclusive 5-exo cyclization. The authors applied the protocol to the synthesis of
pharmaceutically relevant 2,3-dihydrobenzofurans (101) (Fig. 32).

More recently, Osako and Uozumi developed an aqueous continuous flow reac-
tion system for the hydroxycarbonylation of aryl halides to the corresponding
benzoic acids. This flow hydroxycarbonylation in aqueous solution proceeds effi-
ciently in a flow reactor containing a palladium-diphenylphosphine complex
immobilized on an amphiphilic polystyrene-poly(ethylene glycol) resin [93].

4.5 Miscellaneous

Concern over the utilization of hazardous materials is not only related to their
handling but also to their transportation and on-site storage, especially on a large
scale. The hazardous material must be a simple, low molecular weight and versatile
compound and it must be produced from inexpensive, benign precursors. A com-
plete review of this topic has recently been published [94].

Fluorination processes have become well-established methods in drug discovery
to modify the metabolic stability and bioavailability of compounds. Nucleophilic
fluorinations are hampered by the low solubility of metal fluorides, such as CsF, and
the need for perfectly dry reaction conditions, so they are usually performed in the
presence of phase transfer catalysts, at high temperatures and with long reaction
times. In 2018, Lindhardt developed a CsF-CaF, packed-bed reactor to perform
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nucleophilic fluorinations in continuous flow [95]. The reactor material was obtained
by evaporation of dissolved CsF onto appropriately sized CaF, particles, with
efficient in-line drying achieved by passing superheated acetonitrile or toluene
through the reactor bed. Nucleophilic trifluoromethylations are usually performed
using the Ruppert—Prakash reagent (CF;SiMe;), which is not atom economical.
Fluoroform (CF;H) is a highly atom-economical gaseous source of CF; groups
that is readily available (fluoroform is a chemical waste product that accumulates
during the manufacture of Teflon®). In 2019, Shibata developed a gas/liquid phase
micro-flow trifluoromethylation protocol for ketones, aldehydes, chalcones, and
imines with excellent diastereoselectivity using the gaseous chemical waste
fluoroform. The authors applied this protocol for the formal total micro-flow syn-
thesis of the anti-HIV drug efavirenz (105) (Fig. 33) [96].

In 2017 Kappe et al. developed a continuous flow protocol for the synthesis of
6-amino-2,2,7-trifluoro-4 H-benzo[ 1,4]oxazin-3-one (ABO, 107) that employed a
fully continuous, three-step sequential nitration/hydrogenation/cyclization process
(Fig. 34) [97]. The sequence involves an exothermic nitration using 100% HNO; in
oleum, a hydrogenation using heterogeneous Pd/C as catalyst at 45°C, and finally
acidification in-line with 37% HCI to afford ABO (107) after an additional residence
time at 80°C for 10 min. The overall yield for the continuous flow process was 83%,
which represents a significant improvement on the yield obtained in the batch
protocol.
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Peracids are strong oxidizing agents that are employed for epoxidations, hydrox-
ylations, and Baeyer—Villiger oxidations. It is well known that these compounds are
also very unstable and prone to explosive decomposition. For example, performic
acid (HCO3H) at concentrations >50% is highly reactive and it decomposes upon
heating and explodes when rapidly heated to 80-85°C. Kappe described the C14
hydroxylation of naturally occurring oripavine (108) in the telescoped continuous
process to the noroxymorphone precursor 112 [98]. Performic acid was generated in
situ from formic acid (HCO,H) and this rapidly oxidized the diene moiety of
oripavine at 100°C to provide 14-hydroxymorphinone 110. A subsequent continu-
ous solvent switch, hydrogenation in a packed-bed hydrogenator, and palladium-
catalyzed N-methyl oxidation afforded the 1,3-oxazolidine derivative 112 (Fig. 35).

5 Monitoring, Optimization, and Scale-Up
in the Pharmaceutical Industry

5.1 Monitoring

The Quality by Design (QbD) initiative launched by the pharmaceutical regulatory
authorities encourages manufacturers to design and control processes based on
having a thorough understanding of the reactions involved. Real-time acquisition
of data for chemical process development and in-process monitoring by process
analytical technology (PAT) is essential for this initiative [94].

Flow chemistry is very suitable for real-time monitoring (Green Chemistry
principle 11). It enables very precise control over the chemical process, which in
turn ensures high yields and selectivity and reduces waste. Real-time analysis can be
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used for the optimization of the reactor, for automatization and for scale-up of the
process [4]. Real-time monitoring is also very important when hazardous reagents
are used in flow [99].

IR [100], RAMAN [101], UV-vis [102], fluorescence [103], and NMR [104, 105]
spectroscopy have been used to monitor flow reactions and, additionally, analytic
techniques such as liquid and gas chromatography and MS [106] have been
interfaced to flow systems to provide real-time reaction monitoring (Fig. 36).

In-line and on-line analyses have been widely used. For in-line analysis, the
reaction and the monitoring system are connected in series and all of the reaction
mixture passes through the analytical system and is continuously analyzed. In-line
monitoring minimizes the time-lag between reaction and monitoring. For on-line
analysis, the system is not directly connected to the stream and the sample is
transferred as representative aliquots collected periodically during the reaction.
This method is simpler and is used when direct connection is difficult [104].

Real-time analysis, particularly multireaction trace analysis by MS simplifies the
hit identification and avoids the use of chromatographic procedures. As a result, the
time required for hit identification is significantly reduced [106].

Another important point for automatization is the integration of in-line purifica-
tion that can remove impurities and excess reagents from the main stream as these
may not be compatible with the next reaction step [107]. Four methods have been
commonly used: scavenger column, distillation, nanofiltration, and extraction. The
use of scavenger resins is widespread due to its simplicity in separating the desired
and undesired compounds. Distillation in flow chemistry has been performed by a
membrane distillation unit, where a membrane layer is sandwiched between two
channels and serves as liquid—vapor contact. Nanofiltration is based on molecular
size and it has been possible to apply this technique to flow chemistry, thanks to the
progress in materials for membranes and the development of organic solvent



Green Aspects of Flow Chemistry for Drug Discovery 53

nanofiltration (OSN). Finally, liquid extraction is based on the different solubilities
of liquids.

Flow chemistry is an ideal technology for computer-controlled optimization and
the ability to monitor the results of a reaction also provides a unique opportunity for
automation and scale-up. Several groups have developed methods for optimization
as well as for obtaining useful kinetic data.

Information provided by the analytical instrument is sent to a computer, which in
turn controls the reactor (temperature, pressure, flow rate, etc.). In this way stoichi-
ometry, temperature, and time can be changed instantaneously by an algorithm that
suggests new conditions. This process can be repeated in an iterative way until a
maximum yield and/or selectivity is identified.

5.2 Automatization

Automatization involves the development of algorithms for the analysis of results
(conversion, selectivity, etc.) based on the integration of analytical tools in real-time
and protocols for the selection of better reaction conditions to obtain the optimal
results.

Automation in flow synthesis can be categorized into three categories: auto-
sampling and in-line analysis, optimization, and automation for control [108].

Important progress has been made in recent years towards the automatization of
chemical synthesis. Two approaches have been used to achieve this goal. The first
one is the automation of customized synthesis routes to different targets and this
enables the use of many reactions and starting materials. The second approach is the
automation of generalized platforms that can make many different targets using
common coupling chemistry and building blocks [109].

Progress in the automated synthesis of small molecules has been made in two
directions. Firstly, the design of machines for the customized synthesis of one
specific small molecule and, secondly, the design of machines that can synthesize
different types of small molecules.

From the synthetic point of view two possibilities have been envisaged:
(1) automatization of customized synthesis routes and machines enables the use of
different reactions and starting materials and (2) the design of platforms that make
different targets using known building blocks. The first case involves the design and
development of algorithms for retrosynthetic analysis. The building block approach
enables the efficient, reproducible, and automated synthesis of a wide range of
targets.

Customized routes to synthesize each small molecule require systematic planning
known as retrosynthetic analysis. All chemical reactions should be considered in
retrosynthesis by simplifying the target molecule until available starting materials
are reached.

The selected synthesis should then be performed and the best route selected. The
customized approach has several advantages for the preparation of very similar
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molecules since each synthetic step is highly optimized. There are some important
disadvantages, especially related to automation, since each target requires a new
design, development, and optimization of all of the synthetic steps involved and
sometimes in different equipment.

Customized routes are generally slow and depend to a large extent on the design
by the chemists.

Several machines have been designed for customized synthesis and most of these
are discussed in the excellent review by Trobe and Burke [109].

It is worth highlighting the automated flow platform developed at MIT
[110]. This platform consists of a modular system for reaction, separation, and
purification and it can be easily reconfigured to produce a series of pharmaceuticals
in the required doses on site if the drug is required in a crisis. The flexibility of this
on-demand flow synthesizer was demonstrated by the production of diphenhydra-
mine hydrochloride (116), lidocaine hydrochloride (117), diazepam (118), and
fluoxetine hydrochloride (119) (Fig. 37). Other advantages of automatization are
related to scalability, safety, speed, and reproducibility.

To solve the problems associated with customized synthesis, a second approach
takes advantage of the use of building blocks. This methodology enables an efficient,
reproducible, and flexible procedure for the preparation of a large variety of com-
pounds. The simplicity of this methodology enables the synthesis to be performed
even by non-specialists. In this strategy it is considered that many types of molecules
are modular, for example natural products, and can be synthesized using discrete
molecular building blocks. Once again, excellent reviews have been published and
important examples of applications are described [109, 111].

A platform for the iterative synthesis of small-molecules requires a common type
of reaction that can provide different types of C—C and C—X bonds by coupling
reactions. These coupling reactions should be performed in tolerant conditions since
functional groups and stereochemistry should be included in the building blocks and
translated to the target molecule.
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MIDA boronates are common building blocks for iterative synthesis since they
are stable in coupling reactions, can be easily purified, and they are easily
deprotected (Fig. 38) [112]. These compounds are compatible with a range of
reaction conditions, for example, oxidations, reductions, nucleophilic displacements
and addition to aldehydes, double and triple bonds, electrophilic substitution, tran-
sition metal-catalyzed reactions and they survive protection and deprotection steps.
The protection coupling and deprotection steps for MIDA building blocks are shown
in Fig. 38 along with an application in flow using an automatic synthesizer.

Automatization of the synthesis of useful molecules is common in industry and it
has a positive influence on scalability. Safety can be another important advantage of
automatization, for example in the preparation of radiolabeled compounds for PET
imaging (Fig. 39) [113]. Automatization can address the problems of radiation and
short half-life of the isotopes and allows the preparation of on-demand doses on site
or reactions that require harsh conditions (temperature or pressure). Automated
synthesis platforms can also increase the speed of a chemical process by avoiding
tedious manual operations. Similarly, this aspect improves the reproducibility of
chemical reactions since human error is eliminated and the whole process can be
controlled perfectly.
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Finally, syntheses and biological assays have been automated to various degrees,
thus closing the loop from automatic design, synthesis, and screening platforms
(Fig. 40) [114].

5.3 3D Printing

Cronin et al. described a flexible synthesizer with a robotic platform and a 3D printer
to design and print reaction systems optimized for different reactions and
scales [115].

The development of 3D printing technology has permitted the design of flow
reactors in the field of micro- and meso-fluidics and for the realization of chemical
devices. 3D printing enables the fabrication of geometrically optimized reactors.
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Flow reactors can be designed to accommodate specific reaction kinetics and
thermodynamics, multicomponent reactions where each component can be added
in a specific point during the reaction, and to design mixing chambers with specific
geometries that are difficult to prepare by other methods. Some excellent reviews
have been published in this area [116—-118].

Benaglia et al. [119] described the stereoselective preparation of aminoalcohols
(norephedrine (130), metaraminol (131), and methoxamine (132)) by a tandem
Henry reaction followed by reduction. The authors used 3D printing with fused
filament fabrication and different materials (PLA, HIPS, Nylon) to optimize the
reactor size, shape, and channel dimensions (Fig. 41). High yields, moderate
diastereoselectivities, and up to 90% ee were obtained with this system.

One limitation of 3D printing is the nature of the material used in the printing
process, since its inertness is a prerequisite for any application. Photopolymers have
poor resistance to the standard organic solvents; common thermoplastic polymers
are sensitive to high temperatures and to acidic/basic conditions, while powder-
based technologies require post-printing processes that can leave traces of unwanted
materials in the printed device.

In this regard, Ferguson et al. described the use of PEEK (polyether ether ketone)
as a high-performance plastic with excellent mechanical strength, a high melting
point, and excellent chemical resistance. The printed reactors were used at pressures
of 500 psi, high temperatures, and with superheated solvents [120].

Despite these limitations, many different materials could replace glass and sili-
con. Among the 3D printing processes only selective laser sintering (SLS), lami-
nated object manufacturing (LOM), multiJet modeling (MJM), and fuse deposition
modeling (FDM) have found application in this field.
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A very attractive application of 3D printing technology is undoubtedly the
possibility of directly printing catalysts for chemical transformations.

Cronin et al. designed a multiple reactor for the sequence described in Fig. 42
[115]. Firstly, an acid-catalyzed Diels—Alder reaction of 1,2,34,5-
pentamethylcyclopentadiene (133) with acrolein (134) was carried out to obtain a
bicyclic compound 135. In the second step the imine 137 was formed by reaction of
the aldehyde function with aniline (136) and, thirdly, reduction of the imine with
triethylsilane over Pd/C was carried out. Reactionware was designed with CAD and
3D printed with FDM. Catalyst, Montmorillonite K10, and Pd/C were also printed in
the reactor. Once the Diels—Alder reaction was completed the reactor was rotated by
90° to react with the imine and again by 90° for the reduction reaction. At the end of
the reaction it was possible to connect a silica gel cartridge to purify the final product.

3D printing is also a good option for the fabrication of droplet microfluidics flow
systems. Complex and on-demand design structures can be fabricated in a simple
and rapid manner [121]. 3D printing offers great freedom for the design and
fabrication of devices for droplet formation and opens the door for new droplet
manipulation strategies.

5.4 Optimization

Optimization is essential when developing new chemical reactions or processes with
the desired yields, selectivity, and atom economy. In industrial processes a small
increase in these parameters is of paramount importance to improve the economy of
the process.

The objective is to obtain the highest possible yield and selectivity in the shortest
time. These objectives are especially suited to microreactor technology. A general
scheme of the optimization process is provided in Fig. 43.
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The first approach is the modification of one variable at a time. This approach
requires the realization of one experiment for each variation when performing

reactions in batch. However, in flow conditions

variations can be done in the flow

stream, especially if the results are analyzed in-line. In this way, optimization can be
performed in a short time and with low consumption of solvents and reagents.
This approach has been described by Rodriguez et al. for the preparation of a

series of isoxazoles. The experiments permitted
the preparation of a library of isoxazoles 140, the

the optimization of the procedure,
100-fold scale-up of the procedure,

and the extraction of kinetic data (Fig. 44) [122].
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However, to achieve greater accuracy and efficiency in finding the optimal
conditions, several designs and algorithms have been applied to optimization in
continuous flow.

Semi-automated methods have been used for high-throughput screening and
optimization. Design of Experiments (DoE) is a statistical approach in which a
diverse set of experiments are selected before execution [123].

In DoE a matrix is created with the experimental parameters and the algorithm
selects a series of experiments to cover the maximum parameter space. The results of
the experiments are evaluated to design a model that can be confirmed or refined
with a new set of experiments.

Another approach is the residual surface model (RSM), which simultaneously
uses a symmetrical experimental design to optimize the reaction parameters.

In general, the optimal conditions found can even be translated to preparative
scale production, with only minor adjustments required.

Incorporation of in-line and on-line analysis attached to computer-controlled
algorithms has permitted the design of fully automatic systems. The combination
with continuous production allows a rapid optimization that reduces waste, cost, and
time. Several algorithms have been used for these optimizations and these include
Steepest descent, Nelder—Mead simplex (NMS), and SNOBFIT [123].

As an example, McMullen et al. [124] designed a microreactor system for the
self-optimization of a Heck reactor (Fig. 45). In this case, HPLC was used for
analysis and NMS was used for optimization.

Cronin [125] and Mateos [8] published excellent reviews that cover all aspects of
automatization and optimization from monitoring and algorithms to autonomous
platforms.
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5.5 Process Intensification and Scale-Up

Process intensification is described as a strategy to achieve tremendous reductions in
plant size for a given plant volume. Continuous flow systems have also been
exploited as tools to effect process intensification in chemical synthesis
processes [126].

Continuous processing and process intensification have been designated as key
green engineering research areas for sustainable manufacturing according to a 2011
roundtable study [127].

Process intensification is one of the main green aspects of flow chemistry aimed at
reducing waste. Waste prevention for large-scale manufacturing in flow may
improve the efficiency of mixing, reaction, separation, and purification modules
over normal batch operations [126]. One main technique for increasing efficiency is
through the implementation of recycling of solvents. Another example is liquid—
liquid extractions that can be enhanced to batch extractions by running the extraction
solvent counter-current to the process several times or by application of separation
membranes [23].

Flow processes are ideal for rapid screening of the reaction conditions since many
parameters can be evaluated in a short time and with low product consumption.
Reaction scale in flow is easier than in batch and most of the problems encountered
can be solved, e.g., heat and mass transfer or by-product formation. Moreover, this
approach provides enhancements in safety and energy efficiency, and allows the
possibility of developing small-scale manufacturing plants. However, many advan-
tages of flow reactions are a consequence of the small dimensions inherent in the
system scale and these can be lost on larger scales.

Flow reactors can be divided into three types: micro-, milli-, and macro-scale
reactors [128].

Micro-scale reactors with microchannel diameter scales of hundreds of microns
show short diffusion and excellent heat and mass transfer and they can produce
products on the scale of kg/yr. These systems are suited to the synthesis of APIs,
screening, and optimization. Milli-scale reactors, with diameter scales of 1-2 mm,
are suited to the preparation of fine and speciality chemicals since they can produce
hundreds of kg/yr. Macro-scale reactors have diameter scales greater than 5 mm and
are capable of preparing products at industrial scales of ton/yr.

The performance across reaction scales is maintained if mass (Sherwood,
Schmidt, Peclet, and Biot numbers), heat transfer (Nusselt, Prandtl, and Biot num-
bers), and mixing and reaction rates (Reynolds, Damkohler, and Thiele numbers) are
similar.

Three different approaches can be used for scale-up in flow: [7]

— Scaling-out involves running the process for a longer time. This is the simplest
method since none of the reaction parameters are changed. However, it is difficult
to obtain the large quantities of product required on an industrial scale by this
methodology.
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— Numbering-up involves running several reactions in parallel. Several channels or
reactors are placed in parallel so that the reactions can be performed under
identical conditions. Parallel numbering-up is the most common method in the
scale-up of microreactors. However, this approach requires complex fluid flow
distribution and control and is associated with extra energy consumption and may
lower the reactor flow rate operating window.

Another possibility is consecutive numbering-up, in which several reactors or
channels are used in series, with one reactant kept at a high flow rate and the second
added stepwise in series. With this technique, care should be taken to ensure longer
channels in downstream segments to ensure a consistent residence time when flow
rates are increased [129].

— Scaling-up involves the use of larger continuous reactors. In this case it is very
important to retain the advantages of the small scale, i.e., heat and mass transfer.
Another advantage of this approach is that the possibility of clogging decreases.

An intermediate possibility is to increase the reactor scale in one dimension while
maintaining the scale in the second dimension [129].

Some of the most important scale-up processes have been covered in several
excellent reviews [129-131].

It is worth highlighting the preparation of verubecestat (144), an inhibitor of
BACE], at Pilot Plant Scale (>100 kg) in flow conditions [132]. A methodology
was developed to evaluate the relationship between mass flow rate, temperature, and
conversion to introduce modifications to enhance the process (Fig. 46).

The development of a kilogram-scale prexasertib monolactate monohydrate (156)
synthesis under continuous flow CGMP conditions is also noteworthy. A total of
24 kg of the product was produced in CGMP conditions [133]. The benefits of CM
included the ability to operate at high temperature in a low-boiling solvent, improved
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Fig. 47 Continuous kilogram-scale synthesis of prexasertib monolactate monohydrate (156)

safety for a hazardous reaction, better yield, improved purification procedures, and
on-line PAT and process automation (Fig. 47).

6 Quantification of Sustainability (LCA)

Flow chemistry has always been considered a green methodology. It is presumed
that this technique has a lower energy consumption due to the higher heat transfer, a
reduced impact of solvents by replacement with green solvents, a reduction of
solvent consumption, and the possibility of solvent recycling [12]. Finally, due to
automatization there is a reduction in personnel costs and increased safety [8].

Quantification of sustainability is of paramount importance when translating a
synthesis to the industrial scale. Several parameters have been used to evaluate this
aspect. Atom economy (AE) (Eq. ch. 1) and E-factor (Eq. ch. 2) were the first
parameters used but they are very limited since they do not consider many factors,
especially toxicity of reagents and products and solvent consumption.

Process Mass Intensity (PMI) (Eq. 3) is defined as the mass of raw materials as a
function of the mass of products and this is a key mass-based green metric. Solvent
rate (Eq. 4), defined as the mass of solvent as a function of the mass of products, is
another quantitative parameter to be considered. Finally, cumulative energy demand
(CED) (Eq. 5) represents the energy demand over the entire process and considers
both renewable and non-renewable energy [134].
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Mass of solvent
Solvent rate = Mass of product 4)

Energy resource consumption (MJ)

CED = Mass of product (Kg)

LCA is an analysis of the impact of a chemical process from “‘cradle-to-grave” or
more appropriately “cradle-to-gate.” LCA is defined as “a technique for assessing
the environmental aspects and potential impacts associated with a product by
compiling an inventory of relevant inputs and outputs of a system; evaluating the
potential environmental impacts associated with those inputs and outputs; and
interpreting the results of the inventory and impact phases in relation to the objec-
tives of the study” by the International Standards Organization (ISO) (ISO
14040, 1997).

The life cycle impact assessment (LCIA) includes the following impact categories
to be evaluated in a Life Cycle Inventory (LCI): cumulative energy demand (CED),
abiotic resource depletion potential (ADRP), global warming potential (GWP),
ozone depletion potential (ODP), photochemical ozone creation potential (POCP),
acidification potential (AP), and nutrification potential (NP). Additionally, an assess-
ment of the human toxicity potential (HTP), fresh aquatic eco-toxicity potential
(FAETP), marine aquatic eco-toxicity potential (MAETP), and the terrestrial
eco-toxicity potential (TETP) was taken into account [135].

Eckelman evaluated the life cycle inherent toxicity and introduced the metrics of
inherent hazard in chemical synthesis [136].

Lapkin and Yaseneva collected some important examples of LCA in flow
conditions [9].

Lapkin et al. described the cradle-to-gate analysis of the antimalarial API
artemether (157) (Fig. 48) [12]. The study emphasized the importance of solvents
and the advantage of flow technology, which enabled small solvent inventories to be
used. The most dominant impact in flow conditions is the solvent. In this case THF
was replaced by 2-MeTHF, a biomass-derived and recyclable solvent, and
Quadrasil-SA was used as catalyst. This produced a reduction of the CED.

The same authors described the LCA of a continuous flow Buchwald—Hartwig
amination of a pharmaceutical intermediate (160) and the translation to a pilot plant
[137]. The study confirmed the benefits of flow with respect to batch conditions. The
consumption of solvent is higher in flow due to the higher dilution. However, in the
pilot plant under flow conditions the concentrations are higher.
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Fig. 49 LCA of a Buchwald-Hartwig amination of a pharmaceutical intermediate. GWP, Climate
change. FDP, Fossil fuel depletion potential. HTP, Human toxicity potential. MEP, Marine
eutrophication potential. MDP, Metal depletion potential. NLTP, Natural land transformation
potential. ODP, Ozone depletion potential. POFP, Photochemical oxidant formation potential.
TAP, Terrestrial acidification potential. TETP, Terrestrial eco-toxicity potential. CED, Cumulative
energy demand. R, recycling. Published by The Royal Society of Chemistry (Ref. [137])

It was emphasized that the overall flow process with catalyst recycling has lower
or comparable environmental impact scores for almost all impact categories
(Fig. 49).

Hessel et al. reported the LCA of the photochemical synthesis of Vitamin D;
(163) in flow conditions (Fig. 50) [138]. They used a cradle-to-gate approach that
considered the materials, energy flows, and emission associated with the extraction
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7-Dehydrocholesterol Provitamin D3 HO" Vitamin D3

Fig. 50 Preparation of vitamin D3 (163) from 7-DHC (161)

of the raw materials to the product. The authors included the formation of 7DHC
(161), extraction of Vitamin D3 (163), and purification by crystallization. The
solvent selected was fert-butyl methyl ether (t-BME) instead of diethyl ether in
order to avoid the potential formation of dangerous peroxides.

HUMBERTO NXT LCA software was used to obtain the environmental impacts
and mass and energy balances. The results show that the continuous process has a
lower environmental impact than any of the batch scenarios evaluated and that
solvents are dominant in the LCA.

7 Conclusions

Flow chemistry can be classified as a green enabling technology due to the high
impact shown on almost all of the green chemistry principles. In this chapter we have
collected examples that emphasize these aspects: reduction of waste by the use of
telescoped syntheses, minimization of purification steps and the use of solvent
recycling; security in the use of hazardous compounds and the application of
automatization and artificial intelligence; use of neoteric solvents, some of which
are derived from biomass; higher synthesis efficiency by increased heat and mass
transfer, which in turn reduces reaction times, the synergy with other enabling
technologies and catalysis and the simplicity of optimization, screening and scale-
up taking advantage of real-time analysis, which is especially suitable in flow
conditions. Finally, the quantification of sustainability by LCA has demonstrated
the impact of solvents on sustainability and the importance of recycling. Flow
chemistry has shown a lower impact on almost all of the parameters studied.

As considered by IUPAC, flow chemistry is one of the emerging technologies
with potential to make our planet more sustainable and should of great importance in
the pharmaceutical industry.

Compliance with Ethical Standards
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Abstract The discovery of new drug candidates and the development of new lead
structures for future active pharmaceutical ingredients are continuous processes,
which combine the expertise of many scientific disciplines. The race for novel
molecular building blocks with potent biological activity triggered the development
of new synthesis methodologies and forced the scientific communities to interact
even stronger with each other. The result of one very fruitful interaction is the
application of continuous flow chemistry and micro reaction technology to photo-
chemistry and photocatalysis. The synergy of those research fields combined is an
environment for mild and controlled reaction conditions, which allows new synthe-
sis routes with higher conversion and selectivity, straightforward scale-up and
possible integration in multi-step syntheses. In this chapter, several examples for
molecular transformations are highlighted, which are important for the synthesis of
complex molecular structures or for the integration of pharmaceutically active
functional groups. This snapshot gives an overview of a vivid research field for
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drug discovery and illustrates the benefits for synthetic organic photochemistry by

going to flow.

Keywords Continuous flow, Fine chemicals, LED, Microreactor, Process
intensification, Reactive intermediates, Small molecules
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1 Introduction

The race for new active pharmaceutical ingredients (APIs) is triggered by the
evolutionary development and adaptation of pathogens in nature and the increas-
ingly competitive landscape of the pharmaceutical industry [1]. The central issue in
medicinal chemistry, the search for new drug candidates with explicit biological
activity, is inherently connected to the full spectrum of organic synthetic chemistry
methods. Hence, progress can only be achieved in drug discovery by the application
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of novel synthesis concepts and technologies that result in improved or new lead
structures and APIs accessed under mild, selective and low-cost conditions. The
scientific community responded to these challenges with the application of photo-
chemistry and photocatalysis as one possible route with high potential. The tremen-
dously increased knowledge about photocatalysis with visible light opened the door
for mild reaction conditions and pathways, which are not or not easily accessible
under classic thermal conditions [2—19]. Various noble or non-precious metal
complexes [20-22] or organic dyes [23-25] as well as inorganic semiconductor
materials [26, 27] have been widely applied to visible light photocatalysis for the
selective construction of molecules. Concepts for dual catalysis with photocatalysis
jointly performed with classic metal complexes [28—37] or organocatalysts even
enhanced the landscape to, e.g., chiral products. Selective irradiation of electron
donor-acceptor complexes allows the photochemical conversions without a
photocatalyst [38-53]. And the concept of consecutive photocatalyst excitation
can result in reactive species with high reduction potential for the cleavage of,
e.g., less reactive C—Cl bonds in aryl chlorides [54-56].

On the technology side, flow chemistry concepts and micro reaction technology
offer novel process windows, which have excellent compatibility with
photocatalysis [57-60]. In general, flow chemistry has the goal to overcome restric-
tions of chemical batch processing by providing a defined technological environ-
ment in which physical phases can be mixed and reacted in a small and defined
volume under strictly controlled conditions [61-63]. With this definition, flow
chemistry offers several advantages compared to reactions performed in batch
mode: (1) High pressure and high temperature reactions are possible due to quick
and efficient heating and cooling of a small reaction volume for advanced process
control with higher conversion; (2) Higher selectivity (less by-products) can be
achieved by improved mixing of substrates with reagents or quenching of reaction
solutions on a small volume scale; (3) Exact time control of phase contacting is
possible under defined physical conditions by the control of the flow rates; (4) Less
complicated work-up and product separation is possible with heterogeneous cata-
lysts immobilized inside the small reactor volume; (5) Photochemical reactions can
be performed in small reaction volumes under full irradiation and defined residence
time in the reactor resulting in higher conversion and selectivity due to less over-
irradiation and consecutive degradation [64, 65]; (6) Modern LED technology can be
used for the construction of light sources for flow photoreactors offering less energy
consumption and less safety issues compared to mercury or xenon lamps [66].

The possibilities of photocatalysis concepts for organic synthesis as well as the
available technology for flow chemistry clearly show synergy, if both research fields
join forces for a complex mission like drug discovery. The following examples in
this chapter have been selected in order to demonstrate important photochemical
transformations for drug discovery and API synthesis. Hence, carbon—carbon
and carbon-heteroatom coupling reactions as well as photochemical cyclization
and rearrangement reactions will be discussed. The incorporation of fluorine and
fluorine-containing groups will be presented, since fluorine has a very prominent
role in medicinal chemistry. Although not yet available in continuous flow mode,
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photochemical-assisted biocatalysis will be discussed at the end of this chapter, as it
is a current trend with very promising results for complex and chiral molecule
synthesis.

2 Carbon-Carbon and Carbon-Heteroatom Bond
Formation

2.1 Diazonium Salts and Diazo Compounds for C—C and C-X
Bond Formation

Amines are the precursors of diazonium salts, which can be regarded as reactive
intermediates towards the formation of new chemical bonds with carbon or other
(hetero)atoms [67, 68]. Such coupling reactions are well-known for noble metal
catalysis, but light-induced synthesis routes have been developed as well in recent
years [69]. For instance, Ackermann et al. published their work on arene C-H
activation in flow using a photocatalyst based on manganese, an earth abundant
metal [70]. Their approach was applied to the synthesis of the precursor molecule of
dantrolene, a drug for muscle relaxation in the case of neuroleptic malignant
syndrome (Fig. 1) [71]. Here, the conversion of 4-nitrobenzenediazonium
tetrafluoroborate 1 (1.6 mol L™") was performed with furfural 2 as heterocyclic
substrate (15 eq.) for arylation and CpMn(CO); as photocatalyst precursor
(10 mol%) in DMSO as solvent. The flow setup consisted of commercially available
photoreactor system (10 mL) with blue light irradiation from LEDs (450 nm). The
reaction solution was pumped with a flow rate of 330 pL min ™' into the reactor, the
temperature was set to 25°C. Within a residence time of 30 min, a yield of 65% could
be obtained for the desired product molecule. Subsequent condensation of 3 with
1-aminohydantoin hydrochloride 4 yielded dantrolene (5) in 94% yield.

Fig. 1. Photocatalys§d ,Q BF, v (450 nm)
arylation of furfural in the H  CoMn(CO); B o
synthesis route yielding P o Y
dantrolene (5) DMSO
rt., 30 min N
1 2 3

o 3
e
zN’N\)=O M

4 B N\N\/&
MeOH O O
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Fig. 2 Photocatalysed arylation of 2H-indazoles at C3-position with Eosin Y as sensitizer

The nitrogen-containing aromatic compound class of indazoles play an important
role as key structural element in natural compounds and bioactive molecules for
pharmaceutical applications. Indazoles are used as basic scaffold in, e.g., antimicro-
bial, anti-inflammatory or commercially available drugs like pazopanib [72-78]. To
overcome the use of metal catalysts with expensive ligands and long reaction times
for the functionalization of the rather less reactive C3 position of 2H-indazoles, Kim
et al. developed a straightforward methodology via the photocatalytic activation of
aryl diazonium ions (Fig. 2 top) [79]. Batch screening for optimal reaction condi-
tions was started with 2-phenyl-2H-indazole (6) and phenyl diazonium
tetrafluoroborate (7) as model substrates with Rose Bengal (3 mol%) as sensitizer
in DMSO as solvent. Visible light irradiation was done with high power LEDs
(70 W) emitting green light at 530 nm. Within 24 h reaction time, a moderate yield of
43% of the desired product was obtained. Addition of 1 eq. diisopropylethylamine
(Hiinig’s base) as electron donor and the use of Eosin Y as sensitizer resulted in an
increased yield of 65% for 2,3-phenyl-2H-indazole (8) within 24 h. The transfer
from batch to continuous flow mode was done by using a PFA capillary (I.D. =
250 pm, length: 2 m) as coil, which was surrounded by a stripe of green light
emitting LEDs cooled with air. The reaction solution was pumped through the
capillary with a flow rate of 0.2 mL min ' corresponding to a residence time of
30 s. Due to the improved light—matter interaction inside the capillary, the same yield
of 64% could be obtained for the benchmark reaction within this dramatically
shortened reaction time. An intensification factor of approx. 2,880 clearly proves
the advancement of photochemical processing by the switch to flow mode
[80]. Finally, Kim et al. decreased the flow rate to 0.1 mL min ! resulting in an
even more improved yield of 74% within 1 min residence time. Variation of the
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substituents at the indazole scaffold resulted in no conversion for, e.g., alkyl and
benzyl groups in the 2-position or low reactivity for bromo substituents at the phenyl
ring (<5%). Moderate to good yields were obtained for electron-donating groups at
the phenyl ring (65-74%) as well as for fluorine- and bromine-substitution at the
arene part of the indazole (63 and 68%, respectively). Different substitution patterns
at the phenyl ring of the aryl diazonium salt resulted throughout in good yields,
except for very bulky structures as in the case of mesitylene. Highest yields were
obtained for electron-withdrawing substituents in para-position like —CN in 9 (84%)
and -NO, in 10 (85%).

Kim et al. applied their novel photochemical approach also to the synthesis of
inhibitor derivatives for a liver X receptor. The methoxy-substituted indazole 11 was
arylated with p-chloro or p-cyanoaniline via the described diazonium salt route. The
desired indazole-based inhibitor molecules could be obtained in good yields with
78% for 14 (-Cl) and with 80% for 15 (-CN) within a residence time of 1 min.
Compared to the very long reaction time of 18 h in batch mode for only 65 and 72%
yield, respectively, clearly shows the potential for industrial production of such
indazole APIs in continuous flow mode under photochemical conditions.

In order to foster such progress and increase the acceptance of flow photochem-
istry for larger scale production, Kim et al. also improved their reactor concept
[81]. The new approach foresees both the immobilization of the sensitizer on the
inner walls of the PFA capillary and the parallelization of several capillaries within
one reactor module (Fig. 3 bottom). The interior of a PFA capillary (I.D. = 400 pm)
was coated with allylhydridopolycarbosilane, which was hydrolysed afterwards to
generate reactive hydroxyl groups for further functionalization with
aminopropyltriethylsilane. Eosin Y was coupled via amide bond formation to the
surface with direct contact to the reaction solution and perfect irradiation from the
outside through the PFA capillary wall. The second advancement was done by using
3D printing techniques to produce a polymer-based inlet and outlet for 10 PFA
capillaries, each 1 m long. Computational fluid dynamics (CFD) studies were
performed upfront to design inlet and outlet architectures for uniform flow distribu-
tion through all capillaries. A quartz tube was used as reactor housing carrying the
capillaries in straight fashion from the bottom inlet to the top outlet. High-power
LED stripes were placed around the quartz tube for equidistant irradiation of the
capillaries. Finally, downstream processing was performed with a droplet-based
liquid-liquid extraction of the DMSO solution mixed with water and diethyl ether.
With this reactor concept and work-up process at hand, Kim et al. performed the
synthesis of the liver X receptor inhibitor derivatives 14 and 15. Within all-over
2.2 min process time, consisting of 0.63 min reaction time and 1.57 min for
extraction, 63% yield was obtained for the desired product. This efficiency allows
the production of 3.75 ¢ h~', which is high enough for a daily amount to be used in
first clinical trials.

Molecules with thioether as functional structure can also have bioactive proper-
ties. Hence, such molecules are interesting for drug research as well, but need mild
reaction conditions due to the versatile reactivity at the sulphur atom [82]. One mild
and biocompatible, i.e. metal-free arylation method was developed by Noél et al. for



78 T. H. Rehm

R
hv (530 nm) O
. .
N,BF, Eosin Y
O Fepleace
= /N + ~_ 7
N DMSO
OMe rt, 38 s oM
R
1 12R =CI 14 R =CI
13 R=CN flow: 78% (homogen.)

flow: 67% (heterogen.)
batch: 65%

15R =CN
flow: 80% (homogen.)
flow: 76% (heterogen.)
batch: 72%

Ethar
- 4
i Wwater ‘ Product | water
Ethor B30 7 ISMER Base S

= 2 mLmin* — —
8 «
2
s
o
w /
5 3 - y
E : rev
% Droplet |_1 ’ ' i g

formation E
k=3 H
B I I Organic phase
o ‘ ‘ i (Product+SM)
§. 3D printed A
- Inlet & H : & Aqueous phase
pt Outlet Water Extraction
m 2 mLmin-?
o

Reagents
| {2 mLmin")
i—f- ra—. >
Photocatalytic Reaction Work-up Process

Fig. 3 Continuous flow arylation of 2H-indazoles at C3-position with Eosin Y as immobilized
sensitizer on the inner capillary walls. Reproduced with permission from Ref. [81]. Copyright 2019
Royal Society of Chemistry

the amino acid cysteine [83]. The authors already developed a straightforward
method for the photocatalysed Ziegler-Stadler reaction for sulphur—sulphur coupling
and used this experience for the synthesis of thioether derivatives [84]. Batch
reaction screening was performed with N,C-protected cysteine 17 as model substrate
in order to evaluate the optimal conditions for the in situ formation of the diazonium
salt and its conversion. 4-Fluoroaniline 16 was used as arene source with fBuONO
and p-toluenesulfonic acid for in situ diazotization, acetonitrile as solvent, Eosin Y
as metal-free sensitizer. A compact fluorescence lamp was applied as light source.
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Fig. 4 Arylation of cysteine’s thiol group in 17 with photocatalytically activated aryl diazonium
salts. Selective arylation of a thiol group in dipeptide N-Boc-L-Leu-L-Cys-OMe

Under these conditions, cysteine 17 was arylated in 59% yield. The transfer to
continuous flow was performed with a PFA capillary photoreactor (450 pL) and a
white light LED stripe (3.12 W) for irradiation. The separate solutions for the
diazotization reaction were mixed in a T-piece with /BuONO (0.2 mol L™' in
acetonitrile) in one stream and 4-fluoroaniline 16 (0.13 mol L™'), Eosin Y
(1 mol%), 17 (0.1 mol L"), and p-toluenesulfonic acid (4 mol%) with acetonitrile
in the other stream. The reaction solution was irradiated inside the PFA capillary for
30 s, at which the N,C-protected amino acid was converted to the desired thioether
18 in 79% yield (Fig. 4). Based on these optimized process conditions, various
aniline derivatives were diazotized in situ for subsequent conversion and coupling
with the thiol group of cysteine. In the case of the conversion of 4-ethynylaniline into
19, a longer residence time of 60 s was necessary to achieve a conversion of 61% in
flow against 49% in batch mode. Unsubstituted aniline was converted into 20 in 72%
yield compared to 50% in batch mode. Dipeptide Leu-Cys was reacted with
4-trifluoromethylaniline to evaluate the novel method for more complex biological
structures. Fortunately, the desired thioether 21 was obtained in 86% in flow mode
compared to 61% in batch mode.

In analogy to the charged diazonium salts, diazo compounds are another impor-
tant class of reactive intermediates in organic chemistry. They are usually stabilized
by m-systems or electron-withdrawing groups in close proximity to the diazo group.
In the case of non-stabilized diazoalkanes, the in situ preparation is recommended
for a safe handling [85]. Ley et al. recently developed a method for the
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Fig. 5 Top: Non-stabilized diazoalkanes via selective photolysis of oxadiazolines 22 in continuous
flow with broad functional-group tolerance. Bottom: Examples of the substrate scope for the
photocatalytic C-H arylation via non-stabilized diazoalkanes

photochemical conversion of oxadiazolines into diazoalkanes [86]. This method is
based on the foregoing work of Warkentin et al., who irradiated 1,3,4-oxadiazolines
selectively with UV light at approx. 300 nm yielding diazoalkanes and alkylacetate
as photolysis products [87]. The synthesis of oxadiazolines can be done in a one-pot,
two-step procedure with various ketones as starting materials. Hence, Ley et al.
prepared several unstabilized diazoalkanes by selective in situ photolysis and
converted the resulting reactive intermediates into p-substituted arylboronic acids.
As one example, 4-chlorophenylboronic acid 23 (0.05 mol L™ in dichloromethane),
oxadiazoline 22 (2 eq) and diisopropylethylamine (2 eq) were mixed and transferred
into a capillary photoreactor (FEP, 10 mL, 80 min). The reactor was cooled to 10°C
and a UV light source was used for selective irradiation at 310 nm (9 W). The
reaction was monitored with an inline IR spectrometer analysing the C=O stretch
band of methy] acetate at 1,746 cm ™" as probe for the photolysis of the oxadiazoline
22. The resulting tertiary boronic acid 24 was not isolated but stirred either under an
air atmosphere or with 3 eq. TBAF (Fig. 5). In the first case, B(OH), was substituted
with a hydroxy group in 76% overall yield for 26; in the second case, with a
hydrogen atom, in 71% overall yield for 25. Further derivatizations are possible by
trapping the tertiary boronic acid as pinacol ester, which was subsequently converted
with 2-lithiofuran for the construction of a quaternary carbon centre in 47% yield for
27. The mild synthesis method developed by Ley et al. allows the smooth conversion
of functionalized diazoalkanes as well, e.g., with C—C triple (28) and double bonds
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(29) as well as diazoalkanes with O-, N- or S-heterocycles and carbocycles in good to
excellent yields (30-33). The substitution pattern of the aryl boronic acid was varied
as well and allowed the integration of, e.g. ,CF3 or AcNH instead of a chlorine atom
(32,33). Ley et al. developed a mild and very powerful method for the photochemical
in situ formation of unstabilized diazoalkanes under safe and excellently controllable
flow conditions. These reactive intermediates have been used in a second step for the
metal-free cross-coupling of C(sp®) and C(sp”) centres.

