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Advances in the Use of Enantiopure 3-Lactams
for the Synthesis of Biologically Active
Compounds of Medicinal Interests

Iwao Ojima, Edison S. Zuniga, and Joshua D. Seitz

Abstract B-Lactams play a significant role in organic synthesis in addition to its
importance as the core structure of B-lactam antibiotics. The “B-lactam synthon
method” introduced in late 1970s has greatly advanced the use of B-lactams as
key intermediates for the synthesis of biologically active compounds such as
nonprotein amino acids, peptides, peptidomimetics, and complex natural products
and congeners. This chapter describes the advances in the synthesis of B-lactams
with excellent enantiopurity, useful patterns of B-lactam ring cleavage, ring-
opening coupling, and applications of the B-lactam synthon method to the syn-
thesis of biologically active compounds of medicinal interests. In addition, novel
B-lactams, exhibiting potent activities, not as antibacterials but as anticancer and
cholesterol-controlling agents, are described.
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1 Introduction

The B-lactam skeleton has attracted significant interest among synthetic and medic-
inal chemists over the years mainly because it is the core structure of natural and
synthetic B-lactam antibiotics [1]. However, B-lactams have been playing an
important role in organic synthesis as well. The use of B-lactams as synthons for
compounds with biological and medicinal interests has been greatly advanced since
the introduction of the “B-lactam synthon method” in late 1970s [2—12]. Through
the B-lactam synthon method, various B-lactams have been used as precursors to
nonprotein amino acids and amino alcohols, which are essential building blocks for
the synthesis of peptides and peptidomimetics. Furthermore, the 3-lactam synthon
method has been applied to the synthesis of a variety of medicinally important
compounds such as indolizidine and isoquinoline alkaloids, taxoids, and other
complex natural products.

The synthesis of these biologically important and stereochemically defined
compounds can be facilitated by chemical transformations of enantiopure B-lactams
(Fig. 1). B-Lactams with high enantiopurity can be obtained through asymmetric ester
enolate—imine cyclocondensation, diastereoselective Staudinger ketene—imine cyclo-
addition reaction, followed by enzymatic resolution of enantiomers or asymmetric
Staudinger [2+2] ketene—imine reaction. The chirality of these chiral f-lactams can
be transferred directly to an array of synthetic intermediates, which are useful for the
synthesis of enantiopure compounds of biological and medicinal significance.

Once B-lactams with high enantiopurity are obtained, any of the C—C and N-C
bonds of the four-membered ring can be cleaved to yield useful chiral synthetic
intermediates. The ring strain of the P-lactam ring promotes bond cleavage.
The most widely exploited bond cleavage is that of the N1-C2 amide bond. This
bond is susceptible to nucleophilic agents. For example, the nucleophilic cleavage
of the N1-C2 amide bond of N-acyl-3-hydroxy-pB-lactam derivatives by alcohols,
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Fig. 2 Examples of biologically active compounds of medicinal interests, containing o-hydroxy-
-amino acid components

amino acids, and thiazoles provides the corresponding N-acyl-a-hydroxy-fB-amino
acid esters, amides, and dipeptides, including the highly efficient introduction of
(3R,45)-N-benzoylphenylisoserine moiety to a baccatin IIl derivative, forming
paclitaxel, one of the most important anticancer drugs, after simple deprotection
(Fig. 2).

The B-lactam synthon method has been successfully applied to (1) the synthesis
of biologically active oligopeptides, (2) the synthesis and stereoselective labeling of
dipeptides, (3) the asymmetric synthesis of peptidomimetics, (4) the synthesis of
antimicrobial agents and complex natural products, and (5) the highly efficient
synthesis of paclitaxel and new taxoids that are highly potent anticancer agents
(Fig. 2). This chapter describes the advances in the asymmetric synthesis of f-lactams
and highlights the applications of the B-lactam synthon method to the synthesis of
biologically active compounds of medicinal interests. In addition, novel B-lactams,
exhibiting potent activities, not as antibacterials but as anticancer and cholesterol-
controlling agents, are described.
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2 Asymmetric Synthesis of 3-Lactams

Selected methods for the asymmetric synthesis of B-lactams are discussed in this
section. PB-Lactams with high enantiomeric excess can be obtained by means
of two major methods, i.e., (1) Staudinger [2+2] ketene—imine cycloaddition and
(2) ester enolate—imine cyclocondensation.

2.1 Staudinger [2+2] Ketene—Imine Cycloaddition Reaction

The first synthesis of B-lactams was reported by Staudinger in 1907, in which a
Schiff base derived from aniline and benzaldehyde underwent thermal cycloaddi-
tion with diphenylketene to form 1,3,3,4-tetraphenylazetidin-2-one [13]. Since its
introduction, the Staudinger ketene—imine cycloaddition has been regarded as the
most direct and widely used method for the synthesis of B-lactams. Although the
Staudinger reaction has been documented for over a century, uncertainties still
remain, even now, regarding the details of its [2+2] cycloaddition mechanism.
Exhaustive discussions on the factors influencing the mechanism of the Staudinger
reaction are beyond the scope of this chapter. However, two recent reviews on
this subject summarize the current standing [14, 15]. The most widely accepted
mechanism of the Staudinger ketene—imine cycloaddition involves a two-step
process through a nucleophilic attack of the imine nitrogen to the electrophilic
central carbon of a ketene (generated in situ from an acid chloride and a base),
forming a zwitterionic intermediate, which undergoes conrotatory ring closure to
give the four-membered cycloadduct, as shown in Scheme 1 (pathway I). When a
monosubstituted ketene and an aldimine are used, the reaction produces two
stereocenters in the B-lactam ring, hence cis- and/or trans-f-lactam products can
be obtained exclusively or as a mixture in a variable ratio, depending on the
substrate structures and reaction conditions [14, 15]. If there is no Z to E isomeri-
zation in the zwitterionic intermediate, the reaction gives cis-B-lactam as the
exclusive product. Although Scheme 1 only shows E-imine, the stereochemistry
of the imine surely influences the stereochemistry of the resulting B-lactam, i.e.,
E-imines preferentially lead to the formation of cis-B-lactams, while Z-imines pre-
dominately give trans-f-lactams [16—19]. The studies conducted to establish the
origin of cis/trans stereoselection revealed that the relative transition state energy
in the rate-determining step is dictated by electronic torquoselectivity [19-21].

Two other pathways have also been proposed for the reaction mixing an acid
chloride, a base and an imine all at once (pathways II and III). This reaction
involves acylation of the imine nitrogen first, followed by deprotonation at the
a-carbon by a base to generate the zwitterionic intermediate same as that in the
pathway I (pathway II) or another process wherein the chloride counter ion, generated
in the first step, adds to the iminium bond to form the corresponding N-o-
chloroalkylamide anion, which undergoes cyclization through an intramolecular
SN2 reaction (pathway III), which can accommodate the formation of trans-f3-
lactam as the major product under certain conditions [14, 15].
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Scheme 1 Proposed mechanistic pathways for f-lactam formation via Staudinger ketene-imine
cycloaddition

It has been reported that reaction variables such as reaction temperature, solvent,
base, additives, and the order of addition of reactants influence the stereochemistry of
the products. Nonpolar solvents are favorable for the formation of cis-f-lactams,
whereas polar solvents are better for the formation of frans-p-lactams [22]. Presum-
ably this effect is due to the stabilization of the zwitterionic intermediate in polar
solvents, allowing isomerization of the double bond prior to ring closure. The stereose-
lectivity is also dependent on the order of addition of reactants, i.e., an acid chloride
and an imine, which can be explained by the three pathways shown in Scheme 1.

2.1.1 Through [2+2] Cycloaddition of Achiral Ketenes to Chiral Imines

Asymmetric synthesis of B-lactams can be realized through the [2+2] cycloaddition
of an achiral ketene to a chiral imine. Chiral imines can be derived from chiral
aldehydes and achiral amines or from chiral amines and achiral aldehydes. Modest
to good diastereoselectivities, in most cases, are observed for the reactions using
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Scheme 4 Diastereoselective chiral phenylethenylimine - ketene cycloaddition

imines derived from simple chiral amines such as (R)-1-phenylethylamine or (R)-1-
naphthylethylamine [8, 23, 24]. For example, 3-phalimido-f-lactams 2 and 3, were
obtained in 74% yield and good diastereomer ratio (dr = 9:1), using imines 1
derived from (R)-1-phenylethylamine (Scheme 2) [23]. Imines 4 derived from
(R)-1-naphthylethylamine reacted with phenoxyketene to give 3-phenoxy-
B-lactams 5 and 6 in 71% yield with modest diasteroselectivity (dr = 83:17)
(Scheme 3) [24]. It is worthy of note that the two diastereomers were easily
separated by silica gel chromatography providing a facile route to the enantiopure
B-lactams. The reaction of imine 7a (R = TMS) with phthalylketene gave
B-lactams, 8 and 9, in a low diastereomer ratio (dr = 2:1), while the reaction
with imine 7b bearing a bulkier O-protecting group (R = TBS) gave B-lactam
8 with much higher diastereoselectivity (dr = 8:1) (Scheme 4) [25]. The reaction of
the imine 10a (R = TPS) derived from p-threonine with azidoacetyl chloride in the
presence of a base gave B-lactams 11 and 12 with excellent diastereoselectivity
(dr = 19:1) (Scheme 5) [26]. The [2+2] cycloaddition of azidoketene and
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Scheme 6 Highly stereoselective bis-B-lactam formation via azidoketene - chiral imino-f-lactam
cycloaddition

benzylideneamines with chiral B-lactam backbones 13 and 15 proceeded in excel-
lent diastereoselectivity (dr = >99:1), resulting in the formation of enantiopure
bis-B-lactams 14 and 16, respectively, in modest to good yields (Scheme 6) [27].
Better stereoselectivities, in general, have been achieved when imines derived
from chiral aldehydes are used, e.g., imines derived from o-oxyaldehydes [28],
sugar-derived aldehydes [28-30], a,B-epoxyimines [31], and a-amino aldehydes
[32]. In most of these cases, cis-B-lactams are produced exclusively or with dr
greater than 9:1 [28-30]. For example, the reactions of chiral a,B-epoxyimines 17
with a variety of ketenes afforded the corresponding 3-amino-B-lactam derivatives
18 and 19 in 9:1-93:7 diastereomer ratio (Scheme 7) [31]. In many other cases, the
formation of a single diastereomer of a B-lactam was observed, as represented by
the reactions of two sugar-derived chiral imines 20 and 22 with benzyloxyketene,
which gave B-lactams 21 and 23 in 63% and 87% yields, respectively (Schemes 8
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and 9) [28]. In addition, the reactions of chiral oxazolidinylimines 24 with various

hydroxyketene derivatives gave the corresponding B-lactams 25 as single dia-
stereomers in modest to an excellent 98% yields (Scheme 10).
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Scheme 11 Highly stereoselective ketene - chiral imine cycloaddition using glyceraldehyde
ketal, derived from D-mannitol as chiral source

The reaction of chiral imines 29, derived from p-glyceraldehyde ketal 28, with
various ketenes in situ generated from acid chloride and an amine base provides an
easy access to a large-scale synthesis of the corresponding -lactams 30 (Scheme 11)
[33]. p-Glyceraldehyde ketal 28 can be readily prepared from p-mannitol (26), a
cheap, enantiopure, and commercially available starting material (Scheme 11) [33].
The terminal glycol moieties of 26 were protected as acetals to form 27. The C-C
bond of the remaining glycol of 27 was then oxidatively cleaved by sodium
periodate to give 28. The [2+2] cycloaddition of the corresponding imines 29 with
acyl chloride gave optically active B-lactams 30 as single diastereomers in 44—70%
yields [33, 34].

2.1.2 Through [2+2] Cycloaddition of Chiral Ketenes to Achiral Imines

Another approach to the asymmetric ketene—imine [2+2] cycloaddition is to use
chiral ketenes. This strategy has been very successful for the asymmetric synthesis
of 3-amino-f-lactams. Oxazolidinones derived from (S)- and (R)-phenylglycine
are excellent chiral auxiliaries for the asymmetric ketene—imine [2+2] cycloaddi-
tion [35]. For example, (S)-4-phenyloxazolidinon-3-ylacetyl chloride (31) with
N-benzylaldimines 32 gave B-lactam 33 with 95:5-97:3 dr in 80-90% yield
(Scheme 12) [35]. This methodology has been successfully applied to solid phase
synthesis [36, 37]. A chiral ketene generated from 31 was reacted with imines
immobilized on a solid phase bead 35 for the combinatorial synthesis of a library of
B-lactams after cleavage from the resin-bound B-lactams 36 (Scheme 13) [36, 38].
In another example of ketene-induced chirality, the reaction of phenantridine 38
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Scheme 13 Stereoselective cycloaddition of chiral ketene and imine anchored on a polymer resin
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Scheme 14 Asymmetric synthesis of trans-f-lactam via chiral ketene - cis-imine cycloaddition

with 37 in the presence of triethylamine gave enantiopure polycyclic B-lactam 39 in
53% yield (Scheme 14) [39].

Even when complete diastereoselectivity is not achieved, the resulting dia-
stereomers can be separated by conventional methods, and the chiral auxiliary is
cleaved to produce two enantiopure B-lactams. For example, the reaction of ketene
40, bearing an a-glycoside moiety, with imine 41 gave two trans diastereomers in a
45:55 ratio (Scheme 15) [40]. After the separation of the two diastereomers by
column chromatography and the subsequent acid-catalyzed hydrolysis, the two
enantiomers were obtained in the enantiopure form [40]. The reaction of ketene
45 with imine 46 derived from a glycinate afforded B-lactam 47, which was
obtained enantiopure after recrystallization [41]. B-Lactam 47 served as the key
intermediate for the optimization of B-lactam-based vasopressin Vla receptor
agonists (Scheme 16) [41]. The use of chiral ketenes in [2+2] cycloadditions has
also been extended to the synthesis of spiro-f-lactams [42-44].
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Scheme 16 Asymmetric synthesis of the key intermediate for -lactam-based vasopressin Vla
receptor agonists

2.1.3 Enantiopure f3-Lactams Through Enzymatic Kinetic Resolution

Enzymatic kinetic optical resolution of racemic [-lactams obtained by the
Staudinger ketene—imine cycloaddition provides another route to enantiopure
B-lactams. This protocol is especially useful for the synthesis of enantiopure
3-hydroxy-fB-lactams [11, 45-50]. Although at least a half of the racemic B-lactam
cannot be converted to the desired enantiomer in this process, the starting materials
are inexpensive. Thus, the enzymatic resolution process is economically attractive
albeit the “atom economy” is not good. Also, the other enantiomer can be used as a
versatile synthetic building block and may not be wasted.

Among various hydrolytic enzymes examined, amano lipases and pig liver
acetone powder (PLAP) have been found to provide the best results in the kinetic
optical resolution of racemic cis-3-acetoxy-4-phenyl-B-lactams, yielding the
corresponding (3R.4S)- and (35,4R)-B-lactams with high enantiopurities [45, 48].
The “PS-Amano” lipase has been successfully applied to the kinetic resolution
of racemic cis-3-acetoxy-4-(2-methylbut-2-enyl)azetidin-2-one [11, 49, 50].
The “PS-Amano” lipase preferentially hydrolyzes the acetate moiety at the C-3
position of this B-lactam. Therefore, (3R,45)-B-lactam is obtained with extremely
high enantiopurity (>99% ee) when the reaction is stopped over 50% conversion.
The actual examples are described together with their synthetic applications later in
this chapter.
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Fig. 3 Organocatalysts for the asymmetric ketene-imine cycloaddition and a proposed key
intermediate

2.1.4 Catalytic Asymmetric Synthesis of 3-Lactams Through [2+2]
Cycloaddition of Zwitterionic Enolates and Imines

A catalytic process for the asymmetric [2+2] ketene—imine cycloaddition to form
enantio-enriched B-lactams has been developed [51]. Cobalticenium tetracarbonyl
cobaltate (49) contains both a nucleophilic anion and Cp,Co cation that could
act in concert with each other. When applied to the [2+2] cycloaddition of
diphenylketene, generated from 48 and NaH, to N-tosylimino ester 51, cobalt-
complex 49 exhibited a good catalyst activity, giving B-lactam 52 in up to 85%
yield after only 5 min at room temperature (Scheme 17) [52].

It was found that the nucleophilic catalyst does not need to be a metal anion
or charged. Thus, an organocatalyst was found to effect this process [53]. More-
over, it was hypothesized that an organocatalyst, containing a nucleophilic
center associated with an electrophilic center could rigidify the key intermediate
57 (Fig. 3) and potentially generates B-lactams with higher diastereoselectivity.
When tertiary amines 53 and 54 were used as catalysts for reaction of diphenyl-
ketene with imine 56, 53 gave B-lactam in a 34:66 cis:trans ratio, and tertiary amine
54, capable of hydrogen bonding, outperformed 53 to afford B-lactam in a 3:97
cis:trans ratio.
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Fig. 5 Enantioselective f-lactam formation through organocatalysis of a cinchona alkaloid

First, a novel catalytic process was studied using achiral nucleophilic catalysts.
In general, the imine acts as the electrophile and the ketene component acts as the
nucleophile in this catalytic process (Figs. 4 and 5). The imine is made highly
electrophilic by incorporating an electron-withdrawing group to the imine nitrogen
and a carbalkoxy substituent to the imine carbon. The transformation of the
electrophilic ketene component to a nucleophilic reactant was devised with the
use of a nucleophilic catalyst (Nu:) that reversibly binds to the ketene to form a
zwitterionic enolate 58. Nucleophilic attack of 58 on the o-carbon of the imine
leads to the asymmetric C—C bond formation, followed by cyclization to give
B-lactam 59 and regenerates the nucleophilic catalyst (Fig. 4).

Based on these results, optically active cinchona alkaloid derivatives were
screened as potential organocatalysts for enantioselective reactions with high
diastereoselectivity. Then, it was found that benzoylquinine (BQ) (85) catalyzed
the reaction of 60 with 61 to give B-lactam 63 with 99% ee, but in low yield
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Scheme 19 Enantioselective B-lactam formation through organocatalysis in the presence of
Lewis acids

(Scheme 18) [53]. It was also found that BQ promoted the reaction of imine 61 with
monosubstituted ketenes, generated in situ from acid chlorides in the presence of a
proton sponge 62 at a low temperature, to give B-lactams 63 with very high % ee
and dr, but in low to modest yields (Scheme 18) [54]. The low yield in this process
can be attributed to the formation of ammonium salts as interfering byproducts,
which arise from the use of amine bases as dehydrohalogenating agents. These
byproducts leave residual bases that catalyze the formation of a racemic mixture of
B-lactam 63 [53].

In order to improve the chemical yield, metal salts were explored as effective
cocatalysts to further activate imines [55]. Then, it was found that the use of triflates
of Sc(IIl), AI(IIT), Zn(IT), and In(IIT) (10 mol %) with BQ gave B-lactams 63 in high
yields with excellent enantioselectivity and high diastereoselectivity (Scheme 19).
Among the metal salts examined for the reaction of 60a (R = Ph) with 61, In(OTf);
gave the best results (95% yield), followed by Zn(OTf), (85% yield), while Al(OTf);
(78% yield) and Sc(OTf); (80% yield) were less effective [55]. Having established that
In(OTf); was the best overall Lewis acid cocatalyst, it was applied to various substrates
to determine the effect on reaction enantio- and diastereoselectivity (Table 1).

Recently, N-heterocyclic carbenes (NHCs) have been reported to catalyze the
enantioselective formation of B-lactams [56, 57]. For example, NHC 64a derived
from (S)-pyroglutamic acid catalyzed the [2+2] ketene—imine cycloaddition of
various arylketenes 65 with arylimines 66 to give the corresponding B-lactams 67
in moderate to good yields and with excellent enantioselectivities [56] (Scheme 20).
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Table 1 Asymmetric Entry R Yield (%) % ee dr (cis:trans)
synthesis of -lactams

through [2+2] cycloaddition 1 CeHs 95 98 60:1
promoted by the BQ-In(OTf); 2 CH,CeHs 94 98 9:1
catalyst system 3 CH,0OCe¢Hs 93 96 12:1
4 OCH;s 93 97 22:1
5 OC(0O)CH; 92 98 34:1
6 OCH,C¢Hs 98 96 11:1
Ph ‘_l\/,\>§N BF,
fo) Boc PhJ\“ N NO ArlAr2
N otes _@®Ph R H
o 64
A" R Ar >~ N\TS
65 66 yield: 53 - 78% 67

up to 99% ee
Ar! = Ph, 4-MeO-Ph, 4-Cl-Ph
Ar2 = Ph, 2-CIPh, 3-CIPh, 4-CIPh, 2,4-CIPh,
2-BrPh, 4-BrPh, 4-NO,Ph, 2-furyl

Scheme 20 Asymmetric synthesis of B-lactam catalyzed by N-heterocyclic carbene
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-N N
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65 68 CH,Cl,/toluene 69
52-93% 33-91% ee

Ar = Ph, Bn, 4-MeO-Ph, 4-Br-Ph, 4-CI-Ph, 3-CI-Ph, 2-CI-Ph
R' = Me, Et, n-Pr, n-Bu
R2 = Me, Et, i-Pr, t-Bu

Scheme 21 Asymmetric synthesis of aza-B-lactam catalyzed by N-heterocyclic carbene

Another NHC 64b was used as a catalyst for the reaction of arylketene 65 with
azodicarboxylate 68 to afford aza-B-lactams 69 with 33-91% ee [57] (Scheme 21).
Moderate to excellent enantioselectivity was also achieved using a C-2 symmetric
imidazolinium catalyst 70a or triazolium catalyst 70b in the reaction of diphenyl-
ketenes 71 with various arylimines 72, yielding the corresponding B-lactams 73
with 55 ~> 99% ee (Scheme 22) [58].

2.2 Asymmetric Synthesis of B-Lactams Through Chiral Ester
Enolate-Imine Cyclocondensation

The chiral ester enolate—imine cyclocondensation is an efficient and versatile
method for the asymmetric synthesis of B-lactams and has been widely applied
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Scheme 23 Asymmetric synthesis of 3-amino-f-lactam via chiral ester enolate - imine
cyclocondensation

for the synthesis of 3-amino- and 3-hydroxy-B-lactams with excellent enantio-
purities [6, 8, 59-61].