2.2 Photoinduced Metal- and Dye-Catalysed C-C and C-X
Bond Formation

Besides diazonium- and diazo-based arylation reactions induced by light, new
variations of well-known transition metal cross-coupling reactions have been devel-
oped as well. Dual-catalysis ruthenium or iridium complexes as photosensitizers
together were used with another organometallic catalyst for bond formation with the
intermediate from the photocatalysed reaction [28—37]. Unfortunately, a sustainable
and cost-effective process scale-up is often not possible with rare earth metals. To
handle this challenge, Alcézar et al. developed a photosensitizer-free Negishi cross-
coupling protocol with earth abundant Zn and Ni complexes [88]. First batch tests
were performed with methyl 4-bromobenzoate (34) (0.1 mol L) and readily
available benzylzinc bromide (35) (0.2 mol L™ ") with fac-Ir(ppy)s as photosensitizer
(1 mol%) and various cross-coupling catalyst on Ni-basis. A commercially available
24 vial photoreactor was used for blue light irradiation resulting in conversions to the
desired product 36 from 26% (Ni(cod)) to 65% (NiCl, glyme, dtbbpy). The
pre-screened reaction was then transferred to continuous flow mode with a commer-
cially available capillary photoreactor. The flow rates were set to 250 pL min~" for
each stream of starting material solution resulting in a residence time of 20 min.
Under these conditions, roughly the same maximum conversion of 64% was
obtained in flow mode with Ni(dtbbpy)Cl, as cross-coupling catalyst. Interestingly,
a higher conversion of 70% was obtained without iridium photosensitizer. Full
conversion could be achieved by combining visible light with an increased reaction
temperature of 60°C (Fig. 6). Spectral analysis was done for the reaction solution and

Br hv (450 nm)

ZnBr NiCl, * glyme

= (J 0
+ E——
o
THF-DMF >
oo 60 °C, 20 min 0

34 35 36

93%

Fig. 6 Acceleration of C(sp®)-C(sp®) Negishi cross-coupling reactions by blue light absorption
with Ni/Zn complexes
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Fig. 7 Examples of scale-up in API synthesis using accelerated Negishi cross-coupling reactions
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for the single compounds. A significant absorption band was revealed in the visible
region for the Ni*" complex in combination with the dtbbpy ligand and the
organozinc compound. Mechanistic investigations were performed as well, which
point in a first step to an accelerated reduction of Ni** to Ni® with the aid of visible
light, as well a blue light accelerated reductive elimination within the catalytic cross-
coupling cycle.

Besides the above-mentioned Negishi cross-coupling, Alcédzar et al. applied a
new flow protocol for in situ synthesis of organometallic zinc halides [89]. The novel
method was beneficial for the use of 4-bromoanisole, which does not work in
standard Ni catalysed reactions of Negishi-type cross-coupling. Hence, the
on-demand synthesis of the organometallic zinc reagent was crucial for obtaining
the desired cross-coupled product with a conversion of 53%. Contrarily, a zincate
reagent from a commercial supplier did not yield any conversion. Chloroarenes as
well as bromo- or iodoarenes were converted to the desired bis(hetero)aryl com-
pounds by applying the new continuous flow method. A huge number of the
reactions performed clearly benefited from the irradiation with blue light by an
increased conversion of up to 90%.

As follow-up, Alcazar et al. then investigated their novel Negishi cross-coupling
method on larger scale [90]. A flow photoreactor from a commercial supplier was
used in the pilot-scale synthesis of 5-benzylpyrimidin-2-amine 37 and
trifluoromethoxylated phenylbenzoate (38) (Fig. 7). In this publication, the authors’
intention was to highlight a concept for the on-demand production of potential APIs
on a scale of multiple 10 g per day for preclinical medical programs. The throughput
in synthesis of 37 was increased to 3.4 g h™' (factor 11) corresponding to the
synthesis of approx. 80 g per day. A slightly lower factor of 7 was achieved for 38
with a throughput of 5.6 g h™! equivalent to approx. 130 g per day. Alcazar et al.
achieved significant progress in continuous flow processing of solid starting mate-
rials like zinc, in combination with an accelerated conversion of in situ prepared
organometallic intermediates.

The above-mentioned Ni-mediated Negishi cross-coupling methodology is not
suitable for the a-arylation of carbonyl compounds due to the deleterious impact of
the product’s acidity on the catalytic cycle [91]. But unfortunately, this reaction class
is a quite important route to several drugs like naproxen, ibuprofen, and tolmetin.
Hence, Alcézar et al. adopted palladium catalysis with visible light, originally
applied to Heck-type reactions, to facilitate the o-arylation of (2-(tert-butoxy)-2-
oxoethyl)zinc(II) bromide (40) with 4-benzyloxybromobenzene (39) [92]. JohnPhos
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Fig. 8 Photoinduced Pd-catalysed Negishi cross-coupling of organozinc carbonyl compounds with
aryl bromides and chlorides

was used as ligand for Pd(dba), as catalyst during the first screening in continuous
flow mode (Fig. 8 top). Tetrahydrofuran was the solvent and the temperature of the
commercially available flow photoreactor (10 mL) was set to 40°C. Irradiation was
done with LEDs emitting blue light at 450 nm. Applying a flow rate of 167 pL min™~',
full conversion was achieved with 10 mol% of Pd catalyst. With 5 mol% catalyst
loading, the same conversion could be achieved, whereas another reduction to
2.5 mol% resulted only in 31% conversion. Alcazar et al. applied this novel
methodology to a broad library of aryl bromides and chlorides. For the conversion
of the latter ones, XPhos was used as ligand instead of JohnPhos. In nearly all cases,
high conversions with very good yields could be obtained, whereas the conversion
dropped to very low numbers without blue light irradiation (Fig. 8 bottom). For
example, benzyl (3-acetylphenyl)acetate (42) could be obtained in 77% yield with
85% conversion in flow mode. Without light, the conversion dropped to 15%. This
compound was also used for a two-step scale-up with in situ continuous flow
preparation of the organozinc halide prior to the Negishi coupling reaction. The
coupled flow process was performed for 5 h in parallel to the batch process under the
same chemical conditions. In the first case, an excellent 97% yield was obtained with
a corresponding productivity of 520 mg h™'. On the contrary, the batch synthesis
yielded only 36% of the product.

A collaboration between the workgroups of Alcazar and Noél resulted in further
advancement of the important C—C Kumada coupling reaction. A sustainable con-
tinuous flow protocol was developed for the coupling of alkyl Grignard reagents
with aryl chlorides. Fe complexes were built in situ with imidazolium ligands for
accelerating the reaction (Fig. 9) [93]. Blue light was used for irradiation. Under
these conditions, the C—C coupling reaction resulted in considerably higher product
formation of, e.g., cyclohexylbenzene (45) from cyclohexyl magnesium chloride
(43) and chlorobenzene (44). The yield increased from 39% without light to 99%
with blue light irradiation within a short residence time of 5 min. In the case of
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Fig. 9 Kumada coupling reaction products obtained via blue light irradiation

electron-rich aryl chlorides like N-methylated anilines or indole, an even stronger
tendency to higher product formation could be shown. Usually, these starting
materials need high temperatures and long reaction times. N,N-Dimethylated
chloroaniline was fully converted to 46 (2% without light). Indole 47 was obtained
with 98%, but it was not accessible without light. The latter process was also scaled
up to approx. 12 g in 2.5 h, corresponding to a space time yield of 454 mgh ™' mL ™.
These excellent results clearly demonstrate the great benefit for the Kumada C-C
coupling by applying light for process acceleration.

Photoredox dual catalysis with iridium and nickel catalysts was used by Boyed
et al. for the coupling of alkyl] trifluoroborates with aryl bromides in continuous flow
mode [94]. Their approach achieved the synthesis of alkyl-substituted quinoxalines
in continuous flow with a reduced reaction time of 40 min compared to 16 h in batch
mode. Boyed et al. optimized the reaction conditions for the C(sp?)-C(sp”) coupling
of 5-bromo-2-methylpyrimidine (48) with tetrahydropyran-3-trifiluoroborate (49).
As dual catalyst system [Ir{dF(CF;)ppys}.(bpy)]PFs (2.5 mol%), NiCl,-dme
(5 mol%), and dtbbpy (5 mol%) were used. The exchange of CsCOj5 as solid base
in dioxane as solvent with 2,6-lutidine in a DMA-dioxane mixture (1/4) resulted in a
homogeneous solution that is suitable for flow mode in photocapillary reactors
(Fig. 10 top). With slightly increased amounts of catalyst components to 3 mol%
for [Ir] and 12 mol% for each [Ni] and dtpbbpy under homogeneous conditions,
Boyed et al. were able to increase the yield from 37% (heterogeneous, batch) to 62%
(homogeneous, flow) for 2-methyl-5-(tetrahydro-2H-pyran-4-yl)pyrimidine (50).
With the optimized reaction conditions in hand, the authors performed the coupling
of more complex substrates that were not accessible in batch mode yet. A sterically
hindered ortho-methoxy aryl bromide was coupled with 49 resulting in 90% con-
version after 40 min with 46% yield for the desired product 51. Both heterogeneous
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Fig. 10 Top: Reaction conditions for the C(sp?)-C(sp®) coupling between aryl bromides and
potassium alkyl trifluoroborate salts. Bottom: Quinoxaline derivatives obtained in continuous
flow mode via automated library screening

and homogeneous batch tests gave only trace conversion. A small library of nine
derivatives was screened with the novel approach yielding 10-35 mg of pure product
after inline purification. Yields varied here between 19% (52) and 58% (53). Boyed
et al. could also demonstrate the scale-up capabilities of their methodology.
Quinoxaline 54 was synthesized in the continuous flow setup with a productivity
of 81 mg h™' or 1.3 g in 16 h, which are necessary for an equal productivity by
48 individual 5 mL batch reactions.

Carbon—boron bond formation should be mentioned as well, since arylboronic
acids are important building blocks in synthetic organic chemistry. Such precursors
are usually converted with Grignard or Li reagents or applied to (noble) metal
catalysis for carbon—carbon or carbon—heteroatom bond formation [95, 96]. Contrary
to the known procedures, Li et al. developed a photochemical route for the
borylation of aryl halides [97]. Reaction optimization was done in batch mode
with a quartz glass tube and with irradiation by a high pressure mercury lamp
(365 nm, 300 W). Bis(pinacolato)diboron 55 was selected as borylation reagent
(2 eq.) together with 4-iodoanisole (56) (0.1 mol L") as model substrate. The
complex solvent mixture of 0.9 mol L' acetone in acetonitrile-water (4/1) was
used for the photochemical reaction as well as bis(dimethylamino)methane
(TMDAM, 50 mol%) was used as additive (Fig. 11). By irradiation with strong
UV light for 4 h at room temperature, aryl radicals are formed via homolytic
cleavage of the carbon—iodide bond in the excited aryl iodide as proposed by the
authors. As another pathway, Li et al. also suggest the decomposition of aryl iodide
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Fig. 11 Top: Photolysis as activation of aryl halides for efficient borylation. Bottom: Photolytic
borylation of various arenes with two different borylation reagents

radical anions, which have been formed by a single electron transfer from the amine
additive. In the next step the borylation reagent gets cleaved by the aryl radicals,
leading to the desired product 57 in 81% yield at 94% conversion. Deiodination
takes place as well as another reaction pathway in 10% yield. Li et al. then
transferred their new method to continuous flow using a standard FEP capillary
(780 pL) wrapped around an immersion well with the same lamp already used for the
batch tests. This setup completely outperformed the batch mode system and allowed
full conversion after a residence time of only 15 min. Reaction temperature was set
to —5°C giving 88% yield for the pinacol-protected boronic acid 57 and 4% yield of
anisole by dehalogenation. Under these optimized conditions Li et al. were able to
reduce the amount of borylation reagent to 1.5 eq as it was rapidly consumed in the
flow reactor, avoiding any decomposition of the reagent by prolonged irradiation
time. Borylation on larger gram scale was done with iodobenzene and p-iodophenol
in a commercially available reactor system with 7.8 mL capillary volume. Excellent
yields could be obtained for the unsubstituted compound 58 with 90% and 93% for
the phenol derivative 59. Excellent results were also obtained for the synthesis of 60
from ethyl 4-iodobenzoate in 90% yield. The less reactive ethyl 4-bromobenzoate
was converted to 60 in 78% yield. The authors also used various other borylation
reagents like bis-boronic acid, bis(neopentanediolato)diboron and unsymmetrical
(pinacolate)-(diaminonaphthalene)diboron. Interestingly, in the latter case only the
diaminonaphthalene boronate was introduced selectively into 61. Later on, Li et al.
were also able to use their continuous flow photolysis with electron-rich
arylchlorides and fluorides, in addition to aryl building blocks with mesylate, triflate,
and diethyl phosphate groups used as pseudo halides for radical cleavage [98].

The synthesis of di(hetero)arylmethane derivatives by Alcazar et al. with Zn
organometallic precursors applied to flow photochemistry with nickel-based cata-
lysts has already been presented in this section [88]. In general, the di
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Fig. 12 Top: General reaction conditions for the C(sp?)-C(sp’) coupling between aryl bromides
and benzylic chlorides. Bottom: Selected examples of the screened di(hetero)arylmethanes obtained
in continuous flow mode

(hetero)arylmethane key structure is an important building block for APIs like
trimethoprim [99] (antibiotic) or lynparza [100] (cancer treatment). Just recently,
Brill et al. applied photoredox dual catalysis with Ni to the C(sp?)-C(sp”) coupling of
aryl bromides and benzylic chlorides in order to access a broad library of di(hetrero)-
arylmethanes for testing in key in vitro pharmacological assays [101]. Based on
research from the MacMillan group on photoredox and transition metal catalysed C—
C coupling of aryl bromides and benzylic bromides [102], Brill et al. performed
intensive reaction optimization in flow for the coupling of pyrimidine 62
(0.025 mol L™ ") with pyridine 63 (2.5 eq.). In the case of the photocatalyst, metal-
free 4-DPN-IPN was superior to iridium-based catalyst systems. Amine base screen-
ing resulted in the use of tributylamine (3 eq.) as optimal additive as well as
(TMS);SiOH as mild reductant (1.5 eq.) with a lower tendency for
hydrodehalogenation of the benzylic chloride substrate compared to (TMS);SiH.
Dimethylacetamide (DMA) was used as solvent, as it was the only one out of eight
screened solvents providing a homogeneous solution throughout the complete
reaction runtime. An optimal ratio between [Ni(dtbbpy)(H,0)4]Cl, as precatalyst
and 4-DPN-IPN as photocatalyst was identified with 5 mol% to 2 mol% (2.5:1).
With the optimized reaction conditions in hand, Brill et al. were able to perform the
desired coupling reaction within 30 min residence (333 pl min~') time in a com-
mercially available flow photoreactor setup (10 mL, 450 nm) at 40°C with a yield of
61% for the di(hetero)arylmethane 64 (Fig. 12). The auto sampling modus of the
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commercially available flow photoreactor setup allowed the library screening of
34 di(hetero)arylmethane derivatives in total with 20 different aryl bromide sub-
strates and 14 different benzylic chlorides (Fig. 12). All reactions were not
performed with the intention of achieving the maximum yield, but for obtaining
1-2 mg of pure substance for pharmacological screening. Hence, a yield higher than
51% was not achieved throughout. It should be noted that seven derivatives were not
accessible with this methodology, or only in traces detected during LC-MS analysis.
The substrate scope was finally extended by exchanging the benzylic chloride with
an allylic chloride derivative as well as the aryl bromide with a vinyl bromide. The
first reaction could be achieved in low yields of 3% for 66, whereas the conversion of
the vinyl bromide yielded 21% of the desired product 67. Brill et al. could show with
their development that rather fast screening of 34 potential API derivatives can be
done with a short reaction time of 30 min for each compound.

In pharmaceutical product synthesis, low residual metal limits are defined for the
final product. In the case of iridium, this limit is below 100 pm per day [8, 103,
104]. Despite the costs for, e.g., iridium complexes used as photocatalysts, lengthy
and costly purification protocols become necessary to comply with these rules.
Hence, it is important as a first step to substitute any metal complexes with less
costly organic compounds. One example for this approach was published by Ley
et al. for the radical coupling of boronic acid derivatives with methyl vinyl ketone as
an example for a radical acceptor [105]. First investigations were done in batch with
cyclohexylboronic acid (68) as model substrates for the radical coupling with methyl
vinyl ketone (69) in acetone-methanol (1/1) as solvent mixture. DMAP was used as
Lewis base with the iridium complexes, 4CzIPN or Mes-Acr-4 as photocatalysts.
Batch screening at 30°C gave after 24 h reaction time excellent results for Mes-Acr-4
as substitute for the iridium catalysts with yields up to 95% (Fig. 13). With these
tests, Ley et al. could also prove that no photo bleaching took place for the organic
dyes, which is often encountered with other photoreactions. On the contrary, kinetic
studies revealed that the iridium catalysts deactivate over time. It is known that
radical alkylation of the bpy ligands can occur, as well as ligand substitution by
solvent molecules or additives. The authors postulate here that the highly nucleo-
philic DMAP catalyst can replace the bpy ligand in the iridium complex resulting in
the observed deactivation. The transfer to flow mode was done twofold. In the first
case a commercially available small-scale flow photoreactor was used (FEP, 10 mL)
with blue light irradiation at 420 nm (17 W). Boronic acid 68 (0.1 mol L") and
methyl vinyl ketone (4 eq.) were mixed with Mes-Acr-4 (2 mol%) and DMAP
(20 mol%) in acetone-methanol (1/1) and pumped into the reactor coil at 30°C. With
aresidence time of 100 min, a maximum yield of approx. 80% was reached (Fig. 13).
Based on these good results, Ley et al. used another commercially available reactor
with higher irradiation power of 420 W at a blue light emission of 450 nm. Although
the PFA coil features only 5 mL inner volume, the massive power increase allowed
the residence time to further decrease to 30 min for the same yield of approx. 80%.

To showcase the possibility for application in medicinal chemistry, Ley et al.
employed their approach to the synthesis of three precursors for APIs from the
y-aminobutyric acid (GABA) family, namely (Z)-baclofen, (4)-phenibut and
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Fig. 13 Top: Model substrates and reaction conditions for the radical coupling of boronic 68 with
keton 69. Bottom: API precursors for baclofen (71), phenibut (72) and pregabalin (73)

(£)-pregabalin [106]. The respective N-Boc-aminomethyl boronic acid pinacol
esters (0.1 mol L") and the appropriate diethyl malonate-derived olefin (0.83 eq.)
were subjected under standard conditions to a small-scale low power photoreactor
(FEP, 10 mL) for blue light irradiation at 30°C. In all cases the resulting yield was
approx. on the same level as for the batch synthesis, but the reaction time was
dramatically decreased to 80 min for the phenibut precursor 72, and 60 and 40 min,
respectively, for the baclofen and pregabalin precursors 71 and 73 (Fig. 13 bottom).
In summary, besides the substitution of an expensive iridium catalyst by an organic
dye, Ley et al. were able to improve the synthesis process of important API building
blocks considerably by going to flow and reducing the process time therewith.

The light-mediated amination of (hetero)aryls will be presented here as final
example for this sub-chapter. Buchwald et al. applied Ni(Il) salt and photoredox
dual catalysis for the continuous flow synthesis of tetracaine (79), a local anaesthetic,
as example for an API [106]. Initial experiments were performed under batch
conditions, which led to clogging inside the capillary of the commercially available
photoreactor. However, by switching the solvent from DMA to DMSO and further
optimization regarding photocatalyst, Ni(Il) salt and base additive, a set of optimal
reaction conditions was found with 0.2 mol% Ru(bpy)3(PF¢),, 5 mol% NiBr,DME
and DABCO (2.0 eq) in DMSO (0.5 mol Lfl). Bromobenzene (74) (10 mmol) and
hexylamine (75) (3 eq) were then used as model substrates for the final evaluation of
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Fig. 14 Top: Dual catalysed amination of (hetero)aryls using Ni** and Ru(bpy)32+ as catalysts.
Bottom: Selected examples 77 and 78 with pyrrolidine as amine substrate; tetracaine (79) as an
example for an API

the process conditions under blue light irradiation of 450 nm. Within a residence
time of 60 min 74 was aminated at 80°C in 78% isolated yield (Fig. 14). Buchwald
et al. screened various bromides (1 mmol scale) with pyrrolidine as amine substrate
as it is one of the most common five-membered non-aromatic nitrogen heterocycles
in pharmaceutical building blocks [107]. Interestingly, excellent results could be also
obtained with a ruthenium catalyst concentration as low as 0.02 mol% for the
conversion of, e.g., electron poor 4-(trifluoromethyl)bromobenzene to 77 in 97%
yield or for 5-bromopyrimidine to 78 with 98% yield. Both processes were
performed with a high flow rate of 1 mL min~" corresponding to a short residence
time of only 10 min. Under the same process conditions, the synthesis of tetracaine
(79) was done in 84% yield. In order to highlight the applicability of the novel flow
synthesis, 79 was also synthesized on a tenfold higher scale of 10 mmol. Within the
same residence time of 10 min, a similar yield of 84% was reached, which corre-
sponds to a productivity of 19 mmol h™"* The method from Buchwald et al. is an
excellent example for the transfer of an already well-recognized synthesis route from
batch to flow mode, which gives access to highly relevant aniline derivatives for
drug discovery.

2.3 C-C Bond Formation via Photodecarboxylation

Oelgemoller et al. transferred a three-step synthesis route for 3-arylmethylene-
substituted isoindolinones from batch to continuous flow mode by coupling a
photodecarboxylative reaction step with two thermal dehydration and amination
steps (Fig. 15) [108]. In general, such isoindolinone-based building blocks are of
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Fig. 15 Three-step reaction sequence for the photochemical and thermal continuous flow synthesis
of 3-arylmethylene-2,3-dihydro-1H-isoindolin-1-one derivative 84

great interest to medicinal chemistry research due to their cardiovascular and
anaesthetic activity [109, 110]. As a first step, the transfer to continuous flow
necessitates the adaptation of three different solvents to one solvent being most
compatible to all reaction conditions. Oelgemoller et al. cross-checked acetone,
acetonitrile and DMF in batch for all three reactions with acetonitrile as the final
choice for the coupled flow synthesis with yields of 80% for the
photodecarboxylation, 83% for the dehydration and 53% for the amination.

The design of the flow setup was established straightforward with three capillary
reactors adapted to the physical needs of each reaction step. The first reactor consists
of a FEP capillary (I.D. = 0.8 mm, 5 mL) wrapped around a Pyrex glass body with a
single UV-B light source (8 W) at its centre. The initial reaction solution of N-
(bromoethyl)phthalimide (80) (0.0165 mol L") and potassium (4-methoxyphenyl)
acetate (81) (2 eq.) with acetonitrile-pH 7 buffer (2:1) was pumped into the reactor
with a flow rate of 0.17 mL min~' corresponding to a residence time of 30 min. The
desired first intermediate product 82 could be obtained with a yield of 85%. The
outlet stream of the photoreactor was contacted in a T-piece with a mixture of
10 mol L™" sulphuric acid-acetonitrile (1/1, 0.17 mL min~") prior to the inlet of
the first thermal flow reactor. This module consisted of another FEP capillary (I.D. =
0.8 mm, 5 mL), which was placed into an ultrasonic bath to prevent any clogging in
the small diameter capillary. With a total flow rate of 0.34 mL min ™", the dehydra-
tion step was performed within a residence time of 15 min with an overall yield of
90% and very high E-selectivity of E:Z > 9:1 for the second intermediate product 83.
Prior to the third step, a cartridge with strongly basic Dowex 1-X8 ion exchange
resin (2050 mesh, 50 mL) was integrated to quench residual acid from the
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Fig. 16 Riboflavin tetraacetate as sensitizer for the visible light-induced photodecarboxylation of
alkyl carboxylic acids with subsequent cyanation

dehydration step. The neutralized reaction solution was then mixed in a T-piece with
diethylamine (2 mL in 38 mL acetonitrile, 0.25 mL min~") and transferred into the
last loop reactor consisting of a FEP capillary (I.D. = 1.58 mm, 19.6 mL) placed in a
water bath at 80°C. With an overall flow rate of 0.59 mL min ' the final amination
step was performed with a residence time of 33 min obtaining the desired product 84
in 73% yield with a nearly complete conversion into the Z-isomer with £:Z < 1:9. In
summary, Oelgemoller et al. could prove with their process that both the transfer to
flow mode and process intensification by coupling reaction steps (?) greatly benefits
reaction time and yield. Exemplified by the bioactive arylmethylene-substituted
isoindolinone derivative AL-12 (84), a reduction in reaction time from 9 h to
78 min could be achieved with a good overall yield of 73% compared to max.
45% for the decoupled batch synthesis steps.

The selective cyanation of molecules is a very important method to incorporate a
versatile functional group for further derivatization into amines, amides or carbox-
ylic acids [111-113]. Gonzalez-Gomez et al. recently published their work on the
photocatalysed decarboxylative cyanation of aliphatic carboxylic acids with ribofla-
vin tetraacetate as purely organic sensitizer [114]. Their approach allowed the
synthesis of key intermediate 86 for the subsequent conversion to idazoxan (87) or
WB-4101 (88), both selective antagonists of adrenoreceptors [115, 116]. Decarbox-
ylation reactions with subsequent cyanation have been known for quite a while, but
many methods need harsh conditions like high temperature, strong bases, or noble
metal catalysts like iridium complexes. Contrary to these approaches, Gonzalez-
Gomez et al. developed a mild and versatile method for activating the carboxylic
acid with visible light-absorbing riboflavin tetraacetate as photocatalyst and proton
acceptor/donor during the catalytic cycle (Fig. 16). a-Oxo-carboxylic acid 85 was
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used as model substrate for process optimization regarding solvent, additional base,
O, gas atmosphere, catalyst or substrate loading, and catalyst type.

A 0.1 mol L™" reaction solution of 85 in degassed acetonitrile was irradiated with
blue light (455 nm with 5 + 2 mW cm ™ ?) for 3 h with riboflavin tetraacetate (5 mol
%) at room temperature. The desired product could be obtained under these condi-
tions with 1.1 eq. toluenesulfonyl cyanide as CN™ source in 84% yield. Applying
deprotected riboflavin as photocatalyst resulted in a low yield due to decreased
photostability of the chromophore, lower solubility, and less stable triplet state T;.
Additional organic or inorganic bases led to lower yields, as well as oxygen gas in
the reaction solution. A change in substrate or photocatalyst concentration did not
yield better results. A switch to other CN™ sources like NaCN or TMSCN did not
give better yields as well. No reaction took place in blank tests without light or
photocatalysts. With the optimized reaction conditions in hand, Gonzalez-Gomez
et al. evaluated the scope of their approach with several a-oxo- and a-thio carboxylic
acid, various protected a-amino carboxylic acid and a-carbon carboxylic acid with
moderate to good yields [115, 116]. Due to the high molar absorption coefficient of
riboflavin tetraacetate with & ~ 13.000 L mol ™" cmfl, it is reasonable to switch to
continuous flow mode by applying a capillary photoreactor (PFA, I.D. = 0.5 mm,
1.7 mL) for optimized irradiation. Unfortunately, the yield dropped from 84% in
batch to 76% in flow. But the process clearly benefits from a reduced reaction time
from 3 h to 36 min in the capillary microreactor. Besides the mild reaction conditions
and the absence of additives, the immobilization of the riboflavin chromophore in a
continuous flow reactor might give a further impact to this facile approach to
medicinal chemistry research due to a reduced effort in product purification.

3 Photochemical Cyclization Reactions

As mentioned in the introduction, molecules with biological activity can often have
complex structures like poly(hetero)cycles with various substitution patterns in their
scaffold. One possibility to reach such a high degree of structural complexity in a
molecule is the cyclization of independent molecules (intermolecular reaction) or the
fusion of entities within one molecule (intramolecular reaction) [117-119]. As a first
example in this chapter, a photochemical key step in the synthesis route to
goniofufurone derivatives will be presented. Ralph, Booker-Milburn et al. used
photochemistry in continuous flow mode to illustrate its efficiency for the scale-up
of Paterno-Biichi [2 + 2] reactions [120]. (+)-Goniofufurone (93) is a natural product
used in traditional medicines in the treatment of oedema and rheumatism. Structural
analogues of this natural product also have potent antiproliferative effects against a
number of cell lines, in particular 7-epi-(+)-goniofufurone-derived oxetane 94 with a
greater activity than doxorubicin, the anticancer drug standard. Ralph and Booker-
Milburn et al. proposed Paterno-Biichi [2 + 2] photocycloaddition between benzal-
dehyde (90) and bicyclic enol ether 89 (Fig. 17). The authors state that the batch
photoreaction on small-scale (310 mg substrate with 0.25 mL benzaldehyde in
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150 mL acetonitrile) gave a good yield of 90%, but it was rather slow with 2 h
irradiation time and under high dilution. Consequently, a batch scale-up to 50 g, as
desired, was unfavourable.

Based on their foregoing work, the authors transferred the synthesis to flow mode
by application of their custom-made three-layer FEP flow photoreactor containing a
400 W medium pressure mercury lamp as source for irradiation. A degassed solution
of bicyclic enol ether 89 (0.03 mol L_l) and benzaldehyde (90) (1.4 eq.) in
acetonitrile was pumped into the reactor with a flow rate of 1 mL min ',
corresponding to a residence time of 70 min. Under these conditions, a yield of
97% could be obtained. In an 83 h long process run, 41 g of product was synthesized
as regioisomeric mixture 91 and 92 (1:2) in favour of the desired isomer with the
correct stereochemistry at the C-7 position. Four additional steps were finally
necessary afterwards for yielding (+)-goniofufurone 93. The authors state that the
rather complex synthesis route development of these steps was only made possible
due to the high productivity in the photochemical key step and the availability of
large amounts of oxetane starting material.

In analogy to the approach of Ralph and Booker-Milburn, Rutjes et al. also
applied a [2 + 2] photocycloaddition as starting point for the identification of lead
structures in medicinal chemistry research. Within only three steps, the authors were
able to convert 3-amino cyclohexenone derivatives 95 and 98, respectively, to three
tricyclic target scaffolds in very good yields [121]. These precursors were readily
available in two steps, firstly via the condensation of cyclohexane-1,3-dione with the
free amine in a Dean-Stark apparatus, yielding the corresponding enaminones. The
crude products for both amines were then Boc-protected in the second step with 65%
overall yield for the allylamine-derived product 95 and 60% for 3-buten-1-amine-
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derived product 98. With the precursor molecules in hand, Rutjes et al. performed
first photochemical tests in a custom-made flow photoreactor based on the design
from the Booker-Milburn group. A FEP capillary (I.D. = 1.6 mm, 11.6 mL) was
wrapped around a condenser which was placed in a Rayonet-type photochemical
reactor with two different lamp sets for an irradiation at 254 or 300 nm. Residence
time was set according to full conversion as analysed by TLC. Various solvents with
different polarity were tested, but in general a mixture of two different tricyclic
structures (crossed = 96 and straight = 97) were obtained for the allylamine-derived
precursor 95 (Fig. 18). A ratio of 2.5:1 was obtained with less polar solvents (n-
hexane, cyclohexane), whereas a ratio of 3.5:1 resulted in more polar solvents like
diethyl ether and acetone. Although the temperature was not well regulated in this
custom-made reactor, it did not have a strong influence on the product yield. Finally,
optimized conditions were found for the photochemical conversion of 95 in a
concentration of 0.04 mol L™" in acetonitrile, applying an irradiation at 254 nm
for 30 min.

Under these conditions, the desired product mixture of 96 and 97 could be
obtained with 96% yield in a ratio of 4:1 (crossed: straight). The second precursor
98 was converted with a slightly longer residence time of 40 min under the same
conditions to the straight product 99 in 95% yield. This reactor setup allowed
a throughput of approx. 5.6 g per day, which needs to be increased considerably
for a larger scale library screening with these building blocks as core structures. As a
result, Rutjes et al. fabricated another custom-made reactor system for higher
throughput by using a larger commercially available UV-C lamp with 55 W. The
capillary volume was increased to 105 mL using an inner diameter of 2.7 mm. The
complete reactor system is water-cooled and protected with a metal jacket to block
deleterious UV-C radiation from the interior of the reactor. With this new system in
hands, the authors were able to convert 10 and 20 g batches of 95 within total
running times of 4.75 h and 9.5 h, respectively. The same results were obtained for
the precursor 98 within 7.3 and 14.6 h in similar high yields of isolated product.
Further studies were conducted by Rutjes et al. regarding the functionalization of the
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Fig. 19 Visible light-induced denitrogenation of a-azidochalcones with subsequent conversion
with L-proline to fused imidazoles

ketone and the amine after Boc-deprotection. In the first case, reductive amination
with pyrrolidine was done or a Suzuki coupling to incorporate a phenyl group after
converting the ketone to a triflate. The amine was tosylated for future derivatization.
In summary, Rutjes et al. could prove the fruitful incorporation of flow photochem-
istry into the synthesis route of key building blocks for medicinal chemistry devel-
opment and API screening.

Besides the formation of carbocycles as presented in the first two examples, five-
membered nitrogen-containing heterocycles can be made available as well via
photochemical approaches. Here, fused imidazole derivatives have attracted great
attention as biological building blocks, in commercial drugs and agrochemical
agents [122]. Adiyala, Kim et al. designed a new process that allows the photo-
induced denitrogenation of a-azidochalcones to 2H-azirines, which react with
L-proline with subsequent decarboxylation to the desired fused imidazole deriva-
tives [123]. The complete process is photocatalysed with Ru®* ions immobilized in a
polyvinyl pyridine matrix on the channel walls of a PDMS-based microreactor. The
authors started their investigations with a detailed reaction optimization for the
fusion of L-proline (100) (0.5 mol L") with a-azidochalcone 101 (0.5 mol L"),
the latter one broadly available via Knoevenagel condensation of phenacylazides
with aldehydes (Fig. 19). Beside solvent (DMSO, DMF, DCE) and base (K,COs,
DABCO, Cs,COs3, DBU, 2,6-lutidine) variation, catalyst screening was done as well
with Eosin Y, Ru(bpy);(PFg), and Ir(ppy)s. Optimized conditions were found for the
ruthenium catalyst, DABCO (3 eq.) as base additive and DMSO as solvent (2 mL).
Homogeneous photocatalysis with a white light compact fluorescent lamp (23 W)
yielded under these conditions 62% of the desired product after 16 h of irradiation in
batch. Adiyala, Kim et al. then took the first step for an intensified process and
applied a heterogenized ruthenium catalyst for the desired reaction. Here,
polyvinylpyridine was used as polymeric matrix for the complexation of Ru’**
ions. The immobilization strategy had a positive impact on the reaction process
and led to an increased yield of 73%. With these results obtained, Adiyala, Kim et al.
designed a PDMS-based microchannel reactor with serpentine structure (length:
1 m, height: 100 p, width: 500 pm; 50 pL). The walls of the microchannel were
coated at first with silicate glass via treatment with allyhydridopolycarbosilane for
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higher solvent resistance and generation of hydroxy groups on the surface after
hydrolysis. Functionalization of the reactive surface with bromo groups was done
with 3-bromopropyltrimethoxysilane. Finally, poly(vinylpyridine) was immobilized
by quaternization of the external pyridine moieties with the bromo groups on the
channel surface. A RuCl; solution in DMF was flushed through the microchannel
and resulted in the desired noble metal complexes in the polymer matrix. Then as
prepared flow photoreactor was irradiated either with a CFL (23 W) or with a white
light LED array.

With a flow rate of 25 uL min~' and a corresponding residence time of 2 min, the
reaction proceeded very well with 85% yield at full conversion. The novel Ru>*-
functionalized microreactor clearly outperformed the batch process both in reaction
time (2 min vs. 16 h) and yield (85% vs. 73%). Adiyala, Kim et al. then performed a
library screening with 20 different a-azidochalcones to react with L-proline in the
flow photoreactor. Except for one furan-derived substrate, which did not react at all,
all other library members could be converted with very good yields, always being
higher in flow mode compared to batch. A wide tolerance to electron-withdrawing
and donating functional groups like Cl, Br, NO,, CN or OMe could be demonstrated
as well. Although this novel process allows a great variety for the a-azidochalcones,
other amino acids other than L-proline could not be used. Any attempts to convert
alanine, glycine, leucine, tryptophan or isoleucine were not successful. The authors
assume that the free primary amine group in non-cyclic amino acids leads to the
decomposition of the 2H-azirine ring. In summary, this novel photo-induced syn-
thesis process of fused imidazole systems was significantly improved by the switch
to flow mode and by a straightforward immobilization strategy for the ruthenium
catalyst.

Extending the ring structure of API-relevant compounds to a larger number of
interconnected atoms and atom types needs novel synthesis routes and methodolo-
gies. Morandi, Bode et al. published a method that allows the conversion of
aldehydes with the so-called silicon amine protocol (SLAP) reagents into
morpholines, oxazepanes, thiomorpholines and thiazepanes [124]. In their work,
iridium-based catalysts have been used alone for the synthesis of piperazines, or with
an additional Lewis acid for the synthesis of thiomorpholines. But this catalyst/
additive combination could not be applied to the synthesis of morpholines as the
required oxidation potential of ROCH,SiMe; was still too high, even for the Ir'Y
species in the catalytic cycle. Interestingly, the change to 2,4,6-triphenylpyrilium
tetrafluoroborate (TPP) as inexpensive photoredox catalyst allowed the conversion
of the appropriate SLAP reagent. This organic dye has in its excited state a redox
potential of E,/, (PC™*/PC") = +2.30 V vs. SCE in acetonitrile, which is high enough
to oxidize the ROCH,SiMe3; moiety with E, = +1.90 V vs. SCE in acetonitrile.
Lewis acid screening proved trimethylsilyl trifluoromethanesulfonate (TMSOTY) as
most applicable to the reaction conditions with the organic dye as photocatalyst and
the SLAP reagents used. For example, 2-(trimethylsilylmethoxy)ethanamine (103)
(0.5 mmol) was condensed with p-methoxybenzaldehyde (104) (1 eq.) to give the
appropriate imine 105 that is subsequently transferred with the triphenylpyrilium
photocatalyst (5 mol%) and TMSOTT (1.3 eq.) into the glass photoreactor (1.7 mL).



98 T. H. Rehm

0._SiMe;

. H molecular
O SiMe; o sieve 4 A
S S O
NH
2 (lj CH3CN (ID
103 104 105
hv (460 nm) i O E
PP 0 :
TMSOTf [ ' '
| A 1
CH3CN-HFIP (10/1) o : O 6/ O .
17 min [ i - 1
106 ; BF4 |
90% i 2,4,6-triphenylpyrilium
 tetrafluoroborate (TPP) !
O o} S 0}
C X (L, Gl
N “N— N N™ “Ph N
H =N H H Hy
CF3 or
107 108 109 110
94% <20% 83% 67%

Fig. 20 Top: Imine formation with subsequent photocyclization. Bottom: Selected examples for
the photocyclization of SLAP reagents to morpholines and thiomorpholines

A mixture of acetonitrile-hexafluoroisopropanol was used as solvent (10/1). The
reactor was irradiated with an air-cooled LED array having a main emission wave-
length at 460 nm (Fig. 20).

The best process conditions were evaluated with a flow rate of 0.1 mL min™
corresponding to 17 min residence time. A yield of 90% at full conversion was
obtained for 106 and proved that the system is running properly. Various morpholine
derivatives were synthesized with yields between 55% and 94%. In the case of the
oxazepane derivatives, a higher photocatalyst loading of 10 mol% was necessary as
well as a lower flow rate of 0.06 mL min ' (28 min). In analogy to these structures,
Morandi, Bode et al. synthesized substituted oxazepanes, benzomorpholines,
thiomorpholines and thiazepanes as well. The yields range from <20% for the
CF;-substituted benzmorpholine 108 to 83% for an arylated thiomorpholine 109.
The broad substrate scope of this methodology was finally demonstrated by the
scale-up for the synthesis of 3-(3-bromophenyl)morpholine as chloride salt 110. For
this example 4.4 g of 2-(trimethylsilylmethoxy)ethanamine was condensed with
5.6 g of 3-bromobenzaldehyde and photocyclized to 5.5 g (67%) of the desired
morpholine after hydrochloride salt formation in diethylether. This example clearly
demonstrates the versatility of the process both in substrate variations and process
scale.

In the last example, the flow synthesis of 6(5H)-phenanthridinone derivatives
will be presented, which has been developed by Tranmer et al. for a reliable access to

1
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these building blocks as potential poly(ADP-ribose) polymerase inhibitors
[125]. Known methodologies based on the Schmidt reaction use explosive HNj3. In
the case of the Ullmann and Suzuki coupling reaction only moderate yields can be
achieved. Hence, Tranmer et al. applied a photochemical cyclization route which
proved to be superior to the mentioned protocols. 2-Chlorobenzamides (e.g. 113,
synthesized from aniline 112 and benzoyl chloride 111) were used to optimize the
reaction conditions by investigating the impact of the solvent, substrate concentra-
tion, flow rate and type of UV light filter equipment. In the end, the authors used
acetone as solvent and a substrate concentration of 5 mM with a flow rate of
0.2 mL min~" in a capillary photoreactor (FEP, 10 mL, 50 min). A quartz glass
filter was applied with a medium pressure Hg lamp as light source. These process
conditions were used for the substrate screening applying a reactor temperature of
60°C (Fig. 21, second step). Fully unsubstituted 2-chlorobenzamide 113 was
converted in 114 with a high yield of 99%. Moderate (74%) to very good yields
(93%) were achieved for aryl groups with an electron-withdrawing chlorine atom
(115, 116) or with an electron-donating methoxy group (117).

The process was then improved by combining the photocyclization reaction with
the precursory amidation reaction between aniline (111) and 2-chlorobenzoyl chlo-
ride (112). The starting materials were dissolved in acetone and pumped via a
T-piece into a thermal coil reactor (10 mL, 50 min), which was set to 60°C. No
additional base like NEt; was necessary to trap the hydrogen chloride resulting from
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the amidation in the first step. The raw product solution with the amide precursor for
the second step was directly transferred into the capillary photoreactor, which was
converted into the phenanthridinone derivatives, with a slightly lower yield of 77%
for the methoxy derivative 117 (80%) or with a clearly lower yield of 72% for the
unsubstituted phenanthridinone 114 (99%). Although the coupled process results in
lower yields, but the developed multi-step flow synthesis is a fast and important tool
for rapid drug discovery under sustainable conditions, without purification of the
intermediates.