The reaction of N-PMP-arylaldimines 76 (PMP = p-methoxyphenyl) with chi-
ral ester enolates 75 generated from N,N-bis(silyl)glycinates 74 bearing enantiopure
ester moieties gives mostly frans-3-amino-f-lactams 77 with excellent enantio-
purity in fairly good yields (Scheme 23) [59]. For example, the reaction of
(—)-menthyl glycinate 75a with benzaldimine 76a in the presence of LDA in
THF at —78°C for 4 h gave (3R,4R)-B-lactam 77a with >99% ee in 65% yield.
However, when (+)-neomenthyl glycinate was used under the same conditions, a
26:74 trans:cis mixture of 77a with 54% ee and 21% ee, respectively, were formed
[59]. The use of (—)-bornyl ester resulted in the formation of 37:63 trans:cis
mixture of 77a with very low enantiopurity [59]. Thus, (—)-menthyl and (—)-2-
phenylcyclohexyl glycinates were found to be the chiral auxiliaries of choice in this
reaction. When N-TMS-cinnamaldimine 76f was used, the reaction gave cis-
B-lactam 77f exclusively in modest yield with low to good enantioselectivity.
Representative results are summarized in Table 2 [59].

The most plausible mechanism of this process based on those results is illustrated
in Scheme 24 [59]. The addition of (E)- or (Z)-enolates 75 to imine 76 is likely
to proceed through chair transition states and (Z)-enolate Z-75 yields trans-78, while
(E)-enolate E-75 affords cis-78. Because of the bulkiness of the N,N-bissilylamino
moiety, the TS-cis transition state for arylaldimines 76 (R' = aryl) appears
unfavorable due to the steric conflict between the bissilylamine and R' as well as
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Table 2 Asymmetric synthesis of 3-amino-B-lactams through chiral ester enolate—imine

cyclocondensation
% trans-171 % cis-717
Entry R¥* R' R?  Yield (%) (% ee) (% ee)
1 (—)-Menthyl Ph PMP 68 100 (>99)
2 (—)-2-Ph-cyclohexyl  Ph PMP 58 100 (>99)
3 (—)-Menthyl 4-F-C¢Hy PMP 55 100 (>99)
4 (—)-Menthyl 4-CF;-C4H, PMP 59 100 (>99)
5 (—)-Menthyl 4-MeO-C¢Hy PMP 70 89 (>99) 11 (38)
6 (—)-Menthyl 3,4-(Me0),C¢Hy PMP 70 91 (>99) 9 (38)
7 (—)-2-Ph-cyclohexyl (E)-PhCH=CH, TMS 46 100 (78)
‘ > /
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Scheme 24 Proposed mechanisms for the formation of frans- and cis-p-lactams via chiral ester
enolate - imine cyclocondensation

R* moieties. Thus, if £-75 and Z-75 are in equilibrium under the reaction conditions,
the reaction should proceed through the TS-#rans transition state to give trans-77 via
lithium amide trans-78. However, in the reaction with cinnamaldimine 76f, the steric
hindrance between the bissilylamine and styryl moieties in the TS-cis transition state
is substantially decreased. Thus, cis-77 is the exclusive product in this reaction.

The chiral ester enolate—imine cyclocondensation has also proven to be a highly
efficient method for the asymmetric synthesis of 3-hydroxy-B-lactams with excellent
enantiopurity [7, 62]. In contrast to the rigid bissilylamino moiety in glycinates 75, the
O-protected hydroxyl group is very flexible in hydroxyacetates 79. Accordingly, both
the chiral auxiliary moieties and O-protecting groups were screened to find the optimal
chiral ester enolate 80 for this process. Thus, benzyl, #-butyldimethylsilyl (TBS)
and triisopropylsilyl (TIPS) groups as well as (—)-menthyl, (+)-N-methylephedrinyl,
(—)- and (+)-trans-2-phenylcyclohexyl groups were examined, and the combination of
TIPS and (—)- or (+)-2-phenylcyclohexyl groups was found to give the best results.
It should be noted that cis-B-lactams were formed exclusively in this process.

Chiral enolate 80 was generated from (—)-2-phenylcyclohexyl TIPSO-acetate
79 with LDA in THF at —78°C for 2 h. N-TMS-arylaldimines 76 (R? = TMS) was
added to the enolate solution and reacted at —78°C and then gradually warmed to
room temperature to give (3R ,45)-3-TIPSO-4-aryl-B-lactams 81 with 96-98% ee in
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Table 3 Asymmetric synthesis of 3-TIPSO-B-lactams through chiral ester enolate—imine
cyclocondensation

Entry R' R? R? B-Lactam Yield (%) % ee
1 Ph T™S H 8la 85 96
2 4-MeO-CcHy T™MS H 81b 80 96
3 3,4-(MeO),CgH3 T™MS H 8lc 80 98
4 Ph PMP PMP 8la 89 98
5 4-F-CgHy PMP PMP 81d 81 98
6 4-CF;5-C¢Hy PMP PMP 8le 84 99
7 2-Furyl PMP PMP 81f 78 92
8 (E)-PhCH=CH, PMP PMP 8lg 85 96
9 2-Furyl-CH=CH, PMP PMP 81h 72 94
10 C-C(,Hl 1CH2 PMP PMP 81i 85 90
11 Me,CHCH, PMP PMP 81j 85 92
12 Me,C=CH PMP PMP 81k 60 94
(i-Pr)Si
HoO R' N
(THF), /I\ g R (i Pasio, R’
T T RO N- -R?
E-80 82

Scheme 26 Proposed mechanism for chiral ester enolate - imine cyclocondensation using
2-phenylcyclohexanol as chiral auxiliary

80-85% yields (Scheme 25) [6, 60]. It is worthy of note that (3R,45)-3-TIPSO-
4-phenyl-B-lactam 81a serves as a key intermediate for the highly efficient semi-
synthesis of paclitaxel (vide infra) [6].

Since N-TMS-imines are limited to arylaldimines due to instability of N-TMS-
alkylaldimines, N-PMP-imines 76 (R* = PMP) were employed to expand the scope
of this process, and excellent results were obtained (Scheme 25). Representative
results, using (—)-2-phenylcyclohexanol as the chiral auxiliary, are summarized in
Table 3 together with those for N-TMS-imines 76 (R2 = TMS) [6, 60, 63].

The plausible mechanism of this process includes the kinetically favorable
E-enolate E-80 formation, the chair transition state TS, lithium amide 82 formation,
and cyclization as illustrated in Scheme 26 [6]. In the transition state TS, the bulky
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Fig. 6 Four possible ring-opening modes of N-acyl-B-lactam

TIPSO group occupies an equatorial position, but the chiral auxiliary moiety as well
as R' and R? of imine 76 take axial positions, which enables highly efficient
enantioface selection of imine 76. It should be noted that Z-enolate Z-80 could
also lead to the same stereochemical outcome via boat-like transition state. How-
ever, molecular mechanics calculations indicate that E-80.3THF is more favorable
than Z-80.3THF by 2.5 kcal/mol [6], in addition to the fact that £-80 formation is
kinetically favorable, which strongly support the proposed mechanism.

3 Ring-Opening Reactions of 3-Lactams

B-Lactams serve as useful and versatile synthetic intermediates, as they are not only
readily synthesized with high enantiopurity, but also offer four distinct modes of
reactivity (Fig. 6). The strain energy imposed on each of all four bonds, arising from
the four-membered ring amide structure, allows for unique reactivity not observed
in larger ring systems such as y- and 8-lactams. Cleavage can occur in any of the
four bonds in the B-lactam skeleton, and the selectivity in bond cleavage depends on
the substitution pattern and the reaction conditions, as described below.

The most obvious ring-opening reaction is the cleavage between N1 and C2
through nucleophilic acyl substitution at the amide carbonyl moiety. A less obvious,
but extensively studied reaction is the N1-C4 bond cleavage either reductively or
through catalytic ring expansion or contraction. The C3—C4 bond cleavage is not
obvious, but this ring opening is possible through pericyclic reactions and catalytic
ring expansions. The least common and not obvious, but interesting reaction is the
C2-C3 bond cleavage. Examples of those ring-opening reactions are described
below to highlight the unique reactivity of the B-lactam ring system.
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Scheme 27 Examples of 1,2-bond cleavage reactions

3.1 Ring Opening via NI-C2 Bond Cleavage

Ring opening of N-acyl-B-lactams through the cleavage of the N1-C2 bond by
intermolecular or intramolecular attack of nucleophiles has been extensively studied
and applied to numerous systems to give a variety of compounds of biological and
medicinal interests (Fig. 7). These reactions constitute the major component of
the “B-lactam synthon method,” wherein various [-lactams serve as synthetic
equivalents to B-amino acid residues [5, 7-12]. For example, the intermolecular
reactions with water, alcohols, amines, and amino acid esters afford the corres-
ponding B-amino acids, B-amino esters/amides, and dipeptides, respectively [12].
On the other hand, intramolecular reaction results in ring expansions to highly
functionalized cyclic products such as amino-y-lactones [64], five-membered
enaminolactones [65], y-lactams [66], and macrocycles [67]. Reductive N1-C2
bond cleavage leads to the formation of y-amino alcohols [68].

Three examples of the N1-C2 bond cleavage by intermolecular reaction with
nucleophiles are shown in Scheme 27. Alcohols or alkoxides are good nucleophiles
in many N1-C2 ring-opening reactions. The reaction of N-Boc-f-lactam 83 with
methanol in the presence of Et;N and 4-dimethylaminopyridine (DMAP) gives
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Scheme 29 Reductive 1,2-bond cleavage, leading to the formation of y-amino alcohol

a-hydroxy-fB-amino acid methyl ester 84 in excellent yield [69]. The reaction of
N-acyl-B-lactam 85 with o-amino acid methyl esters affords dipeptide 86, bearing
a-hydroxy-B-amino acid unit in the N terminus [49]. The use of an ester enolate as
the nucleophile for the ring opening of N-Boc-B-lactam 87 gives hydroxyl(keto)
ethylene dipeptide isostere 88 in excellent yield [70].

Two examples of the N1-C2 bond cleavage through reaction with intramolecular
nucleophiles are illustrated in Scheme 28. The intramolecular ring opening of the
N1-C2 bond by a primary amine moiety at the C3 position of -lactam 89 led to the
formation of a rearrangement product, functionalized y-lactam 90 in quantitative
yield [66]. In a similar manner, 3-aminoethoxy-B-lactams and 1-aminoethy-
B-lactams were transformed to morpholinones and seven-membered azalactams,
respectively, in high yields [66]. The macrolactonization of 91 was achieved through
intramolecular ring-opening coupling of the alcohol moiety and the B-lactam moiety
to give 92 in 59-68% yield, which is an advanced key intermediate for the total
synthesis of Pateamine A [67].

Reductive cleavage of the N1-C2 bond B-lactams of by NaBH, or LiAlH,
provides a viable route to y-amino alcohols [68, 71]. The reduction of 3-hydroxy-
4-trihydroxyalkyl-B-lactam derivative 93 prepared from p-mannitol with LiAlH,
gave polyhydroxy-y-amino alcohol derivative 94 in 80% yield, which is the key
intermediate in the synthesis of (—)-polyoxamic acid (95) [71] (Scheme 29). In a
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similar manner, 3-hydroxy-4-polyhydroxyalkyl-B-lactam derivatives have been
successfully used as the key intermediates for the synthesis of gentosamine,
6-epilincosamine, and y-hydroxythreomine [71]. The reductive cleavage of the
N1-C2 bond of B-lactam 96, bearing 2-chloroisopropyl group at the C4 position,
with LiAlH, gave B-hydroxyethylaziridine 97 in modest to fairly good yield
through a tandem reduction—cyclization process (Scheme 30) [72]. An ingenious
ring-opening-reductive elimination reaction of fused B-lactam 98 with LiBEt;H
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gave pentacyclic alkaloid 99 in 62% yield, which is an advanced key intermediate
for the total synthesis of renieramycin H [73] (Scheme 31).