4 Photochemical Rearrangement Reactions

Rearrangements are often part of complex synthesis routes for natural products
[126-128]. The first example in this sub-chapter is about the photochemical trans-
formation of pyridinium salts into bicyclic aziridines published by Siopa, Afonso
and co-workers [129]. Bicyclic aziridines are key intermediates in the synthesis route
of aminocyclopentitols. The photolysis of an alkylated pyridinium salt 118 results in
a cis-fused cyclopentenoaziridine allylic cation 119, which can react with poor
nucleophiles, e.g. water or alcohols from the solvent. This step leads
stereochemically controlled to the cis-fused cyclopentenoaziridine 120 with the
nucleophile in trans position to the nitrogen atom of the aziridine (Fig. 22). Subse-
quent reaction with another nucleophile completes the reaction path to the desired
trisubstituted cyclopentene isomers 121 and 122.

Unfortunately, the photolysis as the first step in this reaction sequence is the
limiting one, making such bicyclic aziridines not accessible in large quantities via
batch synthesis. For example, n-propylated pyridinium perchlorate gives a yield of
only 33% in methanol as solvent, with a productivity of 0.22 g L™' h™' in a batch
photoreactor with a 450 W medium pressure mercury lamp with vycor glass filter. In
order to overcome this bottleneck in the synthesis of bicyclic aziridines, Siopa,

. hv (UV-C) hd o~
Br ﬁ K2CO3 N |<2co3

N
| L\.‘\ —— ‘ Hu., wH
F HO“‘éj
118 120
93% (18 h)
NHBu OH
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Fig. 22 Photolysis of pyridinium salts with UV-C irradiation results in cationic intermediates,
which react with nucleophiles with stereocontrol to cis-fused cyclopentenoaziridines. Subsequent
nucleophilic attack gives trisubstituted cyclopentene scaffolds
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Afonso et al. design three different custom-made flow photoreactors either with a
FEP capillary (length: 22.96 m, I.D. = 4 mm) or with quartz glass tubes (24 tubes
with 22.5 cm in length and I.D. = 4 mm, or 32 tubes with 23 cm and .D. = 2 mm)
interconnected with polymer tubings. The flow devices were adapted to a Rayonet
RPR-100 reactor with 16 UV-C light sources with 8 W for each lamp. Batch
experiments were performed with single quartz glass tubes and FEP capillary of
equivalent length and diameter. Substrate solutions of pyridinium bromide 118 in
water (0.06 mol L™") with 1.2 eq. potassium carbonate were filled into the tubes and
capillaries and irradiated for 8 h inside the UV-C light source. For all three batches,
approx. the same conversions between 88% and 92% were obtained, corresponding
to nearly the same productivities between 0.96 and 1.09 g L~ ' h™'. The photolysis of
a highly concentrated substrate solution with 0.3 mol L™' resulted in different
conversions due to the physical restriction of light absorption depending on the
pathlength through the reaction solution. As a result, both the tube and the FEP
capillary with 4 mm diameter gave significantly lower yields of 17% and 13%,
compared to 33% for the 2 mm thick quartz glass tube. Hence, the latter one has a
high productivity of 1.81 g L™' h™'. Recirculating continuous flow experiments
were then performed as well with all three flow devices. A given volume of reaction
solution was circulated through the flow devices until the conversions of approx.
90% were reached for all reactors. The large diameter glass tube reactor gave the best
productivity with 3.7 g L™" h™" after 9 h, the small diameter glass reactor achieved
33 g L™' h™! after 10 h. The FEP reactor had the lowest productivity with
0.5 g L™" h™! after 19.5 h. Finally, single continuous flow through experiments
were done solely with the large diameter quartz glass tube reactor feeding a substrate
solution of 0.062 mol L', Although it was estimated to have a conversion greater
than 90% after a residence time of 9 h, the results here were more or less disap-
pointing with a low conversion of 56%. The flow rate was reduced from
0.56 mL min~" to 0.28 mL min "' resulting in an increased conversion of 93%
after a residence time of approx. 18 h. Throughout the complete process run time of
3.4 days under these conditions, 1.4 L substrate solution was irradiated with an
overall conversion greater than 60%. In summary, Siopa, Afonso et al. were able to
improve the synthesis of bicyclic aziridines from photolyzed pyridinium salts by
applying flow photochemistry to this process. High productivities of up to
3.7 g L™" h™! clearly outperform the literature-known batch syntheses of equivalent
substrates.

Lattes and Aubé studied a two-step synthesis route as an interesting variant to the
well-known Beckmann rearrangement. They started from a ketone and converted it
into an oxaziridine with subsequent photolytic rearrangement into the desired lactam
[130-132]. Based on this work, Cochran et al. investigated the use of continuous
flow technology for the optimization of the photolytic rearrangement of chiral
oxaziridines [133]. For process development and optimization, batch tests were
done with prochiral 4-t-Butylcyclohexanone. Its conversion into the corresponding
imine was done with S-a-methylbenzylamine. After heating both compounds in
toluene, the diastereomeric product was then selectively oxidized with m-
chloroperbenzoic acid (m-CPBA) to the oxaziridine 123. A three-layer capillary
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Fig. 23 Top: Synthesis route to monocyclic lactams via photolytic oxaziridine rearrangement.
Bottom: Conversion of bicyclic ketone 125 into the chiral bicyclic lactam 128

photoreactor (FEP, 130 mL) was finally used for the photochemical rearrangement
with a medium-pressure Hg lamp as light source (450 W). A cold stream of nitrogen
gas was flushed around the capillary photoreactor to maintain the reactor tempera-
ture at room temperature placed inside a Dewar flask. The reaction solution with 123
(0.1 mol L™" in acetonitrile) was pumped through the capillary with a flow rate of
5 mL min~' (26 min). Under these conditions, the process yielded 82% of the
isolated S-isomer 124 on one-gram scale, whereas in 6 h batch reaction time only
70% yield was possible (Fig. 23). Based on these optimized reaction conditions, a
scale-up of the same synthesis route was done as well, obtaining 20 g of the desired
lactam with a yield of >80%.

The authors also applied their method to the synthesis of bicyclic lactams.
Oxabicyclooctanone 125 was condensed with R-o-methyl-benzylamine to imine
intermediate 126, which was then converted with m-CPBA to 127 as single
oxaziridine diastereomer with a yield of 51%. As last step the photolysis was
performed on larger scale with 80 g starting material. Surprisingly, the photolysis
of 127 was rather slow compared to foregoing experiments and gave approx. 40 g of
product 128 (51% yield). Chromatographic separation of the product allowed the
recovery of the starting material and therefore the effective yield of the chiral lactam
was increased to 99%.

Not only lactams, but also amide groups in non-cyclic compounds can be
accessed by the rearrangement of oxaziridines induced by light. Jamison et al.
designed a synthesis route for the conversion of nitrones into amide groups via
oxaziridine. The nitrones were obtained by the condensation of amino acid-based
hydroxyl amines with aldehydes. After photochemical conversion of nitrone 129
into 130, homolytic photolysis of the nitrogen—oxygen bond and subsequent
hydrogen-atom migration results in a final rearrangement into the amide group in
131 (Fig. 24) [134]. Jamison et al. used this synthesis strategy as coupling reagent-
free amide bond formation for (oligo)peptide synthesis without usually necessary
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Fig. 24 Top: Light-induced rearrangement of nitrone and oxaziridine as key steps in the amide
group formation with 10 min residence time. Bottom: Coupling of two or four protected amino acid
fragments to L-Ala-L-Val (133) and L-Val-Gly-L-Ala-L-Phe (134), respectively, as example for
protection group tolerant photochemical synthesis

separation steps (133, 134). The flow experiments were done in a customized quartz
glass tubing (I.LD. = 0.762 mm, 0.625 mL) instead of a UV-transparent polymer
capillary. A medium pressure Hg lamp was applied (450 W) as light source without
filter equipment. Nitrone 129 was used for flow process development, readily
prepared from p-tolualdehyde and methyl hydroxylamine hydrochloride in CH,Cl,
and NEt; as additional base. The starting material was dissolved in acetonitrile
(0.05 mol L™") with additional 0.25 eq TFA as catalytically active acid. The desired
amide could be obtained in 93% yield at full conversion with a residence time of
10 min at a rather high temperature of 92°C.

Amide coupling was then performed under these optimized reaction conditions
for L-alanine and L-valine. The desired nitrone 132 was obtained by the condensa-
tion L-alanine hydroxylamine and an L-valine-derived aldehyde. The nitrone
(0.1 mol L™ in acetonitrile) was pumped into the photoreactor without any additive.
With a residence time of only 12.5 min, the nitrone was fully converted to dipeptide
133 with a yield of 59%. Larger peptides can be also accessed, e.g. Val-Gly-Ala-Phe
(134) with a yield of 52%. Finally, Jamison et al. proposed to apply their novel
methodology to the engineering of proteins. They suggested to use a bis-aldehyde as
linker molecule, which connects two proteins with hydroxylamine moieties at the
protein surface for nitrone formation.
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5 Incorporation of Fluorine and Fluorine-Containing
Groups

Late-stage fluorination reactions are essential for the direct structural modification of
high-value molecules regarding, e.g. lipophilicity, stability and acid-base behaviour
[135, 136]. With a more detailed knowledge about the benefit of fluorinated mole-
cules in drug applications, the research on selective and mild fluorination methods
increased as well [137, 138]. Various electrophilic and nucleophilic reagents for
monofluorination were developed as well as strategies for the installation of, e.g.,
CF,H groups, (S, O)CFj, or perfluorinated alkyl chains [139—-143]. Photochemistry
became a method of choice as it offers mild reaction conditions with a broad
repertory of photocatalysts with fine-tuneable redox properties. As a first example,
Britton et al. combined tetrabutylammonium decatungstate (TBADT), a well-known
hydrogen-atom transfer (HAT) photocatalyst, with N-fluorobenzenesulfonimide
(NFSI) for the selective monofluorination of benzylic C-H positions [144]. Intensive
reaction optimization showed that a mild base like sodium hydrogen carbonate is
necessary to prevent by-product formation of acetamides via Brgnsted acid-
catalysed fluorine substitution with an acetonitrile solvent molecule. Britton et al.
applied their novel methodology to a library of 15 varying substituted arenes like
4-ethylphenyl acetate (135) (0.6 mol Lfl) with NFSI (3 eq.), TBADT (2 mol%) and
NaHCO; (1 eq.) suspended in acetonitrile. The degassed reaction solution was
irradiated for a minimum of 16 h in batch mode with UV light at 365 nm until the
reaction progress stopped as indicated by NMR analysis (Fig. 25 top). Under these
conditions, 4-ethylphenyl acetate (135) was monofluorinated to 136 in 75% yield at
92% conversion. Britton et al. then tested their synthesis route in flow with the
monofluorination of ibuprofen methyl ester 137 as an example for an API precursor
(Fig. 25 bottom). Although the reaction mixture is a slurry, the flow procedure
worked out well with a custom-made photoreactor (FEP, I.D. = 0.7 mm, wrapped
around a black light bulb). With a reduced substrate concentration of 0.2 mol L™
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and only 2 eq. NFSI, the monofluorination was achieved in 70% yield within a
shorter residence time of 5 h compared to the examples in the batch synthesis with
16-48 h irradiation time.

In a similar work, Britton, DiRocco et al. used the same combination of
photocatalyst and fluorination reagent for the selective fluorination of leucine methyl
ester (139) on large gram scale within the synthesis route of odanacatib, a drug
candidate in clinical trials for the treatment of osteoporosis [145]. Based on this
work, Britton, DiRocco et al. changed the solvent from pure acetonitrile to a water-
acetonitrile mixture (1/2). Instead of 3 eq. NFSI, only 1.2 eq. was necessary in
addition to 2 mol% of TBADT. The hydrochloride salt of L-leucine was converted to
the desired y-fluoro leucine methyl ester in 83% yield. High throughput experimen-
tation was then applied to further optimize the reaction conditions regarding the
amino acid and the decatungstate counter ion, concentration, catalyst loading and
water content. Interestingly, the experiments showed that an exchange of both
counterions to sodium for decatungstate and bisulfate for the amino acid is beneficial
for the process. This new composition also allowed a lower amount of water in the
solvent mixture of 1:9 instead of 1:2 (Fig. 26). These new reaction conditions were
then applied to the gram scale synthesis of y-fluoro leucine methyl ester (140) in
continuous flow mode. Britton, DiRocco et al. design a photoreactor with a FEP
capillary (I.D. = 1.6 mm, 60 mL) and an integrated UV light source for 365 nm
emission wavelength (32 W).

The flow synthesis was performed on the 190 mmol scale with 46.5 g of L-leucine
methyl ester bisulfate salt 140 dissolved in aqueous acetonitrile (0.2 mol L™ "), with a
flow rate set to 0.5 mL min~' (2 h). The reaction solution was collected, concen-
trated under reduced pressure prior to an azeotropic distillation with 2-MeTHF as
added solvent. With this purification step, 44.7 g of 140 (90% yield) could be
prepared and isolated by direct precipitation. Once again, this example clearly
demonstrates the capability of flow photochemistry for mild chemical processing
on a larger scale. The method of Britton, DiRocco et al. outperforms the known
multi-step synthesis routes by far in simplicity and yield.
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Besides the trifluoromethylation of aromatic thiols [146], and the
perfluoroalkylation of heteroaryls [147], the workgroup of Noél also developed a
flow synthesis for allylic alcohols from Grignard reagents with the difluoroalkylation
of the vinyl double bond in the second step [148]. No€l et al. also used their expertise
in photocatalysis for light-induced activation of CF;l as an inexpensive, gaseous
reagent for the trifluoromethylation or hydrotrifluoromethylation of the vinyl double
bonds in styrene derivatives [149]. Screening tests were done with styrene (142) as
substrate (0.5 mmol) with various solvents, catalysts and bases. Finally, fac-Ir(ppy);
was applied as photocatalyst (I mol%), with DMF as solvent (0.1 mol L™") and
caesium acetate as mild base (2 eq). Styrene (142) was converted in batch at room
temperature and atmospheric pressure within 18 h into the trifluoromethylated target
compounds 143 (Z) and 144 (E) in 75% yield and an E/Z ratio of 72:28 (Fig. 27). As
intended, the following transfer to continuous flow mode had also a strong impact on
yield and reaction time. Nogl et al. used a capillary photoreactor with a standard PFA
tubing (1.25 mL) and blue LEDs (6.24 W). Gas and liquid phases were mixed with a
T-piece as static mixing element (f; = 1.25 mL min ™", fe=120mL min~"). Within
a residence time of 60 min, styrene was converted with an increased yield of 95% to
the desired products (Fig. 27). More complex starting materials were converted as
well with equivalent results to the desired products 145-148. Besides the increased
productivity of the flow photoreactor, the E/Z ratio also tends towards more E isomer
than Z isomer. For the conversion of styrene (142), the E/Z ratio raised from 72:28 to
98:2. The E/Z product ratio changed for the conversion of 4-acetoxysytrene to 148
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Fig. 28 Selective hydrotrifluoromethylation of 142 accessed via 4-hydroxythiophenol as additive

even more drastically from 19:81 in batch mode to 98:2 in the flow photoreactor.
This notable increase in favour of the E isomer is a result of the shorter residence
time in the flow photoreactor and shortened irradiation time. Hence, under flow
conditions, the photocatalysed isomerization of the E isomer to the Z isomer is not
dominant and results in a higher amount of E isomer [150].

In order to use the newly developed method for the selective
hydrotrifluoromethylation of styrenes, Noél et al. used a mixture of DCE-ethanol
(9/1) instead of DMF and added 1.2 eq of 4-hydroxythiophenol (Fig. 28). This
hydrogen-atom donor circumvents the formation of by-products resulting from
overoxidation and dimerization of the styrene substrates.  3,3,3-
Trifluoropropylbenzene (149) was obtained with a yield of 77%, slightly lower
than 79% in batch mode. Again, a significant decrease in reaction time from 24 h
to 50 min was possible in flow mode. In summary, both trifluoromethylation and
hydrotrifluoromethylation are possible with a broad variety of styrene derivatives or
vinyl group containing substrates under these very mild reaction conditions.

Highly functionalized (hetero)arenes are of great interest for medicinal chemistry
research. Indeed, complex and rather challenging compounds are often ignored
substrates during the development of novel functionalization methods like fluorina-
tion. Low substituted arenes with inactive groups are often used as benchmark
substrates here without clear perspective for further derivatization. Especially in
the case of API-relevant building blocks, it is interesting to have reactive substituents
like iodine or bromine at the arene core for further derivatization via classical noble
metal catalysed C—C or C-X coupling. In order to achieve this goal for the
trifluoromethylation of highly substituted heteroarenes, Alcazar, Noél et al. refined
their experience in photocatalysed trifluoromethylation with iridium photocatalysts
and sodium trifluorosulfinate as shelf-stable CF; source (Fig. 29) [151]. Caffeine
(150) (0.1 mol L' in DMSO) was used as model substrate for the reaction
optimization in flow applying a commercially available photoreactor (FEP, 10 mL)
and 450 nm irradiation (24 W). With 1.5 eq of CF3SO,Na and [Ir{dF(CF3)
ppy }2(dtbbpy)]PFs (1 mol%) as photocatalyst, only 12% yield was achieved as
analysed with LC-MS (Fig. 29). The addition of 1 eq. of (NH,4),S,0g as oxidant
gave an improved yield of 48%. The authors assume that this reagent is beneficial for
the re-aromatization of the radical intermediate after addition of the CF; group to the
heterocycle. Finally, with 3 eq. of CF;SO,Na a maximum yield of 54% could be
obtained for the trifluoromethylated benchmark substrate 151.
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Fig. 29 Top: Trifluoromethylation of caffeine (150) as benchmark substrate. Bottom: Potential
API-relevant (hetero)arenes

With these conditions in hand, Alcazar, Noél et al. screened a large variety of
indole, pyridine and pyrimidine derivatives with and without halogen substituents.
For example, the presence of an iodo substituent on the indole was tolerated and
gave a C2/C3 regioisomeric mixture of the CFs-substituted 5-iodoindole (152).
5-Bromopyridone was selectively trifluoromethylated at the C3-position to form
153 in 60% yield. An unactivated arene like iodomesitylene was converted into the
CF; derivative 154 within 30 min with a high yield of 80%. This compound class
usually need long batch reaction times of multiple hours. But in flow mode, the
improved irradiation on the microscale accelerates such reactions considerably.

As last example in this chapter, the difluoromethylation of heteroarenes will be
discussed with special focus on the use of '®F isotopes in radiopharmaceuticals for
PET studies. Luxen, Genicot et al. applied photoredox catalysis for the radical
addition of a radiolabelled CHF'®F group into N-heteroaromatic building blocks
[152]. Based on the work of Hu on the use of benzothiazole sulfone reagents for the
introduction of CHF, groups into alkenes [153, 154], the authors first performed a
two-step thermal synthesis to produce the '®*F-radiolabelled benzothiazol sulfone
156 via halogen exchange (HALEX) reaction and subsequent oxidation of the
sulphur atom. The HALEX reaction was done with ['8F]KF, Kay, K,CO; in
acetonitrile at 120°C. For the oxidation of the sulphur atom, RuCl; with NalO,
was used in water at room temperature. Luxen, Genicot et al. report a radiochemical
yield (RCY) of 15.2 + 0.3% for the first step, and 13.4 4 0.4% for the second step.
With the radiolabelled reagent in hands with good overall yields, the second step was
optimized in flow mode with the anti-herpetic drug acyclovir (157) as substrate
(Fig. 30). Variation of the solvent (DMSO, DMF, acetonitrile, DCE, with or without
aliquots of water), the photocatalyst (Ir(ppy)s;, Ru(bpy)s;, benzophenone) and the
temperature or flow rate gave finally the best results for DMSO as most compatible
solvent and Ir(ppy)s as most productive catalysts (0.01 pmol) [155].
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Fig. 30 Top: Radical addition of CHF'®F into acyclovir (157) as important example for N-
heteroarenes to be radiolabelled for medicinal chemistry applications in PET studies. Bottom:
Selected examples synthesized via sulfone 156 incl. Moxonidine analogue 161 and SV,A PET
tracer 162

With a short residence time of 2 min and a temperature of 35°C, acyclovir 157
(20 pmol) was converted with a radiochemical yield of 70 £+ 7% into its
CHF'®F-substituted derivative 158 applying blue light at 470 nm for exciting the
iridium catalyst. Based on these very positive results, Luxen, Genicot et al. screened
a broad variety of 24 different indoles, benzimidazoles, azaindoles, pyridines and
pyrimidines. With the novel methodology low to good yields could be obtained for,
e.g., 1H-indole 159 (18%) or pyrimido[4,5-d]pyridazine-2,4(1H,3H)-dione 160
(75%). Besides acyclovir, two other drugs were functionalized with CHE'®F as
well: the moxonidine analogue 161 for the treatment of hypertension, and the
SV,A PET tracer 162 with SV,A as target. Both compounds could be converted
with RCY of 65 + 4% and 25 £ 3%, respectively. In the latter case, it was necessary
to separate the isomeric mixture by HPLC, which yielded the desired isomer with the
CHF'®F group in the 3-position of the pyridine ring in 1.5 + 0.1% RCY. Finally,
Luxen, Genicot et al. recently published their development of an automated contin-
uous flow photoredox '®F-difluoromethylation procedure of N-heteroarenes. With
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the integration of their novel methodology into a fully automated system, it is now
possible to produce the desired '*F-radiolabelled benzothizol sulfone in one module,
directly coupled to a second module for the photoredox difluoromethylation of
heteroarenes [155]. In this case, the complete synthesis sequence was done for
acyclovir 157 as model substrate in 95 min. This automation for the onsite produc-
tion of radiolabelled drugs is a great progress for preclinical development and human
PET studies with new radiotracers.

6 Trend to Photochemical-Assisted Biocatalysis

In this last short chapter, a new trend in photochemistry should be mentioned as well,
which features a very interesting progress in the modality to use and apply photo-
chemistry and photocatalysis, respectively [156]. In medicinal chemistry research,
many disciplines have joint forces to design and produce libraries of chemical
compounds which are essential for the development of drug candidates with very
specific mode of action against various diseases [157]. Often, special functional
groups in the molecule like the above-mentioned fluorine-containing moieties or
stereochemical centres define such mode of action and lead to, e.g., an improved
pharmacokinetics or transport into or inside cells. Especially the stereochemical
conformation of a drug molecule can have massive impact on the mode of action.
In this case, either complex synthesis routes with expensive chiral catalysts are
necessary and/or a cost-intensive purification must be done afterwards. Hence, the
request for more straightforward routes to access such chiral molecules resulted in
the adaptation of biological catalysts, enzymes, for the stereocontrolled synthesis of
complex molecules [158, 159]. In conjunction with the development of visible light
photocatalysis and the plethora of available metal-based photocatalysts or purely
organic dyes, photochemical-assisted biocatalysis is becoming a hot spot of current
research in synthetic (bio)organic chemistry [160, 161]. Visible light as low energy
carrier does not interrupt the enzyme activity due to light absorption by aromatic
amino acid moieties of the enzyme as it is the case for UV light [162]. Hence,
photocatalysis and biocatalysis are energy-independent from each other and allow a
very powerful synergetic use of both modes of catalysis. Recent examples illustrate
this combination in various modes. Ward, Wenger et al. combine a novel water-
soluble iridium photocatalyst containing sulfonate groups on the ligand with a
monoamine oxidase enzyme for the cyclic enrichment of a cyclic chiral amine
(Fig. 31) [163]. 5-Cyclohexyl-3,4-dihydro-2H-pyrrole (163) (0.01 mol L™") was
used as model substrate with NasIr(sppy)s as photocatalyst (1 mol%) and ascorbic
acid (0.2 mol L") as hydrogen-atom source in phosphate buffer at pH 8. E. coli cells
with recombinantly expressed monoamine oxidase (MAO-N-9) were used as whole
cell biocatalyst. In the photocatalytic cycle, the imine is converted into the amine as
both R- and S-isomer via radical imine reduction and subsequent hydrogen-atom
transfer from the ascorbic acid to the a-amino alkyl radical. In the enzymatic
catalysis, only the S-isomer is converted to imine, which again enters the
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Fig. 31 Enantioselective synthesis of amine 164 by the combination of photoredox catalysis with
whole cell biocatalysis. Reproduced with permission from Ref. [163]. Copyright 2018 Royal
Society of Chemistry

photocatalytic cycle. After 10 h of irradiation with blue light at 405 nm under air, the
imine was converted with 92% into the desired chiral amine 164 with 91% ee for the
R-isomer. Prolonged irradiation by another 20 h led to an enantiomeric excess
greater than 99%.

A second example features the photocatalysed thio-Michael addition in the first
step with a  biocatalytic  ketoreduction to enantiomerically pure
1,3-mercaptoalkanoles in the second step. Castagnolo et al. convert various «,-
B-unsaturated carbonyl compounds and thiols into the respective thioethers with
Ru(bpy);Cl, as photocatalyst (0.3 mol%) [164]. Highly selective ketoreductases
(KRED) were used to convert the obtained ketones into enantiomerically pure
secondary alcohols (Fig. 32). As part of the biocatalytic cycle, 2-propanol was
used as hydrogen source for the in situ reduction of the necessary KRED co-factor
NADP" to NADPH. In the case of methylvinylketone 69 and thiophenol 165 as
substrates, a conversion of 99% was possible at 73% yield with an ee > 99% for the
R isomer of the desired 1,3-mercaptoalkanol 166.

Hartwig et al. designed experiments for the cooperative asymmetric reduction of
the vinyl double bond in 2-phenylsuccinates, their related diesters or cyanoacrylate
substrates [165]. In this example, an iridium-based photocatalyst (1 mol%) was
selected for the efficient Z- to E-photoisomerization of dimethyl 2-phenylsuccinate
(167) as alkene model substrate (0.005 mol L), since only the E isomer was
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Fig. 33 Combining photocatalysis and enzymatic catalysis for the cooperative isomerization and
reduction of dimethyl 2-phenylsuccinate (167) as alkene model substrate

accessible for the ene-reductase (0.5 mol%) applied in the following biocatalytic step
(Fig. 33). The necessary co-factor NADP*/NADPH was continuously regenerated
by a second enzymatic system using glucose as substrate for the glucose dehydro-
genase. With this strategy Hartwig et al. could prove a very good compatibility
between photocatalysis and biocatalysis with a high ee > 99% for, e.g., dimethyl
(2R)-2-phenylbutanedioate (168) with 78% isomerization yield and 87% all-over
yield.

The last example is based on the direct use of hydrogen peroxide as mild and
stable oxidant in biocatalytic processes. Hydrogen peroxide is a real green reagent,
since water and oxygen are the only by-products upon its consumption during a
reaction. Hence, hydrogen peroxide driven biocatalysis has become an important
research area in recent years [166]. There are several photocatalytic systems known,
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Fig. 34 Hydrogen peroxide formation via TiO, photocatalysis combined with unspecific
peroxygenase biocatalysis allow the stereoselective hydroxylation of molecular building blocks

which are applied for the in situ production of hydrogen peroxide, e.g. TiO,, flavin
mononucleotide/riboflavin tetraacetate or carbon nitride [167—169]. Hollmann et al.
combined the aerobic water oxidation on the surface of Au-loaded TiO, for hydro-
gen peroxide production with the conversion thereof by unspecific peroxygenases
(Fig. 34) [170]. The authors screened dissolved and immobilized enzymes
(rAaeUPO) in combination with anatase or rutile Au-TiO, and optimized their
combined photo- and biocatalytic system on the stereoselective hydroxylation of
ethyl benzene (169) as model substrate (0.015 mol L_l).

The best conditions were found with free rAaecUPO (0.150 x 107 molfl) and
rutile Au-TiO, (5 g L) dissolved in phosphate buffer (pH 7.0). The reaction
suspension was irradiated with visible light >400 nm for up to 120 h yielding (R)-
1-phenyl ethanol (170) with an ee > 98%. Besides the screening of various other
substrates, the authors also performed cascade reactions, which involved, e.g., the
conversion of the intermediate ketone into a chiral amine by the application of a
transaminase in a second biocatalytic step.

Already with these few examples, one can assume the plethora of possible
reactions applied to photochemical-assisted biocatalysis like, e.g., halogenations
[171] or cyanations [172]. The mentioned reactions open the door for mild and
highly selective reactions as necessary for the synthesis of drug candidates with
complex structure. Photocatalysis, especially with visible light, has found its way
into many syntheses of academic interest and inspires industry and catalyst devel-
opers for either real-life industry applications or novel and even more specific
photocatalytically active materials [3, 11]. On the other hand, biochemistry applied
to synthetic organic synthesis is a fully accepted and highly elaborated research field,
which reaches out for new directions as it is the case for the synergetic collaboration
with photocatalysis [173, 174]. For both research fields, the transfer of the synthesis
methodology to a technological application has taken place already. Flow chemistry
with adjunct micro reaction technology has proven many advantages for photo-
chemistry and photocatalysis [175-177] as well as for biocatalysis [178—-180].
Hence, it is obvious to start thinking about photochemical-assisted biocatalysis in
continuous flow mode. One can assume here the transfer of a biological cell with its
chloroplasts and other biochemical compartments into a macroscopic reactor tech-
nology for the synthesis of chemical compounds. An improved physical contacting
of reactive phases in a continuous flow microreactor with an advanced process
control of the physical parameters of the flow process (t, T, p, ...) will realize a
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far better conversion and selectivity with less waste compared to batch processing.
Immobilization methodologies are available for photocatalysts and enzymes. This
will lead to an easier product separation from the reaction solution and, in conse-
quence, to less cost-intensive processes for real-life industry applications. Enzymes
substitute costly (noble) metal catalysts, which often have a complex ligand sphere
and need a tedious synthesis upfront as well. From a technological point of view, the
use of reactor systems with immobilized catalyst systems is excellently suitable for
the scale-up of a production process. And, in addition, such a technology platform
exhibits a very good flexibility regarding the catalyst combinations used for dedi-
cated synthesis processes. Hence, photochemical-assisted biocatalysis has the best
prospect to become a highly relevant methodology for complex molecular synthesis
for library screening and follow-up syntheses in continuous flow mode inspired by
nature’s “technology”.

7 Summary

As mentioned in the introductory chapter, medicinal chemistry and the on-going
search for new drug candidates and APIs are inherently connected to great efforts in
synthetic organic chemistry. Over the last two decades, novel catalysis methodolo-
gies and enabling technologies have paved the way for very mild and selective
reactions in complex molecular synthesis. This chapter gives an overview about
continuing efforts exemplified for photochemistry and photocatalysis in continuous
flow mode. The combination of both research fields resulted in a most useful tool in
organic synthesis with access to improved safety and sustainability as well as
specific functionalization of molecules, which are not possible via a typical thermal
route. Flow photochemistry has proved its potential as key step in a multi-step
synthesis route due to its compatibility of physical process parameters. It is note-
worthy as well that with photochemistry and photocatalysis it is possible to generate
large compound libraries that eventually lead to the selection of drug candidates,
which are later on produced for pharmacokinetic and toxicology studies in larger
quantities by applying continuous flow photoreactors. Several examples of impor-
tant reactions classes have been presented in this chapter to detail the benefits of flow
photochemistry. Carbon—carbon bond formation between variously hybridized car-
bon atoms is essential for the synthesis of biologically active molecules as well as the
coupling between carbon and heteroatoms. Reactive intermediates like diazo com-
pounds or organometallic species are provided in situ and can be easily converted in
continuous flow mode. Cyclization and rearrangement reactions induced by light
allow the construction of complex molecules under mild conditions. Fluorination
reactions and the incorporation of fluorinated groups are highly relevant for drug
discovery due to their strong impact on the physicochemical characteristics and
pharmacokinetics of the molecules. These reactions have become available as well
with photochemistry, and especially important with late-stage fluorinations in con-
tinuous flow mode. In general, the mild and selective reaction conditions enable the
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conversion of molecules with a broad tolerance of other functional groups. Finally,
some examples were mentioned for the photochemical-assisted biocatalysis as
another highly interesting combination of two well-established catalysis methodol-
ogies. Although the synergy by this concept has been proven for batch mode, a real
transfer to continuous flow mode has not yet been achieved. But as described in the
short discussion of this trend, the synergy between flow technology, photocatalysis
and biocatalysis is easily conceivable and might play an important role for the
synthesis of future drug candidates. Photochemistry with visible light is still a
rapidly growing research field and offers in close conjunction with flow chemistry
and micro reaction technology a great potential for medicinal chemistry and drug
discovery to solve today’s challenges in growing mankind and nature’s response.
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Abstract Electrochemistry, first proposed over two centuries ago, is one of the
oldest forms of reaction set-ups explored in a laboratory. Electrochemical methods
possess many benefits in comparison with traditional reagent-based transformations,
such as (1) innate scalability and sustainability, (2) high functional group tolerance,
(3) mild reaction conditions, (4) high versatility and the ability to carry out reactions
that were otherwise inaccessible. While preparative organic electrosynthesis has
been an active area of research over the past century, the adoption of electrochemical
methods has been remarkably under-resourced, particularly in drug discovery. This
phenomenon seems to arise from the lack of expertise in this area and the seemingly
complex reaction set-ups.

Current movements in modern society demand new synthetic processes, namely
in terms of clean alternative processes, where organic electrochemistry shows clear
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potential. Here, toxic oxidants or reductants are replaced by electrons, a character-
istically sustainable and cost effective ‘reagent’. Electrons facilitate reactions that
were conventionally inaccessible because the narrow redox potential of common
oxidants/reductants can be circumvented by finely tuning the electrolysis parame-
ters. The growing availability of electrochemical equipment on the market, the
emergence of new suppliers, and the search by developing countries for new clean
technologies make organic electrosynthesis a competitive technology. The ability to
achieve high product yields with considerably no emissions, avoiding environmen-
tally harmful by-products and reactants as well as re-useable materials and equip-
ment are important pre-conditions for the realisation of contemporary processes in
industry.

Flow electrochemistry, which combines the intrinsic scalability of flow chemistry
with the environmentally benevolent properties of electrochemistry, has received
unprecedented development in the last few years. Automated flow electrolysis
platforms have already been established meaning reactions can be performed with
minimal human intervention, which greatly accelerates process optimisation and
work-up procedures.

Automated flow electrochemical platforms which integrate machine-learning
algorithms can be foreseen as the next big development in this field. Intelligent
self-optimising systems using novel algorithms with real-time reaction analysis and
their combination with automation bring exciting new opportunities. Early drug
discovery is typically practiced through the synthesis of a large library of compounds
for a greater chance of success. Here, the ability to quickly synthesise large and
structurally diverse libraries through automated platforms is easily recognisable,
which clearly lends itself to efficient drug development.

Although flow electrochemistry has yet to be fully resourced, the commercial
availability of simple and easy to use electrochemical platforms is sure to facilitate
its widespread adoption.

Keywords Automation, Drug development, Electrochemistry, Flow

1 Introduction

1.1 General Introduction

The efficient design and synthesis of novel bioactive compounds that are potential
drug molecules is a key encompassment in medicinal chemistry. Drug research
requires an interdisciplinary effort from synthetic organic chemistry, biology and
medicine. Development of a large library of structurally diverse molecules is crucial
for the success of drug discovery efforts. Modern drug discovery programmes
typically rely on screening compound collections derived from a known set of
chemical reactions. As such, the role of synthetic organic chemistry in subsequent
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drug discovery and optimisation has been severely under-resourced. Synthetic
organic chemists are employed for three main steps in early drug discovery, includ-
ing (1) identification of screening hits from up to 10,000 drug candidates towards a
biochemical mechanism involved in a disease condition; (2) large library synthesis,
focused on the synthesis of similar compounds like the initial ‘hit’ drug and
(3) optimisation of those molecules to increase affinity, selectivity, potency and
metabolic stability, etc. by structural modification. A key caveat to any potential
drug molecule is the un-expected metabolic generation of toxic and highly reactive
metabolites inside a patient which compels structural alteration of the compound
whilst maintaining the desired activity. Whilst early drug discovery is typically
practiced through the synthesis of a huge number of compounds for a greater chance
of success, medicinal chemistry approaches have so far been defined by established
reaction types. The known chemical space represented by the number of substances
listed in the Chemical Abstracts Service (CAS) is growing faster than the human
population. In 2007, roughly three million chemists published more than 800,000
papers [1]. From a medicinal chemistry perspective there remains serious under-
exploration of chemical space for drug discovery. In 1995, half of the compounds
used in drug development could be described by a measly 32 frequently occurring
frameworks [2]. By 2010, there was virtually no improvement in these characteris-
tics; the top 50 frameworks still covered 48—-52% of approved and experimental
drugs [3]. Schneider et al. confirmed that a few reactions dominate contemporary
practice, and the top frameworks and ring systems in drugs have remained fairly
unchanged with time [4]. Analysis of a comprehensive set of 1.15 million unique
reactions in pharmaceutical patent literature (published after the year 2000) con-
cluded that the medicinal chemistry toolkit is biased towards a manageable set of
standard reaction types. While oxidations and heterocycle formations are rare (2.2
and 1.6%, respectively), heteroatom alkylations/arylations and acetylations repre-
sent nearly 50% of all synthetic strategies employed. Carbon—carbon bond forma-
tions (10.1%), deprotections (14.5%) and functional group interconversions (7.8%)
are other common transformations used in drug development processes. Conse-
quently, even modern drug discovery efforts are largely driven by attempts to
‘capture’ expertise from the past, which hinders its advancement.

The use of a restrained set of reactions in drug development approaches, derived
from commercially available building blocks, compromises the structural diversifi-
cation of potential drug compounds. Accordingly, the possibility for the discovery of
novel and much more active molecules is narrow. Late-stage functionalisation of
elaborate and complex drug molecules is an on-going struggle in drug development
since the functional group tolerance of the conventional reactions is limited. The
limitation of reaction parameters in synthetic organic chemistry undoubtedly leads to
structural constraint. The impact could be substantial, restricting the implementation
of therapeutically beneficial functional groups which could intensify the therapeutic
activity of a drug. In this respect, the advancement in synthetic organic chemistry is
key for the progression of drug discovery efforts.

Modern advances in synthetic technologies facilitate more efficient exploration
and modification of scaffolds for medicinal chemistry [5]. The discovery of new
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chemistries is evolving, enabling the synthesis of novel compounds by expanding
the constrained range of conditions available. Most importantly, the emphasis of
synthetic efficiency in modern synthetic chemistry research hugely benefits drug
discovery, leading to quicker synthetic routes and faster drug synthesis for screening.
Analysis of synthetic strategies employed in more than 6.5 million organic reactions
shows that key criteria must be met for a methodology to be widely accepted
[1]. These include reaction time, temperature, pressure, cost and anthropogenic
influence. Half of the reactions analysed were complete within <3 h and 90% of
reactions were run at atmospheric pressure, typically between —80°C
and + 200°C [1].

Drug developmentalists have more recently been seeking to take out new chem-
ical real estate with more complex hybrid structures. The use of electricity to induce
reactions is an intriguing alternative to traditional approaches and in the last decade,
organic electrosynthesis has seen a renaissance. Electrochemical synthesis is a
versatile synthetic tool and offers a sustainable alternative to the use of stoichiomet-
ric quantities of chemical oxidants. The significance of this development to the
course of drug discovery is evident upon examination of its advancements. The
method can substitute procedures when traditional methods fail, greatly expanding
the scope of transformations with its unique reactivity. Electrochemical protocols
remain, however, remarkably scarce in early synthetic drug discovery. Although, the
technique is gaining broader utility in organic chemistry and hence its incorporation
into medicinal synthetic strategies is more prominent. The increased adoption of this
methodology is mainly owing to the vast improvements into practical electrochem-
ical technology in recent years. As part of the process, there have been enormous
developments into ease of use electrochemical reactors that are now commercially
available [6-8]. Practical organic electrochemical synthesis has also seen large
recent improvements. Previously, installation of an electroauxillary functional
group, e.g. a-silyl, arylthiol or organostannane, to control electron transfer events
was a strong disincentive to its adoption in medicinal chemistry. They are abnormal
reagents in drugs and require substantial optimisation of each target compound. In
this context, the synthesis of large libraries of potential drug targets would be hugely
inefficient. Very recent developments in synthetic organic electrochemistry means
that common building blocks can be utilised with no electroauxillary, substantially
expanding the scope of synthetic reactions. Along with the ability to access unique
transformations, electrochemistry brings a wealth of other advantages to medicinal
chemistry. Some key benefits from a pharmaceutical development perspective are:

* immense functional group tolerance for late-stage functionalisation;

 facilitation of single-site modification of elaborate drug type molecules through
careful parameter choice;

» flow synthesis for kilogram scales of key fragments;

¢ lowered impurity and environmental waste product burdens by resorting to metal-
free green chemistry.

Access to fast purification techniques, especially for large library synthesis often
guides synthetic choices in drug discovery. The replacement of oxidising/reducing
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reagents and the reduction of by-product formation in electrochemistry fulfil such
criteria. Moreover, these reactions are highly efficient and given electrolysis can be
performed in the absence of reagents, purification is often possible by simple
removal of the reaction solvent.

In the last decade, electrochemistry has been integrated with flow chemistry,
giving rise to a highly superior and exciting synthetic methodology. Flow electro-
chemistry itself can be integrated into a fully automated platform meaning a range of
conditions can be efficiently examined to produce large libraries of target com-
pounds [9]. Enabling the synthesis of novel compounds by expanding the range of
reactivities facilitates much quicker drug discovery, with vastly improved explora-
tion of chemical space. Electrosynthetic flow reactors and the more widespread
adoption of electrochemistry by the synthetic community will undoubtedly acceler-
ate the development of advanced drug and drug-like molecules.

1.2 Introduction to Electrochemistry

Electroorganic synthesis is synthetic organic chemistry enabled by the direct use of
electricity to transform or generate organic molecules. Over the last two decades, the
method has experienced a renaissance in the field and preparative organic
electrosynthesis is nowadays becoming more conventional. Electrochemical
methods possess many benefits over traditional reagent-based transformations,
such as innate scalability and sustainability, inherent selectivity, reduced toxicity,
and increased cost-effectiveness. Electrons, the basis of electrochemical synthesis,
are a clean reagent and among the alternative reagents used today have the lowest
cost per unit charge, approximately £ 0.17/mol. Electrons facilitate reactions that
were conventionally inaccessible because the narrow redox potential of common
oxidants/reductants can be circumvented by finely tuning the electrolysis parameters
[10]. Moreover, these reactions often occur more rapidly and with comparable or
better yields. Electrochemistry is selective and tolerant. The significance of func-
tional group tolerance is realised in the late-stage functionalisation of drug mole-
cules. The potential for highly selective single site modifications by finely tuned
electrolysis is unparalleled by other synthetic strategies.