The reaction of 4-acyloxy-f-lactam 100 with an acid chloride and DBU was
found to undergo a rather sophisticated acylation—elimination—electrocyclic rear-
rangement to afford 1,3-oxazin-6-ones 101 in modest to good yields, as illustrated
in Scheme 32 [74].

3.2 Ring Opening via NI-C4 Bond Cleavage

When an aryl substituent is attached to the C-4 position of a B-lactam, a facile N1-C4
bond cleavage takes place exclusively through palladium-catalyzed hydrogenolysis,
which is ascribed to the strain energy of the B-lactam skeleton. This reaction made a
foundation of the first generation B-lactam synthon method [4, 5, 7, 62], which has
been applied to the synthesis of a variety of enantiopure aromatic o-amino acids,
a-hydroxy acids, dipeptides, and oligopeptides. Those enantiopure B-lactams can
be reduced to the corresponding azetidines, which are further transformed to
polyamines, polyamino alcohols, and polyamino ethers [62, 75].

Examples of the application of the reductive N1-C4 bond cleavage of B-lactams
are shown in Schemes 33, 34, 35. In general, the hydrogenolysis of stereochemically
defined 4-aryl-B-lactam 102 bearing either a benzyloxy or azido group at C3 over
Pd-C under mild conditions, followed by acid hydrolysis, gives the corresponding o-
hydroxy acid or a-amino acid 103 in excellent yield [5, 7, 62] (Scheme 33). In the
same manner, the reaction of enantiopure -lactam 104, derived from an imine of a
chiral a-amino acid ester, affords the corresponding dipeptide 105 without racemi-
zation [5, 7, 62] (Scheme 33).
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o NH 2. H0* X~ COOH
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H H
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NT;R 2. HyO* HaN N COOBu
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104C02BU
[Pd(D)]
H H H\H
Naj;i/Ar D/PdC Naj;"Ar Inversion I”/ COOB
H H u
NG NG HN 7/
4R ‘2R 2
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Scheme 33 1,4-Bond cleavage of 4-aryl-B-lactams by stereospecific hydrogenolysis
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It is worthy of note that the stereochemical course of the N1-C4 bond cleavage
was found to be complete inversion of configuration at the C4 position, as
illustrated in the reaction of 105 to give deuterium-labeled dipeptide 107 [76].



Advances in the Use of Enantiopure -Lactams for the Synthesis of. . . 25

PhO,  Ph PhO,  Ph Ph

>— Me
J/:“‘ Ph AH,CI Lk en H, / Pd-C

o \Ij/ Ph NN
l :N Me EtO N_ e MeOH, RT \—/_ HH
o Y 85% t 100% o HO
19  CO,But 120 Loy PH 121
PhO,  Ph PhO, Ph

/‘;‘\l Me AH,CI D\‘ Me H,/Pd-C Me

Ph
o I Et,0 \E MeOH, RT ﬁ/\ﬂ/g

NH Ph —2 & NH Ph — "o NH ' HN
o J;‘/ 33% t( 100% [ ﬁ/
5 N N o) O
~ R Cen pr
0">Ph 0" Ph
122 123 124

Scheme 36 Transformation of bis-f-lactams to bis-azetidines and then polyamino polyol
derivatives

This finding opened a reliable route to the stereospecific isotope labeling of the
B-position of aromatic a-amino acid residues in peptides, which are useful in
enzyme and metabolism research (Scheme 33).

Enantiopure dipeptide synthon 110 can be obtained through [2+2] cycloaddition
of chiral ketene 108, generated from enantiopure oxazolidin-1-ylacetyl chloride
108 and Et;N at —78°C, with a-amino ester imine 109. The hydrogenolysis of 110
over Pd-C, followed by Birch reduction affords dipeptide 112 without
epimerization [7, 77, 78] (Scheme 34).

Pentapeptide synthon 113, prepared through coupling of two enantiopure 4-aryl-
B-lactam units, was subjected to hydrogenolysis over Pd-C at 50°C to give [p-Ala?,
Leu’-ol]enkephalin 114 in high yield [79]. In a similar manner, the reaction of
enantiopure bis-B-lactam 117 afforded Ac-Phe-p-Phe-Ala-OMe (118) in high yield
[27]. Bis-B-lactam 117 was prepared through extremely diastereoselective [2+2]
cycloaddition of azidoketene to imino-B-lactam 115, giving azido-bis-B-lactam
116, which was selectively reduced to 117 at 0-5°C, followed by acetylation [27]
(Scheme 35).

Enantiopure B-lactams can be easily converted to the corresponding azetidines
without racemization using monochloroalane. For example, the selective
hydroalane reduction of bis-B-lactam 119 afforded bisazetidine 120 in 85% yield
and the subsequent N-C cleavage of 120 by hydrogenolysis over Pd-C gave the
corresponding polyamino alcohol 121 in quantitative yield (Scheme 36) [75]. In
the same manner, tetrapeptide equivalent bis-fB-lactam 122 was converted to
bisazetidine 123 in moderate yield and then to polyamino ether 124 in quantitative
yield. It is worthy of note that the reductive cleavage of the two azetidine moieties
of 123 were much faster than debenzylation in this case. Thus, 124 was obtained as
dibenzyl ether (Scheme 36) [75].

Reduction of 4-m-haloalkyl-B-lactam 125 with monochloroalane, followed by
reflux in acetonitrile, led to the formation of pyrrolidine (n = 0) or piperidine
(n = 1) 126 through ring expansion (Scheme 37) [80]. The ring expansion reaction
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Scheme 38 Formation of aziridines via reductive ring-contraction process

appears to proceed via bicyclic ammonium intermediate 128, which can accommo-
date the 3,4-syn stereochemistry of 126. The intermediate 128 was found to react
with external nucleophiles, including hydroxide and acetate [81].

When 2-aryl-3,3-dichloroazetidine 131, derived from f-lactam 129 through
monochloroalane reduction, was reacted with sodium methoxide, aziridine ketal
130 was obtained in 60-90% yield for two steps (Scheme 38). The proposed
mechanism of this reaction includes a highly strained 2-azetine 132 and azabicyclo
[1.1.0]cyclobutane 134 as intermediates. Then, 134 undergoes C—N bond cleavage
and ring contraction to form aziridine oxonium salt 135, which reacts with
methoxide ion to give 130 (Scheme 38) [82].

In the course of an attempt to synthesize a fused tricyclic system containing
B-lactams, 3,4-difunctionalized B-lactam 136 was treated with DBU to give
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unexpected 2-carbamoylbenzodihydropyran 137 in 60-69% yield (Scheme 39)
[83]. A proposed mechanism includes (a) novel N1-C4 bond cleavage initiated
by the double deprotonation of two methines to form enynetriene 139, (b)
Diels—Alder cycloaddition to form 140, and (c) bond isomerization of 140 to
form aromatized product 137, as illustrated in Scheme 39.

The reaction of 4-(arylimino)-f-lactam 141 with a catalytic amount of tetrabuty-
lammonium cyanide (BuyNCN) gave chiral 5-aryliminopyrrolidin-2-one 142 via
ring expansion through N1-C4 bond breakage (Scheme 40) [84]. A proposed
mechanism is illustrated in Scheme 40. This process can be applied to the one-pot
transformation of 4-formyl-B-lactam 147 to the corresponding succinimide 148,
including imine formation to 147 and hydrolysis of the imino moiety (Scheme 41).

Ring expansion of B-lactams to six-membered ring imides through N1-C4
bond cleavage has also been reported (Scheme 42). 4-Hydroxyphenyl-B-lactam
149 reacted with #-butyl methyl malonate in the presence of potassium 7-butoxide
to give 1,3,4,5-substituted glutarimide 150 through a mechanism illustrated in
Scheme 42 [85]. An acid-catalyzed intramolecular variant on this ring expansion
reaction was later applied to the synthesis of “tyrosyl” peptidomimetics [86].

3.3 Ring Opening via C2-C3 Bond Cleavage

The ring opening of B-lactams through the C2—C3 bond cleavage is less common as
compared to the N1-C4 cleavage in the literature. Nevertheless, this process has
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been used for the synthesis of various «-amino acids, N-carboxy anhydrides
(NCAs), and spirobicyclic compounds [87, 88]. Future study on this process may
lead to novel routes to biologically active compounds.

NCAs of a-amino acids have found broad applications in peptide synthesis as an
NCA is an activated ester with simultaneous protection of the amino group. Direct
access to NCA 156 from 3-keto-f-lactam 155 was found to be feasible through
Bayer—Villiger oxidation, and 156 was reacted with methanol or amines to give the
corresponding serine/threonine ester or amides 157 (Scheme 43) [89]. It was also
found that NCA 159 could be obtained though a one-pot double oxidation of
3-hydroxy-B-lactam 158 using TEMPO-NaOCI as shown in Scheme 44 [90].
Decarboxylation of NCAs using TMSCI in methanol was reported to give the
methyl esters of the corresponding amino acids in moderate to excellent yields [91].

The ring-opening coupling of 3-keto-B-lactam 160 with amines in THF gave the
corresponding o-amino amides 161 via the C2—-C3 bond cleavage and decar-
bonylation in moderate to good yield (Scheme 45) [92]. When an o-amino ester
was used as an amine, the corresponding enantiopure dipeptide was formed in fairly
good yield. Cyclic amines, e.g., pyrrolidine, piperidine, morpholine, and proline
methyl ester, were also successfully employed in this reaction.
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An interesting application of the C2—C3 bond cleavage was reported for the
reaction of dihydrofuran 162 with 3-keto-B-lactam 160a. The reaction of 162 with
160a in the presence of #-butyllithium and then BF5-OEt,, followed by pyridinium
p-toluenesulfonate (PPTS) gave spirobicyclic product 163 in 25% for two steps
(Scheme 46) [88].

3.4 Ring Opening via C3—C4 Bond Cleavage

Ring opening reactions of B-lactams through the C3—C4 bond cleavage are fairly
abundant in the literature, which include catalytic ring expansions, electrocyclic
reactions, and radical processes. These reactions lead to a myriad of heterocyclic
compounds with well-defined stereochemistry.

The acid-catalyzed ring rearrangement of 4-formyl-B-lactam 164 gave pyrro-
lidinedione 165 in 75% yield (Scheme 47) [93]. This reaction proceeded through
the C3-C4 bond cleavage, initiated by the protonated aldehyde species (i.e.,
oxonium ion 166) and skeletal rearrangement to pyrrolidinone cation 167, followed
by 1,2-hydride shift to form 165 and regenerate proton.

The reaction of 3-alkoxy-4-formyl-B-lactam 168 with +-BuMe,SiCN (TBSCN)
catalyzed by molecular iodine gave 5-cyanopyrrolidin-2-one 169 in moderate to
high yield with high syn selectivity (Scheme 48) [94]. This skeletal rearrangement
is proposed to involve the C3—C4 bond cleavage, acyliminium ion formation, and
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75% PMP
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l*“ ]
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Scheme 47 Acid-catalyzed ring-expansion reaction of 4-formyl-p-lactam
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cyanide addition. The proposed mechanism was supported by the DFT calculation
using 1-phenyl-3-methoxy-4-formylazetidinone (168a) and TMSCN. This unique
process is applicable to other nucleophiles such as allyltrimethylsilanes and
propargylsilane [94].

4-Formyl-B-lactam 170a (X = O) and 4-arylimino-f-lactam 170b (X = ArN)
underwent stannous chloride-mediated ring expansion via the C3—C4 bond cleavage
to give 1,4-dihydrooxane 171a (X = O) and pyrazine-2,3-dione 171b (X = ArN),
respectively, in good to excellent yield (Scheme 49) [93].

The thermal [1,3]-sigmatropic rearrangement of 3,3-bis(2-phenylethenyl)-
B-lactam 172 gave 6-(2-phenylethenyl)-5,6-didehydropiperidin-2-one 173 in excel-
lent yield (Scheme 50) [95]. The B-lactam 172 was prepared from a ketimine of
bis(benzylidene)acetone with diphenylketene or dimethylketene via [2+2] cycload-
dition and used for the rearrangement process in one pot. The piperidinone-diene
173 was used for hetero-Diels—Alder reaction with electrodeficient dienophiles to
afford bicyclic and tricyclic alkaloid skeletons in excellent yields.
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The [3.3] sigmatropic (Cope) rearrangement of 3,4-dialkenyl-B-lactam 174,
involving the C3—-C4 bond cleavage, took place at 120°C to give the corresponding

eight-membered lactam, tetrahydroazocinone 175, in fairly good to quantitative
yield (Scheme 51) [96].
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The tin-initiated radical cyclization of 1-propargyl-4-alkenyl-f-lactam 176
gave l-acyl-5-tributylstannylmethylene-2,3-didehydropiperidine 177 in 62-85%
yield, through cyclization to bicyclic radical intermediate 179 and bond migration
to form a monocyclic radical intermediate 180 via C3-C4 bond cleavage
(Scheme 52) [97].

4 Use of Enantiomerically Enriched 3-Lactams
as Intermediates for the Synthesis of Biologically
Active Compounds of Medicinal Interest

4.1 pB-Lactam Peptidomimetics

B-Turn peptidomimetics play an important role in drug design and medicinal
chemistry [98]. Turns are common motifs in peptides, where a peptide chain
reverses its overall direction. A B-turn is formed when this directional shift occurs
over four residues in such a way that the carbonyl oxygen of the first residue
(i) comes in close proximity to the amide proton of the fourth residue (i + 3)
(Fig. 8) [99-101]. In the case of types I, II, and III B-turns, this conformation
involves the formation of an intramolecular hydrogen bond between the two
residues to give a pseudo-10-membered ring (Fig. 8). B-Turns are critical to the

Freidinger's pB-turn mimetics
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Scheme 53 Synthesis of B-lactam-based B-turn surrogate dipeptide unit

stability of protein conformation [102], protein—protein interaction [103] and are
preferred sites for protein degradation by proteolytic enzymes [104]. Accordingly,
the development of an efficient method for the synthesis of enantiopure molecular
templates for B-turns has a significant meaning in peptide and medicinal chemistry.

Novel B-turn surrogate dipeptides for structurally defined B-lactam peptides
were designed and developed based on the “B-lactam scaffold-assisted design”
(B-LSAD) (Fig. 8) [99-101, 105]. For the rational design of an efficient B-turn
mimetic, two essential elements need to be incorporated into the formal modifica-
tion of a native bioactive peptide, i.e., (1) a B-turn-constraining element is needed
to force the peptide backbone to overlay the desired conformation and (2) at least
one recognition group must be placed in a stereocontrolled manner at the desired
position for interaction with the receptor or enzyme active site. Although the
previous B-turn mimetics, developed by Freidinger et al., employed a tether con-
necting the R' moiety of the i + 1 amino acid residue and the NH hydrogen of the
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i + 2 residue, forming six-, seven-, and eight-membered rings, the rigidity of those
mimetics was often not sufficiently high [106-108]. Therefore, Palomo et al.
introduced a highly rigid B-lactam skeleton, which appears to be very beneficial.
In this case, the methine moiety of the i + 1 residue and that of the i + 2 residue
needed to be connected by a methylene moiety (Fig. 8).

The B-turn mimetic 181 resulting from this approach differs in one substituted
or unsubstituted methylene group at the B-position from the native peptides, as
highlighted in the 3-alkyl-3-amino-B-lactam ring moiety and a linear disposition
of the Ca, N, and Co atoms (Fig. 9) [99]. This analysis led to the design of novel
B-lactam-based B-turn surrogate dipeptide 182 (Fig. 9) [99].

Monotopic or ditopic B-lactam scaffolds 182 as the B-turn surrogate dipeptide
units were synthesized through syn-selective 3-alkylation of enantiopure 3-amino-
B-lactam derivatives 183, giving 3-alkyl-3-amino-f-lactam 184, followed by depro-
tection and oxidation (Scheme 53) [100], as well as ring-opening coupling of
N-nosylaziridine 187 with o-amino silyl ether 188, giving B-amino ester 189,
followed by cyclization to the corresponding B-lactam 190 and subsequent installa-
tion of carboxylic acid terminus via deprotection and oxidation (Scheme 54) [101].

4.2 Asymmetric Synthesis of Nonprotein Amino Acids

Nonprotein amino acids are amino acids that do not arise from protein amino acids
by posttranslational modification and they do not have a specific transfer-RNA
and codon triplet, thus they are not found in the main chain of proteins. Several
nonprotein amino acids are important components of compounds of medicinal
importance, thus the synthesis of enantiomerically enriched nonprotein amino
acids is vital for medicinal chemistry and organic synthesis.
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Scheme 55 Transformations of enantiopure 3-amino-f-lactams to diamino acids and diamino
alcohols

4.2.1 Asymmetric Synthesis of o,3-Diamino Acids

o,B-Diamino acids are often components of peptidic antibiotics such as laven-
domycin or glumamycin [109]. It has been shown that the hydrolysis of enantiopure
3-amino-B-lactams gives the corresponding o,3-diamino acid (Scheme 55) [7, 8].
Acidic hydrolysis of B-lactam (3S,4R)-191, which was prepared through chiral
ester—enolate cyclocondensation or asymmetric [2+2] ketene—imine cycloaddition
reaction (vide supra), gave o,B-diamino acid (25,3R)-192 as hydrochloride in
quantitative yield. Cis-B-lactam (3S,4R)-191 was epimerized to the corresponding
trans-B-lactam (3R,4R)-191 through imine formation, deprotonation, and proton-
ation. B-Lactam (3R,4R)-191 was converted to a,B-diamino acid (2R,3R)-192 as
hydrochloride through acidic hydrolysis in the same manner as that for (35,4R)-191.
Moreover, (3R,4S5)-191 can be prepared just by switching the chiral auxiliary to the
other enantiomer in the asymmetric ketene—imine [2+2] cycloaddition (vide supra),
(35,45)-191, (2R,25)-192 and (2S5,25)-192 can be obtained in the same manner.
Furthermore, o,-diamino acid 192 was reduced to the corresponding o,B-diamino
alcohols 193 in high yields using LiAlH,. Thus, four diastereomers of enantiopure
o,B-diamino acid 192 as well as o, -diamino alcohol 193 can be readily obtained by
this protocol.

4.2.2 Asymmetric Synthesis of a-Alkyl-a-Amino Acids and Their
Derivatives

A good number of a-alkyl-o-amino acids serves as powerful substrate-based
inhibitors of enzymes such as decarboxylases and aminotransferases [109]. Also,
a-alkyl-o-amino acid residues can be introduced into physiologically active
peptides to impose conformational constraints, which is highly beneficial for 3D
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structure—activity/function studies [109]. The synthesis of a-alkyl-o-amino acids is
challenging because conventional enzymatic resolution cannot be applied effec-
tively. Thus, it is necessary to use asymmetric synthesis to obtain these amino acids.
Among the synthetic methods investigated, the B-lactam synthon method provides
one of the most efficient routes to a-alkyl-a-amino acids with high enantiopurity
through extremely stereoselective alkylation of 3-amino-f-lactams.

Two types of asymmetric alkylations have been developed, i.e., (1) the alkyl-
ation of the C-3 position of a B-lactam (Type 1) and (2) the alkylation of the side
chain ester enolate (Type 2) (Scheme 56) [7, 8]. In the Type 1 alkylation, an
electrophile attacks the -lactam enolate at the C-3 position from the back side of
the C-4 aryl group to avoid steric hindrance. In the Type 2 alkylation, an electro-
phile attacks the C1’ position of the lithium enolate, which forms a chelate with the
B-lactam oxygen, from the opposite side of the C-4 aryl group.

For example, the Type 1 alkylation was successfully applied to the asymmetric
synthesis of (S)-methylphenylalanine (197a: X = H) and (S)-O,0-dimethyl-a-
methyl-DOPA (197b: X = MeO) with >99.5% ee (Scheme 57) [7, 78, 110].
Methylation of B-lactam 194 with Mel and LIHMDS gave 3-methyl-f-lactam 195
with >99.5% de in excellent yield (Scheme 57). Birch reduction of 195 gave the
corresponding o-methyl-a-amino acid amide 196 in good yield. Acidic hydrolysis
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Scheme 59 Synthesis of enantiopure (R)-Phe-(S)-a-Me-Phe-OH via Type 2 alkylation

of 196 should afford 197. The Type 1 alkylation was also applied to (S)-o-allyl-Phe-
(S)-Leu-OH (200a) and (S)-a-Me-Phe-(S)-Leu-OH (200b) [7, 111] (Scheme 58).
The allylation of imino-f-lactam 198 with LIHMDS and allyl bromide, followed by
hydrolysis of the imine moiety gave 3-amino-3-allyl-B-lactam 199a with >99.5%
de in 93% yield. Birch reduction of 199a gave 200a in 90% yield. In a similar
manner, 199b with >99.5% de was obtained via the hydrogenolysis of 200b on
10% Pd-C in high overall yield.

The Type 2 alkylation of B-lactam ester 201 with benzyl bromide and LDA
gave Cl’-dialkyl-B-lactam ester 202 with >99.5% de in excellent yield, and
the subsequent Birch reduction afforded (R)-Phe-(S)-a-Me-Phe-OH (203) with
>99.5% de in high yield (Scheme 59) [78]. The Type 2 alkylation was successfully
applied to the sequential asymmetric double alkylation of chiral f-lactam ester 204,
which was prepared via asymmetric [242] cycloaddition of chiral ketene to fert-
butyl N-benzylideneglycinate with >99% enantioselectivity. In this reaction, the
double alkylation took place at the C1’ position and the absolute configuration of
the newly formed chiral center was controlled just by changing the order of
the addition of two alkyl halides (Scheme 60) [8, 110]. For example, the reac-
tion of 204 with Mel and then benzyl bromide gave the C1’-dialkyl-B-lactam
(3R,4S,1'S)-206a with >99% de in 79% yield, which was subjected to deprotection
with trifluoroacetic acid, followed by Birch reduction to give (S)-Phe-(R)-o-Me-
Phe-OH, (S,5)-207 with >99.5% de in 76% yield.