In times of increasing environmental awareness, organic electrochemistry has
become a central tool aimed at developing sustainable methods. Hence, the most
substantial attraction to this field are the environmentally benevolent principles of
electrochemistry. The use of electrical current avoids the generation of reagent waste
(by removing the demand for oxidants/reductants) and by-product formation which
increases atom economy. In general, the reaction conditions are mild, and reactions
are performed under ambient temperature and atmospheric pressure. In industrial
terms, the substitution of heavily resourced reagents by electrons, particularly in
molecular synthesis, provides a much cheaper and sustainable alternative.

Unfortunately, electrochemistry has some drawbacks. Mainly, procuring
standardised instrumentation is costly and far outweighs the cost of standard
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glassware and some reagents. Non-standardised equipment, although cheaper, is
highly undesirable due to problems with reproducibility from laboratory to labora-
tory. The limited progression of electrochemical synthesis stems from the intrinsic
restrictions with conventional batch cells. Scale-up in regular batch type cells can be
hugely problematic because issues such as overheating due to increased electrical
demand and the requirement of large concentrations of supporting electrolytes can
make the whole process cumbersome. The best electrode materials often involve
precious metals because of their inertness and durability. Since electrochemical
reactions are initiated by heterogeneous electron transfer at the electrode surface,
the electrode surface area is a limiting factor. Preparative scale batch electrolysis
requires the utilisation of large electrodes which are expensive.

Some limitations of electrosynthesis are overcome using electrochemical flow
reactors. Continuous flow electrochemical synthesis is inherently scalable. Low
concentrations of supporting electrolytes are permitted because the distance between
the electrodes is small, which reduces efforts in work-up procedures. Column
chromatography, a fundamental purification technique in organic synthesis which
utilises an extensive amount of organic solvents, can often be avoided. Not only is
this technique wasteful, but the environmental and biological impacts of some of
these solvents are concerning. A continuous flow process avoids the demand for high
currents/voltages meaning the process is safer. Flow electrochemical synthesis
comes into its own for industrial applications, particularly the pharmaceutical indus-
try. Resorting to metal-free flow synthesis will vastly reduce the environmental
waste burden, and more substantially, it can greatly reduce the levels of toxic
impurities in subsequent drug molecules.

1.3 Fundamentals of Organic Electrochemistry

In the following discussion, electrolysis with respect to organic electrochemical
synthesis will be prioritised. Electrochemistry is a field of chemistry that facilitates
the interchange between electrical and chemical energy. Electrochemical synthesis is
the passing of an electrical current through a conductive solution to perform chem-
ical transformations. Typically, an electrochemical cell has a power source
(i.e. battery, potentiostat) connected to three electrodes: the anode, cathode and
reference electrode. Electrodes are critical to organic electrosynthesis as all substrate
molecules undergo direct electron transfers with the electrode surface. Such reac-
tions are heterogeneous and can impose a high kinetic barrier [11]. The electrode
where the desired reaction takes place is known as the ‘working’ electrode, while the
other is referred to as the ‘counter’ electrode, which performs the balancing redox
reaction. A working electrode will be chosen within the potential window of the
desired electrochemical transformation. An important aspect of the working elec-
trode is that it is composed of a redox inert material in the potential range of interest.
The concept of current (measured in Ampere [A]) refers to the rate of electron
movement. The potential is measured between two electrodes and is measured in
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Fig. 2 Molecular-orbital diagram for oxidation/reduction electron transfer

units of volts [V], whereby 1 V is the potential difference necessary to generate
1 Coulomb [C] from 1 Joule [J] of energy. Both are inextricably linked by Ohm’s
law (Eq. ch.1):

V=IR (1)

where V = voltage, I = current and R = resistance.

The power source pushes electrons into the cathode from the anode, resulting in
an oxidative environment at the anode and a reductive environment at the cathode.
Only the surfaces of the electrodes facing each other are electrochemically active and
at the backside of the electrode no transformation takes place. When a molecule loses
an electron, its oxidation state is increased and this constitutes oxidation (Fig. 1).
When a substance gains an electron, its oxidation state decreases, thus it is reduced.
In terms of molecular orbitals, anodic oxidation processes are the transfer of
electrons from the highest occupied molecular orbital (HOMO) of the substrate to
the anode (Fig. 2). Alternatively, a cathodic reduction is the transfer of electrons
from the cathode to the lowest unoccupied molecular orbital (LUMO) of a substrate.
In simple terms, for a reduction reaction, heterogeneous electron transfer from the
electrode is favourable when the ‘electrons’ from the electrode are at a higher energy
than the LUMO of the substrate. The energy of the electrons in the electrode is
controlled by the potentiostat; their energy can be increased until electron transfer
becomes favourable. The thermodynamic driving force of reduction therefore is the
population of a lower energy state, which is more stable (Fig. 3).

A circuit is formed when the electrodes are immersed in a conductive solution.
Each electrochemical reaction is the sum of two half-reactions: oxidation and
reduction. To ensure electroneutrality, both half-reactions must occur. Typically,
only one of these reactions involves formation of a product, whilst the other entails a
redox transformation of the solvent, electrolyte or sacrificial species. Thus, in an
anodic oxidation, oxidation at the working electrode is balanced by reduction at the
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Fig. 3 Heterogeneous electron transfer from an electrode to a substrate

cathode; electrons donated by the substrate at the anode move around the circuit to
reduce solvent molecules, protons, etc.

Electrochemical reactions are driven by single-electron transfer processes which
are initiated at the surface of an electrode. Electrically charged species arising from
one electron transfers are known as radicals. Radical cations are formed by single-
electron anodic oxidation and have both a positive formal charge and an unpaired
electron. Analogously, radical anions are formed by single-electron transfer from the
cathode and have a formal negative charge and an unpaired electron. Reactions
occurring in the space near the electrode surface (known as a double layer or
diffusion layer) lead to the accumulation of high energy radical cations or anions
at the surface. Some of these reactive species can diffuse back into the bulk
electrolysis solution for downstream transformations, whilst others may decompose.
Unlike conventional organic synthesis, the formation of a double layer allows
greater control of the reactive radical species (e.g. intramolecular reactions over
intermolecular) leading to exquisite selectivity. Radical intermediates can also
undergo further oxidation or reduction (i.e. one electron transfer, followed by
another) to form cations or anions. The formation of cations promotes electro-
philic/nucleophilic substitutions, addition, elimination and cyclisation reactions
(Fig. 4).

Like traditional organic synthesis, the choice of solvent is crucial for electro-
chemical reactions. The potential windows of stability of common organic solvents
vary dramatically, and the solvent of choice must be stable towards oxidation/
reduction in the potential range of the experiment. Acetonitrile has one of the largest
potential windows in electrochemistry. A high dielectric constant is desirable
because it can prevent ohmic resistance of the solution. Polar protic solvents can
facilitate H* reduction as an ideal cathodic reaction, and some solvents can even
stabilise radical intermediates [12].

The low conductivity of most organic solvents means that conductivity must be
assisted by the addition of salts. They are referred to as electrolytes. If the electrolyte
is not involved in the reaction, i.e. it just facilitates conductivity, it is referred to as a
supporting electrolyte. In conventional batch electrolysis, large amounts of
supporting electrolytes are necessary to minimise ohmic drop. Ohmic drop is
observed due to the additional resistance encountered by the electrical current



Electrochemistry in Flow for Drug Discovery 129

+  Nu
other reactions % R > R-Nu
nucleophilic
addition
oxidation || reduction
‘60&\0 + e
o OF
¢ 5
O / \
R-X R' 3 radicql reqctigns
e.g. dimerisation
[
Q,
el
~
% so'(,
o o;,o
oxidation || reduction
-e || +e
_ E*
other reactions R — R-E
electrophilic
addition

Fig. 4 Main reactions in organic electrosynthesis

when travelling through a liquid phase between two electrodes. The contributing
factors to ohmic resistance can be recognised by (Eq. 2):

AU = IRyrop = IA1 f (2)

where AU is the potential, / is the current, A, is the electrode surface, Ry is the
ohmic drop, « is the solution conductivity and d is the interelectrode gap. A good
supporting electrolyte is chemically and electrochemically inert, has good solubility
in the desired solvent and is easily removed for purification. Given the low solubility
of most inorganic salts in organic solvents, organic salts are typically employed. For
example, BuyNCIO,, BuyNBF,, Et;,NPFg are common, although some inorganic
salts are also used, e.g. LiClO,4. For polar solvents such as dichloromethane and
acetonitrile, tetrabutylammonium salts are used. Whilst for less polar solvents like
benzene, tetrahexylammonium salts are more soluble. The selection of the anion is
relevant in anodic oxidations, and it needs to be unreactive in the potential range of
the desired transformation. Perchlorates, hexafluorophosphates, tetrafluoroborates or
nitrates have high discharge potentials, hence are anodically stable.
Electrochemical reactions depend not only on how reactive the generated species
are, but also on how those intermediates interact with the chemical environment
around the electrode. How the molecules diffuse away from the electrode and
interact with the gradient of the chemical environments encountered depends on
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the nature of the electrochemical field inside the cell. This, in turn, depends on the
electrode configuration. Varying the experimental conditions (i.e. electrolyte con-
centration, temperature, applied potential, and/or current) and reaction characteris-
tics (electrochemical construction materials, electrode materials, and their size and
shape) optimises production of the desired product.

Passivation of the electrode surface caused by polymerisation or decomposition is
a major limiting event. Given the surface availability of the electrode for the
heterogeneous electron transfer is diminished, further reactivity is impeded. To
circumvent these problems, a mediator (or redox catalyst) can be used.

An important cost consideration for electrochemical processes is the cell energy
consumption, mainly owing to cell resistance and operating current density. The cell
potential (E.) can be calculated as follows (Eq. 3):

ECZ_ZEe_Zn_ZIRe (3)

where E, is the thermodynamically required potential for a transformation, # is
the over-potential and R, is the cell internal resistance. The overpotential is the
potential difference between the thermodynamically required potential of the reac-
tion (E,) and the experimental potential at which the actual reaction occurs. The total
overpotential comprises of several factors, including an electron transfer
overpotential, a concentration overpotential and a resistance overpotential. The
presence of overpotentials results in an increased energy consumption of the cell,
which increases costs. Various methods to decrease energy consumption will be
discussed throughout this chapter.

1.4 Methods for Organic Electrosynthesis
1.4.1 Controlled Potential Electrolysis (Potentiostatic)

Two major electrochemical approaches with reference to electroorganic synthesis
are used: controlled potential (CP) and constant current electrolysis (CCE). Con-
trolled potential electrolysis is more complicated since the electrochemical potential
has no natural fix point. These reactions require a three-electrode set-up consisting of
a working electrode, where the desired reaction occurs, a counter electrode, which
preserves the cell circuit with a balancing electrochemical reaction, and a reference
electrode. The reference electrode provides a constant reference potential as a fix
point. During controlled potential experiments, the power source maintains the
potential between the working and reference electrode and the current may vary. A
wide variety of reference electrodes are used, but the most commonly encountered
for organic synthesis are based on an Ag*/Ag couple. In order to perform
potentiostatic electrolysis, the redox potential (E) of the starting material in a solvent
must be known. Developments in analytical processes such as cyclic voltammetry
allow the electrochemical potentials (E) for individual functionalities to be accu-
rately determined. Thus, selective manipulation of functional groups is feasible. For
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instance, the cell potential can be held at the desired voltage for the duration of the
reaction. Under potentiostatic conditions, the applied potential is set to the desired
value and is realised at the surface of the working electrode. Importantly, this value
should not be misinterpreted with the terminal potential (U) in galvanostatic condi-
tions, where the potential here drops through internal resistance of the electrochem-
ical cell. Since the potential is the driving force behind a redox process, controlled
potential methods result in enhanced selectivity and allow single site modification. A
major disincentive of this method is that the cell current can drop to compensate for
the increased cell resistance which dramatically extends reaction times. For this
reason, controlled potential experiments often poorly translate to preparative scale
synthesis and thus the appeal of this technique for medicinal chemistry is limited.
Although, the technique still has some applications with respect to drug development
as exquisite selectivity can be achieved which is perfect for late-stage
functionalisation of elaborate drug molecules. However, with respect to early drug
discovery, the inefficiency caused by long reaction times for building large libraries
of compounds is extremely undesirable.

1.4.2 Constant Current Electrolysis (Galvanostatic)

Notwithstanding, the use of constant current or galvanostatic electrolysis (CCE) is
the best currently available option for drug discovery, owing to the operational
simplicity and reduced reaction times. In this respect, the combinatorial technique
of automated flow electrosynthesis (discussed later) using CCE is an extremely
efficient method for synthesising large compound collections. Constant current
electrolysis is easy to set up as only two electrodes, an anode and cathode, are
required. The power supply applies a constant current and the cell potential is
allowed to vary in order to maintain the desired current. Since the cell potential
will fluctuate as cell resistance changes during the reaction, lower selectivities are
observed in comparison with controlled potential experiments. This in itself can be
viewed as an advantage because structural diversification is possible. Product selec-
tivity is controlled by regulating the current density (A cm ) and the amount of
electricity (charge [F]) passed through the cell. Since the electrolysis potential of the
transformation is not controlled, at low current densities the material with the lowest
redox potential is transformed first. At a certain point, the mass transport through the
electrochemical double layer by stirring and diffusion becomes insufficient. When
the current is maintained beyond this point, the galvanostat will increase the applied
voltage to ensure maintenance of the current. Consequently, the material with the
next lowest redox potential will be transformed next. To ensure reproducibility,
when CCE is performed in organic synthesis it is essential to report the current
applied over the course of the reaction, electrode surface area, amount of applied
charge (F) and the distance between the electrodes. In theory, 1 mol of product needs
96,485 C (Faraday constant F' = charge of 1 mol of electrons), multiplied by the
stoichiometric number of electrons required in the reaction. The quantity of electric-
ity needed in a reaction can be calculated by Faraday’s law (Eq. 4):
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theoretical =z-N-F (4)

where Queoretical 18 (C, 1 C = 1 As), z is the number of electrons for a reaction, N is
the number of moles of the compound being transformed and F is the Faraday
constant (96,485 C mol™"). When this calculated electricity (Qeorectical) 18 divided
by the applied current (I [A]), the time of reaction can be calculated (Eq. 5).

=% (5

For an analogous flow cell, the current required can be calculated by (Eq. 6):
Ipy=neFeQy-C (6)

where n is the number of electrons required in the electrochemical transformation;
F is the Faraday constant (A s mol ™ 1); O, is the volumetric flow rate of the reaction
solution (mL s~ ') and C is the concentration of the reaction solution (mol cm ). For
the theoretical current, the theoretical number of Faraday should be inserted, i.e. for
2 ¢ transfer, 2 F (2 x 96,485 A s mol ™! should be inserted).

Often, an excess of charge is needed to complete a reaction. Current efficiency is a
parameter to measure the degree of excess required, a highly important consideration
in industrial processes. This is calculated from the equation below (Eq. 7):

X- cheorelical
—="eoee 7
Qo @

Current efficiency =

where X is the yield of the transformation, Queoreticar 18 the calculated charge and Q is
the real charge passed through the cell.

1.5 Cyclic Voltammetry

Cyclic voltammetry (CV) is a versatile electroanalytical technique used to guide
electrolysis parameters. In electrochemistry, CV is invaluable to study electron
transfer-initiated reactions. Three electrodes are required in a cyclic voltammetry
study: a working electrode, counter electrode and reference electrode. Here, a good
quality reference electrode is a necessity to allow accurate electro-potentials to be
determined.

To measure and control the potential difference applied, the potential of the
working electrode is varied while the potential of the reference electrode remains
fixed. Reference electrodes are generally separated from the reaction solution by a
porous fit and have a well-defined, stable equilibrium potential. For organic synthe-
sis, i.e. mostly non-aqueous solvents, commonly employed reference electrodes are
based on an Ag*/Ag couple. These consist of a silver wire in a solution containing an
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Ag™ salt such as AgNO; or AgCl. Precipitation and clogging of these salts can be
problematic and oscillation of the potential results in uncontrolled electrolysis. Since
the reference electrode is compartmentalised in a separate glass tube, junction
potentials should be minimised by matching the solvent and electrolyte in the
reference compartment to the one used in the experiment [13].

For the CV experiment, a potentiostat is used to linearly sweep the potential
between the working and reference electrodes until a preset limit. It is then swept
back in the opposite direction, switching potentials, and the changing current
between the working and counter electrodes is measured in real time. Hence the x-
axis is the applied potential (£ [V]), whilst the y-axis is the current response (/ [mA])
or current density (mA cm ™ 2). When the scan is applied increasingly with a negative
potential, this is termed the negative scan, and this is when reduction occurs.
Alternatively, the scan in which the potential becomes increasingly positive is
termed the positive scan, and this is when oxidation occurs. One forward and reverse
sweep in CV is known as a scan, and multiple scans are often performed to improve
the accuracy of data [13].

The current response depends on the concentration of the redox species at the
working electrode; it is described by a combination of Fick’s first law of diffusion
and Faraday’s Law (Eq. 8): [14]

ia = nFAD, (%)0 (8)

where ig4 is the diffusion limited current, A is the electrode surface area, D is the
diffusion coefficient (of the substrate) and (0Cy/0x)o is the concentration gradient at
the electrode surface.

The trace in Fig. 5 is a cyclic voltammogram. The shape of the voltammogram is
dependent on how the ions and substrates move between the surface of the electrode
and the bulk solution, contributing to the ‘duck’ shaped voltammogram. Initially, the
applied potential is not enough to oxidise the analyte, and a straight line is observed
(point a). Once the onset of oxidation (E,s.) is reached, the current rises exponen-
tially as the analyte is oxidised at the working electrode surface. At point b, the
current is linearly increasing with increasing voltage with a constant concentration
gradient of the analyte within the diffusion layer. The volume of solution at the
surface of the electrode containing the oxidised species is called the diffuse double
layer and it continues to grow through the scan. The diffuse double is composed of
both orientated electric dipoles and ions that counteract the charge on the electrode.
The current response decreases from linearity as the analyte is depleted and a
maximum peak potential is observed (point ¢). An applied negative scan results in
a cathodic peak potential (Ep.) of the oxidant to occur at —0.06 V. An anodic peak
potential (£,,) of the reductant occurs at +0.06 V. The growing double layer slows
down mass transport of the analyte to the electrode. Thus, scanning to more positive
potentials (beyond E,,,) results in a decreasing current, as the rate of diffusion of the
analyte from the bulk solution to the anode is slowed. When the switching potential
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Fig. 5 A generic cyclic voltammogram

is met the scan direction is reversed, and the potential is scanned in the negative
(cathodic) direction. The reverse scan almost mirrors in forward scan.

Notably, supporting electrolytes are added to the electrochemical solution in
molar excess to the substrate, such that the ionic strength is sufficient to obey the
Nernst equation. Excess electrolyte ensures the potential drops to a negligible level
within nanometres of the working electrode, resulting in a precise current response at
the electrode surface. Moreover, a significant parameter is the scan rate (v [mV s~ 1]),
which controls how fast the applied potential is scanned. Faster scan rates lead to a
decrease in the size of the diffusion layer and as a consequence, higher currents are
observed [15, 16].

The Nernst equation (Eq. 9) relates the potential of an electrochemical cell (E) to
the standard potential of a species (E°). In the equation, R (8.314 J K~ mol ') is the
universal gas constant, 7 (K) is the temperature, n (unitless dimension) is the number
of electrons transferred in the cell reaction, F (96,485.333 C molfl) is the Faraday
constant and Q; is the reaction quotient of the cell reaction.

_ 0 RT
E=E — % g, )

Peak to peak separation (AE,) defines the difference between the anodic and
cathodic peak potentials, and it is used to infer the barrier to electron transfer
(electrochemical reversibility). Electrochemical irreversibility arises when the elec-
tron transfer at the electrode surface is slow compared to mass transport. Since the
electron transfer reactions are sluggish, there is a high barrier to electron transfer. As
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a result, a AE, larger than 57 mV (at 25°C, 2.22 RT/F) for a one electron redox
couple indicates an irreversible process [13]. Electrochemically reversible processes,
where AE, is small and the electron transfers are fast, follow the Nernst equation.
They are referred to as ‘Nernstian’. The anodic and cathodic peak current (i,, and ip.)
should be of equal magnitude with opposing signs if the process is truly reversible.
This occurs when the electron transfer rates are sufficiently fast such that the
concentration of the oxidised and reduced species is in equilibrium. The Nernstian
equilibrium is established immediately upon any change in applied potential.

1.6 Direct vs Indirect Electrolysis

An electrochemical reaction can be classified as direct or indirect depending on the
type of electron transfer (Fig. 6). Direct reactions mean that the electron transfer
occurs directly between the surface of the electrode and the organic substrate and,
thus, it is an intrinsically heterogeneous process. In this context, the electrochemical
parameters are optimised to transform the starting material directly. For indirect
electrolysis, first, a mediator (or redox catalyst) undergoes heterogeneous electron
transfer with the electrode surface to form a stabilised intermediate. A following
homogenous reaction of the mediator and substrate facilitates the desired transfor-
mation. Therefore, we can think of mediators as electron shuffles. Often, simulta-
neous regeneration of the mediator is observed upon reaction with the desired
substrate, meaning they can be used in catalytic quantities. For a cathodic reduction,
the electron transfer between a mediator and substrate is thermodynamically
favourable if the LUMO of the substrate is at a lower energy than the HOMO of
the mediator. The transfer of electrons in solution is driven by the difference in
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Fig. 6 Schematic representation of direct vs indirect electrolysis
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Fig. 7 Hypervalent iodine mediated fluorocyclisation [21]

energy levels, i.e. the electrons move to a lower energy orbital and this is more
stable.

The electron transfer to and from the electrode is heterogeneous and can be
physically or kinetically hindered. In such cases, homogenous electron transfer to
the substrate via a mediator can be useful. Mediators must fulfil three key
pre-requisites [17]:

* The mediator must be stable in both oxidation states over the course of the
reaction;

 the homogenous electron transfer to/from the substrate must not have a significant
kinetic barrier;

 the heterogeneous electron from the electrode to/from the mediator must not be
associated with high over-potentials.

If the criteria are fulfilled, the electrochemical reaction can be performed at much
lower redox potentials in comparison with the direct transformation of the substrate.
Moreover, if decomposition or polymerisation leads to passivation in direct electrol-
ysis, the utilisation of a mediator can negate this. Mediators are commonly employed
to avoid over-oxidation typically associated with decomposition and polymerisation.

While indirect electrolysis using inorganic mediators found applications as early
as 1900 using chromium salts to facilitate the anodic synthesis of quinones [18],
powerful organic redox mediators were not recognised until much later. Organic
redox mediators such as triaryl amines [19] and nitroxyl radicals [20] were
popularised during the 1970s and 1980s. Nowadays, organic compounds such as
polycyclic aromatic compounds, triarylamines, 2,2,6,6-tetramethylpiperidine-N-
oxide (TEMPO), I"™ Fe™™™ ¢ompounds are recognised as ‘greener’ alternatives.
Transition metal complexes and ionic halides represent two other types of common
mediators.

Applications of mediated processes span a whole range of organic electrochem-
istry. For example, Waldvogel et al. developed a sustainable synthesis of
5-fluoromethyl-2-oxazolines 2, by electrochemical fluorocyclisation of N-
allylcarboxamides using a hypervalent iodine (III) mediator (Fig. 7) [21]. The
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iodoarene mediator was applied in an in-cell manner, meaning both the mediator and
substrate were present during electrolysis. Theoretically, the anodic oxidation of
iodine (I) to iodine (II) requires a charge amount of 2 F. In the absence of the
iodoarene (Arl) compound, no oxazoline formation was observed, indicating that
anodic oxidation of the mediator was crucial for the conversion of the substrate.

Indirect electrolysis can be performed using two discrete cells: in-cell or ex-cell.
Electrolysis carried out only for activation of the mediator is called an ex-cell
methodology. This technique may be used when the redox potential of the substrate
is lower than that of the mediator. In indirect in-cell electrolysis, a homogenous
redox reaction occurs in solution in the presence of the mediator and substrate. This
is distinct from a heterogeneous electron transfer between an electrode and the
substrate in a direct approach. Critically, the redox potential of the mediator must
be lower than that of the substrate, ensuring the mediator is activated before the
substrate. Lower reduction/oxidation potentials permit milder reaction conditions
(i.e. lower current densities) avoiding the generation of by-products. Electrolysis in
this manner is particularly useful in the presence of functional groups that need to be
preserved as it commonly avoids overoxidation.

For example, Brown et al. developed a general flow procedure for the TEMPO-
mediated electrooxidation of primary and secondary alcohols under microflow
conditions at ambient temperature in an environmentally acceptable reaction
medium (Fig. 8) [22]. The active species in the TEMPO-mediated oxidation of
alcohols is the oxoammonium ion 4, generated from TEMPO through a single-
electron transfer process at the anode. The following mediated oxidation of the
alcohol gives rise to the hydroxylamine by-product 5§ of TEMPO. This compound
is rapidly oxidised at the anode to regenerate the TEMPO radical 3, hence catalytic
use of the mediator was possible.

Electrolysis was performed in the Flux electrolytical cell supplied by Syrris LTD.
[23] Various functional groups were tolerable, and several primary and secondary
alcohols were selectively transformed to the aldehyde or ketone in yields of up to
87%. Overoxidation to the corresponding carboxylic acid, a common problem with
traditional chemical reagents, was avoided by development of this electrochemical
protocol.

1.7 Types of Cells
1.7.1 Batch Cells

Although electrolysis in batch cells is not the focus of this chapter, it is important to
understand their construction to appreciate their limitations. As such, a brief discus-
sion will be included. Batch electrochemical cells are easily constructed from
components readily available in most organic and medicinal laboratories, therefore
they are the most widely adopted approach to date. A batch cell is an umbrella term
which encompasses two further types of cells, these are termed undivided and
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Fig. 8 Electrochemical TEMPO-mediated oxidation of alcohols [22]

divided cells, each with their own strengths in terms of operational simplicity
(undivided) and enhanced control (divided) (Fig. 9). In the simplest cell, working
and counter electrodes reside in the same chamber and this is called an undivided
cell. However, if, for example, high energy intermediates generated at the working
electrode are prematurely reduced at the cathode before purification, this cell is not
applicable. This may be overcome with divided cell set-ups. In divided cells, the
anodic and cathodic solutions are in different vessels, separated by a small porous frit
or salt bridge that allows charge transfer. Therefore, the two half reactions occur
separately. An early example in 1889 by Maigrot and Stabate describes an example
of membrane electrosynthesis [24]. For a reduction, a sacrificial anode consisting of
oxidisable materials (e.g., Mg, Zn or Fe) forestalls the undesired oxidation of desired
intermediates by preferential oxidative dissolution of the anode.

Batch cells bear several disadvantages to analogous flow reactors: they only allow
slow conversion of reactant to product, require longer reaction times, require large
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Fig. 9 Schematic representation of a divided and an undivided batch electrolysis cell

electrodes, and demand high concentrations of electrolytes. This impacts the scal-
ability of such cells.

Batch electrolysis does, however, have some advantages over flow cells. The
simplicity of the cell and availability of materials means that they are convenient for
small scale synthesis. Another important advantage of batch cells over flow-through
cells is that solvent and gas parameters can be controlled more easily. In the case of
gas evolution, pressure can be easily released through the small headspace above the
reaction solution.

Often precise descriptions of these cells in the literature lack precision. Informa-
tion including the distance between electrodes, electrode geometry or electrode
position are not reported, which leads to irreproducibility of results from laboratory
to laboratory.

1.7.2 Flow Electrochemical Reactors

Parallel Plate Flow Cells

Electrochemical flow reactors are a more sophisticated approach to overcome the
issues surrounding batch electrochemistry. Nowadays, laboratory flow reactors are
commonly constructed using a ‘parallel plate’ design based on two electrodes
separated by a spacer, such as a polymer sheet, whereby its centre is cut away to
form a flow channel (Fig. 10). The cell is sealed between two metal conductive plates
slightly larger than the electrodes, and compression of the sandwich allows leak-free
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Fig. 10 Schematic representation of a parallel plate designed divided and undivided flow
electrochemical cell

operation. The reactor normally includes entry and exit holes at opposing sides of the
reactor, ensuring a uniform flow over the whole surface of the electrodes. Here,
parameters such as residence time and flow rate can be manipulated which give a
greater degree of control over electrochemical reactions. The distance between the
electrodes can be controlled by the thickness of the separating spacer.

In flow electrolysis, the aim is to obtain full conversion of the reactant to the
desired product in the minimum amount of time. Thus, high flow rates are desirable
because they facilitate high productivities (i.e. >1 g h™"). Flow electrolysis is nearly
always performed in a galvanostatic manner due to the complexity of incorporating a
reference electrode into flow reactor designs.

Flow electrochemical cells have convenient advantages over batch cells,
including:
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* A very high electrode surface to reactor volume ratio;

» fast conversions and hence short reaction/residence times — intrinsically an
observation linked to the enhanced electrode surface area;

* no or low concentrations of supporting electrolyte — permitted by the small
interelectrode gap which facilitates easy purification;

* uniform current distribution for greater control of electrochemical reactions;

» easier scale-up — a continuous flow protocol is ideal for integration into an
automated flow synthesis platform.

A commonly observed problem in batch cells is ohmic drop caused by
uncompensated resistance between the working and counter electrodes that is, in
turn, caused by the low solution conductivity and a large distance between the
electrodes. The electrode gap in flow electrochemical reactors is very small, nor-
mally below 500 pm. Given that the ohmic drop is influenced by the distance
between the electrodes, the small electrode distance results in a significant reduction
in the ohmic resistance avoiding the presence of large current gradients, which leads
to a uniform current distribution [25]. Moreover, flow electrochemical reactions can
be carried out in the absence of or in very low concentrations of supporting
electrolytes since the two diffusion layers of anode and cathode overlap. Large
amounts of supporting electrolytes make electrochemical processes more compli-
cated, as the supporting electrolyte needs to be separated from the product during
purification, and preferentially should be recycled to minimise the cost of the
process. A substantial contribution to reduced reaction times in these cells can be
attributed to the better temperature control. Temperature control is aided by smaller
channels which promote efficient heat transfer. These factors combined mean that
electrochemical reactions in flow can occur much faster than the analogous batch
process.

Some disadvantages are still apparent, but these issues are quickly being
addressed. The limited controlled over gas in flow reactors can be problematic.
Hydrogen generation at the cathode is a common balancing electrochemical reaction
for organic reactions, however, the generation of gas in flow dramatically effects the
flow rate. The observed flow rate in this context is higher than the applied flow rate
which can affect the reproducibility of the reaction. Back-pressure regulators applied
after the electrochemical reactor can help, but they require reactors with good
pressure tolerance to avoid leakage. These drawbacks limit the suitability of elec-
trochemical flow reactors for reactions which use or generate large volumes of gas.

Like batch cells, electrochemical flow cells can be operated in a divided or
undivided manner. Due to operational simplicity, most flow electrochemical cells
to date are operated in an undivided manner whereby a single reactant solution is
pumped through the narrow gap between the electrodes and collected from the
solution outlet. Divided cells contain an additional solution compartment separated
by an ion permeable membrane or porous polymer separator, e.g. Nafion. The
porous separator enables the transfer of ions or small molecules but blocks any
significant mixing of solutions between the working and counter electrode
compartments.
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In cases where high flow rates are used, and the residence time is low, undivided
flow reactors can be more tolerable than undivided batch cells. The continuous flow
of fresh substrate limits over-oxidation at the electrode surface, although this cannot
be prevented completely. Moreover, in the case of an anodically generated species
that could be itself reduced, since the residence time is short, the species may exit the
reactor before the undesirable reduction has a chance to occur.

Thin-Layer Flow Cells

The following discussion on thin-layer and porous flow cells is important for
metabolite inspired drug development (Fig. 11). A major limitation of thin-layer
cells for synthesis purposes is their small surface area and cell volume. In synthetic
terms, these reactors are difficult to scale up and are rarely used for preparative scale
reactions. Instead, these electrochemical flow cells have been proposed for contin-
uous, online monitoring and applications in flow injection analysis and chromatog-
raphy [26]. Modern electrochemistry offers a wide range of analytical methods that
can be used for continuous measurements in flowing liquids [27]. Thin-layer flow
cells have vast applications in amperometric measurements, but for purpose of this
chapter they have also been used to study drug metabolism [28-31]. Thin-layer flow
cells exhibit working electrodes situated at the top of a flat flow chamber of
cylindrical [32, 33], channel like [34] or other shape and the planar working and
counter electrodes are separated by a thin spacer (typically 10-100 pm). The
working electrodes can be removed and a range of electrodes including Pt, Au,
Ag, Cu, glassy carbon and BDD, which are relevant for drug oxidation, can be
exchanged. In comparison with parallel plate designs, the working electrode surface
area is in the mm? range, which limits scalability. Moreover, the small surface area

Porous Flow-through Cell Thin Layer Cell
Working Porous Reference Electrode
Electrode
i Intlet Outlet

Intlet [ Outlet

Counter
Electrode

Spacer Working

Counter Electrode Electrode

Analysis
e.g. Mass Spectrometer
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Fig. 11 Schematic representation of a porous flow-through cell and thin-layer cell
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and cell volume demands low flow rates (<100 pL min~') in order to obtain high
conversions [35].

Porous Flow Cells

Porous flow-through cells display many advantages compared to thin-layer cells
(Fig. 11). For instance, the large surface area owing to the porosity of the working
electrode (estimated to be in the region of the cm” range) allows extremely high
conversion rates. For some compounds, flow rates of up to 0.5 mL min~' accom-
panied up to 100% conversion [36, 37]. A relatively high flow rate through the
electrode facilitates enhanced mass transfer rates. Electrochemical synthesis of
oxidative drug metabolites has thus far mostly been performed using commercially
available coulometric flow cells with a porous glassy carbon electrode [38]. A wide
range of porous electrode structures and materials are available, for example,
reticulated carbons and metals [39], packed beds [40], cloths and felts [41] and
sintered metals [42]. In practice, the effective electrode bed depth can be limited by
the potential drop in the fluid, which can restrict the conversion per pass. Two basic
electrode configurations are possible: a flow-through porous electrode configuration
is one where the fluid flows parallel to the current, whereas ‘flow by’ arrangements
are where the current and electrolyte flows are perpendicular. Flow porous cells
suffer with limited control over gas parameters which can only be adjusted prior to
infusion into the cell. These drawbacks limit the suitability of flow-through cells for
large-scale metabolite synthesis [26].

Automated Flow Electrolysis Platforms

Automatisation refers to a ‘hands off” synthesis approach, whereby synthesis and
even real-time analysis are driven by a computer or robotic equipment which allows
unattended operation. The capacity for automation to improve the scalability, safety,
efficiency and reproducibility of synthetic processes is obvious. A recent analysis of
synthetic facets of medicinal chemistry demonstrates that medicinal chemistry is
inevitably biased towards synthetic routes where constraints in resources, time and
budget are limited. Indeed, rapid cycle times in the pharmaceutical industry, linked
to performance metrics and deadlines strongly influence the adoption of any tech-
nology. Technologies that enable greater automation of compound synthesis,
endorsing a wide range of reaction conditions are extremely desirable as they vastly
reduce constraints in resources and are inevitably cost effective.

Flow electrochemistry has already been merged into many automated commer-
cially available platforms [8, 43]. Most simply, these machines are built with a
computer which controls the machinery and parameters (i.e. flow rate via control of
the pump, pressure, current, potential), various pumps (HPLC or peristaltic —
depending on needs), flow tubing reactors, pressure sensors and regulators, heating
and cooling systems — all conveniently connected together by flow tubing. Such
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automated platforms can be integrated with online spectroscopy, such as HPLC,
mass spectroscopy, IR, UV-vis, etc., which allows real-time analysis. These plat-
forms can often be controlled by remote computers, meaning the experiments can be
easily monitored and manipulated. For dangerous reactions, the benefit of the ‘hands
off” approach is significant. Such reactions can be performed remotely with no risk
to the experimentalist.

Despite these advantages, the main drawback of automated systems is the large
amount of data that is created in a short amount of time. For this reason, ‘design of
experiment’ approaches are increasingly employed in automated platforms coupled
with online analysis, allowing the rapid optimisation of reaction parameters [44].

Increasing the productivity from laboratory scale to production scale is a formi-
dable challenge in the pharmaceutical industry. Automated flow electrochemical
synthesis in this respect could be recognised as a foundation for developing a
continuous integrated small molecule optimisation platform that would greatly
enhance drug optimisation programs. The most ambitious vision for drug discovery
would integrate machine-learning algorithms coupled to an automated synthesis
module. The progress of machine learning refers to the idea that a system can
‘learn’ from data sets, identify patterns and then make decisions with minimal
human intervention. In this regard, a continuous loop of newly designed and highly
optimised drug molecules could be recognised.

There are still, however, many poorly manageable practical hurdles such as work-
up, product separation and purification that have not been fully addressed. Since
electrochemistry can be performed in the absence of reagents and by-product
formation is typically avoided, these reactions can often by-pass problematic puri-
fication. In this context, automated flow electrochemical synthesis where possible, as
opposed to automated flow syntheses (in the presence of reagents) is more conceiv-
able for a truly fully automated process.

2 Flow Electrochemistry for Drug Discovery

Electrosynthesis in flow cells has been used to synthesise many natural products,
drug molecules and metabolites. The width of electrochemical synthesis for general
organic chemistry is enormous. For this context, we will highlight some broad
synthetic electrochemical strategies and platforms that have been developed over
the last decade that are valuable tools for medicinal chemists and have considerable
further potential in drug discovery. The breadth of these strategies is far too wide to
discuss them all, but the most important or interesting reactions with respect to this
circumstance will be conferred by providing at least one example of each method.
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2.1 Flow Electrosynthesis of Pharmaceutically Relevant
Scaffolds/Fragments

Structural modification of known drug molecules and drug related scaffolds is a key
approach in drug development. In this section, drug molecules that are similar to the
reaction products/scaffolds that are discussed herein are displayed in a dashed line
box next to each figure with the heading ‘context’.

2.1.1 Electrochemical Synthesis of Nitrile-Containing Scaffolds

Over 30 nitrile-containing pharmaceuticals are available for a diverse array of
medicinal conditions, with more than 20 additional nitrile-containing leads in clin-
ical development [45]. As the number of nitrile-containing pharmaceuticals has
increased, trends in identifying the role of the nitrile functionality has emerged.
The nitrile group is quite robust and in most cases is highly metabolically stable.
Hence, the nitrile group in most nitrile-containing drugs is unchanged when passing
through the body.

The prevalence of nitrile-containing pharmaceuticals and the continued stream of
potential drugs in the clinic has influenced the development of more efficient
synthetic protocols. In the past, the formation of nitriles from oximes (of the most
convenient starting materials) required strongly corrosive dehydration reagents such
as phosphorous pentoxide, thionyl chloride, benzenesulfonyl chloride, acetic anhy-
dride, etc. These reagents were often used in excess, which both represents an
unattractive waste implication and promotes difficulties with purification. The flow
electrochemical synthesis represents an intriguing alternative. Flow electrochemistry
both reduces the waste, hence cost burden of the process, and diminishes the safety
concerns for the experimentalist.

Waldvogel et al. demonstrated a halogen-free procedure to generate nitriles 10
from oximes 8 by the application of inexpensive and easily available electrode
materials (Fig. 12) [46]. The electrolysis was carried out in an undivided flow
electrolysis cell bearing a graphite anode and lead cathode. Mechanistically, the
authors suggest the reaction proceeds in a domino oxidation-reduction sequence
whereby the oxime 8 is first oxidised at a graphite anode to the corresponding nitrile-
N-oxide 9, which is directly reduced at the cathode to the desired nitrile 10. The
intermediate, 9, was observed and identified via GC-MS. The key for the desired
reaction sequence seemed to be the deoxygenation of the nitrile oxide 9 formed.
Whereas lead turned out to be an excellent cathode material, the deoxygenation was
less favoured at the other electrode materials such as Pt, Ni and BBD. Aldoximes are
first oxidised to form iminoxyl radicals, which can dimerise to form the undesired
aldazine bis-N-oxides. These aldazine bis-N-oxides can react further to form the
corresponding aldehydes by the loss of nitrogen. Stabilisation of the reactive inter-
mediate could be achieved by adding bulky groups ortho to the aldoxime moiety.
Here, the formation of the nitrile oxides 9 by further oxidation of the iminoxyl
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Fig. 12 Synthesis of benzylic nitriles by anodic oxidation by Waldvogel et al. [46]

radical was favoured, which underwent deoxygenation at the cathode leading to the
desired nitrile products 10. Whilst mesitylaldoxime (81%), 2,4,6-
trimethoxybenzaldoxime (75%) and 2,6-dimethylbenzaldoxime (73%) could be
transformed in good yields, 2,6-dichlorobenzaldoxime (41%) and starting materials
bearing bromine substituents were more problematic. All of these substrates vary in
the stability of the formed nitrile oxides, as well as their preference for dimerisation.
The unexpectedly low yield of the stabilised 2,6-dichlorobenzaldoxime was attrib-
uted to the competing dehalogenation reaction. In general, stabilised substrates
resulted in higher yields of the products 10 than non-stabilised congeners. However,
the corresponding aldehyde, formed by the undesired dimerisation process, was
detected in all reactions. Nonetheless, the developed protocol was applicable for a
wide range of substrates under constant current and ambient conditions, to give the
nitrile products 10 in moderate to excellent yields.

2.1.2 Electrochemical Synthesis of Benzoxazoles and Benzothiazoles

A large number of marketed drugs are available bearing a benzoxazole as a core
active moiety. For example, drugs incorporating this important scaffold include
flunoxaprofen (anti-inflammatory), benoxaprofen (anti-inflammatory), calcimycin
(antibiotic), boxazomycin B (antibacterial) and chlorzoxazone (muscle relaxant).
Several electrosynthetic procedures for the synthesis of benzoxazoles have been
reported in the literature using conventional batch techniques. The Waldvogel and
Moeller groups exploited the electrochemical generation of amidyl radicals from
anilides, enabling the efficient synthesis of benzoxazoles [47]. Methanol and other
solvents commonly applied in the electrochemical generation of amidyl radical lead
to degradation of the anilides. The authors suggest this observation is indicative with
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a slow intramolecular cyclisation process, and thus sufficient stabilisation by a
solvent was required. Interestingly, 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP) was
found to efficiently stabilise the electrochemically generated radical intermediates
[12]. The almost quantitative recovery of this particular solvent (b.p. 56°C) allowed
minimisation of the fluorine footprint. Several functionalities were tolerated by the
method leading to the synthesis of a variety of benzoxazoles in good to excellent
yields. Notably, typical leaving group functionalities, i.e. chloro and triflate moieties,
were compatible. Such reactions expose the opportunity to further functionalise and
diversify the scaffolds using an assortment of subsequent reactions, i.e. Cross-
coupling reactions, which is a key incentive to medicinal chemistry.