The triple alkylation of 204 was also achieved through a combination of the
Type 2 and Type 1 alkylations (Scheme 61) [8, 110]. After the Type 2 dialkylation
with Mel and allyl bromide, the side chain of C1’-dialkyl-B-lactam ester 206b had
no acidic proton. Thus, Type 1 alkylation with Mel took place at the C3 position of



Advances in the Use of Enantiopure -Lactams for the Synthesis of. . . 39

N, Ph N, Ph Ph , 1
r i. LIHMDS r i. TFA H R
o y—— 0 - —— L
N R i mex N R2, i, LINH, H,N~ "CO-NH™ “co,H

s RN A I o \ER s e
ii. R'X (8,9)-207
Ph CO,t-Bu 5206 CO,t-Bu
O/Y (R)-205 )
%N Ph
© :I;'\'l, Priority: R' > R®
o
CO,t-Bu
204
i. LIHMDS
2

oMo i LINH, HN™ "CONH™ "COH

N_ Ph N_ ,Ph :
o% :l;l\‘l/ o LMD o>// :I;l\‘l/ _LTFA '}(‘Ph Sl
N=H

CO,tBu CO,tBu (5,R)-207
(R)-205 (R)-206

Scheme 60 Synthesis of (S,5)-and (S,R)-dipeptides via sequential Type 2 dialkylation

P Ph Ph
o o
j;‘/ _LLiHMDS i. LIHMDS 4 :l;(
_— »
TiMel Nj*'Mﬁ ii. CHp=CHCHBr N~

95% o Loy 8% COMeB
CO tBu tBu R t-Bu
204 22 20552 (R)-206b CO2
o, |i. LIHMDS
84% Jii. Mel
. Ph
i. TFA, 20°C
" Ph \>M ii. Li/NHg/THF 0/7\1”!'9 Ph
o Loom oo <ot J I
-
CO-NH" "CO,H iii. Dowex 50X-2 N \/
629% O me
(S,R)-209 ° CO,t-Bu

(35,4R,1'R)-208

Scheme 61 Synthesis of enantiopure (S)-a-Me-Phe-(S)-a-allyl-Ala-OH via tandem triple
alkylation

206b to give trialkyl-B-lactam (3S,4R,1’R)-208 in high yield, which was converted
to (S)-a-Me-Phe-(R)-a-allyl-Ala-OH, (S,R)-209, with >99.5% de in 62% yield.

4.2.3 Asymmetric Synthesis of a-Hydroxy-3-Amino Acids and Their
Derivatives

o-Hydroxy-B-amino acids (isoserines) are key components of a variety of thera-
peutically important compounds. For instance, (2R,3S)-3-amino-2-hydroxy-5-
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methylhexanoic acid (norstatine) and its analogs have been incorporated, as critical
amino acid residues, into peptide-based inhibitors of enzymes such as rennin [112],
HIV-I protease [113], and angiotensin converting enzyme (ACE) [114]. N-Benzoyl-
(2R,3S5)-3-phenylisoserine and N-tert-butoxycarbonyl-(2R,3S)-3-phenylisoserine
moieties are essential components of paclitaxel and docetaxel, respectively,
which are two of the most widely used anticancer drugs in cancer chemotherapy
[115, 116]. Accordingly, extensive efforts have been made to develop efficient
methods for the syntheses of isoserines with excellent enantiopurity, and the [-
lactam synthon method has provided highly efficient solution to this synthetic
challenge.

Norstatine and other isoserines 218 are readily accessible through acidic hydrolysis
of 3-hydroxy-B-lactam 217 with excellent enantiopurity, which was obtained through
chiral ester enolate—imine cyclocondensation or Staudinger ketene—imine cycloaddi-
tion followed by enzymatic resolution (vide supra) (Schemes 61, 62, 63, 64) [7, 61].

The N1-C2 bond cleavage of B-lactams is substantially enhanced when a
strongly electron-withdrawing group, e.g., acyl, carbalkoxy, carbamoyl, sulfonyl,
etc., is introduced to the N1 position. Thus, N-acyl-B-lactams can exploit additional

O
AcO
\Jr)J\CI Et;N (2 eq) AcO, | 4<PS Amano, pH7 AcO, 4< HO, =<
—_—
CH,Cl, /l/:‘\, 10% CHLCN /l/:‘\, /l;‘\,
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Scheme 62 Synthesis of 3-acetoxy- and 3-hydroxy-f-lactams via ketene-imine cycloaddition
followed by enzymatic optical resolution
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Scheme 63 Synthesis of 3-acetoxy-B-lactams from asymmetric ketene-imine cycloaddition product
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Scheme 64 Synthesis of a-hydroxy-B-amino acids from enantiopure 1-PMP-3-TIPSO-f-lactams
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activation by the N-acyl group in addition to the inherent ring strain associated with
the B-lactam skeleton. For example, N-Boc-3-hydroxy--lactams 219 undergo ring-
opening coupling with various amino acid esters 220 to give the corresponding
dipeptides 221 in high yields under mild conditions in the absence of any coupling
agent without racemization (Scheme 65). This coupling method is applicable to
bulkier proline methyl ester as well as the Wang resin-bound amino acids [7, 117].
This highly efficient and atom-economical ring-opening coupling represents one of
the most salient features of the B-lactam synthon method. Furthermore, enantiopure
N-Boc-3-siloxy-B-lactams have been successfully converted to the corresponding
hydroxyethylene isosteres and dihydroxylethylene isosteres, which are critical
components of various enzyme inhibitors [118, 119].

The incorporation of fluorine(s) into a biologically active compound often
improves the pharmacological properties of the compound, resulting in increased
membrane permeability, enhanced hydrophobic binding, and stability against met-
abolic oxidation among other benefits [49, 120, 121]. In addition, fluorine is not
present in living tissue. Thus, the addition of fluorine(s) into biologically active
compounds as marker(s) for '°F NMR studies provides a simple and valuable
means to monitor protein structures and drug—protein interactions in vitro and
in vivo. Thus, the development of efficient methods for the synthesis of various
fragments and components to construct those fluorine-containing biologically rele-
vant compounds for pharmaceutical, pharmacological, medicinal, and chemical
biology studies is in high demand.

The B-lactam synthon method has been successfully applied for the synthesis of
fluorine-containing a-hydroxy-f-amino acid derivatives and congeners. Enantiopure
3-hydroxy-4-Rf-B-lactams (Rf = fluorine-containing substituent) were obtained
through (1) ketene—imine [2+2] cycloaddition followed by enzymatic resolution of
the resulting racemic 3-acetoxyl-4-Rf-f-lactams with the PS Amano lipase or (2)
functional group transformations of enatiopure 1-PMP-3-TIPSO-4-(2-methylprop-
1-enyl)azetidin-2-one, (3R,45)-216a or (3S,4R)-216a [12]. For example, (3R,4S)-
216a was converted to the corresponding 4-formyl-B-lactam (3R, 4R)-222 by
ozonolysis, which was further reacted with diethylaminosulfur trifluoride (DAST)
and CBr,F,/Zn to give 4-difluoromethyl-B-lactam (3R,4R)-223 and 4-difluorovinyl-
B-lactam (3R,4R)-224, respectively, with >99.9% ee in high yields (Scheme 66)
[12, 50, 122]. 4-Trifluoromethyl-B-lactams, (+)-226 and (—)-227, with >99% ee
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were obtained through enzymatic resolution of racemic cis-3-acetyl-4-CF;-f-lactam
(£)-225, and converted to 3-TIPSO-B-lactams, (+)- and (—)-228 (Scheme 67) [12,
50]. The PMP group of the enantiopure 4-Rf-B-lactams was removed by cerium
ammonium nitrate (CAN) and the resulting NH-free B-lactams 229 were reacted
with acyl chlorides, chloroformates, and arenesulfonyl chlorides in the presence of
an appropriate base to give the corresponding N-acyl-, N-carbalkoxy, and N-
arenesulfonyl-f-lactams, 230, 231, and 232, in good yields (Scheme 68) [12].
These B-lactams were converted to the corresponding B-Rf-o-siloxy-f-amino acid
methyl esters 233, 234, and 235, respectively, with MeOH, triethylamine, and
DMAP at room temperature (Scheme 68) [12]. In a manner similar to the case of
1-Boc-3-hydroxy-p-lactams 219 (Scheme 68), 1-Boc- and 1-Cbz-3-TIPSO-f3-
lactams 230 reacted with various o- and P-amino acid esters to give the
corresponding dipeptides in good to excellent yields [12].

The alkylation of 3-siloxy-B-lactams 216 proceeded with excellent diastereos-
electivity in the same manner as that of the Type 1 asymmetric alkylation of
3-imino- and 3-oxazolidinyl-B-lactams (vide supra) to give 3-alkyl-3-siloxy-
B-lactams 236 with >99% de, which were converted to the corresponding o-
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Scheme 69 Synthesis of enaniopure o-alkyl-isoserines and their derivatives via Type 1 alkylation

alkyl-o-hydroxy-B-amino acids 237 via acidic hydrolysis of NH-free B-lactams or
N-Boc-a-alkyl-a-hydroxy-B-amino acid methyl esters 239 via N-Boc-3-alkyl-
3-siloxy-B-lactams 238 (Scheme 69) [123]. N-Boc-B-lactams 219 and 236a
underwent ring-opening coupling with (S)-Leu-OMe and acetate enolate, respec-
tively, to give the corresponding dipeptides 240 and a hydroxy(keto)ethylene
dipeptide isostere 241 in high yields (Scheme 70) [123].

Cyclopropanation of 3-hydroxy-4-(2-methylprop-1-enyl)-B-lactam 212 with the
Simons—Smith reagent (i.e., Et,Zn/CH,I,) gave 4-[(S)-2,2-dimethylcyclopropyl]-
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Scheme 71 Synthesis of enantiopure isoserines bearing cyclopropyl and epoxy moieties

B-lactam 242 with 100% de in 93% yield, which was converted to 1-Boc-3-TIPSO-
4-(dimethylcyclopropyl)-B-lactam 243 and then to the cyclopropane analog of
N-Boc-norstatine methyl ester 244 in excellent yield (Scheme 71). Also, the
epoxidation of 1-Boc-3-hydroxy-4-(2-methylprop-1-enyl)-f-lactam 219a with
m-chloroperbenzoic acid (m-CPBA) gave 4-[(R)-2-methyl-1,2-epoxypropyl]-
B-lactam 245 with 100% de in 92% yield, which was derived to N-Boc-
epoxynorstatine methyl ester 246 in excellent yield (Scheme 71). It is noteworthy
that the chiral 3-hydroxy-p-lactam skeleton served as the excellent stereogenic
group for both reactions.
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Fig. 10 Chemical structures of paclitaxel and docetaxel

4.3 Synthesis of Paclitaxel, Docetaxel and New-Generation
Taxoids Through Ring-Opening Coupling of
N-Acyl-B-Lactams with Baccatin Derivatives

Paclitaxel (Taxol®), a complex diterpene originally isolated from the bark of Taxus

brevifolia (Pacific yew), has been approved by the FDA for the treatment of advanced
ovarian cancer (1992), breast cancer (1994), AIDS-related Karposi’s sarcoma (1997),
nonsmall-cell lung cancer (1999), and other cancers [115, 116, 124]. Docetaxel, the
first semisynthetic analog (“taxoid”) of paclitaxel, was also approved by the FDA for
treatment of cis-platin-refractory breast cancer in 1996 and has been used extensively
for the treatment of various cancers such as breast, ovarian, prostate, and lung cancers
[115, 116, 125]. Thus, paclitaxel and docetaxel (Fig. 10) are two of the most important
drugs for cancer chemotherapy today. Paclitaxel and docetaxel are potent cytotoxic
drugs with a unique mechanism of action, i.e., these drugs act as mitotic spindle poison
by accelerating tubulin polymerization to microtubules, but stabilizing the resultant
microtubules, which arrests the cell mitosis at the G,/M phase and causes apoptosis
[126-129].