Very recently, the Wirth group disclosed an electrochemical generator of
hypervalent iodine reagents and their subsequent utilisation in a diverse array of
reactions. The flow synthesis of benzoxazoles using an electrochemically generated
hypervalent iodine mediator 12 was demonstrated (Fig. 13) [48]. The electrolysis
was performed in a commercially available flow reactor using a glassy carbon anode
and platinum cathode [6]. The anodically generated, unstable hypervalent iodine
reagent derived from iodobenzene could be generated quantitatively in HFIP in flow.
However, passivation of the electrode with the use of HFIP hindered the production
of the subsequent I (IIT) reagent over time. Using 2,2,2-trifluoroethanol resolved this
issue, and the production of 12 was stable for over 4 h. Notably, fluorinated alcohols
were again targeted for the electrochemical experiments because they display several
advantages compared to common organic solvents, i.e. they are stable to anodic
oxidation and have a high conductivity. Their relatively low pKa means H* reduc-
tion at the cathode is an ideal balancing electrochemical reaction, since H, gas could
in theory be captured and resourced. Furthermore, fluorinated alcohols are known to
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Fig. 14 Proposed mechanism for the anodic generation of benzothiazoles from N-arylthioamides

play an active role in stabilising I (IIT) species [12]. The generation and immediate
use of these reagents 12 in flow was highly advantageous. These reagents were not
bench stable and decomposed immediately upon removal of the solvent. Also, by
coupling a second step in flow, the developed ‘ex-cell’ procedure means electro-
chemical functional group tolerance of the substrates was not a concern. Hence, the
demonstrated synthesis was highly versatile and gave access to a diverse array of
products.

Instinctively, Wirth et al. reported a catalyst and supporting electrolyte-free
electrosynthesis of benzothiazoles and thiazolopyridines in continuous flow
(Fig. 14) [49]. Benzothiazole is a versatile heterocycle scaffold that has aroused
much interest in drug discovery. It is the backbone of many anticonvulsants,
neuroprotective drugs, analgesics, anti-inflammatory drugs, antimicrobials and anti-
cancer drugs. Two benzothiazolamines, riluzole and lubeluzole, are known voltage-
gated sodium channel blockers. A broad range of N-arylthioamides were converted
to the corresponding benzothiazoles in good to excellent yields with high current
efficiencies. Mechanistically, the authors propose the thioamide undergoes a single-
electron anodic oxidation to form the thioamidyl radical 14 (Fig. 14). Next, the
radical intermediate undergoes intramolecular cyclisation and further anodic oxida-
tion to form the corresponding benzothiazole 17.

Interestingly, there is no requirement for an inert atmosphere in flow and labora-
tory grade solvents could be utilised without prior de-gassing. To demonstrate the
scale-up potential of the developed method, a large scale (13 mmol) reaction was
performed, giving the product 19 in an 87% yield (2.4 g) (Fig. 15). This work
highlights three key advantages of electrochemical flow systems, including (1) a
supporting electrolyte-free reaction which aids purification, (2) easy scale-up with-
out the requirement of a larger reactor and (3) enhanced reaction rates facilitated by
increased mixing in flow compared to batch. The method was demonstrated for the
synthesis of a large library of versatile molecules (28 substrates) giving
benzothiazoles and thiazolopyridines in high average yields.
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2.1.3 Electrosynthesis of N-Containing Heterocycles by
Nitrogen-Centred Radicals

Unlike the previously discussed examples, nitrogen-centred radicals have histori-
cally been underutilised in synthetic chemistry. The term nitrogen-centred refers to a
species where the unpaired electron is localised on a nitrogen atom. Nitrogen-centred
radicals are versatile intermediates, for example, they have been demonstrated to add
alkenes, alkynes, dienes and engage in C—H functionalisation. Their applicability in
academic and industrial settings is however limited, owing to the lack of mild and
reliable methods for their generation.

Electrochemistry has shown to be an efficient and mild methodology to create
nitrogen-centred radicals. The addition of electrochemically generated nitrogen-
radicals to double bonds has been known for the last century and is now reasonably
established in batch synthesis. For example, the Moeller group disclosed a protocol
for the synthesis of y- and &-lactams using O-benzyl hydroxamates or N-phenyl
amides in batch (Fig. 16) [50]. Here, anodically generated nitrogen-centred amidy]
radicals undergo cyclisation reactions with electron-rich olefins to form carbon-
centred radicals. The radicals undergo further single-electron transfer with the
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anode, to furnish the carbocation, which is trapped by nucleophiles to provide the
lactam products 21.

Instead, the generated carbon-centred radicals can be trapped with TEMPO, to
give the oxyamination products. Wirth et al. demonstrated a facile flow electro-
chemical synthesis of amidyl radicals which were used in intramolecular
hydroaminations to produce isoindolinones 23 [51]. Isoindolinone motifs are
found in many pharmaceuticals and biologically active molecules (Fig. 17). In this
report, TEMPO has a dual function, being the mediator and oxygen source. An
electrochemical microflow reactor was designed and manufactured; a large electrode
area (25 cm?) and easily exchangeable electrode materials made the reactor both
flexible and efficient. Connecting the outlet of the flow reactor to an inline mass
spectrometer via an automatic sampling valve facilitated rapid electrolysis optimi-
sation. It was determined that at least 3 F was necessary to achieve full conversion of
the starting material. Aromatic substituents on the amidic nitrogen were crucial to
stabilise the initially formed amidoyl radical and achieve the desired cyclisation.
Here, aliphatic substituents on the amidic nitrogen (e.g. nBu) led to no product
formation. Interestingly, when electron deficient alkenes were used (e.g. R = p-NO,-
Cg¢H,4), TEMPO addition was not observed attributed to the higher stability of the
generated carbon radicals. Instead, subsequent reduction at the cathode occurred. For
further product diversification, the isoindolinone products were subjected to subse-
quent functionalisation, mainly elimination of TEMPO and the reduction of the N-O
bond by integration of a second step in flow. The reduction was performed under
flow conditions by using AcOH and a heated zinc cartridge. Since the concept of a
further steps in flow was established, the developed procedure was useful to develop
a diverse array of products 23, 24 and 25.
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2.14 Electrochemical Anodic Aryl-Aryl Cross-Coupling in Flow Cells

Aromatic C—C cross-coupling reactions are central tools for the synthesis of ligands,
polymers and natural products [52, 53]. Although a number of synthetic approaches
for aromatic C—C cross-couplings have been realised, so far, transition metal
catalysed reactions predominate [54]. Transition metal catalysts are often toxic and
expensive, hence a more practical synthesis is highly desirable.

On the other hand, the electrochemical activation of C—H bonds is an environ-
mentally and economically attractive alternative. Since electrons are the sole reagent,
toxic transition metal catalysts are avoided. The direct electrochemical cross-
coupling of two non-symmetrical aromatic compounds suffers from two key factors:
(1) homocoupled reactions occur by non-selective oxidation of starting materials,
which limits the selectivity and hence yield and (2) the cross-coupled products
generally have a lower oxidation potential than the starting materials, hence over-
oxidation of the product is often un-avoidable. Flow electrolysis excels over con-
ventional batch synthesis.

The Atobe group, in collaboration with the Waldvogel group, demonstrated a
flow electrochemical anodic phenolic arene C—C cross-coupling procedure [55]. The
reaction was achieved in inexpensive and sustainable media such as methanol, acetic
acid or formic acid. Depending on the solvent and additive, the undesired
homocoupled product or desired phenolic product could be obtained. However,
the selectivity for the production of the cross-coupled product could be easily
controlled by fine-tuning the electrochemical conditions. The electrolysis was car-
ried out in a flow electrochemical microreactor with a boron-doped diamond anode
(BDD) and nickel cathode and allowed a good range of products to be synthesised.

In a similar reaction, Atobe and colleagues disclosed a parallel laminar flow mode
in a two-inlet flow microreactor for efficient aromatic C—C cross-coupling (Fig. 18)
[56]. When two solutions are introduced through the two inlets, a stable liquid-liquid
interface could be formed and mass transfer between input streams occurred only via
diffusion. Here, the flow microreactor allowed selective anodic oxidation as the
undesired oxidation of the aromatic nucleophile 26 was effectively prevented, whilst
the aromatic substrate 27 was selectively oxidised at the anode. In addition, the
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Fig. 18 Anodic aryl-aryl electrochemical cross-coupling procedure by Atobe et al. [56]
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overoxidation of the cross-coupling product could be avoided due to the flow
operation. Several cross-coupled products 28 were obtained in moderate to excellent
yields. The yields were a significant improvement in comparison with conventional
batch synthesis.

More recently, Waldvogel and co-workers developed a modular parallel plate
electrochemical flow cell, whereby the temperature of the electrodes could be
controlled from the backside via an external cooling circuit [57]. The practicability
of the novel cell was validated by three different anodic phenol-phenol cross-
coupling reactions (Fig. 19). The electrochemical cross-coupling between phenols
and arenes was performed using a boron-doped diamond (BDD) anode and stainless-
steel cathode in fluorinated media. In this reaction, employing water or methanol as a
mediator represents the key improvement for achieving non-symmetrical biaryls.
Interestingly, using no supporting electrolyte was unsuccessful and gave only 5% of
the product 31. The addition of trace amounts (0.005 M) of tributylammonium
methylsulfate (MeBu;NO3;SOMe) increased the yield to 44%. Cooling the system
to 10°C increased the yield to 48%. Instead of a single pass, pumping the electrolyte
through the cell multiple times was more beneficial, however, a maximum yield of
59% was achieved. Notwithstanding, the flow system was able to increase the
productivity of the cross-coupling reaction from 0.12 g h™' (25 mL beaker-type
cell) to 253 g h™' (4 cm x 12 cm flow cell). Analogously, the group later
demonstrated a straightforward approach for performing oxidative cross-coupling
reactions of electron-rich benzene derivatives [58]. Using molybdenum
pentachloride (MoCls), biphenyls could be obtained in 21-91% isolated yield.

2.1.5 Electrosynthesis of N-Containing Heterocycles by Shono
Oxidations

Nitrogen-containing heterocycles are essential structural components in drugs and
are commonly found in bioactive natural products, and they have broad application
in the pharmaceutical and chemical industry [59, 60]. Shono’s seminal report in
1975 has spawned continual interest in the anodic oxidation of carbamates to N-
carbamoyl iminium ions (Fig. 20) [61, 62]. The electrolysis was performed using
2 carbon electrodes as the anode and cathode, tetracthylammonium p-
toluenesulfonate (Et,NOTSs) as electrolyte and methanol as a solvent. Electrochem-
ical anodic oxidation proceeds via initial formation of a nitrogen-centred radical 33
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that is subsequently oxidised to an N-acyliminium intermediate 34, which is further
trapped by an alcohol-based solvent. Hence, the anodic oxidation requires a theo-
retical charge of 2 F. The method facilitates functionalisation of the a-position
adjacent to nitrogen atoms in heterocycles.

Whilst carrying out the electrolysis in methanol gives access to the
a-methoxylated product 35, trapping the N-acyl iminium ion with cyanide [63—
65], fluoride [66], isocyanides [67], furans [68], trialkylphosphites [69], silyl enol
ethers [70], etc. has also been well established (discussed later). Noteworthily, a
variety of attempts have focused on developing asymmetric type Shono oxidations
using various chiral auxiliaries including oxazolines [71], chiral cyclic dipeptides
[72], or chiral phosphorus-based structures [73] to give reasonably high
stereoselectivities. Extensive batch electrolysis studies have been developed,
whereby the Shono oxidations have even been used in metabolic studies of drug
molecules. Royer and co-workers showed that the methoxylated analogues of two
anticancer drugs, ifosfamide and cyclophosphamide, could be obtained through
anodic Shono-type oxidation in high yields [74]. Under galvanostatic conditions,
the oxidation took place in a chemo-selective manner at the a-position of the tertiary
nitrogen. Alternatively, functionalisation can be carried out to yield a diversity of
scaffolds [75, 76].

Limitations with early Shono oxidations hindered the scope of the transforma-
tions possible. Selective oxidation to the iminium ion when electrolysis is performed
in the presence of the amine and nucleophile demands that the amine has a lower
oxidation potential than the nucleophile to avoid the undesired oxidation of the
nucleophile. In the early 2000s, the scope of the Shono oxidation was considerably
expanded with the development of the ‘cation pool’ method. Here, the anodic
oxidation reactions are carried out by low temperature electrolysis, which allows
for the accumulation of the iminium species in a so-called cation pool. As no
nucleophile is present during the initial electrolysis, competing nucleophile oxida-
tion is avoided. Yoshida et al. have reported the application of a cation pool and
microflow system for flow electrochemical combinatorial organic syntheses
[77, 78]. The cell consisted of two compartments: one with a carbon felt anode
and the other with a platinum cathode. The two-compartment cell was divided by a
polytetrafluoroethylene (PTFE) membrane, and the whole cell could be dropped into
dry ice to achieve the desired low temperatures. A schematic diagram of the
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Fig. 21 Shono oxidation via the cation pool method in a microflow reactor [77, 78]

semi-flow process is shown in Fig. 21. Trifluoromethanesulfonic acid 37 is used in
the cathodic chamber as a sacrificial compound to provide the balancing redox
reaction. Following the typical Shono mechanism, the method demonstrated a
one-step step a-allylation of amides using various allyltrimethylsilanes. The anod-
ically generated acyliminium cation 38 could be analysed by inline FTIR spectrom-
etry and then transferred to a reservoir with nucleophile 39, where the coupling
reaction takes place to give the final product 40. The established flow synthesis
allowed rapid generation of a large library. Various allylic silanes and carbamates
were tolerable giving a diverse range of products. Interestingly, the addition of
cyanide onto the electrogenerated iminium cation followed by reductive amination
allows asymmetric syntheses of ropivacaine 41, mepivacaine and levobupivacaine,
which are commonly used local anaesthetics [79].

Inspired by these early efforts, Atobe and co-workers developed a novel
electrosynthetic system for the anodic reaction of cyclic carbamates by using parallel
laminar flow in a microflow reactor (Fig. 22) [80]. As opposed to Yoshida’s efforts,
the authors used a platinum (Pt) pair for the anode and cathode. The flow system
enabled nucleophilic reactions to overcome restraint, such that the oxidation poten-
tial of the nucleophile and stability of the cationic intermediate were not a concern.
For example, the anodic substitution reaction of N-(methoxycarbonyl)pyrrolidine
(Epa = 1.91 V vs Ag/AgCl) with allyltrimethylsilane (E,, = 1.75 V vs Ag/AgCl)
could be conducted in good yields. Since the substrate 42 could be less easily
oxidised than the nucleophile 39, the use of a parallel laminar flow mode was key
to their success. When the carbamate and the nucleophile are introduced in different
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streams, mass transfer between these separate streams can only occur via diffusion
between the liquid-liquid contact area. Due to the small size of the flow channel, the
area remains stable and laminar. As the nucleophile 39 is spatially removed from the
anode, the undesired anodic oxidation is minimised. The anodic substitution reac-
tions of other carbamates were also possible in low to good yields, given the high
tolerance of the developed electrolysis system. From a drug development perspec-
tive, the highly tolerant and scalable system for a-functionalisations of pyrrolidine
motifs could be recognised as an opportunity for the structural modification, hence
diversification of many known drug molecules.

More recently, in 2014, Ley et al. identified flow electrolysis as an enabling
technology for the Shono oxidation of various N-protected cyclic amines (Fig. 23)
[81]. The electrolysis was carried out in the commercially available Syrris flux
electrosynthesis module [8], using a carbon anode (C) and stainless-steel cathode
(SS). Employing a flow electrochemical cell permitted low loadings of electrolyte
(20 mol%) which aided purification. Moreover, the system was robust for overnight
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operation and large-scale preparation is feasible. The electrochemical flow technique
permitted the rapid generation of a compound library through the preparation of
protected cyclic a-methoxyamines 44. Here, pyrrolidine, piperidine, azepane and
morpholine rings could all be successfully methoxylated using the optimised con-
ditions in high yields (90-98%) and purity. Applying a subsequent Pictet-Spengler
reaction to the electrochemically derived products 45 provided the biologically
active natural product nazlinine 47 and several other related unnatural congeners
(41-80% over two steps). Here, microwave irradiation as an enabling technology
reduced the typical 15 h reaction time to just 30 min. The reported scaffolds could
lead to the preparation of further unnatural relatives of the indole alkaloids
tryptargine, indoloquinolizidine, komaroidine, isokomarvine and schobercine.

In a similar fashion, other alkaloids have been prepared, including (—)-crispine A
[82] and (4)-pumiliotoxin C [83]. Pumiliotoxin C was prepared in 15 steps from a
commercially available 4-piperidone ethylene ketal in an overall 5% yield. Here, an
anodic Shono cyanation furnished the desired a-amino nitriles. The electrolysis was
carried out in a flow electrochemical cell fitted with a graphite-felt anode to yield the
Shono oxidation product in a 78% yield. Further manipulations furnished the desired
alkaloid pumiliotoxin C, a potent frog toxin.

Electrochemical flow methods applicable for industrial scale reactions have also
been developed. For example, Pletcher and co-workers developed a large microflow
electrolysis cell for anodic Shono-type oxidations on a multigram scale [84]. The
electrochemical cell was based on two circular electrodes with a diameter of 149 mm
and a spiral electrolyte flow channel 2,000 mm long, 5 mm wide and 0.5 mm
interelectrode gap. Using the methoxylation of N-formylpyrrolidine as a model
reaction, the cell approached 100% conversion in a single pass and an astonishing
product formation rate of >20 gh™".

Interestingly, when furfuryl alcohols are used as the anodic substrates, the
resulting de-aromatised products when subjected to acid hydrolysis furnished vari-
ous hydroxypyrones. In 2018, Robertson et al. developed an electrochemical flow
cell for the ‘Shono-type’ oxidation of furfuryl alcohols (Fig. 24) [85]. The
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electrolysis was performed using a glassy carbon anode (GC) and platinum cathode
(Pt) in methanol. In general, separate oxidations could be conducted back-to-back
over the course of a day without the need to disassemble the cell and clean the
electrodes. Notably, only low flow rates, i.e. 165 pL min~!, were tolerable. In
contrast to the typical flow procedures, experiments in the absence of supporting
electrolytes were inconsistent because the solution conductivity was too low for
useful current densities to be reached. It was found that the addition of trace amounts
of NaClO4 as an electrolyte considerably improved the results. For the anodic
oxidation, alkanes, alkenes and alkynes were all well tolerated. Whilst phenyl sub-
stituents were compatible, these substrates gave lower yields. This was attributed to a
competing decomposition pathway resulting in the extrusion of benzaldehyde. The
resulting products were converted into the hydroxypyrones by acid hydrolysis and in
most cases, the yield over the two steps paralleled that for the oxidation step.

2.1.6 Flow Electrochemical Synthesis for Chiral Selectivity

The important trend towards single-enantiomer drugs has brought asymmetric
synthesis to the forefront as a theme in drug discovery and development [86]. Opti-
misation of enantioselective transformations for the production of a single enantio-
mer can be challenging. As many other synthetic choices become important,
i.e. solvent choice, catalyst choice and temperature, optimisation of these reactions
in comparison with production of a racemic compound is much more time-
consuming.

Self-optimising automated platforms would clearly excel here [87-89]. In this
context, Wirth et al. developed an efficient method to quickly optimise asymmetric
flow electrochemical transformations via a DoE approach using an online
multidimensional HPLC [44]. The enantioselective electrochemical oxidation of
N-aryl carbonylated 1-proline to various enantiomerically enriched methoxylated
amides was disclosed (Fig. 25). Electrochemical synthesis was performed in a
commercially available flow reactor [ 6] using a glassy carbon anode and platinum
cathode. Whilst carbon-based anodes gave better yields than platinum or boron-
doped diamond, the glassy carbon anode stood out for its impressive impact on the
stereoselective nucleophilic attack. Using the optimal conditions developed, com-
pound 53 could be obtained with 58% ee. The memory of chirality was not
constrained to cyclic amino acids, albeit the effect was only moderate (up to 14%
ee) for the acyclic derivatives. A variety of enantioenriched products could be
obtained with moderate to good yields. Importantly, given the stereoselective reac-
tions could benefit from a hugely accelerated optimisation with online HPLC and
DoE, the method clearly leads itself for efficient library synthesis. In the pursuit for
drug discovery, the method is ideal for quick structural modification of many proline
containing drugs (Fig. 25).
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2.2 Electrochemistry ‘On-Route’ to Small Molecule Drugs

Flow electrochemistry is a fast emerging technique. However, only in the past
3—4 years have commercially available platforms been developed. As such, the
application of flow reactors for the direct synthesis of small drug molecules is rather
sparse, owing to newness of the technique. Previously, utilisation of flow electro-
chemistry required substantial specialist knowledge of engineering for the building
of ‘home made reactors’ and electrochemistry. As such, the development of com-
mercially available reactors is sure to encourage its widespread adoption. Here, we
will cover just three interesting synthetic strategies that give a broad idea of the
potential of the technique.

Licarin A and (—)-licarin A are promising compounds that could be used in the
development of many drugs. For example, licarin A is a candidate compound for the
treatment of immediate hypersensitivity [90], prevents against Leishmania major
associated with immunomodulation [91] and is a potentially active anti-tuberculosis
agent [92]. Nishiyama and co-workers were able to transform isoeugenol into licarin
A in just a single-step reaction in a flow cell (Fig. 26) [93]. The reactions were
conducted under galvanostatic conditions and using a BDD anode and platinum
cathode, although the highest yield obtained was just 8% in flow. Glassy carbon and
platinum anodes performed significantly worse. The very low yield of the reaction
mainly results from the reaction between MeOH and the formed radical. In this case,
the side product was likely formed by the reaction of radical intermediate 55 through
sequential electron transfer and deprotonation followed by reaction with methoxy
radicals formed in high concentrations at the surface of the BDD electrode. Inter-
estingly the authors suggest the size of the diffusion layer in the flow cell is
responsible. Since the diffusion layer in a flow cell is smaller than in batch, there
could be a higher probability for the reaction of the radical 55 and methoxy radicals,
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which accounts for the lower yield in flow (8%), as opposed to batch (40%).
Nevertheless, the results indicate that the electrooxidative reaction of isoeugenol
54 using the BDD electrode could produce licarin A 56 in higher yields than
previously reported. Instead, the coupling product 57 was formed in high yields,
facilitated by the high concentrations of methoxy radicals at the anode.

Ledipasvir is an orally available inhibitor of the hepatitis C virus. Upon oral
administration and after intracellular uptake, ledipasvir binds to and blocks the
activity of the NS5A protein. The NS5A inhibitor compounds such as Ledipasvir
are highly important for the complete cure of hepatitis C [94]. Waldvogel and
co-workers disclosed an electroreductive flow process for double dehalogenation
which is important for the synthesis of a key intermediate for NS5A inhibitors
(Fig. 27) [95]. The electrolysis was performed in a divided flow cell whereby the
anodic and cathodic were separated by a Nafion membrane. Leaded bronze (15% Pb)
was used as the cathode, and graphite-felt was used as the anode. Using this gap cell,
the anolyte was pumped in a cycle whereas the catholyte was collected after passage
through the flow cell, and the oxidation of methanol served as a balancing anodic
reaction. The isolated yield for the dehalogenated product 60 in the continuous
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approach was 70% with 99% ee, which means that no racemisation took place
during the electrolysis. For technical application in the pharmaceutical industry,
both the synthesis and the work-up for a reaction must be scalable. For recycling of
the electrolyte and isolation of pure product the authors developed a simple work-up
protocol. First, removal of the reaction solvent DMF was performed under reduced
pressure and the solvent could be distilled for re-use. Next, the product was isolated
from the solid residue by extraction with toluene or ethyl acetate, which is further
removed under reduced pressure. Following filtration through a short silica gel plug
using ethyl acetate the product exhibited a trace metal content lower than 10 ppm,
thus meeting the tight residual impurity requirements for the production of
pharmaceuticals.

Dicloxacillin is a narrow-spectrum p-lactam antibiotic of the penicillin class. The
antibiotic is used to treat many different types of infections caused by bacteria such
as bronchitis, pneumonia or staphylococcal infections, etc. Recently, in 2017, the
Waldvogel group developed an efficient electrochemical flow protocol for an impor-
tant pharmaceutical building block towards dicloxacillin 64 (Fig. 28) [96]. Using the
previously discussed electrosynthesis for benzylic nitriles (Sect. 2.1.1), but instead
using a divided cell set-up including a separator, the reduction of the nitrile-N-oxide
62 to the nitrile was prevented. Consequently, the nitrile-N-oxide 62 was allowed to
accumulate in the anolyte. Compound 62 is an excellent precursor for 1,3-dipolar
cycloadditions and upon treatment with methyl acetoacetate gave the corresponding
product 63. The test reactions revealed that the cycloaddition was highly selective in
a mixture of acetonitrile/water (4:1) and triethylamine, giving a 100% yield. For the
electrolysis of 61 to 62, a stainless-steel cathode and graphite anode were employed.
The catholyte solution consisted of methyltriethyl ammonium methylsulfate (MTPS)
in acetonitrile and water, and for the anolyte, the substrate 2,6-dichlorobenzaldoxime
and the electrolyte MTPS were dissolved in acetonitrile. Stacking two electrochem-
ical cells together allowed the flow rate to be doubled and the productivity increased
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from 176 to 353 mg h™'. After electrolysis and cycloaddition, the product 63 was
obtained in an isolated yield of 60%. In comparison with conventional synthesis, the
yield was moderately increased from 53 to 60%, however, the scalability and facile
purification (without column chromatography) means this new synthesis is far more
appealing for industry.

2.3 Flow Electrochemistry for Late-Stage Functionalisation

The late-stage functionalisation (LSF) of drug molecules is often the most tedious
and time-consuming synthetic step in organic synthesis. A technique that enables
selective transformations at a late-stage is highly desirable for the transformation of
elaborate drug molecules, and in this sense, the astonishing tolerance of electro-
chemical synthesis could greatly speed up the drug development process. LSF
approaches offer the promise of rapid exploration of chemical space and greatly
decrease the experimental efforts of the researcher. Often, the limited functional
group tolerance of conventional reactions means that an enormous amount of
optimisation of synthetic steps in the late stages of a ‘decorated’ drug molecule’s
synthesis is required. A technique with greater functional group tolerance would
massively reduce the time taken for optimisation and the number of synthetic steps
required which in turn decreases the cost burden. The scalability and huge functional
group tolerance of electrochemistry in this respect is invaluable. For this section, we
will discuss two very recent examples of where electrochemical approaches are used
for the transformations of large compounds as opposed to conventional reagents.
Here, electrochemistry allows single-site modification whilst leaving the rest of the
highly functionalised scaffold unchanged.

In 2017, Su and co-workers developed an electrochemical bromination of late-
stage intermediates and drug molecules in flow (Fig. 29) [97]. Aromatic C-H
bromination is one of the applications of late-stage functionalisation that provides
precursors for generation of radio-labelled compounds and supports drug metabo-
lism and pharmacokinetic studies. Conventionally, brominated arenes are prepared
via electrophilic aromatic substitution but several limitations exist, including (1) side
reactions such as benzylic bromination, (2) over bromination, i.e. double bromina-
tion, (3) non-selective bromination and the generation of multiple regioisomers.
Instead, electrochemistry offers a facile and selective alternative process since the
reactivity can be finely tuned by varying the potential. Here, the electrochemical
mono-bromination was conducted on late-stage intermediates and drug molecules
such as cytidine, uridine, tenofovir, MK-4618, Sch48973 and MK-8457 in moderate
to excellent yields. The reactions were conducted under galvanostatic electrolysis
conditions in aqueous sodium bromide using acetonitrile as a co-solvent. Electrol-
ysis was performed in an electrochemical microflow cell with centrifugal pumps to
recycle the reaction mixture in both cells thereby increasing contact time with the
electrode surfaces. Tenofovir derivatives 65 are medications used to treat chronic
hepatitis B. The mono-brominated product 66 could be detected in a 35% yield using
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Fig. 29 Electrochemical late-stage mono-bromination of ‘decorated’ drug molecules [97]

the optimal conditions. Other more complex drug molecules were also tolerable, and
electrochemical bromination of MK-461818 gave the corresponding aryl bromide as
the major mono-brominated product. Interestingly, the mono-bromination of cyti-
dine was disclosed in a 78% yield. Despite the somewhat low to moderate yields, this
methodology can be applied to a diverse set of substrates to provide facile access to
brominated drug molecules. This, in turn, presents opportunities for further
functionalisation or use as precursors to produce tritium labelled material.

In 2019, Opatz et al. demonstrated the total synthesis of (—)-oxycodone via
anodic aryl—aryl coupling (Fig. 30) [98]. Oxycodone, sold under the brand name
OxyContin, is an opioid medication used for treatment of moderate to severe pain.
An extensive screening of reaction parameters comprising of temperature, current
density, reactant concentration and stoichiometry of an acidic additive was
disclosed. Their electrolysis was performed under constant current conditions in an
undivided flow cell, using a BDD anode in combination with a platinum cathode in
acetonitrile. Small amounts of aqueous HBF, as an acidic electrolyte were necessary
to prevent amine oxidation. BDD is often a superior choice for dehydrogenative
couplings and has emerged as powerful electrode material for numerous transfor-
mations [99]. A molybdenum anode, which was previously shown to be a suitable
material for the dehydrogenative coupling of oxygenated arenes, caused rapid
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passivation of the electrode surface. Exchanging the solvent from acetonitrile to
HFIP resulted in complex product formation. With the optimal electrolysis condi-
tions, diastereoselective anodic oxidation afforded the ring closed product 70 in a
respectable 67% yield. The remarkably selective anodic coupling was operationally
simple and almost reagent-free, which facilitated purification. Further
functionalisation afforded the desired drug oxycodone 71.

2.4 Flow Electrochemistry for Metabolic Studies

Electrochemistry has emerged as a powerful analytical technique for chemical
analysis of biologically active molecules and metabolites. Metabolism comprises
of all the redox and chemical reactions involved in the biotransformation of a drug
within the body [100]. Often, the toxicity of a new drug or of its metabolites is the
main reason most candidate drugs are removed from the development process, hence
a quick and facile analysis procedure would greatly speed up drug discovery. The
intrinsic redox properties of electrochemistry lend the technique as an ideal candi-
date to study drug metabolism, but it is much less developed compared to biological
methods. Predominantly, the first step towards elimination of compounds in vivo
occurs through first pass hepatic oxidation and this constitutes phase I metabolism.
For clarity, phase I metabolism consists of oxidative, reductive or hydrolytic reac-
tions that add a polar group or expose a previously masked polar group within a drug
[100]. The use of electrochemistry in this respect has yet to be fully realised. Key
advantages include (1) the study of drugs in a non-cellular environment which
simplifies purification and reproducibility, (2) the potential to synthesise metabolites
on a preparative scale and (3) the ability to gain mechanistic insight through well-
established analytical techniques, ie. cyclic voltammetry or
spectroelectrochemistry. Flow electrochemistry is highly desirable in this field
since many analytical techniques can be easily employed in an online manner
which negates the need for purification of such unstable intermediates.

On the whole, preparative electrosynthesis is not usually the main purpose of
these studies, however, a few studies exist. Herein, we discuss some interesting
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contributions to this area that exploit flow electrochemistry as a key synthetic tool to
present at least a flavour of the capability. A representative example was described
by Stalder and Roth who discuss the continuous flow electrosynthesis of the phase I
metabolites of several commercially available drugs (Fig. 31) [101]. The electrolysis
was performed in an electrochemical microreactor using a platinum cathode and a
carbon or platinum anode. Interestingly, phase II glutathione (GSH) adducts are also
shown to be synthetically accessible and isolable. Five drugs were used to investi-
gate the oxidative electrochemistry in flow: diclofenac, tolbutamide, primidone,
albendazole and chlorpromazine, whereby each drug was selected based on first
pass hepatic oxidation at unique metabolic sites. For any compound, the product
selectivity of electrochemical oxidation is governed by the most redox-active sites
on the molecule. The anthelminthic drug albendazole 80, depicted in Fig. 31, has two
phase I metabolites reported in vivo, which result from S-oxidation of the thioether:
the sulfoxide and the sulfone. Applying 1.5 equivalents of electrons afforded the
sulfoxide metabolite 81 in 38% yield after purification, with a reaction output of
65 mg/h. The product was confirmed by 'H NMR spectroscopy; the methylene
protons alpha to the S atom observed at 2.80 ppm spectrum of the product became
diastereotopic, whereby the newly formed S — O bond induced chirality. At higher
electron equivalents, a distribution of five by-products was observed by LC — MS.
This included a compound with a molecular ion mass of 298 (MH+), which
presumably corresponded to the sulfone metabolite. However, the high number of
by-products hindered isolation of any single compound. Also, chlorpromazine 78, an
antipsychotic medication, underwent S-oxidation upon electrochemical exposure.
The oxidation product was identified as the sulfoxide metabolite 79 which was
isolated in 83% yield with a reaction output of 33 mg/h. Diclofenac (DCF) 72, an
anti-inflammatory drug, is metabolised in the liver by aromatic hydroxylation of
either of its two phenyl rings para to the nitrogen atom. When treated to the
developed electrochemical conditions, depending on the concentration of sodium
bisulfite used, the product obtained is DCF-5-OH 73 or the quinone imine DCF-5-
QL. As a mild reducing agent, sodium bisulfite may have played an important role in
preventing overoxidation in the cell. Quinone imines are known to be first hepatic
metabolites, but they are considered toxic because of their electrophilicity
[102]. Since DCF-5-QI was stable enough to be isolated, its reaction with glutathi-
one was attempted targeting known conjugation metabolites of DCF. The continu-
ous flow technology excelled here because the output of the reactor could be directly
mixed with a flow of glutathione solution with minimal time for degradation. In
contrast, primidone 76, an anticonvulsant, underwent alkyl oxidation in the electro-
chemical flow cell. The metabolite phenobarbital 77, formed by oxidation of the
methylene linking the two amide nitrogens, could be isolated in a 24% yield after
electrolysis. A limited reaction output of 7 mg h™' was achieved due to the poor
solubility of the drug. Overall, the developed electrochemical flow cell was appli-
cable for a diverse array of substrates achieving moderate to excellent yields in all
cases. It is demonstrated that such metabolites could be synthesised by flow elec-
trolysis at the 10-100 mg scale and the purified products could be all fully
characterised.
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Kusu et al. disclosed the electrosynthesis of cholesta-4,6-dien-3-one from cho-
lesterol on a laboratory scale (Fig. 32). Here, the authors disclose one of the few
approaches encompassing a reference electrode into a flow cell for potentiostatic
experiments [103]. Using a flow-through column electrolysis system, the anodic
oxidation of cholesterol 82 was performed in a four-electron, four-proton process at
the applied potential of 1.9 V vs Ag/AgCl with a flow rate of 2.5 mL min~ ',
providing a green tool for the synthesis of cholesta-4,6-dien-3-one 83 in a 43%
yield. Although the product was obtained only on a mg scale, this was enough for
structural elucidation of the product and for in vitro biological experiments.

2.5 Automated Flow Electrosynthesis

Optimising chemical reactions and exploring the most efficient ways to produce
compounds for clinic testing and drug commercialisation can be tedious, time-
consuming and expensive. In this sense, technologies that enable greater automation
and more effective exploration of chemical space are highly desirable in drug
discovery efforts. One clear benefit here is the simplicity and automation of a
developed flow protocol as it could also be easier used by untrained personnel.
These approaches can be advanced by recent building block initiatives and ‘design
of experiment’ approaches could be used to rapidly define the parameter range of the
reactions. Here, integration of an online analytical technique, such as HPLC, would
allow real-time analysis. To make this process even broader and more efficient,
computational tools that harness the power of artificial intelligence and machine
learning could play a key role in facilitating the synthesis of previously inaccessible
compounds. Purification in automated synthesis is still a limiting factor that hinders
the potential for a fully automated platform. In this respect, flow electrochemistry
performed in the absence of reagents is ideal. Facile purification procedures are
easily recognisable and since these reactions are often high yielding, evaporation of
the solvent or simple recrystallisation for complete purification is feasible. Although
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Fig. 33 Automated flow-based electrochemical of OPA; (1) Injection of the modified MBs through
valve, (2) injection of the ALP labelled OTA and (3) injection of substrate to generate current signal
[104]

these methods support the automatisation of possible synthetic pathways, their use
has been limited so far.

Few examples of automated flow electrochemical chemical synthesis as a means
to drug discovery have been published. In this respect, this short section will cover
two fully automated platforms that although not directly applicable, demonstrate the
potential of the technique. Marty and co-workers reported the development of a
novel automated flow-based electrochemical aptasensor based on magnetic beads
(MBgs) for the online detection of ochratoxin A (OTA) in beer samples [104]. The
schematic representation of the automated synthesis is shown in Fig. 33.
Ochratoxins are the most dangerous mycotoxins found in food and beverages. The
system was designed by injecting functionalised MBs onto the surface of a screen-
printed carbon electrode (SPCE) integrated into a central flow cell and the device
was connected with a flow injection system. Here, MBs have been employed as a
solid surface for immobilisation because of their high surface area and ability to
accommodate high numbers of ochratoxins. Amperometric detection based on
competitive assays was performed for the sensitive and online detection of OTA.
The electrolysis was performed with a graphite working and counter screen-printed
electrode and an Ag/AgCl reference electrode employing direct and indirect com-
petitive strategies. The incorporation of the aptamer into flow device increased the
sensitivity of the system to determine OTA at low concentration in comparison with
batch protocols.

Selenium compounds have received substantial attention in medicinal chemistry,
especially in experimental chemotherapy, both as cytotoxic agents and adjuvants in
chemotherapy [105]. In 2020, Wirth et al. demonstrated an automated electrochem-
ical synthesis of organoselenium compounds (Fig. 34) [9]. The automation facili-
tated rapid optimisation of the electrolysis conditions followed by efficient synthesis
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Fig. 34 Automated electrochemical selenenylations by Wirth and co-workers [9]

of a large library of drugs in a fully autonomous fashion. The electrochemistry was
performed in a Vapourtec automated flow system with an integrated ion electro-
chemical microflow reactor under galvanostatic conditions [6]. Graphite was
employed as the anode and platinum was used as the cathode. Here, BuyNI served
as a mediator and could be used in sub-stoichiometric quantities. The authors predict
iodide is anodically oxidised sequentially to the iodine radical, then to the iodine
cation, i.e. T — I" — I*. Then, the iodine cation is thought to activate diphenyl
diselenide 86 by generating PhSel or PhSe™ that reacts with the substrate 84, and
finally the nucleophile 85 to form the desired products 87. Other diselenides such as
dibenzyl diselenide could also be used. The optimised electrochemical conditions
were tolerable to many different substituted styrene derivatives giving the desired
products in good to excellent yields. For disubstituted alkenes, however, no product
formation was observed. Large product diversification was possible because pri-
mary, secondary or tertiary alcohols, water, formic acid, acetic acid and
benzotriazole could all participate as the nucleophile. This methodology was also
expanded to intramolecular cyclisations and was found to be efficient to obtain a
variety of cyclised O-heterocycles in moderate to excellent yields (30-73% yield). A
large library of 54 molecules from electrochemical alkoxy- and aza-selenenylations
was obtained, ranging from intermolecular reactions to intramolecular reactions for
the synthesis of heterocyclic compounds in good to excellent yields. Finally, to
demonstrate the potential of the automated synthesis a gram-scale reaction was also
performed. 1.52 g of (2-methoxy-2-phenylethyl)(phenyl)selane could be obtained in
100 min, corresponding to an 87% yield. The convenience and efficiency of the fully
automated is undoubtedly appealing for industrial applications.

2.6 Conclusions

Electrochemistry is one of the oldest forms of reaction set-ups explored in a
laboratory and constitutes an extremely intimate way of interacting with molecules.
The history of electroorganic synthesis can be traced all the way back to the 1830s,
when Faraday used current to drive nonspontaneous organic reactions [106]. During
this period, fundamental electrolysis nomenclature was devised including anode,
cathode and even electrolyte. Even today, modern electrochemical cells bear the
same fundamental principles, whereby a power source is connected to a reaction
mixture through an electrode, where heterogeneous electron transfer events take
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place. The benefits of ‘reagent free’ synthesis was clear: the method was versatile, no
reagents meant the cost implications of the experiments could be reduced, and easy
tuning of electrolysis parameters meant exquisite selectivity could be imagined.

These early forays paved the way to modern electrochemistry. Nowadays, con-
temporary synthesis is focused on sustainable chemistry, more commonly termed
‘green’ chemistry, where the benefits of electrochemistry can clearly excel. The
replacement of heavily resourced toxic oxidants and reductants with just electrons
can drastically reduce the waste burden of organic synthesis, particularly in indus-
trial terms. Flow electrochemistry has received unprecedented attention in the last
few years and the development of commercially available platforms is on a growing
trend. Here, the intrinsic scalability of flow chemistry and the environmentally
benevolent properties of electrochemistry are combined, producing a highly superior
methodology. The extraordinary versatility and adaptability of the technique has
been demonstrated throughout this chapter, and the ever-growing interest in this area
is sure to advance the technique even further. Automated flow electrochemical
synthesis can be foreseen as the next big development in this field. The most
ambitious vision would integrate machine-learning algorithms, whereby new syn-
thetic strategies could be discretely ‘calculated’ and optimised in a fully autonomous
manner. These properties clearly lend themselves as highly desirable from a phar-
maceutical development and industrial perspective.

Although electrochemistry has yet to be fully resourced in industry, the advance-
ments in this technique are expanding fast. For instance, the commercial availability
of simple and easy to use electrochemical platforms is sure to facilitate its wide-
spread adoption.
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Abstract Enantioselective continuous-flow catalysis enables highly efficient syn-
thesis of optically active compounds. The early examples of this field were mainly
limited to homogeneous catalysis, and enantioselective heterogeneous flow catalysis
remained challenging in terms of activity, selectivity, and lifetime. However, there
have been continuous developments in recent years toward highly active and
selective chiral heterogeneous catalysts. Besides, technology development enabled
in-line workup and analysis of flow reactions to make the process more efficient.
This review summarizes the recent achievements of enantioselective flow catalysis
mainly focusing on chiral heterogeneous catalysts. Successful examples in recent
5 years are categorized and discussed based on the types of reactions, including
transition metal catalysis, organocatalysis, and enzymatic reactions. Multistep-flow
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synthesis of optically active compounds using enantioselective catalysis is also
discussed in the last chapter.

Keywords Chiral heterogeneous catalyst, Continuous flow, Enantioselective
catalyst, Flow reaction, Multistep-continuous flow catalysis, Sequential flow

1 Introduction

Continuous-flow synthesis offers significant advantages over conventional batch
synthesis in terms of efficiency, safety, and environmental compatibility. In general,
reactions in a confined space can achieve rapid mixing of reagents and heat transfer,
which provide ideal chemical reaction environments. Microflow photochemistry has
an additional benefit of high light intensity. The productivity can be easily controlled
by tuning flow parameters such as flow rate, concentration, and amount of reactor,
and sometimes one reactor can be adapted to operate from milligram to multi-
hundred gram-scale reactions. It also enables “on-demand” synthesis and
overproduction can be suppressed. Thanks to relatively small size of reactors,
hazardous chemicals can be employed, and the risk of accident can be minimized.
A recent development in flow technology enables various kinds of in-line operations
including quenching, separation, and monitoring of reactions. When combined with
Al technology, reaction automation and self-optimization can be achieved for simple
reactions and parameters.

Due to rapid developments in both chemistry and chemical engineering, flow
synthesis has been growing rapidly in recent years. In the field of enantioselective
catalysis, in particular, there have been significant achievements in both heteroge-
neous and homogeneous catalyses. One of the main aims of flow synthesis research
is to construct high productivity systems that can also be used for scaled-up
synthesis. However, some reports also emphasize that flow synthesis can be
employed for rapid construction of compound libraries by flashing different sub-
strates consecutively. This would be especially helpful in the field of medicinal
chemistry and drug discovery.

A lot of useful review papers have been published in recent years; therefore, this
review covers and summarizes reports on catalytic enantioselective flow reactions
published from 2016 to 2020, and the aim of this review is to provide a state-of-the-
art summary of enantioselective flow catalysis. The following sections are divided
into three parts: homogeneous catalysis, heterogeneous catalysis, and multistep-flow
synthesis. Each chapter is further categorized by the types of reactions.
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2 Homogeneous Catalysis

Homogeneous enantioselective flow reactions are a simple application of chiral
homogeneous catalysts in flow reactions. Although catalysts have to be introduced
continuously, recent technology enables in-line separation of catalysts and products,
and in-line recycling and reuse become possible. Moreover, conditions of batch
reactions can be directly transferred to flow reactions, which simplify investigations
of flow reactions. On the other hand, residence time is usually limited to less than 1 h
in most cases due to limitations in the size of the reactor, and only highly efficient
catalysts can be successfully applied for homogeneous catalysis in flow.

2.1 Hydrogenation and Hydroacylation

Transition-metal-catalyzed hydrogenation is one of the most frequently used asym-
metric reactions for the synthesis of optically active molecules. Thanks to the
extensive research efforts for the development of efficient metal catalysts, various
types of unsaturated compounds such as ketones, imines, and functionalized olefins
can be reduced to the corresponding alcohols, amines, and alkanes with high
enantioselectivity and excellent S/C (mol substrate/mol catalyst) ratio. The reaction
can be directly applied for continuous-flow reactions using homogeneous catalysts
because it does not require stoichiometric amounts of additives and produces no side
products in most cases. Use of compact flow reactors can improve safety issues in
large-scale production compared with batch reactors with respect to the use of
flammable hydrogen gas.

In 2015, the Jensen group developed a system for the continuous-flow asymmet-
ric hydrogenation of tetralone equipped with in-line catalyst recycling apparatus
based on nanofiltration (Scheme 1) [1]. They employed poly(ether ether ketone)
(PEEK) nanofiltration membranes’ filtration, which is suitable for the separation of
large molecules (200-1,000 amu) and is compatible with a wide range of solvents
and strong bases. The flow reaction was performed by feeding ruthenium-diamine/
diphosphine precatalyst, PPh;, KO'Bu, and substrate solution with H, gas into a
packed-bed reactor. The resulting solution containing the product and the catalyst
was passed through an in-line gas/liquid separator and a membrane separator. As a
result, the active catalyst with large amu was separated from the product and reused
continuously. In this system, the H, pressure was maintained over 2.76 MPa and
prevented decomposition of the active catalyst. Although the catalyst deactivation
could not be suppressed completely, TON of 4,750 with 93—-97% enantioselectivity
was achieved throughout the 24 h experiments by feeding in a small amount of fresh
precatalyst. Contamination of ruthenium in the product was less than 200 ppb and
99.6% of catalyst was reused, which indicates the high efficiency of the in-line
nanofiltration. This in-line separation/reuse of the unstable catalyst highlights the
advantage of continuous-flow reaction.
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Scheme 1 Asymmetric hydrogenation of tetralone using a system equipped with in-line catalyst
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Scheme 2 Asymmetric transfer hydrogenation by dynamic kinetic resolution

In 2019, Touge et al. at Takasago International Corporation developed a
continuous-flow asymmetric transfer hydrogenation by dynamic kinetic resolution
(Scheme 2) [2]. The flow reaction was performed by feeding methyl 2-acetamido-3-
oxooctadecanoate, HCOOH, NEt;, and the catalyst in THF into a pipes-in-series
reactor. Under the optimized reaction conditions, the reaction was performed in a
100 L reactor with 0.1 mol% of the ruthenium-diamine catalyst to produce 77.4 kg of
the product with 97% ee and 69% de. It should be emphasized that higher conversion
was observed than under batch conditions under the same reaction/residence time.
The authors concluded that efficient removal of CO,, which was generated as a
by-product of the reaction, can improve the conversion. Several-step transformation
under the batch conditions gave their target bioactive molecule (p-erythro-CER
[NDS]) with perfect diastereoselectivity and enantioselectivity.
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Scheme 4 Asymmetric hydrogenation of methyl acetoacetate

In the same year, the Kluson group developed a continuous-flow asymmetric
hydrogenation system using a microfluidic chip reactor (Scheme 3) [3]. The flow
reaction was performed by feeding 4-chloro-acetoacetate and the ruthenium-BINAP
catalyst in [Ng 222][TfoN]/MeOH/water cosolvent with H, gas at 20 bar into
5-19.5 pL chip reactors. The authors identified that the use of ionic liquid as a
third cosolvent was crucial to improving enantioselectivity. To calculate the activa-
tion energy of the reaction, an Arrhenius plot was constructed using the microfluidic
chip reactor. The residence time was precisely controlled by adjusting the flow rate
of the solution. The microflow reactor enabled the collection of the product using
microscale amounts of materials.

More recently, the same group further expanded this chemistry for the
continuous-flow asymmetric hydrogenation of methyl acetoacetate (Scheme 4)
[4]. In this report, they examined the structure of the ionic liquid and found that
the reaction mixture becomes biphasic after cooling the temperature using an ionic
liquid with long alkyl chain without loss of enantioselectivity. Moreover, the authors
found that the reaction mixture became biphasic and the product dissolved in the
MeOH/water phase while >90% of Ru-BINAP catalyst remained in the ionic liquid
phase. Unfortunately, reuse of the recovered catalyst resulted in decreased conver-
sion, although enantioselectivity was maintained.

Along with the development of flow asymmetric hydrogenation, flow asymmetric
hydroformylation was reported by the Landis group in 2016 (Scheme 5) [5]. One of
the challenges of hydroformylation under flow conditions is achieving the efficient
mixing of gaseous reagent with a solution. This aspect is crucial for this transfor-
mation because the liner/branch selectivity and enantioselectivity are reported to be
sensitive to CO pressure. To address this issue, the authors employed a pipes-in-
series reactor, which is known to be suitable for gas-liquid phase reactions with long
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Scheme 5 Asymmetric hydroformylation

residence times. The flow reaction was performed by feeding 2-vinyl-6-
methoxynaphthalene and Rh-diphosphine catalyst in toluene with H, gas into a
pipes-in-series reactor. Under the optimized reaction conditions with 1,500 S/C
ratio, the reaction was continued for a total 130 h and the target compound was
obtained in excellent yield and selectivity. It should be noted that almost the same
levels of conversion, liner/branch selectivity, and enantioselectivity were obtained as
under batch conditions, which suggests efficient mixing under flow conditions.

2.2 Oxidation Reactions

In 2016, the Gao group developed a flow asymmetric sulfoxidation system with
chiral Mn(II) catalyst (Scheme 6) [6]. The flow reaction was performed by feeding
sulfide, H,O,, adamantane carboxylic acid, and catalyst in MeCN and ‘PrOH into a
microflow reactor. The authors found that the reaction/residence time could be
significantly decreased compared with batch conditions due to the efficient mixing
and heat transfer while maintaining yield and enantioselectivity. Under the opti-
mized conditions, the reaction was completed within 2 min using only 0.35 mol% of
the catalyst. The reaction showed a broad substrate scope and reactions completed
within 1 min residence time in some substrates. Interestingly, the authors developed
a microreactor system with four microreactors working in parallel. This system
ensures efficient mixing and heat transfer with high productivity, and 5 g of product
was obtained in 20 min continuous-flow reaction. This parallel micro reactor also
improved the safety of the procedure.
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Scheme 7 Asymmetric intermolecular Buchner ring expansion
2.3 Other Types of Reactions with Transition-Metal Catalysts

In 2017, the Beeler group developed Rh(I) dimer catalyzed flow asymmetric
intermolecular Buchner ring expansions (Scheme 7) [7]. The flow reaction was
performed by feeding ethyl diazoacetate, arene, and Rh catalyst in DCE into a
tube reactor. The yield and enantioselectivity was highly dependent on the structure
of both substrates, but moderate yield with excellent enantioselectivity was observed
for most of the substrates with 0.5 mol% of catalyst and 20 min of residence time.
Interestingly, the authors found that the reaction under batch conditions gave
decreased regioselectivity compared with that under flow conditions. The authors
concluded that heat generated from the exothermic reaction increased the reaction
temperature under batch conditions at the initial stage of the reaction to decrease the
selectivity, and efficient heat transfer under flow conditions kept the reaction
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temperature constant throughout the reaction. This observation highlights one of the
advantages of flow reactions.

In 2020, the Xu group developed flow asymmetric fluorination of B-keto esters
(Scheme 8) [8]. The flow reaction was performed by feeding -keto ester, NFSI, and
Cu(II)-BOX catalyst in THF into a microflow reactor. Under the optimized reaction
conditions, the reaction completed within 30 min with 1 mol% catalyst. The reaction
demonstrated a broad substrate scope, with excellent yield and excellent
enantioselectivity. The authors also succeeded in a gram-scale synthesis using the
same reactor without loss of either activity or selectivity.

2.4 Other Types of Reactions with Organocatalysts

In 2016, Luisi et al. developed Corey—Bakshi—Shibata (CBS) reductions in
microreactor-flow systems (Scheme 9) [9]. The safety of the process regarding the
use of hazardous BHj reagent could be improved by using a microflow reactor.
In-line monitoring of the reaction by IR measurement allowed automation of the
reaction, and it was found that the reaction was completed in 10 min with 8§ mol%
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Scheme 10 Enantioselective 1,4-addition of 1,3-diketone to nitro olefin

catalyst. Under the optimized reaction conditions, various kinds of aryl ketones were
reduced to the corresponding alcohols in good yields and enantioselectivity. Finally,
the authors successfully integrated the microflow reactor and in-line workup and
separation units. The resulting solution was quenched by the in-line addition of ethyl
acetate and water, and over 90% of the desired product was recovered after in-line
liquid-liquid separation.

In 2019, Kupai and Szekely et al. developed enantioselective 1,4-addition of
1,3-diketones to nitro olefins with recyclable H-bonding catalysts under continuous-
flow conditions (Scheme 10) [10]. The active squaramide catalysts were covalently
attached on the cyclodextrin. The prepared catalysts were introduced into a coiled
tube plug reactor together with substrates, and the outlet was connected to an in-line
membrane nano-filter system. The product was allowed to pass through the mem-
brane and recrystallized in the permeance. On the other hand, the catalyst stayed in
the solution, which allows in-line catalyst and solvent recycling. As a result, the
product was obtained in a stable, high yield for over 24 h continuously without
external addition of catalyst during the flow reaction. Under the optimized reaction
conditions, productivity reached 80 g L™' h™', with excellent enantioselectivity.

In 2019, Groger et al. developed the first asymmetric organocatalytic reaction
with hydrophobic substrates in aqueous medium under flow conditions (Scheme 11)
[11]. The biggest challenge facing the development of flow reactions in aqueous
medium is the solubility of substrates and catalyst. To solve this problem, the authors
investigated extensively the solvent system and found that the use of a buffer/2-
propanol system dissolved both organocatalyst and aromatic aldehyde sufficiently.
The authors also investigated the effect of reactor size and flow rate and found that a
higher flow rate and longer residence time improved the conversion of the reaction.
They rationalized that higher flow rate led to more efficient mixing, which leads to a
higher TOF of the catalyst. Under the optimized reaction conditions, the flow
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Scheme 12 Combination of new technologies of flow reaction and machine-learning

reactions could achieve almost the same level of conversion and enantioselectivity as
in the batch reaction.

In 2019, Washio, Takizawa, and Sasai et al. combined the new technologies of
flow reaction and machine-learning to identify the best reaction conditions with a
minimum number of reactions for multi-parameter screening (Scheme 12) [12]. As
flow reactions have more individual parameters such as flow rate and reactor size
than batch reactions, the conventional optimization process, which is to vary the
reaction parameters individually while keeping the others constant, requires signif-
icant effort. To overcome this problem, they focused on machine-learning as a robust
and reliable tool to achieve efficient optimization. Particularly, the authors employed
Gaussian process regression (GPR), which is a kernel-based statistical learning
algorithm. Their target reaction was the organocatalyzed Rauhut—Currier reaction
and [3 + 2] annulation sequence. Due to the high complexity of this domino reaction
and various possible side reactions, the optimization under batch conditions resulted
in only 20% yield, albeit with high selectivity. To further improve the yield, the
authors employed machine-learning in flow reaction. As a result of machine-
learning, by changing the flow rate, reaction temperature, and stoichiometry of
reagents, the yield could be improved to 76% yield with 94% ee. The optimized
conditions could be applied for various substrates, and this demonstrated the power
of machine-learning.
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Scheme 13 Enantioselective photooxygenation of 1,3-dicarbonyl compound

In 2019, Meng et al. developed enantioselective photooxygenation of
1,3-dicarbonyl compounds in a flow photoreactor (Scheme 13) [13]. There are
several challenges for scaling-up photoreactions under batch conditions due to the
attenuation effect of photon transport according to the Bouguer—-Lambert—Beer law.
Microflow photoreactor can solve this problem; however, most of the reported
examples are limited to the synthesis of achiral compounds. In this report, the
authors took on the challenge of a more complex reaction environment, which is
the combination of photocatalyst and phase-transfer catalyst involving gas—liquid—
liquid tri-phasic catalysis. After optimization under batch conditions, a flow reaction
was investigated using a flow photoreactor. It was shown that the microflow reactor
could realize this complex reaction, and residence time could be reduced from 8 h in
batch to 0.89 min in flow reaction without significant loss of either yield or
enantioselectivity. In the same study, they revealed that their cinchona-derived
phase-transfer catalyst could also work as a photocatalyst and performed a flow
reaction without the external addition of photocatalyst [14].

3 Heterogeneous Catalysis

Enantioselective flow reaction with heterogeneous catalysts is the most efficient
method to prepare optically active compounds. In an ideal system, the target
products can be obtained continuously in pure form by simply flowing substrates
in a catalyst column. In reality, however, there are many challenges facing the
realization of such an ideal system. The major problems in this field are catalyst
activity, selectivity, and durability. Even highly active and selective catalysts often
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show inferior catalytic activity when they are heterogenized. This is mainly because
solid supports usually have a detrimental influence on original catalysts, and chem-
ical modification of an original catalyst for immobilization typically also decreases
performance. The durability of homogeneous catalysts is often ignored; however, it
becomes an important parameter for flow heterogeneous catalysts. To overcome
these difficulties, chemists have devoted much effort to the development of novel
and efficient heterogeneous catalysts. For example, covalent-bond immobilization
onto solid supports such as polystyrene or silica has been a main strategy, but new
immobilization methods that do not rely on such a covalent bond have been
developed. For some catalysts, binding to support actually has a positive effect;
indeed, sometimes catalytic performance can exceed original homogeneous cata-
lysts, which indicates that supports are no longer just a solid phase.

3.1 Hydrogenation and Hydroformylation

In 2019, Suarez and Godard et al. developed heterogeneous Rh catalysts
immobilized on carbon materials by =m-m stacking for enantioselective
hydroformylation of norbornene (Scheme 14) [15]. First, chiral diphosphate ligands
derived from furanose were examined under homogeneous batch conditions, and the
best ligand gave good activity with 144 TOF and 71% enantioselectivity. For
immobilization onto carbon material, the pyrene group was introduced to the ether
group of the furanose, and this new ligand showed slightly decreased activity and
selectivity compared with pyrene-free ligand. After the complex formation with
cationic Rh precursor, the complex was immobilized on carbon materials simply
by mixing it in an organic solvent. The choice of organic solvent was crucial for
achieving efficient immobilization, and a polar solvent such as ethyl acetate gave
good loading efficiency. Three kinds of carbon materials such as MWCNT, reduced-
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Scheme 14 Heterogeneous Rh catalysts immobilized on carbon materials by n-r stacking
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graphene oxide, and carbon black were employed and evaluated under batch and
continuous-flow conditions. Comparison between batch and flow conditions
revealed that much higher enantioselectivity was observed under the flow condi-
tions. It is known that enantioselectivity of hydroformylation is highly dependent on
the gas pressure, and efficient mass transfer under flow conditions may contribute to
the improved enantioselectivity. However, deactivation of the catalyst was observed
after 60 min, while enantioselectivity was maintained. It was found that higher
pressure and CB support was effective in prolonging the lifetime of the catalyst,
and, finally, 360 min of flow reaction was performed using the best catalyst to give
28-35% of target product in 70% ee. However, 31% of Rh was leached after 360 min
of flow reaction.

In 2015, Francio and Leitner et al. developed a heterogeneous Rh catalyst with
supported ionic liquid for the enantioselective hydrogenation of enol esters (Scheme
15a) [16]. Supported ionic liquid phase (SILP) can be easily prepared by simply
mixing IL with a porous material such as silica and can be used as an effective
support for cationic metal complexes due to the strong electrostatic interaction. The
authors especially focus on the use of supercritical CO, (scCO,) as a mobile phase
because the metal complex stays on the SILP. First, the best chiral ligand and the
ionic liquid were determined by investigations with homogeneous catalysts. It was
revealed that the use of NTf, anion was crucial to achieving high enantioselectivity
and activity. The catalyst was also employed in flow conditions and demonstrated
excellent catalyst activity. The catalyst maintained its activity for more than 211 h
with 90% conversion and 84% ee. As a result, total TON reached up to 70,400 and
the leaching of Rh was under the detection limit. This immobilization method was
further studied for the synthesis of a key intermediate of API by the same group. In
this report, they faced the challenge of the asymmetric hydrogenation of enamide,
which is insoluble in scCO,. To improve the solubility, modified CO, (modCO,),
which is a mixture of scCO, and organic solvent, was employed and demonstrated
the good solubility and compatibility with SILP (Scheme 15b) [17]. After the
organic solvent screening, toluene was found to be the best solvent to maintain the
enantioselectivity and prevent Rh leaching, while significant leaching and decreased
catalytic performance were observed using methanol or DCM as organic solvent.
The catalyst retained activity and selectivity for 90 h of continuous-flow reaction,
and TON was over 10,000.

The same group employed another immobilization method of Rh complex and
developed enantioselective hydrogenation for the synthesis of the key intermediate
of an API (Scheme 16a) [18]. The immobilization method, called Augustine’s
method, employs Al,O; immobilized heteropoly acid as a heterogeneous counter
anion. The cationic Rh complex was simply immobilized by mixing the Rh complex
with support material. The catalyst was evaluated in flow conditions and showed
excellent activity and 99% ee. The catalyst retained activity for 18 h and total TON
was 7,700. The heterogeneous Rh catalyst immobilized by Augustine’s method was
also studied for the asymmetric hydrogenation of itaconate by Bakos et al. in 2018
(Scheme 16b) [19]. The immobilization was also effective for the Rh complex with
monophosphate ligands. The catalyst showed a TOF of 80 under flow conditions to
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Scheme 15 (a) Heterogeneous Rh catalyst with supported ionic liquid. (b) Heterogeneous Rh
catalyst with supported ionic liquid with mixed scCO,

give >99% conversion with 92-99% ee. However, catalyst deactivation was
observed after 380 min and total TON was 509 after 680 min flow reaction.

In 2020, Kobayashi et al. developed a new immobilization method for the
cationic Rh complex using noncovalent interactions, for the enantioselective hydro-
genation of enamides (Scheme 17) [20]. The authors employed amine-functionalized
mesoporous silica as a support for heteropoly acids using acid—base interactions, and
Rh complexes were immobilized through electrostatic interactions by simply mixing
them with heteropoly acid anchored support. The authors demonstrated that the new
support has a much higher catalyst lifetime than those of catalysts prepared by
conventional Augustine’s method. The use of KIT-6, which is a mesoporous silica,
was also important to achieve high catalytic activity and robustness. Under the best
conditions, various kinds of enamides could be converted into chiral amides in flow
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(b) Asymmetric hydrogenation of itaconate

conditions with TOF of 120 and TON of 2,640. The authors also demonstrated the
tunability of chiral ligands to achieve selective hydrogenation with challenging
substrates. Finally, lifetime experiments showed that the catalyst remained active
for 90 h with a TON of 10,000 in total.

In 2019, Kobayashi et al. developed polystyrene immobilized Ir catalyst com-
bined with homogeneous chiral phosphoric acid (CPA) -catalyst for the
enantioselective asymmetric hydrogenation of imines and reductive amination
(Scheme 18) [21]. The chiral diamine ligand was immobilized by the copolymeri-
zation of styrene tagged diamine, polystyrene, and DVB. The heterogeneous catalyst
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was evaluated under batch conditions in the presence of a homogeneous CPA
catalyst. It was found that the distance between styrene tag and diamine unit has
an effect on both activity and selectivity, and the introduction of a spacer improved
the catalyst performance. The catalyst showed high activity under flow conditions
for 50 h without significant loss of activity and selectivity with a TON of 200, and
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hydrogen pressure could be decreased compared with batch reaction, emphasizing
the effectiveness of mass transfer in flow conditions. It should be noted that a
homogeneous CPA catalyst could also be recovered by insertion of a basic resin
column at the end, and it could be reused without loss of activity. The catalyst could
also be employed for enantioselective reductive amination.

In the same year, heterogeneous Ir catalyst covalently immobilized on a diamine
ligand was also studied by Blacker et al. for the asymmetric transfer hydrogenation
of ketones (Scheme 19) [22]. The diamine ligand tagged with alkyl triflate was
immobilized on the Wang resin by the Sy2 reaction and evaluated under batch and
flow conditions. It was found that ligands with a shorter spacer had a longer lifetime
than catalysts with longer spacers, and the catalyst maintained the activity for 5 days
by the use of 5 mol% KO'Bu, while deactivation was observed after 60 h by the use
of 3 equivalents of NEt;. On the other hand, stable and higher ee were accomplished
by the use of NEt;.

3.2  Organocatalysis

Various kinds of efficient chiral organocatalysts have been developed such as the
MacMillan catalyst, Hayashi—Jorgensen catalyst, Akiyama—Terada catalyst, and
thiourea catalyst [23]. Now, asymmetric organocatalysis holds a central position in
asymmetric catalysis and has become one of the most powerful tools to synthesize
chiral compounds. Thanks to their stability and non-metallic easily modifiable
nature, various covalent immobilization methods of active species onto solid sup-
ports have been developed. Especially, post modification of functionalized polysty-
rene resins has become a common technique. In the last 5 years, much effort has
been devoted to expanding the scope of catalysts and types of catalysis.
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3.2.1 Enamine-Iminium Catalysis

In 2015, Fulop et al. developed continuous-flow enantioselective a-amination of
aldehydes with solid immobilized dipeptide catalysts (Scheme 20) [24]. First, poly-
styrene immobilized dipeptides having proline and acidic amino acids units were
prepared by a well-established solid-phase peptide synthesis method. The prepared
catalysts were evaluated under batch conditions, and Pro-Asp dipeptide was found to
be the best catalyst in terms of enantioselectivity. The authors further investigated
the flow conditions and found that both equivalence of aldehyde and flow rate
affected both conversion and enantioselectivity significantly, which was rationalized
by the epimerization induced by the catalyst. It should be noted that conventional
batch reactions do not allow precise control of reaction time and, indeed, resulted in
lower enantioselectivity than achieved under flow conditions. It was also demon-
strated that backpressure affected the conversion. It was established that flow
reactions are under diffusion control, and that swellable supported catalysts and
high pressure improve the mass transfer into the polymer matrix. Under the opti-
mized reaction conditions, TOF reached 5.38-6.25 h™! and activity was maintained
for over 20 h of flow reaction giving 3.48 g of target product in 81% yield with
88-92% ee.

In 2015, Pericas et al. developed polystyrene-supported amino quinine deriva-
tives for asymmetric 1,4-addition of ethyl nicotinate to unsaturated ketones under
continuous-flow conditions (Scheme 21) [25]. The active amino cinchona alkaloids
were immobilized onto polystyrene by copper-catalyzed alkyne-azide cycloaddition.
Prepared catalysts were first examined under batch conditions and a quinine derived
catalyst was found to give the best enantioselectivity. The choice of solvent was also
crucial due to the swelling of polystyrene, and chloroform was selected as the
optimal solvent. With the best catalyst in hand, the continuous-flow reaction was
examined. The catalyst demonstrated excellent enantioselectivity under flow condi-
tions within 40 min of residence time, resulting in the formation of 12.9 mmol of the
desired product with TON of 32 for 21 h reaction. The authors also succeeded in the
preparation of a library of chiral compounds aimed at the lead discovery. Under the
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Scheme 20 Enantioselective a-amination of aldehyde with solid catalyst
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optimized flow conditions, five kinds of products were prepared by combination of
different enones and nucleophiles. Each solution was circulated through the system
for 2 h with 50 pL/min flow rate. As a result, products were obtained in 85-99% ee
with TOF of 1.4-3.2.

The lifetime of heterogeneous catalysts remains as a big issue facing the realiza-
tion of sustainable flow synthesis. The same group addressed this point and devel-
oped a robust enamine catalyst for continuous-flow reaction in 2015 (Scheme 22)
[26]. It is known that the immobilized Hayashi—Jorgensen catalyst is gradually
deactivated during recycling experiments due to the desilylation of TMS ether. To
overcome this point, a robust homogeneous catalyst was developed by Gilmour et al.
by the replacement of TMS ether with F substitution. It was found that such a
catalyst was much more robust than the original catalyst without significant loss of
selectivity. Therefore, the authors investigated the immobilization of the fluorinated
catalyst for 1,4-addition of aldehydes to nitro styrenes. As a result, the polymer-
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Scheme 23 Anchor effects in asymmetric cyclopropanation

supported catalyst demonstrated excellent activity and selectivity under batch con-
ditions. Recycling experiments reveal that the catalyst remained active until the
eighth run, although gradual deactivation was still observed. Control experiments
revealed that deactivation was caused by the oxidation of enamine intermediate by
oxygen from the air. Therefore, the authors decided to employ continuous-flow
conditions, which can minimize the contact with air. As expected, the catalyst
maintained its activity for more than 13 h and TON reached over 60 without loss
of enantioselectivity. Library construction was also performed using different sub-
strate solutions and the same catalyst column.

The same group also investigated the effect of anchoring strategy and the type of
polymeric support for the catalyst activity. Asymmetric cyclopropanation was
selected as a model reaction and several types of immobilized Hayashi—Jorgensen
catalysts were evaluated under continuous-flow conditions [27]. Notably, significant
activity and selectivity differences were observed for each catalyst. As a general
tendency, the monolith catalyst showed lower activity but slightly higher selectivity.
Immobilization through the diaryl part resulted in lower activity, probably due to the
close distance between support and active site (Scheme 23).
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Substrate scope was investigated using 1R as the heterogeneous catalyst for the
construction of the product library. Different substrate solution was flowed into the
reactor every 6 h using the same catalyst column. The resulting product solution
could be directly connected to flow HWE reaction without any purification.

In 2018, Escrich and Pericas et al. developed immobilized cis-4-hydroxy
diphenylprolinol silyl ethers for tandem 1,4-addition and cyclization reactions
(Scheme 24) [28]. trans-Hydroxy proline was conventionally used for the immobi-
lization of proline and its derivatives due to its availability. However, the author’s
group discovered that cis-Hydroxy proline derivatives demonstrated higher activity
and selectivity compared with the corresponding trans-proline derivatives. Accord-
ingly, cis-4-hydroxy diphenylprolinol silyl ethers were immobilized onto polysty-
rene polymer. The activity and selectivity were evaluated for tandem aza-Michael
and cyclization reaction and showed that a cis-configured catalyst demonstrated
higher activity and selectivity than the frans-configured catalyst. The catalyst was
also employed for the rapid preparation of chiral building blocks under flow condi-
tions. Ten types of optically active products were prepared by passing solutions of
different aldehydes and hydroxylamines through the catalyst column. Total TON
reached 134 and, remarkably, the catalyst maintained its activity for a period of
2 months without apparent deactivation.

The similar cis-prolinol silyl ether catalyst was further examined by Ochiai and
Nishiyama et al. in 2020 [29]. 1,4-Addition of aldehyde to nitro alkene was studied.
The catalyst was prepared by the copolymerization of styrene substituted 4-hydroxy
prolinol silyl ether monomer, styrene, and DVB. The prepared catalysts were
evaluated under batch conditions and it was found that a cis-configured catalyst
showed higher activity and selectivity than the corresponding trans-catalyst. The
catalyst was even more selective than a homogeneous catalyst, although decreased
activity was observed. The catalyst was also employed under flow conditions,
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showing the high stereoselectivity. However, catalyst deactivation started just after
the flow reaction started.

In 2019, Torre, Rivera, and Paixao et al. reported the polyfurfuryl alcohol
immobilized peptide catalysts for asymmetric 1,4-addition of aldehydes with nitro
olefins (Scheme 25) [30]. Polyfurfuryl alcohol is derived from renewable resources
such as biomass and, therefore, is compatible with the principles of green chemistry.
The catalytically active proline was coupled with furfuryl amine or isocyanide via
Ugi four-component reactions. The obtained peptide with furyl functionality was
further polymerized with furfural with TFA catalyst. The prepared material was
thermally stable up to 100°C, but started to degrade at 100-300°C. The prepared
catalysts were evaluated under batch conditions. It was revealed that the catalysts
were compatible with both hydrophilic and hydrophobic solvents, and it also showed
activity in water solvent. The catalyst also worked under flow conditions. The
catalyst maintained its activity during a 24 h reaction, giving 74% ee with up to
50% conversion. However, catalyst deactivation was observed after 24 h, while
stereoselectivity was maintained.

A novel type of chiral primary amine catalyst was developed by the same group in
2017 for asymmetric Robinson annulation (Scheme 26) [31]. A f-leucine derived
1,2-diamine was chosen as a target catalyst for immobilization, based on reported
homogeneous catalysis. A novel immobilized catalyst was synthesized in six steps
starting from #-leucine and evaluated for Robinson annulation. During the optimi-
zation of reaction conditions, the authors revealed that the activity of a heteroge-
neous catalyst depended significantly on the reaction temperature and that the
reaction completed within 1 h at 55°C. Interestingly, such temperature dependence
was not observed using a homogeneous catalyst, and lower activity was observed. It
was suggested that the nonpolar environment of the polymer had a positive effect on
catalyst activity and that higher temperature enhanced the mass transfer in the
polymer matrix. Continuous-flow catalysis was performed using meso triketones
formed in situ because vinyl ketones were found to be a catalyst poison due to
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Scheme 26 Asymmetric Robinson annulation

aza-Michael addition reaction. Eight types of chiral diketones could be synthesized
in moderate to good yield with good enantioselectivity.

3.2.2 Chiral Phosphoric Acid

BINOL derived chiral phosphoric acid (CPA) catalysts, which are commonly known
as Akiyama-Terada catalysts, developed independently in 2004, have been revealed
to be highly active, highly selective, and robust chiral Bronsted acid catalysts. They
can activate imines, aldehydes, and a,p-unsaturated carbonyl compounds by proton-
ation and, at the same time, create an ideal chiral environment for enantioselective
catalysis. Over the last 5 years, there have been significant advances in the field of
flow CPA catalysis, although there are few reported examples.

One example of heterogeneous CPA catalysis is asymmetric allylboration of
aldehydes reported in 2016 from Pericas group (Scheme 27) [32]. In this report,
the preparation method of heterogeneous catalysts was improved by changing the
anchor structure. Using the same intermediate for the preparation of homogeneous
catalysts, bromination at the 6,6'-position followed by Suzuki-Miyaura coupling
afforded the styrene introduced BINOL. It was then copolymerized with styrene and
DVB to obtain chiral BINOL immobilized polymer. Finally, postfunctionalization of
PS-BINOL with POCI; gave the heterogeneous CPA catalyst (PS-TRIP). The
heterogeneous catalyst was found to be a highly active and selective catalyst under
both batch and continuous-flow conditions. Especially, no catalyst deactivation was
observed during 28 h, and the target product was obtained in excellent yield and
selectivity, with a TON of 282.

In 2017, Liu and Cui et al. developed metal-organic framework incorporated
chiral phosphoric acid catalysts for enantioselective alkylation of indoles (Scheme
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Scheme 28 Metal-organic framework incorporated chiral phosphoric acid catalyst for
enantioselective alkylation of indole

28) [33]. MOFs have some attractive features such as well-defined and controllable
nanostructure and high surface area. Therefore, it is a promising material, especially
for heterogeneous chiral catalysts. For the preparation of MOF material, organic
linkers with biphenyl phosphoric acid as an active site were designed and synthe-
sized. Prepared linkers were reacted with MnCl, to form MOFs with Mn,(CO,)4-
(PO4)(H,0), as an edge structure. The prepared materials have high thermal stability
as well as large surface area. On the other hand, it was revealed that substituents on
the linker had a significant impact on chemical stability. MOFs with a larger linker
maintained the structure even upon treatment under basic conditions for 24 h, while
other MOFs lost the crystallinity under aqueous conditions. The prepared heteroge-
neous catalysts were evaluated for enantioselective Friedel-Crafts alkylation of
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indoles with unsaturated keto ester. The catalyst with the larger linker had the highest
activity and enantioselectivity, and even showed higher performance than with a
homogeneous linker, which indicates the important role of the MOF structure. The
MOF catalyst also showed excellent activity under continuous-flow conditions. The
catalyst showed slightly higher activity but decreased selectivity compared with
batch conditions. It was rationalized that substrate channeling may improve the
diffusion, while silica, used for packing, may be unfavorable for the active site.
The system could be reused seven times of each 24 h run without loss of activity or
enantioselectivity.

3.2.3 Other Types of Organocatalysis

In recent years, several other types of organocatalysts have been adapted to hetero-
geneous systems and applied for continuous-flow catalysis. Such examples are still
limited compared with enamine catalysis or CPA catalysis, but provide a new and
unique methodology to synthesize chiral molecules.

In 2015, the Pericas group were the first to develop a polymer immobilized
benzotetramisole catalyst as a Lewis base catalyst for flow reaction (Scheme 29)
[34]. The catalyst could be prepared from enantiopure alkynyl epoxy ether in four
steps and immobilized on Merrifield resin by Huisgen cyclization. The prepared
catalyst was evaluated for domino Michael addition/cyclization reaction between
acid anhydride and o,f-unsaturated imines. It was revealed that stoichiometry of
PivCl was crucial to prevent the catalyst deactivation, and, interestingly, demon-
strated higher diastereoselectivity compared with a homogeneous catalyst.
Continuous-flow catalysis was performed using a solution of in-line formed mixed
anhydride. In-line quenching and the inclusion of a liquid-liquid separator allowed
continuous production and collection of the crude organic phase. The target product
was obtained in 70% yield with >99% ee with a TON of 22.5.

In 2017, the Puglisi group developed heterogeneous N-picolylimidazolidinines as
anew class of chiral heterogeneous Lewis base catalysts (Scheme 30) [35]. The same
group previously discovered that N-picolylimidazolidinines could act as asymmetric
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Scheme 29 Polymer-immobilized benzotetramisole catalyst
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hydrosilylation catalysts for imines, and they succeeded in heterogenizing their
catalysts for continuous-flow reaction in this report. Three heterogeneous catalysts
could be prepared from tyrosine and immobilized on different supports and different
anchors. The catalysts were evaluated for the asymmetric hydrosilylation of a
ketimine under batch conditions. It was found that polystyrene-supported catalyst
showed higher activity and selectivity than silica-supported catalysts. Especially, the
triazole-anchored catalyst showed significantly lower selectivity. The best catalyst
was also applied for a continuous-flow reaction. Although activity remained excel-
lent and constant, a decrease in enantioselectivity was observed over time. The cause
of deactivation was suggested to be partial degradation of the imidazolidinone ring.

Hydrogen-bonding organocatalysts have gained attention as robust acid/base
catalysts. Unlike enamine catalysis, they do not make a covalent bond with the
substrate; therefore, the undesired catalyst decomposition pathway can be mini-
mized. Such a feature is also attractive for those who investigate heterogeneous
catalysts because stability is a key factor in the development of efficient and
recyclable catalysts. The Pericas group developed the first heterogeneous thiourea
catalyst as a representative H-bonding catalyst and employed it for the asymmetric
amination reaction of 1,3-dicarbonyl compounds (Scheme 31) [36]. Their group
often uses Huisgen cyclization as an anchoring reaction to immobilize the active site
and polystyrene. However, the initial investigation revealed that the heterogeneous
thiourea catalyst prepared by such protocol delivered inconsistent results. The
authors reasoned that Cu contamination during Huisgen cyclization was an issue
and prepared the triazole-free thiourea catalyst. As expected, the newly prepared
catalyst showed excellent activity and selectivity for a-amination of 1,3-dicarbonyl
compounds. Although deactivation was observed during recycling experiments, the
authors identified that the deactivation was caused by partial protonation of tertiary
amine rather than degradation of thiourea part, and the catalyst could be reactivated
by amine treatment. Therefore, continuous-flow catalysis was performed in the
presence of a catalytic amount of triethylamine to minimize catalyst deactivation
and to enhance reactivation. As a result, the catalyst remained active for 7.5 h
operation with >90% enantioselectivity.
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The same group further improved the immobilization protocol in 2016 (Scheme
32) [37]. In this report, they tried to avoid the use of expensive CF5 substituted
carboxylic acid linker as well as the use of Huisgen cyclization. Chiral squaramide
was chosen as a target H-bonding catalyst, and immobilization was performed in a
similar manner to that of a previous thiourea catalyst. Prepared catalysts were
evaluated for the 1,4-addition to nitro styrenes. Interestingly, it was found that the
CF; group on the linker has little impact on catalyst performance, and simple
4-carboxylate worked as a sufficient linker. Further increase in catalyst performance
was achieved by introducing a longer linker between the active site and the polymer
backbone. Continuous-flow catalysis was examined using the best catalyst, and
excellent activity and selectivity were observed without any deactivation. Further-
more, the resulting product solution could be connected to base-mediated
oxy-cyclization reactions to synthesize chiral pyranonaphthoquinones in a
stereoselective manner.
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Asymmetric NHC catalysis provides a new and non-conventional synthetic
strategy to produce chiral molecules due to its umpolung nature. The Massi group
reported the first asymmetric heterogeneous NHC catalysis under continuous-flow
conditions in 2017 (Scheme 33) [38]. The heterogeneous catalyst was prepared from
indanol and immobilized by copolymerization with styrene as a BF, salt. The
prepared heterogeneous catalysts were employed for intramolecular Stetter reaction
under batch conditions. Reactions were performed in the presence of a catalytic
amount of base to form NHC in situ, and KHMDS was found to be the best initiator.
Under the optimized reaction conditions, the target cyclized compound could be
obtained in good yield with excellent enantioselectivity. For the continuous-flow
reaction, a monolith catalyst was prepared by copolymerization in the catalyst
column. The flow catalysis was initially investigated in the presence of 50 mol%
KHMDS in the substrate solution. However, an undesired side product generated by
the base-promoted vinylogous aldol condensation was obtained. On the other hand,
decreasing the amount of KHMDS resulted in poor conversion of the starting
material. Finally, it was found that NEt; is a suitable base to form active NHC
from imidazolium salt, and at the same time, to suppress an undesired base-promoted
side reaction. Under optimized reaction conditions, seven types of chiral
chromanones could be obtained in excellent yield and selectivity.

In 2017, Wang and Lu et al. developed porous carbon nanosheet supported chiral
squaramide for an enantioselective Friedel-Crafts reaction (Scheme 34) [39]. Porous
carbon nanosheets possess open and interconnected macropores that can offer free
space for facilitating the mass transfer while keeping the original chiral environment
of the homogeneous catalysts. Unlike conventional inorganic supports such as silica,
the surface of PCN is hydrophobic and chemically inert, which may be preferable for
some catalysts such as hydrogen bonding catalysis and also would provide concen-
trated substrate near the surface due to the good affinity with organic molecules.
Furthermore, it has high chemical and thermal stability, and various reaction condi-
tions can be applicable. The surface modification was performed by reaction with
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diazonium salts formed in situ. After the introduction of the acrylate functional
group on the surface, radical polymerization was performed with quinine derived
squaramide to afford heterogeneous H-bonding catalysts. The prepared catalysts
were evaluated for the asymmetric Friedel-Crafts reaction under batch conditions. It
was revealed that copolymerization with divinylbenzene during surface immobili-
zation, which prevents the self-oligomerization of catalysts, was effective for achiev-
ing higher activity. The effect of the PCN support was clarified by comparison with
SiO, supported catalyst and activated carbon-supported catalyst; this showed that
PCN supported catalyst exhibited the best activity and selectivity, and even slightly
higher activity was observed than the homogeneous catalyst. The catalyst could also
work in flow conditions, and 478 mg of product was obtained with 0.7 mmol ' g~
of productivity for 6 h. However, enantioselectivity was slightly decreased due to the
background reaction without the catalyst.