There was a serious supply problem for paclitaxel through isolation from the
nonrenewable bark of Pacific yew trees, but this issue was resolved by the discovery
of substantial quantity of 10-deacetylbaccatin III (10-DAB) in the leaves of Taxus
baccata (European yew), which are renewable resources [125, 130]. Since 10-DAB
has exactly the same taxane core of paclitaxel, paclitaxel can be constructed in a
semisynthetic manner by introducing (2R,3S)-N-benzoylphenylisoserine to the C13
position of properly protected baccatin III. However, the conventional ester forma-
tion encountered a serious epimerization problem [130] and thus efficient coupling
methods needed to be developed. Then, the B-lactam synthon method provided
an exceptionally practical solution, featuring the highly efficient ring-opening
coupling of N-acyl-f-lactam with a baccatin III derivative [6, 7, 60, 131].

(3S,4R)-1-Benzoyl-3-EEO-4-phenyl-B-lactam 249a (EE = 1-ethoxylethyl) was
prepared from (3S,4R)-3-TIPSO-4-phenyl-B-lactam 247 (98% ee) directly obtained
through highly efficient chiral ester enolate — N-TMS—imine cyclocondensation
(Scheme 72) (vide supra) [6, 60].

The reaction of B-lactam 249a with 7-TES-baccatin III (250a) in the presence of
a base (DMAP, pyridine at 25°C for 12 h or LIHMDS at —30°C for 30 min) in THF
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Scheme 72 Preparation of B-lactam synthons for N-benzoyl- and N-Boc-phenylisoserine moiety
for ring-opening coupling with baccatins
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Scheme 73 Highly efficient synthesis of paclitaxel and docetaxel via ring-opening coupling of
N-acyl-B-lactams with baccatins

gave the ring-opening coupling product 251a, which was deprotected with 0.5%
HCl in ethanol at 0°C to afford enantiopure paclitaxel in 89-92% yield (Scheme 73)
[6, 7]. Since there is a kinetic resolution [132] during the ring-opening coupling
with the enantiopure baccatin derivative, 1% (3R,4S)-isomer of the B-lactam 249a
remains unreacted and easily removed during isolation. Thus, 251a isolated was
100% ee and 100% de. The B-lactam 249 and this ring-opening coupling method
were also employed in the total synthesis of paclitaxel [133—-136]. In a similar
manner, docetaxel was synthesized in 90% yield through the ring-opening coupling
of (35,4R)-1-Boc-3-TIPSO-4-phenyl-B-lactam 249b (98% ee) with 7,10-diTroc-
10-deacetylbaccatin IIT (250b) (Troc = 2,2,2-trichloroethoxycarbonyl), followed
by deprotection of the Troc and EE groups with Zn/AcOH/MeOH [6].

This highly efficient ring-opening coupling method used for the semisynthesis
of paclitaxel and docetaxel opened an avenue for the synthesis and biological
studies of a variety of paclitaxel congeners, “taxoids” [63, 131, 137-141]. The
standard procedure for these couplings has quickly evolved to the use of 1-acyl- or
1-carbalkoxy-3-TIPSO-f-lactams and LIHMDS as the base [7].
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Table 4 Selected new generation taxoids

R NH O
P
OH
Taxoid R' R? X Y
Paclitaxel Ac Ph H H
Docetaxel H Ph t-BuO H H
SBT-1213 EtCO Me,C=CH t-BuO H H
SBT-1214 ¢-PrCO Me,C=CH t-BuO H H
SBT-1216 Me,NCO Me,C=CH t-BuO H H
SBT-11033 EtCO Me,CHCH, t-BuO MeO H
SBT-121303 EtCO Me,C=CH t-BuO MeO H
SBT-121313 EtCO Me,C=CH t-BuO MeO MeO
SBT-121602 Me,NCO Me,C=CH t-BuO Me H
SBT-12854 Me,NCO F,C=CH t-BuO H H
SBT-12823-3 Me,NCO CF; t-BuO Cl H
SBT-12855-1 MeOCO F,C=CH t-BuO MeO H

Table 5 Cytotoxicity (ICso, nM) of selected new generation taxoids against human cancer cell lines

Taxoid CFPac-1*  DLD-1° HT-29° MCE-7° NCI/ADR® LCC6-MDR!
Paclitaxel 68 300 12 1.7 550 346
Docetaxel 1.0 723 120
SBT-1213 4.6 3.9 0.37 0.18 4.0

SBT-1214 0.38 3.8 0.73 0.2 3.9

SBT-1216 0.66 5.4 0.052 0.13 7.4

SBT-11033 0.36 0.61

SBT-121303  0.89 0.36 0.79 0.90
SBT-121313  0.025 13.2 3.6 0.3

SBT-121602  0.31 0.46 0.003 0.08

SBT-12854 0.35 0.25 0.46 0.18

SBT-12823-3 0.45 0.17 1.87

SBT-12855-1 0.11 0.92

“Pancreatic cancer cell line
"Colon cancer cell line (Pgp+)
“Colon cancer cell line (Pgp—)
“Breast cancer cell line (Pgp—)
“Ovarian cancer cell line (Pgp+)
"Breast cancer cell line (Pgp+)

Extensive structure—activity relationship (SAR) studies on taxoids have led to
the discovery of highly potent new generation taxoids, which possess 2—3 orders
of magnitude higher activity against multidrug resistant (MDR) and paclitaxel-
resistant cancer cell lines and exhibit much better efficacy against human tumor
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xenografts in animal models [63, 139-141]. MDR is caused by the overexpression
of P-glycoprotein (Pgp), which acts as an efflux pump for hydrophobic anticancer
drugs. Selected new generation taxoids are listed in Table 4 and their potencies in
Table 5.

In connection to the elucidation of the bioactive conformation as well as tubulin-
bound structure of paclitaxel, conformationally restricted macrocyclic paclitaxel
congeners have been designed and synthesized. The synthesis of these macrocyclic
taxoids has been accomplished through the combination of the B-lactam synthon
method and the Ru-catalyzed ring-closing metathesis (RCM) or intramolecular
Heck reaction.

Enantiopure (3R 4S)-1-(2-alkenylbenzoyl)-3-TESO-4-phenyl-B-lactams 252 were
prepared from 3-TIPSO-4-phenyl-B-lactam 247 (vide supra) and coupled to 7-TES-
14B-allyloxybaccatin III (253) derived from 14B-hydroxybaccatin III [142] to give the
corresponding dienyl-taxoids 254 in high yields (Scheme 59). The RCM of
N-(2-allylbenzoyl)-taxoid 254a using the first generation Grubbs catalyst at room
temperature gave the expected 15-membered macrocyclic taxoid SBT-2053 in high
yield after deprotection (Scheme 74) [143a]. However, when the same process was
applied to N-(2-vinylbenzoyl)-taxoid 254b, RCM reaction did not occur and an
unanticipated novel coupling took place to give 15-membered macrocyclic taxoid

© AcO O OTES
TESO, AQ_p, OTES %
LiHMDS, THF A
O);‘\l )/Q e a So=oc s N o A0
HO" :

0 .30 -> 0 °C, 2.5h I

A2 £ = __OAc
H OTES O
° x __—dHo oBz0AC o OHOBz
/7 = 253 XX =
252a: X = CH, 254a: X = CH, (72%)
252b: X =none 254b: X = none (82%)
i. Cl,Ru(=CHPh)(PCyj),
254 CHoCl 1.1, 85%
ii. HF/Py, Py, MeCN
93%
i. ClbRU(=CHPh)(PCys),
CH,Cly, 1. t., 71%
254b

ii. HF/Py, Py, MeCN
80%

Scheme 74 Synthesis of conformationally restricted macrocyclic paclitaxel congeners via
ring-closing metathesis
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OH O OAc

. %

i) LiHMDS, THF, -40 °C, 30 min

i) Pd,(dba)g (0.05eq), AsPh, (0.2eq), Et;N, CHLCN,
55°C, 24 h

iii) HF-py,CH3CN,16h

Scheme 75 Synthesis of conformationally restricted paclitaxel congener via Heck reaction

SBT-2054 bearing the double bond conjugated to the benzoyl moiety, in good yield
after deprotection (Scheme 74) [143b]. This novel process is mediated by the Ru
complex, but not catalytic, and proposed to involve Ru-allyl complexes as key
intermediates [143b]. The biological activities of these macrocyclic taxoids, mimick-
ing the tubulin-bound structure of paclitaxel, were examined for their tubulin polymer-
ization and microtubule stabilization potencies as well as cytotoxicities against Six
human cancer cell lines. Then, both SBT-2053 and SBT-2054 exhibited virtually the
same activity as that of paclitaxel in the tubulin polymerization/depolymerization assay
and SBT-2054 was found to be as potent as paclitaxel in the cytotoxicity assay, which
is the closest conformationally restricted paclitaxel congener to date [143, 144].

(3R,45)-1-Boc-3-TESO-4-vinyl-B-lactam and (3R,4S)-1-Boc-3-TESO-4-allyl-B-
lactam derived from (3R,4S)-1-PMP-3-TIPSO-4-formyl-f-lactam (222) were also
employed for the preparation of a variety of dienyl-taxoids, through the ring-opening
coupling with a number of C2-alkenyl-7-TES-baccatins, which were subjected to the
Ru-catalyzed RCM, followed by deprotection to afford the corresponding C2-C3’-
linked macrocyclic taxoids in moderate to high overall yields [143c].

3'N-C2 linked macrocyclic taxoid 258 was synthesized through the intramolecular
Heck reaction (Scheme 75) [143d]. Enantiopure 1-(3-iodobenzoyl)-3-TESO-4-phe-
nyl-B-lactam 255 was prepared from 3-TIPSO-4-phenyl-B-lactam 247 (vide supra).
The ring-opening coupling of 255 with 2-(2-vinylbenzoyl)-7-TES-baccatin III (256)
gave iodo-vinyl-taxoid 257 in high yield. The Heck reaction of 257 using a Pd(0)
complex with AsPh; as the ligand proceeded at 55°C to form the 19-membered exo-
methylene-macrocyclic taxoid 258 in 56% yield after deprotection. Macrocyclic
taxoid 258 exhibited the ICsq value of 67 nM against LCC6-WT human breast cancer
cell line [143d].
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4.4 Synthesis of Cryptophycins Through N-Acyl-B-Lactam
Macrolactonization

Cryptophycins, macrocyclic cytotoxins produced by cyanobacteria, are tumor-
selective tubulin-binding antitumor agents which disrupt cellular mitosis (Fig. 11).
These compounds display excellent cytotoxicity against MDR cancer cell lines,
and are promising leads for the development of chemotherapeutic agents [145].
A synthetic analog, cryptophycin-52, is in clinical development for treatment of

Cryptophycin-1: R =Me, R' =H, X = Cl
Cryptophycin-24: R = H, R' = H, X = H (Arenastatin A)
Cryptophycin-52: R=R' = Me, X = Cl
Dechlorocryptophycin-52: R = R' = Me, X = H

Fig. 11 Chemical structures of cryptophicins

O
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®
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sealed tube, 80-85 °C
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ii. DMD, acetone
76%

Cryptophycin-24 (Arenastatin A)

Scheme 76 Total synthesis of cryptophycin-24 via -lactam synthons
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solid tumors. Cryprophycin-52 possesses extremely potent cytotoxicity(e.g., ICsq
0.037 nM for MCF-7) [145].