In 2018, Pericas, Hahner, Smith et al. developed polymer-supported isothiourea
catalysts for acylative kinetic resolution of alcohols (Scheme 35) [40, 41]. The
homogeneous isothiourea catalyst called HyperBTM, which was developed by the
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Scheme 35 Polymer-supported isothiourea catalysts for acylative kinetic resolution of alcohol

author’s group previously, was immobilized onto a Merrifield resin by the copper-
catalyzed azide-alkyne cycloaddition reaction to afford a heterogeneous catalyst.
The prepared catalyst demonstrated high activity and enantioselectivity in the
acylative kinetic resolution of alcohol with selectivity values (s-values) of
100, which is comparable with original homogeneous catalysts. The catalyst was
also employed in a continuous-flow reaction. The high conversion and good
enantioselectivity with s-values of 27-30 were achieved with 30 min of residence
time. The catalyst remained active for a 24 h reaction to give target compounds in
28.8 mmol. The catalyst was also employed for the preparation of a library of chiral
compounds. Each kinetic resolution with nine kinds of alcohols was performed on
4 mmol scales using the same catalyst and by simply washing between reactions. As
a result, high conversion with s-values of 11-200 was obtained without loss of
catalyst activity.

In 2019, Ciogli et al. developed bifunctional catalysts of quinine derived chiral
amine and benzoic acid immobilized on a silica surface. In most of the enamine
catalyses the addition of Brgnsted acid as a co-catalyst is required to improve the
activity (Scheme 36) [42]. Such Brgnsted acid was added as a homogeneous catalyst
in conventional immobilized chiral amine catalysts, which requires an additional
purification step to remove acid co-catalysts. In this report, both the active amine
catalyst and acid co-catalyst were immobilized onto the same support, and the
products were obtained by simple filtration of a heterogeneous catalyst. Bifunctional
catalysts were prepared by the post functionalization of surface thiol functionalized
silica. The post functionalization was performed by the thiyl radical addition to vinyl
anchor in the presence of AIBN. The prepared catalyst showed good
stereoselectivity but low TOF of 0.02 h™'. The catalyst was employed for the
synthesis of the API Warfarin in flow conditions. The product was obtained in
97% yield with 78% ee with 16 h residence time.

In 2020, Andres, Pedrosa et al. developed polystyrene-supported cinchona alka-
loid derived thiourea catalysts for Friedel-Crafts reaction with naphthols (Scheme
37) [43]. The immobilization was performed by the post functionalization of
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isocyanate functionalized polystyrene and primary amine via thiourea formation.
The prepared catalysts were evaluated under batch conditions for the
enantioselective Friedel-Crafts reaction. Among various kinds of catalysts derived
from different cinchona alkaloids, the catalyst derived from hydro quinine showed
the best enantioselectivity, with 100% conversion. Continuous-flow reactions were
performed with two different kinds of substrates using the best catalyst. The catalyst
maintained high activity and selectivity for 200 and 400 min, respectively, without
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Scheme 38 Preparation of enantiomerically pure BINOL

significant loss of either yield or enantioselectivity. As a result, TON reached up to
7.4 and 14.7 for each substrate with a TOF of 2.2.

In 2020, Pericas et al. developed a continuous-flow preparation of
enantiomerically pure BINOLs by acylative kinetic resolution using heterogeneous
isothiourea catalysts (Scheme 38) [44]. The isothiourea unit reacted with azide
functionalized polystyrene via copper-catalyzed azide-alkyne cyclization to form
heterogeneous catalysts. The catalyst was employed for the acylative kinetic reso-
lution of mono-acetylated BINOL using isobutyric anhydride under batch condi-
tions. The catalyst showed good conversion with a good s value of 29 in CHCI;
solvent. The catalyst showed high activity under flow conditions with a slightly
decreased s value of 20. It was highly rewarding to find that the catalyst did not show
any deactivation over 84 h of flow reaction to give 50 mmol of each target
compound.

3.3 Transition-Metal Catalysis

In 2015, Zhang, Miller, Su et al. developed self-assembled Mn-salen heterogeneous
gel catalysts for the oxidative kinetic resolution of phenethyl alcohols (Scheme 39)
[45]. The Mn(IIl) Salen complex with two aldehydes units was condensed with
tetrakis-(4-aminophenyl)-methane in the presence of a catalytic amount of acetic
acid to form a self-assembled gel through the formation of a polyimine structure. For
the flow reaction, the gel was coated on the amine-functionalized silica capillary by
the formation of imine. The material had around 2 pm thickness of gel on the surface
of the capillary based on the SEM analysis. The capillary catalyst was employed for
the microflow oxidative kinetic resolution of 1-phenethylalcohol. The reaction
completed with 15 min residence time to give ketone and enantioenriched alcohol
in 65% conversion with 91% ee. The capillary was recycled by simply washing with
DCM and was reused for various substrates. Under the optimized reaction condi-
tions, conversion was 63—-66% with 93-99% ee over 120 min of reaction time
without the leaching of Mn species.

In 2018, Uozumi et al. developed an amphiphilic resin-supported chiral diene Rh
complex for the enantioselective 1,4-addition of aryl boronic acids to enone in
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Scheme 40 Amphiphilic resin-supported chiral diene Rh complex

aqueous medium under continuous-flow conditions (Scheme 40) [46]. The chiral
carboxylic acid with diene unit was condensed with amine-substituted polyethylene
glycol (PEG) tethered polystyrene (PS) to form chiral amide. The catalyst was
prepared by the complexation of Rh with the heterogeneous ligand. The amphiphilic
PS-PEG is expected to provide a suitable reaction environment for the organic
reaction in an aqueous solvent. The catalyst showed high catalytic activity in pure
H,O0 under batch conditions with 95% enantioselectivity. However, the addition of
organic solvent significantly decreased the yield while maintaining selectivity. The
flow reaction was performed in water—ethanol mixed solvent system to improve the
solubility of substrates. It was found that the addition of 1 equivalent of KOH
significantly improved the reactivity, and the target product was obtained in 79%
yield within 10 s residence time. Under the optimized flow conditions, the reaction
was continued for 12 h to give the target product in 62% yield with 93% ee and 1,073
of TON.
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Scheme 41 Intramolecular asymmetric C—H insertion reaction

In 2018, the Maguire group developed an intramolecular asymmetric C—H
insertion reaction with heterogeneous Cu catalyst (Scheme 41) [47]. Chiral
Cu-BOX complex was immobilized onto polystyrene by copolymerization of
styrene-tethered BOX and styrene. The prepared catalyst was first examined under
batch conditions. The activity was comparable to that of the homogeneous catalyst,
while decreased selectivity and partial leaching of Cu were observed. Detailed
comparison of homogeneous batch results, heterogeneous batch results, and hetero-
geneous flow results were investigated, and, as a general tendency, homogeneous
catalysts showed the highest enantioselectivity, while few differences were observed
between batch conditions and flow conditions using a heterogeneous catalyst.

Another important example for carbene insertion catalysis was reported by Davis
and Jones et al. in 2018 (Scheme 42) [48]. Recently, chiral modification by the
introduction of chiral carboxylate has enabled highly enantioselective transforma-
tions with various kinds of inert substrates. In this context, silica-supported chiral
carboxylate was developed and applied for flow asymmetric catalysis. Chiral car-
boxylate was immobilized by silane coupling reaction with silica, and three kinds of
asymmetric catalysis were examined. In these experiments, diazo compounds
formed in line by the oxidation of hydrazones were employed, and the catalyst
showed excellent performance not only for simple cyclopropanation reactions, but
also for more challenging inert C—H insertion reactions.

3.4 Lewis Acid Catalysis

In 2018, Harada et al. developed a silica-immobilized Hg-BINOL ligand for the
enantioselective 1,2-addition of organo-Ti species to aldehydes (Scheme 43)
[49]. C2 functionalized-Hg BINOL was immobilized onto silica by dehydrogenation
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Scheme 42 Silica-supported chiral Rh(Il) carboxylate catalyst

between silane and surface silanol. Remaining surface silanol was further capped by
a subsequent dehydrogenation with a small silane reagent to improve the compati-
bility. The prepared catalysts were used for the enantioselective 1,2-addition of
phenyl titanium to aromatic aldehydes under continuous-flow conditions. An
organotitanium reagent was introduced into the catalyst column to form immobilized
Ti complex, and excess organometallic reagent and aldehyde was flowed into the
column. The target alcohol was obtained with good conversion, high



208 Y. Saito and S. Kobayashi

OHO
()

EtMe,Si._ o M92Si\o

o (0.09 mmol)
R? -
D @—{:]—’ |

Z 2.5-5.0 mL/min Q/\©\
R2

DCM, 0.1-0.2 M
59-83% yield

MgBr 85-92% ee
) * Ti(OPr), —( E— 3 examples
R

DCM, 05-1.0M  10-20 mL/min

Scheme 43 Silica-immobilized Hg-BINOL ligand

5 6<Et

(0.395 mmoI)

O
R1 !
Oy —O— | — CV\Q
_ )
0.125 mL/min 1, t = 12 min

36-88% yield
Zn 30-88% ee

Et —®— 8 examples

0.125 mL/min

Toluene, 0.14 M

Toluene, 0.336 M

Scheme 44 Heterogeneous chiral ligands for the enantioselective 1,2-addition of aryl zinc to
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enantioselectivity, and with excellent TON and TOF values. The catalyst was stable
for at least 8 h in the flow reaction.

In 2018, Pastre et al. developed another type of heterogeneous chiral ligand for
the enantioselective 1,2-addition of aryl zinc to aldehydes (Scheme 44) [50]. Ligand
screening under homogeneous conditions revealed that phenyl alanine derived
amino alcohol ligand was identified as the best ligand in terms of enantioselectivity.
The immobilization of the chiral ligand was performed by the alkylation of second-
ary amine with Merrifield resin. The heterogeneous ligand showed comparable
activity and selectivity compared with the homogeneous ligand, and it was employed
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for the flow reaction to give the target product in 86% yield with 80% ee within a
residence time of 12 min.

In 2015, Kumagai and Shibasaki et al. developed a multiwalled carbon nanotube
(MWCNT) supported chiral Er catalyst for enantioselective Mannich reaction of
cyanoketone. The authors previously reported the noncovalent immobilization of
Na/Nd bimetallic catalyst on MWCNT via noncovalent immobilization (Scheme 45)
[51]. Although the immobilization method is simple and gave highly active, selec-
tive, and robust catalysts, it was only applicable for insoluble metal salts. To improve
the versatility of this method, the authors prepared linked chiral amide ligands to
enhance the formation of insoluble material and applied this technique for their
immobilization method. The linked chiral ligands were prepared by the double
functionalization of dialkyne with a variety of linker length and evaluated under
batch conditions. It was revealed that longer linkers gave higher diastereoselectivity
and enantioselectivity, and that linkers with an aromatic ring decreased the selectiv-
ity, which may suggest the negative influence of closely located active sites. The
heterogeneous Er catalyst could be successfully incorporated with MWCNT simply
by mixing during complexation. The MWCNT-confined catalyst not only showed
almost the same activity and selectivity but also showed recyclability and reusability
under batch conditions. Finally, it was applied under continuous-flow conditions to
give the target product in 96% yield with excellent stereoselectivity and the total
TON reached up to 225 during 56 h of flow reaction.

In 2017, the same group performed a detailed study on heterogeneous Nd/Na
catalyst for the synthesis of the key intermediate of AZD7594, which is a therapeutic
candidate for asthma and chronic obstructive pulmonary disease (Scheme 46)
[52]. The heterogeneous catalysts were prepared by mixing NdCls, NaO'Bu, chiral
amide ligand, and MWCNT. The structures of the chiral ligand and solvent were
examined in detail for the asymmetric Henry reaction under batch conditions. As a
result, an isoleucine derived ligand in 2-Me-THF gave the best yield with the best
stereoselectivity. With the best conditions, the flow reaction was performed. The
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aldehyde solution was passed through the columns packed with MS 3A and
NaHCO; to remove trace amounts of water and acidic impurities before flowing
into the catalyst column. The catalyst retained its activity and selectivity over a 398 h
reaction to afford the target product in 81% yield with >20:1 dr and 95% ee. The
TON reached up to 1,661.

In 2018, the same group applied MWCNT supported Nd/Na catalyst for an
enantioselective Henry reaction with a-ketoesters (Scheme 47) [53]. The catalyst
was prepared in the same manner as previous reports and evaluated under batch
conditions. During an investigation of the substrate scope, it was revealed that the
solvent has a strong effect on both reactivity and stereoselectivity. Especially, the use
of 2-Me-THF gave a much better result than the use of THF despite the similarity of
their structures. After various control experiments, it was concluded that one of the
enantiomers of 2-Me-THF interacted preferentially with a heterogeneous catalyst to
create an efficient reaction environment to give high activity and selectivity. The
catalyst could be applicable for a flow reaction of nitroethane and a-ketoester. After
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92 h of flow reaction, the target product was obtained in 92% yield with >98:2 dr
and 97% ee and the TON value reached up to 265.

3.5 Biocatalysis

In 2015, Jeong et al. developed a Novozyme 435 catalyzed continuous-flow kinetic
resolution of 1-amino-2-indanol (Scheme 48) [54]. Novozyme 435 is a commer-
cially available immobilized lipase on acrylic resin and one of the most frequently
used heterogeneous biocatalysts. The authors investigated the kinetic resolution of
amino alcohol for the synthesis of a key intermediate of the HIV protease inhibitor.
After the optimization of acyl donor and solvent under batch conditions, flow
reaction was investigated. The excellent enantioselectivity was maintained, even
increasing the conversion and reaction time; finally, 50% conversion was achieved
with an E value of >200. Furthermore, the catalyst retained activity even after
21 days, which demonstrated the robustness of Novozyme 435.

In 2017, Debecker et al. developed another type of kinetic resolution with an
immobilized biocatalyst under continuous-flow conditions (Scheme 49) [55]. They
focused on enzymatic enantioselective transamination of o-methyl benzylamine.
The w-transaminase ATA-50 was immobilized on a silica monolith called Si
(HIPE) by three different methods. The first immobilization was simple adsorption
on the surface of a support. The second method utilized ionic interaction between
negatively charged enzyme and positively charged surface-functionalized Si(HIPE).
The third method used covalent bonds by the formation of di-imine between surface
amines of the support and lysine residue of the enzyme with glutaraldehyde as an

Novozyme 435
NH, (2.0 9) NH, [\lHAc
_—
w0 ©:§—OH ©:>...OH
0.1 mL/min 30°C
0.1M tg = 64 min 50% vyield 50% yield

EtOAC/THF (1:1) 99% ee 99% ee

Scheme 48 Novozyme 435 catalyzed continuous-flow kinetic resolution
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Jonite —®{lit%'©* o
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Scheme 49 Kinetic resolution with immobilized biocatalyst
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anchoring reagent. Three different catalysts were evaluated under flow conditions,
and a covalently immobilized catalyst showed the highest activity and durability.
After the optimization of conditions, 50% conversion was achieved for over 200 min
of flow reaction.

In 2020, Mutti et al. developed transamination of ketone in an organic solvent
under continuous flow with novel immobilized transaminases (Scheme 50)
[56]. Immobilization of transaminase was performed by simple adsorption onto
porous glass carrier material (EZiG) in buffer solution. With immobilized catalysts
in hand, the catalyst activity was evaluated under batch conditions. The authors
realized that the water content of the immobilized catalyst affected the catalyst
activity significantly, and that it was precisely controlled by the pretreatment of
hydrophilic organic solvent with hydrated salt. With this knowledge in hand, the
circulated flow reaction was performed by packing the immobilized catalyst into a
column reactor. The key to the success was to use a precolumn filled with hydrated
salt to introduce a suitable amount of water to the solvent. After 120 h of reaction, the
conversion reached 90% with >99% enantioselectivity.

In 2019, Paizs and Poppe et al. developed an immobilization of whole yeast cell
onto silica sol-gel matrix for the enantioselective reduction of ketones and acyloin
condensation (Scheme 51) [57]. Whole-cell immobilization catalysts offer a number
of advantages such as easy handling, no need for enzyme purification, and improved
stability. The yeast cell was first mixed with silica microsphere MAT540 to facilitate
surface adsorption followed by the addition of silica sol to stabilize the structure and
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prevent leaching. The solid material was washed with buffer to remove homogenous
cells and used for flow enantioselective reactions. To demonstrate the versatility and
compatibility with different kinds of reactions, ketone reduction and acyloin con-
densation were performed using the same catalyst column. First, reduction of
phenylacetone with NADH was performed for 24 h to give stable conversion and
enantioselectivity. The column was then washed with buffer, and acyloin conden-
sation of benzaldehyde with sodium pyruvate was performed for 24 h. Stable results
were also obtained for this reaction. Finally, the column was again washed with
buffer and the reduction of phenylacetone was performed to give results that were
identical to those obtained in the first reaction. These results suggest the high
stability of heterogeneous catalysts.

Szymanska and Hnefeld et al. developed covalently immobilized hydroxynitrile
lyase catalysts for the enantioselective hydrocyanation reactions (Scheme 52)
[58]. They focused on the siliceous monolithic reactor due to the rapid and efficient
mixing and developed surface immobilized enzyme catalysts for flow reaction. Two
types of supports were chosen for the covalent immobilization. The first had
aldehyde functionalized mesostructured cellular foam, which was expected to form
an imine with the surface lysine of the enzyme. The second had epoxide-
functionalized MCF, which was also expected to react with lysine on the enzyme.
The efficiency of immobilization was determined, and aldehyde functionalized MCF
showed superior immobilization efficiency. Flow enantioselective hydrocyanation
was performed with this catalyst and the catalyst maintained activity for 7.5 h of flow
reaction to give >70% conversion with 98% ee at the best. However, catalyst
deactivation started after 7.5 h and both conversion and enantioselectivity decreased.
Under the best conditions, STY was 1,229 g L~ 'hl,

In 2019, Niemeyer et al. investigated the effect of support on the enzymatic
reduction of ketone under continuous-flow conditions to improve the space-time
yield (Scheme 53) [59]. Five kinds of reactors with different supports were evaluated
based on the STY. Among the tested supported enzymes, including a physisorbed
catalyst, covalently immobilized catalyst, biofilm-supported catalyst, and particle
supported catalyst, hydrogels consisting of a polydimethylsiloxane supported cata-
lyst showed the best activity and STY. Moreover, the catalyst supported on PDMS
showed high stability and >50% conversion was observed after 150 h reaction.
Under the best conditions, STY of >450 was achieved.



214 Y. Saito and S. Kobayashi

PDMS-hydrogel

-
o) o) LbADH-SC/GDH-ST hydrogel OH OH
)W\)k — (3'3 mg)_' /k/Y\/\
I Il
— —_
NO; @ 'Z_"J NO,
+ NADP 0.01 mL/min rt >50% conv.
Buffer, 0.01 M >99% ee

150 h reaction

Scheme 53 Hydrogel consisting of polydimethylsiloxane supported catalyst

4 Application for Multistep Synthesis of a Complex
Molecule

Multistep continuous-flow synthesis is a highly attractive method for the synthesis of
complex molecules such as APIs, because tedious workup for each single reaction
and purification of each intermediate can be avoided, with concomitant reduction in
the amount of waste. However, multistep flow synthesis is far more challenging than
single-step reactions because each reaction should not produce any catalyst poison
for the subsequent reactions. Therefore, an overall synthetic route should be care-
fully designed to minimize the formation of by-products and side products, and each
reaction should be completed just using a stoichiometric amount of starting mate-
rials. Given these restrictions, successful examples are still limited to date. On the
other hand, the following examples offer proof that even optically active complex
molecules could be synthesized under multistep continuous-flow conditions.

In 2015, Kobayashi et al. achieved a continuous-flow synthesis of Rolipram by
using four different kinds of heterogeneous catalysts (Scheme 54) [60]. In the first
column, an amine-functionalized silica catalyzed condensation between nitrometh-
ane and aldehyde was performed to give nitroalkene. The nitroalkene was subjected
to enantioselective 1,4-addition reaction with malonate. In this reaction, polystyrene-
immobilized chiral Ca-Pybox was employed as a heterogeneous catalyst. The
obtained nitro compound was reduced to the corresponding amine by a heteroge-
neous Pd catalyst with H,, and it was cyclized to form the lactam structure. Finally,
the ester moiety was hydrolyzed by carboxylic acid functionalized silica, and the
target compound was obtained by subsequent decarboxylation. It should be empha-
sized that only heterogeneous catalysts were used in all chemical transformations in
this report, and throughout all transformations, generated by-products are only
water, CO,, and methanol. Such highly atom-economical synthesis is one of the
keys to accomplishing multistep flow synthesis.

Ley et al. reported the combination of enzymatic flow reactions for the synthesis
of cyanated compounds (Scheme 55) [61]. In the first step, the hydrolysis of ethyl
cyanoformate was performed using commercially available Novozyme 435 as a
heterogeneous catalyst to form hazardous HCN in situ. The generated HCN solution
was mixed with aldehydes, and enantioselective hydrocyanation was performed with
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Scheme 54 Continuous-flow synthesis of Rolipram

a whole-cell immobilized E-coli-AtHNL heterogeneous catalyst. The obtained alco-
hol was trapped by Ac,O in pyridine to give chiral cyanated compounds in good
yields with good enantioselectivity. This is a nice example of the in-line formation of
a hazardous reagent.

Otvos and Kappe et al. achieved the flow synthesis of a key intermediate of (—)-
paroxetine in 2019 (Scheme 56) [62]. In the first reaction, an enantioselective
1,4-addition of malonate to unsaturated aldehyde was performed with a heteroge-
neous prolinol silyl ether catalyst. Interestingly, this reaction proceeded under
solvent-free conditions, and the target product was obtained in excellent yield and
selectivity. After purification of this intermediate, it was dissolved in 2-Me-THF and
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the sequential flow reaction was started. The first step was reductive amination with
benzylamine with H, catalyzed by Pt/C. Both the fluorine substituent and benzyl
groups were tolerated, and the cyclic intermediate was obtained after lactam forma-
tion. MS 4 A column was introduced to remove water for the final step of BHj;
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reduction. Both the lactam and the ester were reduced to the corresponding amine
and alcohol, respectively, and the sequential synthesis was achieved.

In 2019, Verdugo, Luis et al. developed a three-step heterogeneous flow catalysis
for the preparation of a chiral cyano compound by the combination of imidazolium
catalysts and enzymatic reaction (Scheme 57) [63]. Benzaldehyde was reacted with
TMSCN in the presence of a heterogeneous imidazolium catalyst to form cyanated
silyl ether in the first step. The silyl ether was cleaved and acetylated in the presence
of another type of heterogeneous imidazolium catalyst having sulfonic acid func-
tionality, to give racemic acetate. Finally, a deacylative kinetic resolution was
performed with immobilized enzyme Novozyme435 to give enantiopure com-
pounds. Notably, the system remained stable for over 3,000 min of flow reaction.

In 2019, Ishitani and Kobayashi et al. developed mesoporous silica-supported
Ni-diamine catalysts for 1,4-addition reactions (Scheme 58) [64]. The catalyst was
prepared by simply mixing Nil,, diamine ligand, and mesoporous silica. Detailed
characterization of this material revealed a 1:1 complex of Ni-diamine ligand, which
is reported to be unstable in solution, that was immobilized by the stabilization of the
Ni-O-Si bond in the mesopore. The effect of the support was highlighted in the
reaction of 1,4-addition of malonate and nitroalkene. MCM-41, which is a common
mesoporous silica support, showed much higher activity compared with a catalyst
supported on other materials. Interestingly, the heterogeneous catalyst showed much
higher activity than the original homogeneous catalyst.

In 2020, Ishitani and Kobayashi et al. developed the sequential-flow synthesis of
a Baclofen precursor in a three-step transformation with heterogeneous catalysts
(Scheme 59) [65]. The synthetic route was similar to that of Rolipram, which was
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Scheme 58 Mesoporous silica-supported Ni-diamine catalysts for 1,4-addition reaction

reported by the same group. Nitroalkene was obtained by the condensation between
aldehyde and nitromethane by an amine-functionalized silica catalyst.
Enantioselective 1,4-addition of malonate was accomplished by the use of a
polystyrene-immobilized Ca-Pybox catalyst. The catalyst was modified from Pd to
Pt for the reduction of the NO, group for compatibility with the chloride substituent.
Through the three-step sequential flow reaction, the Baclofen precursor was synthe-
sized in excellent yield with 92% ee for a 69 h reaction.

5 Perspective

From the viewpoint of environmental compatibility, efficiency, and safety,
continuous-flow reactions with heterogeneous catalysts can be regarded as ideal
reactions for multistep continuous-flow synthesis of fine chemicals including phar-
maceuticals [66]. At this moment, examples of these organic transformations are
relatively scarce, and this is very different from batch systems. Among many
continuous-flow transformations, hydrogenations with heterogeneous catalysts are
the most advanced and promising, and high yield, selectivity, productivity, and
catalyst efficiency have been attained. On the other hand, asymmetric hydrogenation
with chiral heterogeneous catalysts is limited. For example, asymmetric hydrogena-
tions of ketimines and direct asymmetric reductive amination of ketones provide
efficient methods for the preparation of chiral amines. During the decades, highly
active and selective chiral homogeneous catalysts have been developed to realize
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excellent TONs and TOFs. In these cases, the recovery and reuse of catalysts become
less important from the economic viewpoints. However, the current status may be
changed from a standpoint of continuous production, because flow reactions with
heterogeneous catalysts provide powerful tools for the continuous synthesis of fine
chemicals. Furthermore, for catalytic asymmetric hydrogenations with homoge-
neous catalysts, high reaction temperature and high hydrogen pressure are often
required. If these issues could be addressed, practical continuous-flow asymmetric
hydrogenations to prepare chiral amines could be realized. This is quite useful for
production as well as medicinal chemistry and drug discovery. The development of
heterogeneous catalysts for asymmetric hydrogenations toward continuous produc-
tion will be an important research theme in the future.

There have been limited efficient C—C bond-forming reactions with heteroge-
neous catalysts. Chiral heterogeneous catalysts for asymmetric C—C bond-formation
reactions are often based on immobilized organocatalysts, and some chiral hetero-
geneous metal catalysts have also been reported. This is very different from asym-
metric catalysis with homogeneous catalysts. Another important aspect is that TON
and TOF, productivity, and lifetime of catalysts in asymmetric C—C bond-formation
reactions are inferior to those of asymmetric hydrogenations in many cases.
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Therefore, further improvements toward more powerful chiral heterogeneous
organocatalysts, as well as the development of truly efficient chiral heterogeneous
metal catalysts, will be needed.

Other atom-economical bond-forming reactions, such as cycloadditions,
rearrangements, and especially clean oxidation reactions (with oxygen gas or hydro-
gen peroxide), are crucial in multistep flow synthesis enabling the creation of more
diverse sets of complex organic compounds. Other recent exciting developments in
atom-economical transformations are photoinduced C-H and decarboxylative addi-
tion and cross-coupling reactions. To apply these processes to multistep continuous-
flow synthesis, the development of efficient and robust heterogeneous photocatalysts
is required.

For a long time, organic synthesis has been carried out in batch, and reactions and
catalysts have been developed under batch conditions. However, reaction environ-
ments, such as molarity and frequency of contact of catalysts and substrates, are
fundamentally different between batch and flow systems even at the molecular level.
Therefore, unique reactivity and selectivity are often observed in flow compared
with in batch, and even new reactions that proceed exclusively in flow systems are
possible. When developed heterogeneous catalysts, various factors, such as size of
particles, surface area, and dispersion state of the catalytic species on the support,
must be well tuned for obtaining high efficiency in continuous-flow reactions.
Heterogenous catalysts that were originally optimized in batch systems may not be
suitable for flow reactions, and in those cases, novel heterogeneous catalysts for flow
synthesis are required.

Continuous-flow synthesis will become one of the key technologies in chemical
synthesis, and the science and technology will move society forward toward a green
sustainable world. The sequential flow system shown in Scheme 54 is one of the final
goals for future production of fine chemicals including pharmaceuticals, and to
obtain this goal, we expect further developments in synthetic organic chemistry.

Compliance with Ethical Standards

Funding: This work was supported in part by a Grant-in-Aid for Scientific Research from Japan
Society for the Promotion of Science (JSPS KAKENHI, Grant No. 19K15557) and Japan Science
and Technology Agency (JST).

Ethical Approval: This chapter does not contain any studies with human participants or animals
performed by any of the authors.

Informed Consent: Informed consent was obtained from all individual participants included in
the study.

References

1. O’Neal EJ, Lee CH, Brathwaite J, Jensen KF (2015) ACS Catal 5(4):2615-2622
2. Touge T, Kuwana M, Komatsuki Y, Tanaka S, Nara H, Matsumura K, Sayo N, Kashibuchi Y,
Saito T (2019) Org Process Res Dev 23(4):452-461



Recent Advances of Asymmetric Catalysis in Flow for Drug Discovery 221

3.

4.

11.

12.

14.

15.

16.
17.
18.

19.

20.
21.
22.

23.
24.
25.
26.

27.
28.

29.
30.

31.
32.

33.
34.

Kluson P, Stavarek P, Penkavova V, Vychodilova H, Hejda S, Jaklova N, Curinova P (2019) J
Flow Chem 9(4):221-230

Kluson P, Stavarek P, Penkavova V, Vychodilova H, Hejda S, Bendova M, Dosek M (2020)
Chem Eng Res Design 153:537-546

. Abrams ML, Buser JY, Calvin JR, Johnson MD, Jones BR, Lambertus G, Landis CR, Martinelli

JR, May SA, McFarland AD, Stout JR (2016) Org Process Res Dev 20(5):901-910

.Dai W, Mi Y, Lv Y, Chen B, Li G, Chen G, Gao S (2016) Adv Synth Catal 358(4):667-671
. Fleming GS, Beeler AB (2017) Org Lett 19(19):5268-5271
. Wang YF, Jiang ZH, Chu MM, Qi SS, Yin H, te Han H, Xu DQ (2020) Org Biomol Chem 18

(26):4927-4931

. de Angelis S, de Renzo M, Carlucci C, Degennaro L, Luisi R (2016) Org Biomol Chem 14

(18):4304-4311

. Kisszekelyi P, Alammar A, Kupai J, Huszthy P, Barabas J, Holtzl T, Szente L, Bawn C,

Adams R, Szekely G (2019) J Catal 371:255-261

Schober L, Ratnam S, Yamashita Y, Adebar N, Pieper M, Berkessel A, Hessel V, Groger H
(2019) Synthesis 51(5):1178-1184

Kondo M, Wathsala HDP, Sako M, Hanatani Y, Ishikawa K, Hara S, Takaai T, Washio T,
Takizawa S, Sasai H (2020) Chem Commun 56(8):1259-1262

. Tang XF, Zhao JN, Wu YF, Zheng ZH, Feng SH, Yu ZY, Liu GZ, Meng QW (2019) Org

Biomol Chem 17(34):7938-7942

Tang XF, Zhao JN, Wu YF, Feng SH, Yang F, Yu ZY, Meng QW (2019) Adv Synth Catal 361
(22):5245-5252

Cunillera A, Blanco C, Gual A, Marinkovic JM, Garcia-Suarez EJ, Riisager A, Claver C,
Ruiz A, Godard C (2019) ChemCatChem 11(8):2195-2205

Zhang Z, Francio G, Leitner W (2015) ChemCatChem 7(13):1961-1965

Geier D, Schmitz P, Walkowiak J, Leitner W, Francio G (2018) ACS Catalysis 8(4):3297-3303
Amara Z, Poliakoff M, Duque R, Geier D, Francio G, Gordon CM, Meadows RE,
Woodward R, Leitner W (2016) Org Process Res Dev 20(7):1321-1327

Madarasz J, Nanasi B, Kovacs J, Balogh S, Farkas G, Bakos J (2018) Monatsh Chem 149
(1):19-25

Saito Y, Kobayashi S (2020) J Am Chem Soc:jacs.0c08109

Yasukawa T, Masuda R, Kobayashi S (2019) Nat Catal 2(12):1088-1092

Kawakami Y, Borissova A, Chapman MR, Goltz G, Koltsova E, Mitrichev I, Blacker AJ (2019)
Eur J Org Chem 2019(45):7499-7505

Gaunt MJ, Johansson CCC, McNally A, Vo NT (2007) Drug Discov Today 12(1-2):8-27
Otvos SB, Szloszar A, Mandity IM, Fiilop F (2015) Adv Synth Catal 357(16-17):3671-3680
Izquierdo J, Ayats C, Henseler AH, Pericas MA (2015) Org Biomol Chem 13(14):4204-4209
Sagamanova I, Rodriguez-Escrich C, Molnar IG, Sayalero S, Gilmour R, Pericas MA (2015)
ACS Catalysis 5(11):6241-6248

Llanes P, Rodriguez-Escrich C, Sayalero S, Pericas MA (2016) Org Lett 18(24):6292-6295
Lai J, Sayalero S, Ferrali A, Osorio-Planes L, Bravo F, Rodriguez-Escrich C, Pericas MA
(2018) Adv Synth Catal 360(15):2914-2924

Ochiai H, Nishiyama A, Haraguchi N, Itsuno S (2020) Org Process Res Dev 24(10):2228-2233
de La Torre AF, Scatena GS, Valdés O, Rivera DG, Paixdo MW (2019) Beilstein J Org Chem
15:1210-1216

Canellas S, Ayats C, Henseler AH, Pericas MA (2017) ACS Catalysis 7(2):1383-1391
Clot-Almenara L, Rodriguez-Escrich C, Osorio-Planes L, Pericas MA (2016) ACS Catal 6
(11):7647-7651

Chen X, Jiang H, Hou B, Gong W, Liu Y, Cui Y (2017) J Am Chem Soc 139(38):13476-13482
Izquierdo J, Pericas MA (2016) A recyclable, immobilized analogue of benzotetramisole for
catalytic enantioselective domino Michael addition/cyclization reactions in batch and flow.
ACS Catalysis 6(1):348-356



222 Y. Saito and S. Kobayashi

35. Porta R, Benaglia M, Annunziata R, Puglisi A, Celentano G (2017) Adv Synth Catal 359
(14):2375-2382

36. Kasaplar P, Ozkal E, Rodriguez-Escrich C, Pericas MA (2015) Green Chem 17(5):3122-3129

37. Osorio-Planes L, Rodriguez-Escrich C, Pericas MA (2016) Cat Sci Technol 6(13):4686—4689

38. Ragno D, di Carmine G, Brandolese A, Bortolini O, Giovannini PP, Massi A (2017) ACS
Catalysis 7(9):6365-6375

39. Zhao L, Bao X, Hu Q, Wang B, Lu AH (2018) ChemCatChem 10(6):1248-1252

40. Neyyappadath RM, Chisholm R, Greenhalgh MD, Rodriguez-Escrich C, Pericas MA,
Hihner G, Smith AD (2018) Catalysis 8(2):1067-1075

41. Guha NR, Neyyappadath RM, Greenhalgh MD, Chisholm R, Smith SM, McEvoy ML, Young
CM, Rodriguez-Escrich C, Pericas MA, Héhner G, Smith AD (2018) Green Chem 20
(19):4537-4546

42. Ciogli A, Capitani D, di lorio N, Crotti S, Bencivenni G, Donzello MP, Villani C (2019) Eur J
Org Chem 2019(10):2020-2028

43. Rodriguez-Rodriguez M, Maestro A, Andrés JM, Pedrosa R (2020) Adv Synth Catal 362
(13):2744-2754

44. Lai J, Neyyappadath RM, Smith AD, Pericas MA (2020) Adv Synth Catal 362(6):1370-1377

45. Liu H, Feng J, Zhang J, Miller PW, Chen L, Su CY (2015) Chem Sci 6(4):2292-2296

46. Shen G, Osako T, Nagaosa M, Uozumi Y (2018) J Org Chem 83(14):7380-7387

47. Crowley DC, Lynch D, Maguire AR (2018) J Org Chem 83(7):3794-3805

48. Yoo C-J, Rackl D, Liu W, Hoyt CB, Pimentel B, Lively RP, Davies HML, Jones CW (2018)
Angew Chem 130(34):11089-11093

49. Watanabe S, Nakaya N, Akai J, Kanaori K, Harada T (2018) Org Lett 20(9):2737-2740

50. Forni JA, Novaes LFT, Galaverna R, Pastre JC (2018) Catal Today 308:86-93

51. Hashimoto K, Kumagai N, Shibasaki M (2015) Chem A Eur J 21(11):4262-4266

52. Nonoyama A, Kumagai N, Shibasaki M (2017) Tetrahedron 73(11):1517-1521

53. Karasawa T, Oriez R, Kumagai N, Shibasaki M (2018) J Am Chem Soc 140(38):12290-12295

54. Kim YJ, Choi YS, Yang S, Yang WR, Jeong JH (2015) Synlett 26(14):1981-1984

55. van den Biggelaar L, Soumillion P, Debecker DP (2017) Catalysts 7(2):54

56. Bohmer W, Volkov A, Engelmark Cassimjee K, Mutti FG (2020) Adv Synth Catal 362
(9):1858-1867

57. Nagy-Gyor L, Lacatus M, Balogh-Weiser D, Csuka P, Bédai V, Erdélyi B, Molnar Z,
Hornyanszky G, Paizs C, Poppe L (2019) ACS Sustain Chem Eng 7(24):19375-19383

58. van der Helm MP, Bracco P, Busch H, Szymariska K, Jarzgbski AB, Hanefeld U (2019) Cat Sci
Technol 9(5):1189-1200

59. Peschke T, Bitterwolf P, Hansen S, Gasmi J, Rabe KS, Niemeyer CM (2019) Catalysts 9(2):164

60. Tsubogo T, Oyamada H, Kobayashi S (2015) Nature 520(7547):329-332

61. Brahma A, Musio B, Ismayilova U, Nikbin N, Kamptmann SB, Siegert P, Jeromin GE, Ley SV,
Pohl M (2016) Synlett 27(2):262-266

62. Otvos SB, Pericas MA, Kappe CO (2019) Chem Sci 10(48):11141-11146

63. Peris E, Porcar R, Burguete MI, Garcia-Verdugo E, Luis SV (2019) ChemCatChem 11
(7):1955-1962

64. Ishitani H, Kanai K, Yoo WJ, Yoshida T, Kobayashi S (2019) Angew Chem Int Ed 58
(38):13313-13317

65. Ishitani H, Furiya Y, Kobayashi S (2020) Chem Asian J 15(11):1688-1691

66. Yoo W1, Ishitani H, Saito Y, Laroche B, Kobayashi S (2020) J Org Chem 85:5132-5145



Top Med Chem (2021) 38: 223-240

https://doi.org/10.1007/7355_2021_113

© The Author(s), under exclusive license to Springer Nature Switzerland AG 2021
Published online: 16 April 2021

Multiple Organolithium Reactions for Drug m)
Discovery Using Flash Chemistry e

Yosuke Ashikari, Takashi Tamaki, Masahiro Takumi, and Aiichiro Nagaki

Contents

I INErOdUCHON ..ottt 224
Flash ChemiStry ..ottt et 226
2.1 Reactions Mediated by Decomposable Intermediates ....................coooiiun. 226
2.2 Reactions Mediated by Isomerizable Intermediates ....................cooiiiiin.. 228
2.3 Reactions Mediated by Racemizable Intermediates .......................oooo 229

3 Reaction INtegration ...............uettiite ettt 230
3.1 Linear INtegration ...........oouuuiiiiiiiiiii e 230
3.2 Convergent INteGration ............couuiuuuuiteeei e e e 234
3.3 Three-Component Coupling Based on Convergent and Linear Integration ......... 235

4 CONCIUSION . ...t 237

RETEICIICES . ..o 238

Abstract The high reactivity of organolithium reagents often renders them too
unstable to be used, thereby limiting their application in organic synthesis. This
review highlights our approach to various synthetic multiple reactions for drug
discovery mediated by organolithium reagents based on flash chemistry.

Keywords Flash chemistry, Flow microreactor, Organolithium, Reaction
integration

Y. Ashikari, T. Tamaki, M. Takumi, and A. Nagaki (P<)

Department of Synthetic Chemistry and Biological Chemistry, Graduate School of Engineering,
Kyoto University, Kyoto, Japan

e-mail: ashikari.yousuke.5r@kyoto-u.ac.jp; tamaki.takashi.4r@kyoto-u.ac.jp;
takumi.masahiro.6n @kyoto-u.ac.jp; anagaki@sbchem.kyoto-u.ac.jp


http://crossmark.crossref.org/dialog/?doi=10.1007/7355_2021_113&domain=pdf
https://doi.org/10.1007/7355_2021_113#DOI
mailto:ashikari.yousuke.5r@kyoto-u.ac.jp
mailto:tamaki.takashi.4r@kyoto-u.ac.jp
mailto:takumi.masahiro.6n@kyoto-u.ac.jp
mailto:anagaki@sbchem.kyoto-u.ac.jp

224 Y. Ashikari et al.

1 Introduction

One advantage of synthetic organic chemistry is the myriad of useful organic
compounds that are created, including biologically active compounds. Numerous
pharmaceuticals, potential drug candidates, and their precursors have been synthe-
sized, mass produced, and supplied. To meet future demands, enhancing the speed
and applicability of organic syntheses is desirable. Thus, new methods implementing
reaction integration have gained significant attention.

Traditional organic syntheses, including drug synthesis, have comprised stepwise
formations of individual bonds in the target molecule. A more efficient method
would be to form several bonds in a single sequence without needing to isolate
intermediates. Indeed, conventional step-by-step syntheses are being supplemented
with integrated syntheses, where multiple components are combined by a single
operation, such as one-pot or single-flow processes [1]. In particular, one-pot
sequential reactions effectively carry out numerous transformations and form several
bonds in a single vessel. Furthermore, the reaction sequence can be modified by
varying the order in which the reaction components are added. However, it can be
difficult to use highly reactive and short-lived intermediates in a consecutive
sequence because, in practice, the time taken to add the next reaction components
often substantially exceeds the lifetimes of such intermediates.

Extensive efforts have been made in recent years to develop a new synthetic
method denoted ““space integration.” This is a continuous-flow method in which a
sequence of reactions is conducted by adding components at different points along
the flow [2]. This is accomplished in a flow reactor by controlling the residence time,
which is similar to the reaction time in a batch reactor. The residence time of a
solution is defined as the time that elapses from when the reaction components are
mixed to when the quenching agent is added. The reaction time can be controlled by
changing the distance (or volume) between the two mixing points in the flow reactor
(Fig. 1).

In flow microreactors, the residence time is precisely controlled and greatly
decreased by reducing the volume of the channel or tube. This enables highly
reactive and short-lived intermediates that were generated in the system to be used
in a flow microreactor, which consequently allows reactions that are very difficult or
impossible to achieve by conventional means to be accomplished. Two types of
space integration methods have been developed: linear and convergent, both of

Substrate Substrate
v L Y o
. Reaction time . Reaction time (longer)
mixing — mlxmg’
7 —= Product 4 ﬁ# Product
Reagent y Reagent y
Quencher Quencher

Fig. 1 Reaction time controlled by changing the distance between the inlets of the reagent and the
inlet of the quencher in the flow reactor
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Fig. 2 Two types of space integration reactions involving several unstable intermediates: (a) linear
and (b) convergent. Asterisk mark means reactive species

which employ a single series of reactions involving several short-lived intermediates
(Fig. 2). In linear integration (Fig. 2a), two components can be reacted together to
generate a short-lived intermediate, which can be followed by subsequent generation
of other short-lived intermediates upon adding more reaction components. This
linear procedure can be repeated within a single-flow process to obtain the target
molecule. Moreover, this sequence of reactions can be easily regulated by varying
reaction component combinations. In convergent integration (Fig. 2b), several
different short-lived intermediates can be generated separately and then combined
to create the target molecule.

Organometallic intermediates are crucial in organic synthesis because they serve
as carbanion equivalents that can be used for carbon—carbon bond formation to
construct the carbon skeletons of organic compounds [3]. The properties of organ-
ometallics are highly dictated by the nature of their metal. In general, greater
differences between the electronegativities of the metal and carbon cause greater
degrees of polarization, which consequently leads to a greater reactivity of the
organometallic compound. Therefore, of the organometallics commonly used in
organic synthesis, the most reactive intermediates are organolithiums. Unfortu-
nately, the high reactivity of organolithiums often renders them too unstable to
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use, thereby limiting their synthetic applications. In fact, extremely low tempera-
tures, such as —78°C or below, are often required in conventional batch reactors to
avoid organolithium decomposition [4]. Moreover, as is often the case with batch
chemistry, it is nearly impossible to control the reactions, even at such an extremely
low temperatures. Flow microreactors can solve such problems by implementing
space integration. Consequently, chemical reactions using highly reactive and short-
lived organolithiums that are otherwise difficult or even impossible to perform in
batch processes can be accomplished in flow microreactors. This article details the
reactions we developed that employ space integration; particularly, novel reactions
involving several highly reactive and short-lived organolithium intermediates. Some
of these reactions produce pharmaceuticals and their candidates.

2 Flash Chemistry

2.1 Reactions Mediated by Decomposable Intermediates

Before introducing reaction integration, the development of flash chemistry should
be mentioned. In this chemistry, the super-short-lived intermediates are generated
and used up in seconds to enable transformations that could not be performed in
batch reactors. Such reactions mediated by highly unstable intermediates can be
carried out in flow reactors, since they can precisely control reaction time, as shown
in Fig. 1, and instantly make the reaction mixture homogeneous. In this section, we
discuss some reactions mediated by reactive intermediates from the viewpoint of
discovering and developing new drugs.

Halogen-lithium exchange reactions of bromobenzenes to generate aryllithiums,
followed by their reaction with electrophiles, are one of the most straightforward
approaches to introduce a lithium substituent onto the benzene ring. The high
reactivity of aryllithiums enhances the reaction efficiency, but it could also cause
problems regarding functional group tolerability. Functional groups are indispens-
able for synthesizing highly functionalized complex organic molecules. Since they
can undergo further transformations, they are interesting candidates for linear inte-
gration. Therefore, the use of functional organolithiums has been extensively inves-
tigated. Organolithiums are known to be incompatible with many electrophilic
functional groups in conventional batch reactions. Consequently, these electrophilic
functional groups often require protection prior to their introduction to the
organolithium compound. Space-integration via a flow microreactor can be used to
conduct these sensitive organolithium reactions without requiring electrophilic func-
tional group protection. This is possible because of the short residence times in the
generation step.

For example, aryllithiums bearing ketone carbonyl groups have been generated
from aryl iodides and mesityllithium (2,4,6-trimethylphenyl lithium) via iodine—
lithium exchange where the residence time was reduced to 3 ms or less [5]. The
resulting aryllithiums have successfully reacted with various electrophiles in a flow
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Fig. 3 Flash generation of aryllithium bearing a ketone carbonyl group for the formal synthesis of
Pauciflorol F

microreactor without their ketone carbonyl groups being affected. Furthermore, this
method has been successfully applied to the formal synthesis of Pauciflorol F, a
natural product isolated from stem bark (Fig. 3). Pauciflorol F belongs to a family of
compounds that have gained significant attention owing to their multi-functional
bioactivities, including cytotoxic, antibacterial, and anti-HIV effects [6]. The I-Li
exchange reaction of the ketone-substituted aryliodide with mesityllithium followed
by a reaction with 3,5-dimethoxybenzaldehyde was carried out using a flow
microreactor system consisting of an integrated device, where micromixers M1
and M2 and microtube reactor R1 were integrated into a single device. The greatly
reduced residence time of 3 ms in R1 enables the product to be obtained in 81%
isolated yield after subsequent cyclization with the unchanged ketone carbonyl
group. Notably, the present method exhibits relatively high productivity (1.06 g
from 5 min of operation) and provides an efficient way of producing useful phar-
maceutical compounds in quantities sufficient for screening and clinical studies.
Treating the product with HCI/i-PrOH in the presence of O, in a batch reactor gave
the cyclopentenone derivative, which can be converted to Pauciflorol F via one-pot
hydrogenation and epimerization followed by deprotection. According to the similar
strategy, the generation and reaction of aryllithiums bearing alkoxycarbonyl- [7, 8],
nitro- [9], and cyano groups [10] were also achieved.

Flash chemistry also permits the generation and reaction of functionalized
alkyllithiums, which are known to be more unstable than aryllithiums because of
their high reactivity and may react with electrophilic functionalities, such as an
epoxy group, much faster. Figure 4 shows the flow system for the generation and
reaction of the alkyllithiums bearing an epoxide group [11]. Using lithium
naphthalenide (LiNp), the alkyllithium can be generated in a reductive lithiation
manner and then reacted with electrophiles after 6.7 ms. With this system, the
synthetic utility of alkyllithiums bearing chloro, alkoxy, vinyl, silyl, cyano, and
alkoxycarbonyl groups has also been established [11, 12]. Moreover, since
alkyllithiums can act as initiators for living anionic polymerizations, a



228 Y. Ashikari et al.

W?Br 60 °C W/M/n\SnB%

n=1-~3 m 0.0067 s 0 o o
R1 g
LiNp w/@ﬁ: N" P
R2 o
n=1~3

Bu3SnCl or PANCO 67~83%

Fig. 4 Flash generation of alkyllithiums bearing electrophilic functionalities

O Me smy: | Li, O Me | , E O Me
5 BuLi ‘ /AN . electrophile E ) AN
P’ Spn ——~ 3 P’ ph | P P

cis | ‘ j 3 cis

Ph, O Me sgy.i | Ph QO Me electrophile E~ Ph, O Me
“Ph 7 e Sph § E” “Ph
trans (S ‘ trans

Fig. 5 Isomerizable oxyranyl lithiums and their reactions with an electrophile

heterotelechelic polymer synthesis initiated by those alkyllithiums has also been
reported [12].

2.2 Reactions Mediated by Isomerizable Intermediates

Flash chemistry can control reactions mediated by intermediates that can easily lose
their stereochemistry. Oxyranyl anions, which are generated by the deprotonation of
epoxides by sec-butyl lithium, are typical examples of such isomerizable interme-
diates. The oxyranyl lithium species generated from trisubstituted epoxides have two
types of stereochemistry (cis and trans) that tend to convert back and forth (Fig. 5).
In addition, these oxyranyllithiums also undergo decomposition reactions. Thus,
these reactions are usually operated at very low temperatures, such as —100°C, in
conventional batch apparatuses [13, 14].

The flow system depicted in Fig. 6 allows the oxyranyl anions to react with
electrophiles before they epimerize. The oxyranyl anions were generated at —48°C
and reacted with iodomethane after 23.8 s to produce the desired tetrasubstituted
epoxides in a quantitative yield with a high stereoselectivity [15, 16]. A similar
method gives aziridinyllithiums from N-butylsulfonyl- [17] and N-tosyl-aziridines
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Fig. 7 Flash generation of optically active oganolithium species via the carbolithiation of conju-
gated enynes and their reaction prior to racemization

[18], which can efficiently react with electrophiles to synthesize functionalized
aziridines and 1,2,3,4-tetrahydroisoquinolines (THIQs) [19].

2.3 Reactions Mediated by Racemizable Intermediates

In the field of asymmetric synthesis, flash chemistry plays a crucial role. Even if the
starting material (or the intermediate itself) is highly enantio-enriched, unstable
chiral-intermediates often undergo rapid racemization that the batch reactors cannot
control, resulting in enantio-poor products. However, flash chemistry allows opti-
cally active intermediates to react before they epimerize. The following
carbolithiation of conjugated enynes (Fig. 7) is a typical example [20]. In the
presence of (—)-sparteine, an optically active amine, n-butyllithium can react with
a conjugated enyne bearing a directing group (N,N-diisopropylcarbamoyloxy, OCb)
to generate the enantio-enriched intermediate, which easily becomes a racemic
mixture. The flow system allows the intermediate to react with the electrophiles by
controlling the residence time in R2 (Fig. 7).
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3 Reaction Integration

3.1 Linear Integration

When simply conducted in a flask, the halogen—lithium exchange reaction of o-
dibromobenzene to generate o-bromophenyllithium [21, 22] is usually performed at
—110°C. This is because the elimination of LiBr to form benzyne is very fast, even at
—78°C. In contrast, flash chemistry in a microreactor allows the reaction to be
performed at —78°C with a residence time of approximately 0.82 s. This is possible
because o-bromophenyllithium is effectively trapped with an electrophile [23]. This
even enables the sequential introduction of two lithium substituents onto the benzene
ring by the linear integration of two consecutive halogen—lithium exchange reactions
of dibromobenzene. This can be performed in a microreactor system comprising four
micromixers (M1, M2, M3, and M4) and four microtube reactors (R1, R2, R3, and
R4) (Fig. 8). In M1 and R1, a bromine-lithium exchange of the dibromobenzene is
conducted to generate the corresponding bromophenyllithium, which is immediately
trapped with an electrophile in M2 and R2. The second bromine-lithium exchange
occurs next in M3 and R3, generating another substituted aryllithium that undergoes
subsequent electrophilic substitution in M4 and R4 to give the corresponding
disubstituted benzene. The linear integration method can also be used to synthesize
disubstituted arenes from m- or p-dibromobenzenes [24], dibromopyridines [25],
and dibromo biaryls [26].

TAC-101, 4-[3,5-bis(trimethylsilyl)benzamido]benzoic acid, is a synthetic reti-
noid that manifests differentiation-inducing activity on the human promyelocytic
leukemia cell line HL-60 [27]. TAC-101 and its analogs can be efficiently synthe-
sized via the versatile linear integration of three consecutive halogen-lithium
exchange reactions of tribromobenzene. Three consecutive Br-Li exchange reac-
tions of 1,3,5-tribromobenzene, each generating a different aryllithium that can be
reacted with an electrophile, have been space-integrated. The integrated flow

0-:-78°C
m-, p-: 20 °C

ﬂ R1 0-0°C

NBuli m-, p-: 20 c‘C

¥ -3
electrophile E'
R3

"BulLi
)

electrophile E2

Fig. 8 Linear integration of two consecutive halogen—lithium exchange reactions of dibromobenzene
in an integrated flow microreactor
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Fig. 9 A straightforward synthesis of TAC-101 and its analogues by the linear integration of three,
consecutive halogen-lithium exchange reactions of 1,3,5-tribromobenzene in an integrated flow
microreactor

microreactor is composed of six micromixers (M1, M2, M3, M4, M5, and M6) and
six microtube reactors (R1, R2, R3, R4, RS, and R6), as shown in Fig. 9. By
optimizing and adjusting the residence time in each reactor, the sequential introduc-
tion of two identical or different trimethylsilyl groups, followed by the introduction
of an amide functionality, can be accomplished at 0°C in a single-flow process to
yield TAC-101 methyl esters in good yield. Various TAC-101 methyl ester analogs
with two different silyl groups have been synthesized from 1,3,5-tribromobenzene in
a single-flow process. Notably, the total residence time was equal to the whole
reaction time (12.2 s) and the productivity ranged from 132 mg to 194 mg per minute
depending on the nature of the silyl groups. Hydrolysis of the methyl esters with
NaOH in ethanol gave the corresponding carboxylic acids.

Deprotonation together with halogen—lithium exchange reactions has also
become a useful method for generating short-lived organolithiums. Linear integra-
tion is an effective method for accomplishing this and can be used for reactions
involving several short-lived organolithiums. The linear integration of two consec-
utive deprotonations of fluoroiodomethane, which is readily available, also demon-
strates the precise control of the temperature and residence time that can be obtained
in an integrated flow microreactor system consisting of four micromixers (M1, M2,
M3, and M4) and four microtube reactors (R1, R2, R3, and R4), as depicted in
Fig. 10 [28]. Fluoroiodomethyllithium is first generated by a deprotonation of
fluoroiodomethane with lithium diisopropylamide (LDA) in M1 and R1. It is
subsequently trapped with chlorotrialkylstannanes in M2 and R2, and the resulting
fluoroiodomethylstannane undergoes a second deprotonation with LDA in M3 and
R3. This generates an unusual and very unstable organolithium bearing two metal
atoms (Li and Sn) and two halogen atoms (F and I) on the same carbon. The
generated organolithium requires a very short residence time of 8.1 ms in R3.
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Fig. 11 Linear integration of a halogen-lithium exchange reaction, the reaction of a carbonyl
compound with o-lithiobenzonitrile, and electrophilic addition to give alkoxylithiums

Subsequent effective-trapping with electrophiles (in M4 and R4), such as ketones
and imines, provides tetrasubstituted epoxides and tetrasubstituted aziridines in good
yields.

As mentioned in Sect. 2.1, various electrophilic functional groups are compatible
with organolithium reactions if flash chemistry is used. Therefore, linear integration
via the generation of electrophilic-functionalized aryllithiums in flow microreactor
systems can facilitate further chemical transformations. For example, an integrated
flow microreactor comprising three micromixers and three microtube reactors was
used to generate alkoxylithiums by reacting carbonyl compounds with o-
lithiobenzonitrile. The alkoxylithiums underwent subsequent direct and sequential
trapping reactions upon electrophilic addition to produce three-component coupled
products (Fig. 11) [10].

The generation of electrophilic-functionalized organolithiums can also be linearly
integrated with transition-metal catalyzed coupling reactions. For example, homo-
geneous Pd-catalyzed Murahashi coupling [29] of an aryllithium with an aryl
bromide can be achieved using integrated flow microreactor systems composed of
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Fig. 12 Linear integration of a lithiation reaction and a homogeneous, Pd-catalyzed Murahashi
coupling

three micromixers and three microtube reactors [30]. Aryllithiums can be generated
by halogen-lithium exchange or deprotonation. Then, a highly reactive, homoge-
neous Pd catalyst (PEPPSI™-SIPr for aryl bromides or Pd(OAc), for vinyl bro-
mides) can be used for faster cross-coupling before the organolithiums decompose,
which gives various cross-coupling products in good to high yields (Fig. 12). The
integrated lithiation and Murahashi cross-coupling sequence can be completed
within a total residence time of 1 min.

Aryllithiums with electrophilic functionalities can also be converted to boronic
esters, which can be engaged in Suzuki-Miyaura cross-coupling reactions. Integrated
lithiation and borylation-coupling processes using homogeneous palladium catalysts
produce a variety of biphenyls [31], but Suzuki-Miyaura cross-coupling reactions
using heterogeneous Pd catalysts are more environmentally friendly. Thus, Suzuki-
Miyaura coupling reactions using supported Pd catalysts have been developed for
the flow process. Pd(0) catalysts supported on a polymer monolith with pores of two
different diameters were prepared and packed in a high-performance liquid chroma-
tography (HPLC) column [32]. The catalyst was incorporated into an integrated flow
microreactor to sequentially perform lithiation, borylation, and heterogeneous
Suzuki-Miyaura coupling reactions in one flow.

The productivity of the coupling reaction was effectively improved by connecting
multiple Pd monolith catalysts with larger pore sizes in series [33]. The flow
microreactor system using a Pd monolith packed in an HPLC column (Fig. 13)
was used for the gram-scale synthesis of adapalene, which has been used for
psoriasis, photoaging, and acne treatments [34]. The integrated flow microreactor
was assembled with two micromixers, two microtube reactors, and five Pd monolith
reactors connected in series. First, the aryl bromide underwent lithiation, and the
resulting aryllithium underwent borylation with trimethoxyborane at 0°C to give the
corresponding lithium arylborate. The lithium arylborate solution was then mixed
with another aryl halide and passed through a Pd monolith reactor at 120°C using a
plunger pump. No additional base was required to facilitate the cross-coupling
reaction by the direct use of in situ generated lithium boronate. After 4 h, 1.49 g
of the desired methyl ester was obtained, making the overall productivity 370 mg/h.
Subsequent hydrolysis with NaOH gave adapalene in 89% yield. Recently, an
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adapalene production of 5.1 g/h was achieved using a hierarchical, bimodal porous
silica gel supported palladium column reactor having a low pressure drop [35].

3.2 Convergent Integration

Carbolithiation of a benzyne with functionalized aryllithiums followed by reactions
with various electrophiles is an example of convergent-integrated organolithium
reactions involving several lithium intermediates that proceed in a flow-integrated
microreactor system (Fig. 14) [36]. Two different organollithiums, such as
2-bromophenyllithium in M1 and R1 and a functional aryllithium in M2 and R2,
can be separately generated from 1-bromo-2-iodobenzene and the corresponding
aryl halide, respectively, and then integrated at —70°C in M3 and R3. In R3,
2-bromophenyllithium decomposes at —30°C to generate a benzyne without affect-
ing the functional aryllithium. This process can be followed by the spontaneous
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carbolithiation of the benzyne with the aryllithium. The resulting functional
biaryllithium can then be reacted with an electrophile in reactor R4 to yield
the corresponding three-component coupling product. The precise optimization of
the reaction conditions using temperature—residence time mapping is responsible for
the success of this three-component coupling. Furthermore, this method has been
successfully applied to the synthesis of Boscalid (Fig. 14) [37], an important
fungicide belonging to a class of succinate dehydrogenase inhibitors.

3.3 Three-Component Coupling Based on Convergent
and Linear Integration

Convergent and linear integration using the flow microreactor method can also be
applied to chemoselective three-component couplings. A central issue in organic
synthesis is chemoselectivity, which refers to the preferential reaction of a chemical
reagent or reactive species with one of two or more different functional groups. In
general, chemoselective nucleophilic reactions of difunctional electrophiles are
simple if the reactivity of one functional group is higher than that of the other.
However, this is not true if the reaction is very fast. In fact, the reaction of
4-benzoylbenzaldehyde with an equivalent amount of phenyllithium in a batch
reactor leads to the formation of a mixture of three products (Fig. 15a). These are
the alcohol derived from the reaction of the aldehyde (aldehyde-adduct), the alcohol
from the ketone (ketone-adduct), and the diol (double adduct), despite aldehydes
generally being more reactive than ketones. Conversely, remarkable
chemoselectivity was achieved using fast micromixing, affording the desired com-
pound with high selectivity at high flow rates (Fig. 15b) [38].

(a) Batch HO o
Oj <:> to / HPhC Ph \
HO OH
Ho= e aldehyde-adduct (23%) @
H Ph=PH Ph

<:> L \ o) OH /double-adduct(26%)
H CPh Ph

ketone-adduct (7%)

o) 0

) <:> /< —40°C

H Ph ﬂ HO 0o o OH HO OH
R1 H PhC Ph H PH Ph  H Ph™="PK Ph

PhLi
! 73% 1% 7%

Fig. 15 Chemoselectivity for the reaction of 4-benzoylbenzaldehyde with phenyllithium in (a)
batch and (b) flow reactions
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PhLi

Fig. 16 Chemoselective three-component coupling reaction of difunctional electrophiles with
functionalized aryllithiums in a linear and convergent-integrated flow microreactor

With this high chemoselectivity, subsequent reaction of this product with
4-cyanophenyllithium at the aldehyde carbonyl group, followed by reaction with
4-nitrophenyllithium at the ketone carbonyl group, successfully afforded the
chemoselective three-component coupling product in 61% yield (Fig. 16) [38].

Reaction integration allows not only the integration of the bond-forming reac-
tions, but also the catalyst-generating reactions. When palladium(II) acetate mixed
with tri-tert-butylphosphine, a highly reactive palladium species, which can be
converted to its less-reactive state within sub-seconds, is generated [39]. To take
full advantage of such a reactive catalyst, the catalyst solution should be mixed with
coupling reagents soon after generation. The flow system depicted in Fig. 17
integrates the lithiation-borylation sequence with the Suzuki-Miyaura cross-cou-
pling reaction, as well as the catalyst generation process [40]. The aryl bromide
bearing an electrophilic functionality is lithiated and borylated to provide the
corresponding aryl borate. After adding water, the borate was mixed with another
aryl bromide and the reactive catalyst, the latter of which was generated in a
residence time of 1 s. As a result, this integrated sequence of lithiation, borylation,
catalyst generation, and coupling affords biphenyls bearing two different electro-
philic functionalities in good to high yields.

With this combination of convergent and linear integration, a precursor of the
histone deacetylase (HDAC) inhibitor was synthesized in quantitative yield
(Fig. 18) [41].
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Fig. 18 Three-component coupling sequence for synthesizing a histone deacetylase (HDAC)
inhibitor precursor (NR, = 1-piperidinyl)

4 Conclusion

Due to their high reactivity, organolithium reagents are considered unsuitable for
organic syntheses, especially those fabricating pharmaceuticals because they require
accurate reactions. To avoid side reactions, chemists conducting drug synthesis
prefer mild and controllable reagents. The aforementioned examples demonstrate
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that organolithium reagents can be used for synthesizing compounds with complex
structures because their high reactivity enhances the reaction efficiency.

Furthermore, these examples and many others show that flash chemistry and
space integration serve as powerful tools for efficient organic syntheses. Flash
chemistry enables reactions mediated by unstable, isomerizable, and racemizable
intermediates to successfully proceed before the intermediates decompose. Reaction
integration enables serial and combinatorial syntheses, where a variety of com-
pounds are generated in a sequential manner using a single-flow reactor. These
integration methods serve not only as efficient methods for synthesizing compounds
with biological activities, but also as an environmentally benign way of producing
pharmaceuticals. As the U.S. Food and Drug Administration (FDA) announced,
reaction integration in a flow process could provide several advantages to pharma-
ceutical manufacturing, such as highly productive, safe, and reproducible reactions
[42]. Moreover, the use of reaction integration enables on-demand and on-site
chemical syntheses, which leads to less energy consumption for product storage
and transportation.

Flash chemistry and reaction integration will be indispensable for pharmaceutical
research and production. Various methods in these fields will be developed to help
meet the ever increasing expectations of drug discovery and production.
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Abstract Although organometallic chemistry has been the predominant category
for the preferred catalytic transformations applied in pharmaceutical industry since
the nineteenth century, during the last 20 years, organocatalytic processes are
becoming more common and of wide use in drug discovery field. In particular,
enantioselective organocatalysis is emerging as one of the main tools and a greener
protocol for the synthesis of chiral molecules. As for today, the main applications of
chiral enantiopure compounds are in the pharma and fine chemicals industries, in
crop protection, and in the biotechnology area.
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Organocatalytic flow processes are of practical application in drug discovery and
in the manufacturing of Active Pharmaceutical Ingredients (APIs). In this chapter,
we will describe the most recent examples of continuous flow organocatalytic
processes reported in the literature for the synthesis of molecules with pharmaceu-
tical interest.

Keywords Achiral catalysis, Chiral catalysis, Drug synthesis, Flow chemistry,
Organocatalysis

1 Introduction

Continuous flow processes have recently emerged as a powerful technology for
performing chemical transformations since they ensure some important advantages
over traditional batch procedures.

Although most industries have employed continuous manufacturing processes for
decades, the pharmaceutical industry has remained committed to batch operations,
despite the advantages in cost, time-length of the process, and quality characteristics
of final products obtained by continuous flow methodologies. However, this trend is
changing due to fast growing use of more personalized medicines and therapies
involving complex compounds that renders continuous processes competitive with
respect to traditional batch synthesis.

Although organometallic chemistry has been the predominant category for the
preferred catalytic transformations applied in pharmaceutical industry since the
nineteenth century, during the last 20 years, organocatalytic processes [1-8] are
becoming more common and of wide use in drug discovery field. In particular,
enantioselective organocatalysis is emerging as one of the main tools and a greener
protocol for the synthesis of chiral molecules. As for today, the main applications of
chiral enantiopure compounds are in the pharma and fine chemicals industries, in
crop protection, and in the biotechnology area [9].

By definition, organocatalysis is the acceleration of chemical reactions with a
substoichiometric amount of an organic compound in absence of a metal
element [10].

The fundamental advantages of organocatalysis are mainly related with the easier
experimental procedures required with mild reaction conditions. That involves low
levels of chemical waste resulting in savings in time and energy and also in the
overall cost of the process because usually organocatalysts are relatively inexpen-
sive, compared with organometallic species.

Usually, organocatalysts are more robust and not prone to decomposition during
reaction, in contrast with traditional metal catalysts. Moreover, many
organocatalysts have been modified to allow their immobilization onto different
supports (from polymeric resins to nanoparticles or ionic liquids), for their use as
heterogeneous catalysis in flow synthesis. The immobilization of organocatalysts is
long-established as an approach that allows the recovery and reuse of these usually
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expensive molecules. The heterogeneous organocatalyst is used in continuous flow
usually by placing it into a packed bed reactor as a swellable microporous resin, as a
monolithic macroporous column, as a covalent attachment to the reactor internal
walls of the reactor, or even as a 3D printed material [11-13].

Organocatalysis represents an effective methodology to perform metal-free cat-
alytic processes avoiding the contamination of final products with potentially toxic
metal specie. In fact, in the case of stereoselective reactions, the use of
organocatalysts allows the achievement of high levels of enantioselectivity in con-
tinuo [14-17]. However, one of the main limitations of these processes is the
propensity to deactivation of organocatalysts, a fact that reduces their efficiency
for some transformations and hampers their large-scale application [18-20]. The
identification of the mechanisms that cause deactivation is an important challenge to
address in order to implement corrective measures, thus allowing a wider use of
organocatalysis in pharmaceuticals and fine chemicals industries.

Many research groups have focused their attention in the organocatalysis field
and all these efforts have demonstrated that organocatalytic flow processes are of
practical application in the manufacturing of Active Pharmaceutical Ingredients
(APIs). In this chapter, we will describe the most recent examples of continuous
flow organocatalytic processes reported in the literature for the synthesis of mole-
cules with pharmaceutical interest.

The application of organocatalysis in continuous flow has been approached in
two ways (Fig. 1):

(a) mixing a soluble homogeneous catalyst in the solution being pumped and
(b) using organocatalysts immobilized onto a solid support in packed bed reactors.

Both strategies have a lot of potential, but the use of an heterogeneous catalyst has
additional benefits: the product is not contaminated with catalyst and, if this proves
robust enough, the effective catalyst loading becomes a function of operation time,
leading to extremely high turnover numbers (TONs) for the overall process even
when small-size devices are operated for long periods of time, whereas at any given
time the substrates are exposed to (super)stoichiometric amounts of catalyst inside
the reactor and this allows high conversions in short contact times.

In this chapter, we have decided to divide the described organocatalytic processes
in flow by the use of achiral (Sect. 2) and chiral (Sect. 3) organocatalysts (also
depending on their nature), in both cases including homogeneous and heterogeneous
species.

2 Achiral Organocatalysts in Continuous Flow

2.1 Carbene Catalyzed Reactions

The group of Monbaliu developed, in 2016, a versatile methodology for the gener-
ation of N-heterocyclic carbenes (NHCs) in continuous flow [21]. Once the synthesis
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Fig. 1 Continuous flow catalysis with (a) Homogeneous or (b) Heterogeneous catalysts

of NHCs in flow was optimized, the sequence was telescoped with the
organocatalytic transesterification of vinyl acetate and benzyl alcohol (Fig. 2). The
microfluidic setup enabled the fast study of different reaction parameters and
screening of various NHC precursors to determine the optimal conditions. In-line
reaction monitoring, downstream quench, and liquid-liquid separation techniques
were also implemented in the sequence.

A similar strategy was applied for the amidation reaction of N-Boc-glycine
methyl ester with ethanolamine catalyzed by IMes. This example showed the direct
telescoping of three synthetic steps, first the generation of the carbene, then the
transesterification, and finally an intramolecular O-to-N acyl shift. Both
organocatalytic transformations proceeded with total conversion and excellent yields
were achieved, representing the first examples of organocatalysis with NHCs in
continuous flow.

A continuous flow procedure for the umpolung of aromatic a-diketones was
described by Massi in 2016 [22]. 2-tert-butylimino-2-diethylamino-1,3-
dimethylperhydro-1,3,2-diazaphosphorine on polystyrene (PS-BEMP) was found
to be the optimal base for the chemoselective synthesis of benzoin and Stetter-like
products. The supported base was capable to initiate the two electron-transfer
process from the carbamoyl anion of N,N-dimethylformamide to the o-diketone
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and generates the corresponding enediolate active species. The continuous flow
setup consisted of a fixed-bed reactor (pressure-resistant stainless-steel column)
packed with the polymer-supported base at 50°C with a residence time of 276 min
(Fig. 3). Under these conditions, the benzoylated benzoin product was isolated in
pure form by simple evaporation of the solvent. Together with the ease of product/
catalyst separation, an important benefit of the continuous flow process was the long-
term stability of the packing bed (ca. 5 five days on streams).

The application of continuous flow N-heterocyclic carbene (NHC)-catalysis into
the valorization of renewable chemicals was reported also by the group of Massi in
2018 [23]. The synthesis of supported azolium salt precatalyst 2 was developed to
produce monoesters of glycerol by oxidative NHC-catalysis under continuous flow
conditions. The esterification of glycerol with naphthaldehyde (Fig. 4) was
performed as a benchmark reaction. The setup consisted of a stainless-steel column
packed with active polystyrene-supported triazolium salt precatalyst. Two feed
solutions were pumped into the packed bed reactor allowing the efficient
monoesterification of glycerol. Moreover, the same group also developed a novel
catalytic procedure for the synthesis of 5-hydroxymethyl-2-furancarboxylic acid,
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catalyzed by polystyrene-supported triazolylidene via oxidative esterification of
5-hydroxymethyl-2-furan under continuous flow conditions [24].

2.2 Lewis Base Catalyzed Reactions

The organocatalytic a-trifluoromethylthiolation of ketone-derived enoxysilanes pro-
moted by Lewis bases was reported in continuous flow by Benaglia and Rossi in
2018 [25]. The use of N-(trifluoromethylthio)saccharin, activated by the presence of
catalytic amounts of a Lewis base, as trifluoromethylthiolating reagent was success-
fully developed under continuous flow conditions (Fig. 5). The setup used consisted
of a glass microreactor that was fed by two different solutions: the mixture of the
silylenol ether combined with tetrahydrothiophene and the trifluoromethylthiolating
agent. Shorter reaction time and higher productivity were observed when the
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reaction was operated in the flow system, offering clear advantages compared to the
batch approach.

2.3 Lewis Acid Catalyzed Reactions

A novel method for the diastereoselective synthesis of cis-4-
aminobenzodihydropyran derivatives using an efficient organocatalyst under mild
conditions was reported in 2017 [26]. By using a low loading of tritylium cation
TrBF, (1 mol%), pyranobenzodihydropyrans and furanobenzodihydropyrans were
obtained via the interrupted Povarov reaction between salicylaldimines and alkenes.
After optimization in batch, a flow system for the catalytic three-component con-
densation of salicylaldehydes, aniline, and 2,3-dihydrofuran was developed via
Lewis acidic catalysis (Fig. 6). The flow setup involved a first microreactor for the
non-catalytic imine formation, fed by a salicylaldehyde solution and an aniline
solution. Then, the resulting salicylaldimine solution passed through a water absorp-
tion tube, and the water-free salicylaldimine was combined with 2,3-dihydrofuran
solution containing tritylium tetrafluoroborate and pumped into the second
microreactor. Gratifyingly, the pyranobenzodihydropyran was efficiently formed at
high flow rate resulting in a residence time of 1 min. This flow process allowed a
streamlined preparation of the pyranobenzodihydropyrans in a practical manner with
high yield and short residence time. Interestingly, the process transfer from batch to
flow resulted in comparable yields while avoided preparation and separation steps of
preformed salicylaldimines, thus representing an efficient and scalable approach.
The same year, the group of Nguyen presented for the first time the use of
tropylium salts as organic Lewis Acid catalysts to facilitate the acetalization and
transacetalization of a wide range of aldehydes [27]. This metal-free method was
studied in both batch and flow conditions, offering an interesting protocol to mask
aldehydes in organic chemistry. The flow setup consisted of a heated tubular reactor
coil fed by the reaction mixture solution (Fig. 7). The optimal conditions under
continuous flow allowed an efficient multigram synthesis of acyclic acetals.

CHO
OH
:> 2.5 mL/min
Absorbent
(1 equiv) Column
in THF 9 50 °C V=10 mL
2 min
@NHZ 3 2.5 mL/min W HN
(1 equiv)
in THF f
(0] 1 min o
(6]
TBF, + E} <> 5 mL/min
1 1%
(1 moi%) (2 equiv)

in THF

Fig. 6 Diastereoselective synthesis of cis-4-aminobenzodihydropyran
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Fig. 8 Photocatalyzed amination of heterocyclic thiols

Moreover, the tropylium catalyst could be isolated and recycled, as it remained
mostly unchanged after the reaction.

2.4 Photocatalytic Reactions

An efficient amination of heterocyclic thiols by photocatalytic reaction under con-
tinuous flow conditions was reported by the group of Wacharasindhu [28]. Rose
Bengal was employed as photocatalyst and commercial LEDs as light source in the
SNAr of heterocyclic thiols (Fig. 8). Different functional groups were well tolerated
allowing the synthesis of diverse amino-substituted heterocycles such as
2-aminobenzoxazole and 4-aminoquinazoline derivatives in moderate to excellent
yields. The novel use of thiols as alternative substrates in an SyAr-type reaction
leading to C — N bond formation represented a mild, cost-effective, and metal-free
alternative to conventional amination. The flow setup consisted of a transparent
perfluoroalkoxy alkane (PFA) tube, which was surrounded by a visible-light source.
A mixture of the starting material, DBU, n-BuNH,, and Rose Bengal was simply
flowed through the irradiated tube. The suitability of the mild conditions involved in
flow with the amination reaction allowed the efficient formation of pharmaceutical
intermediates and demonstrated the high potential of the flow approach for industrial
scale up.

Melchiorre and coworkers developed a photochemical Sy2 process to generate
open-shell intermediates from electrophilic substrates that would be incompatible
with traditional radical-generating strategies [29]. The method required an organic
catalyst 3 and occurred under visible-light irradiation. This strategy was applied to
the synthesis of an intermediate of Tolmetin, a marketed nonsteroidal anti-
inflammatory drug. The reaction was carried out under continuous flow conditions,
in a photoreactor irradiated with Blue LEDs to efficiently afford the pyrrole deriv-
ative (Fig. 9). The broad substrate scope highlighted the potential of this transfor-
mation, which involved the use of a low-cost catalyst.
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Fig. 10 Photocatalyzed C3 arylation of 2H-indazoles with aryldiazonium salts

The group of Kim reported in 2019 a metal-free, direct C3 arylation of 2H-
indazoles with aryldiazonium salts at room temperature by continuous flow organo-
photoredox catalysis involving the use of green light [30]. They applied the optimal
conditions previously established in batch to a continuous flow microfluidic reactor
(Fig. 10). The reactor was a highly transparent PFA coil irradiated with LED light.
The efficient light irradiation achieved under these conditions and the efficient
mixing under continuous flow conditions had a very positive impact on the reaction
allowing a time reduction from 18 h in batch to 1 min residence time in the flow
process. The visible light promoted an efficient cross coupling in the presence of
Eosin Y as the photocatalyst. Besides, this approach represented an interesting
alternative to the known transition-metal-catalyzed strategies for C — H arylation
of 2H-indazoles.

2.5 Phosphine Catalyzed Reactions

A phosphine catalyzed “anti-Michael addition” on alkynes was developed in con-
tinuous flow heterogeneous conditions by Sharma and Van der Eycken [31]. This
nucleophilic catalysis enabled the synthesis of a wide range of spiroindolines and
spiroindolenines, that are interesting compounds due to their presence in various
natural products and biologically relevant molecules. Prior to the continuous flow
process, the catalytic performance was investigated in a batch mode. Then, a
reusable  catalytic-system  was  described  using  polymer-supported
triphenylphosphine under continuous flow conditions. The system consisted of a
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Fig. 11 Synthesis of spiroindolines and spiroindolenines in continuous flow

packed bed reactor, filled with the supported catalyst, fed by a solution of the
corresponding alkyne in a mixture of Toluene/EtOH (1:1). The reaction worked
very efficiently affording the desired products in up to 98% yield. Moreover, it was
demonstrated the scalability of the process performing a gram-scale reaction that
gave 79% isolated yield of 1’-benzyl-3’-methylenespiro[indole-3,4’-piperidin]-
2'-one (Fig. 11).

3 Chiral Organocatalysis in Continuous Flow

Biologically active molecules are in most cases chiral. For this reason,
enantioselective catalytic transformations are crucial in the synthesis of such mole-
cules. In that sense, the use of chiral organocatalysts in flow chemistry promotes the
effective and sustainable production of enantiomerically pure compounds providing
a very powerful tool for pharmaceutical industry.

Although there were some drawbacks associated to high catalytic loading, low
turnover numbers of impossibility of recovery and recycling the organocatalysts,
nowadays there has been a huge advance in the field and these problems have been
overcome by the immobilization of the catalysts. This strategy allows the production
of chiral compounds in a rapid and purest way, making asymmetric organocatalysis
a real powerful tool for drug discovery and drug synthesis, even in large scale.

3.1 Pyrrolidine-Derived Catalysts

In 2015, a novel polymer-supported fluorinated organocatalyst was developed by the
group of Pericas [32]. The catalytic resin 4 demonstrated great potential for the
Michael addition of aldehydes to nitroalkenes in batch and flow (Fig. 12). This
enantioselective transformation was selected as a benchmark to evaluate the perfor-
mance and recyclability of this novel catalyst. The study constituted the first report of
its application in the enamine activation mode. A highly efficient continuous flow
process was designed, allowing either the multigram synthesis of a single Michael
adduct or the sequential generation of a library of enantiopure Michael adducts from
different combinations of substrates. The setup used consisted of resin 4 packed in a
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Fig. 12 Enantioselective Michael addition of aldehydes to nitroalkenes

glass column and fed by the reaction mixture. Additional in-line workup allowed to
simplify the isolation of the adduct. Indeed, pure product was obtained evaporating
the organic outstream, in most cases. Catalyst 4 was proved to be extremely active,
displaying excellent selectivity with a wide variety of substrates. Key to the success
was a polymer design that did not affect the active site.

A wide library of compounds was synthesized using this continuous flow setup.
To demonstrate the robustness of the catalyst, this flow process was run with
different reagent combinations. Each pair of starting materials was circulated
through the system for 30 min, rinsing with solvent for 1 h afterward. In total,
16 consecutive runs were carried out, with high yields and stereoselectivities
observed in all cases. Remarkably, the overall TON for this set of experiments
was 72.

Supported diarylprolinols are very useful catalysts for different transformations.
The use of a solid-supported organocatalyst of this type for the enantioselective
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Fig. 13 Enantioselective cyclopropanation reaction

cyclopropanation of a,p-unsaturated aldehydes in flow was reported in 2016 by the
group of Pericas (Fig. 13) [33]. After testing a set of polymeric catalysts, the use of
resin 5 in the flow asymmetric cyclopropanation of enals with bromomalonates was
found to be the best option. This work included the evaluation of both the solid phase
(microporous vs. macroporous polystyrene) and the anchoring strategy.

The flow setup consisted of two feeding streams that were combined right before
a glass Omnifit® column packed with the catalytic resin 5. N-methylimidazole was
used as a base, and a downstream process was required to prevent a secondary
reaction involving ring-opening of the cyclopropane. To this end, a third inlet with
ammonium chloride and a liquid-liquid separator were placed after the packed bed
reactor to remove the base from the outgoing flow. This process allowed to perform
an in-line workup, with only evaporation and chromatographic purification
remaining to obtain the final product.
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Fig. 14 Enantioselective arylation reaction

Both electron-rich and electron-poor cinnamaldehydes were well tolerated in this
process, and even heteroaromatic enals produced the desired cyclopropanes with
high enantiomeric purity. Each flow experiment was run for 6 h under the optimal
conditions. After every example, the column was simply rinsed with CH,Cl, to be
used with the next combination of substrates. With this sequential approach, up to
12 different analogues were prepared with excellent ee’s and diastereoselectivities.
The catalytic resin 5§ proved to be extremely robust, with productivities up to
2.1 mmol h™! gresin_l, which amounted to a total TON of 94.0 (up to 76 h running).

Pastre and coworkers developed, in 2017, different immobilized amino acids
derived ligands for the enantioselective arylation of aldehydes with organozinc
reagents in flow [34]. Supported ligands derived from (S)-proline, (25,4R)-4-
hydroxyproline, (S)-tyrosine, and (S)-phenylalanine on the Merrifield resin were
synthesized and first, tested in batch. The best results were obtained with resins 6 and
7 (Fig. 14) and these immobilized ligands were evaluated under continuous flow
conditions, with the main goal of improving the reaction time and enantioselectivity
of the process. The designed setup consisted of a glass Omnifit® column packed with
the functionalized resin and fed with the stock solutions of the arylzinc reagent and
aldehyde. Under optimal conditions, full conversion was obtained with only 1.5 min
of residence time affording the desired product with high enantiomeric excess.
Moreover, the stability of the ligands was evaluated, and it was found out that
7 could be used for a longer period of time than 6. In fact, no significant change in
reaction yield was observed, but the enantioselectivity slightly decreased, after a
3 days experiment.

In 2018, a new family of polystyrene-supported cis-4-substituted diarylprolinols
was described by the group of Pericas [35]. A tandem sequence consisting of
aza-Michael addition catalyzed by diarylprolinol 8 followed by hemiacetalization
was developed to afford chiral 5-hydroxyisoxazolidine (Fig. 15). Encouraged by the
robustness of the supported catalyst, a family of o,p-unsaturated aldehydes was
submitted to the flow process. The system consisted of a packed bed reactor filled
with catalyst 8 and fed by a solution of the aldehyde and a mixture of N-protected
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hydroxylamine and benzoic acid. Overall, the accumulated TON in these flow
processes was of 134. Moreover, the synthetic versatility of the products was
demonstrated by a sequence consisting of oxidation and continuous flow hydroge-
nation that allowed the preparation of f-amino acids.

Asymmetric organocatalytic aldol reaction with hydrophobic substrates in water
under continuous flow conditions was reported by Groger and coworkers in 2019
[36]. The optimal condi