An efficient and concise route to the macrolide core of cryptophycins has been
developed using the N-acyl-B-lactam macrolactonization [146, 147]. The synthesis
of cryptophycin-24 (Arenastatin A) is illustrated in Scheme 76, as a representative
total synthesis of this class of compounds [147]. The B-lactam key intermediate 263
was prepared through the coupling of 261, obtained from 259 and 260 in four steps,
with N-(p-MeO-Phe)-B-lactam 262. The macrolactonization of 263 was achieved
through cyanide-initiated B-lactam ring opening using BuyNCN and subsequent
lactonization. The attempted use of NaH and NaHMDS as base for direct ring-
opening coupling was unsuccessful, presumably due to the instability of 263
to basic conditions. The C3’-phenyl moiety was introduced using the Heck reaction.
Epoxidation of the resulting styryl double bond was carried out with dimethyl-
dioxirane (DMD) to give cryptophycin-24 as a 2:1 (B:o) diastereomeric mixture,
which was separated by reverse-phase HPLC. Dechlorocryptophycin-52 was syn-
thesized in the same manner [147].

4.5 Synthesis of (—)-Lankacidin C

Lankacidin C is a 17-membered macrocyclic tetraene isolated from various species
of Streptomyces [148—150]. Lankacidin C possesses strong antimicrobial activities
against a variety of Gram-positive bacteria, including several strains resistant to the
conventional macrolide antibiotics. In addition, lankacidin C and its derivatives
show considerable in vivo antitumor activity [151].

An intramolecular ring-opening coupling of a B-lactam intermediate 269 has
been used as a key step in the total synthesis of (—)-lankacidin C (Scheme 77)
[152]. B-Lactam 265, derived from (S)-aspartic acid, served as the C1-C8 synthon
in the lankacidin synthesis. The highly stereoselective acylation of the C3 position
of 265 through the reaction of the Type 1 lithium enolate (vide supra) with activated
ester 266, which is the C12—C18 synthon, gave C3-acyl-B-lactam 267 in high yield.
The reduction of the C18-ketone moiety of 267 with KHBEt; in ether afforded
C18a-alcohol 268 exclusively. Silyl protecting groups of 268 were removed with
BuyNF to give B-lactam triol 269, which underwent acid-catalyzed ring-opening
coupling with C16-OH, forming &-lactone, followed by cyclic carbamate forma-
tion, linking the NH, and C18-OH groups to afford advanced key intermediate 270.
Introduction of the C9-C11 fragment to 270, followed by macrocyclization
completed the total synthesis of (—)-lankacidin C in several steps.

4.6 Synthesis of Combretastatin Mimics

Combretastatins are a group of diarylstilbenes that are isolated from the stem of
Combretum caffrum (South African Bushwillow tree) [153]. These compounds
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i) LDA, THF, -78 °C, 10 min; i) KEt3BH, Et,0, -78 °C, 10 min; iii) TBAF, THF, r.t., 2 h; iv) MsOH, r. t., 2 h;
v) NEt;, CDI, r.t., 12 h. TBS = t-BuMeSi; TBDPS = t-BuPh,Si; PMB = p-methoxybenzy!

Scheme 77 Total synthesis of (-)-lankacindin C via B-lactam synthons
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Combretastatin A-4 (R = OH) 274c¢ (R = NH,)
Combretastain A-4P (R = OPOzNa,) B-Lactam-Based Combretastatin A-4 Analogs

Fig. 12 Combretastatins and B-lactam-based mimics

have potent anticancer activity and share the same tubulin-binding site with colchi-
cine [154]. Among these, combretastatin A-4 is highly potent and its phosphate,
combretastatin A-4-P, a water-soluble prodrug, is currently in clinical trials for
the treatment of thyroid cancer (Fig. 12) [155, 156]. Since the cis-olefin structure of
combretastatins is prone to isomerize, which causes the loss of activity, structurally
stable combretastatin analogs have obvious advantage. As an approach to develop
potent and structurally stable analogs, a series of B-lactam-based combretastatin
mimics was designed, synthesized, and examined their activities, and some of these
mimics exhibited promising activities [157]. For example, f-lactam mimics 274a
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Scheme 78 Synthesis of B-lactam based combretastatin mimics

(IC509 9.6 nM), 274b (IC5o 0.8 nM), and 274¢ (ICs( 4.5 nM) showed comparable or
better potency than combretastatin A-4 (ICsq 5.2 nM) against MCF-7 human breast
cancer cell line [157]. It is worthy of note that these B-lactam-based analogs did not
show significant activity in normal murine breast epithelial cells. In addition, it was
shown that compounds 274a and 274b inhibited tubulin polymerization with higher
efficacy than combretastatin A-4 [157].

The B-lactam analog 274a was synthesized by using the Reformatsky reaction of
phenylbromoacetate 271 with imine 272, followed by deprotection of the TBS
group with BuyNF and the benzyl group by hydrogenolysis (Scheme 78) [157]. The
analogs 274b and 274c¢ were prepared through the Staudinger ketene—imine cyclo-
addition, followed by deprotection of silyl group and benzyl or carbobenzoxy (Cbz)
group (Scheme 78) [157]. Since the chemical yields reported were low, substantial
improvement in the syntheses is necessary in the future if these f-lactam analogs
move to more advanced phases of drug development.

4.7 Synthesis of Cholesterol Absorption Inhibitor, Ezetimibe

Atherosclerotic coronary heart disease (CHD) is the major cause of death in the
United States. There is a positive correlation between CHD incidences with
elevated serum cholesterol levels. Accordingly, clinical treatment for CHD entails
lifestyle changes (diet and exercise) and reduction of serum cholesterol levels.
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Scheme 79 Synthesis of ezetimibe

The major contributor of serum cholesterol is from dietary or intestinal sources.
Thus, blocking the intestinal sources of cholesterol should be an effective
approach to control the serum cholesterol level. Burnett and others have developed
B-lactams which block cholesterol absorption through acyl-CoA:cholesterol
O-acyltransferase (ACAT) inhibition [158]. Among those B-lactam-based ACAT
inhibitors, a trans-p-lactam, ezetimibe, was found to be a potent and highly
efficacious cholesterol absorption inhibitor and has been approved by the FDA
for the treatment of hypercholesterolemia.

A patented asymmetric synthesis of ezetimibe is illustrated in Scheme 79 [158,
159]. In this synthesis, the S configuration of the benzylic hydroxyl group in the C3
chain was introduced in the early stage of the synthesis via a Corey—Bakshi—Shibta
(CBS) asymmetric reduction of 277, which was prepared from d-keto acid 275 and
(S)-phenyloxazolidinone (276). Asymmetric enolate—imine condensation of 278
and 279 gave 280 with high stereoselectivity. Silylation of 280 followed by
fluoride-catalyzed cyclization afforded ezetimibe in high yield [159].

An alternative route to ezetimibe was also developed, featuring the one-step
highly diastereoselective formation of trans-p-lactam 283 through highly diastereo-
selective enolate—imine cyclocondensation of (S)-hydroxy-y-lactone (281) with
imine 282 (see Scheme 65) [160]. Oxidation of diol 283 to the corresponding
aldehyde by sodium periodate, followed by Mukaiyama aldol condensation
with a silyl enol ester 284 and deprotection gave 285. Hydrogenation of the double
bond and asymmetric CBS reduction of the ketone moiety, followed by the final
deprotection of the benzyl group by hydrogenolysis afforded ezetimibe with >99%
ee in good overall yield [160] (Scheme 80).
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Scheme 80 Alternative synthetic route to ezetimibe

5 Conclusion

Besides their significance as widely used powerful antibacterial agents, the impor-
tance and versatility of B-lactams as key intermediates in organic synthesis have
been widely recognized. The B-lactam skeleton provides unique bond angles and
configurations of substituents. Selective cleavage of each of the four bonds of
the B-lactam skeleton is possible because of its strain energy, which makes this
scaffold highly attractive synthetic intermediates or synthons of critical structures.
B-Lactams with high enantiopurity can be obtained through asymmetric ester
enolate—imine cyclocondensation, diastereoselective ketene—imine cycloaddition
reaction coupled with enzymatic resolution, or asymmetric ketene—imine cycload-
dition. The chirality of these chiral f-lactams can be transferred directly to an array
of useful synthetic intermediates in organic synthesis. The “B-lactam synthon
method” has been successfully applied to the synthesis of biologically active
oligopeptides, stereoselectively labeled dipeptides, peptidomimetics, antimicrobial,
anticancer agents, and complex natural products, including the highly efficient
synthesis of paclitaxel and highly potent new generation taxoids. The B-lactam
scaffold has also been successfully exploited for the discovery and development of
novel anticancer agents and cholesterol-controlling agents. It is highly likely that
further development and applications of the -lactam synthon method will continue
to flourish in synthetic organic and medicinal chemistry as well as in chemical
biology.
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B-Lactams from Fischer Carbene Complexes:
Scope, Limitations, and Reaction Mechanism

Israel Fernandez and Miguel A. Sierra

Abstract The irradiation (visible light) of Fischer carbene complexes promotes the
reversible insertion of a cis-carbonyl ligand into the metal-carbene carbon bond in
a process known as photocarbonylation. This reaction gives rise to the formation of
ketene-like complexes which are able to react with nucleophiles to yield a great
variety of reaction products. When the nucleophile is an imine, B-lactams are
formed in good to excellent yields and with high diastereoselectivities. The scope
and limitations of this synthetically useful transformation as well as its reaction
mechanism are considered herein.
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1 Introduction

The chemistry of Fischer carbene complexes has been largely developed since the
first synthesis of the pentacarbonyl[methoxy(methyl)carbene] tungsten(0) complex
by Fischer and Maasbol in 1964 [1]. Due to their special electronic features and
multifunctional structure, most of the investigations performed so far have mainly
focused on their applications in organic synthesis (selected reviews on the chemis-
try of Fischer carbenes [2—10]). Nowadays, Fischer carbene complexes have shown
themselves to be very efficient and versatile starting materials to carry out a wide
variety of organic transformations under mild reaction conditions.

Representative examples of the rich and versatile chemistry of this family of
organometallic complexes are the useful Dotz-benzannulation reaction [11], which
produces substituted phenols by reaction with alkynes and carbon monoxide,
cycloaddition reactions such as cyclopropanation [12-15], Diels—Alder reaction
([16-19]; for a recent computational study, see [20]) or dipolar cycloadditions
([21-24]; for a recent computational study, see [25]), and the -catalytic
transmetallation to late transition metals [26, 27], which enhances the reactivity of
the carbene complexes leading to a great number of different reaction products.

The discovery by Hegedus and McGuire at the beginning of the 1980s that
alkoxychromium(0) carbene complexes can be transformed into B-lactams when
irradiated (visible light) in the presence of imines marked the beginning of a key
reaction in organometallic chemistry [28]. This reaction, which is known as photocar-
bonylation, gives rise to ketene-like intermediates which show all the advantages of
ketenes without their shortcomings, i.e., dimerization, formation of undesired
adducts, and so forth. Depending on the nucleophile added to the reaction medium,
this process allows the easy and efficient access to a wide variety of compounds such
as B-lactams, cyclobutanones, amino acids and peptides, poly-nuclear hydrocarbons,
or B-lactones [29] (Scheme 1). This synthetically powerful photoreactivity has no
parallel in the photochemistry of any other class of organometallic compounds and
competes in efficiency and exceeds in versatility with many well-established and
synthetically useful photochemical organic reactions [30-32].

Herein, the scope, limitations, and mechanism of the photocarbonylation reac-
tion of group 6 Fischer carbene complexes in the presence of imines to produce
B-lactams are summarized [33].

2 Synthesis of 3-Lactams from Fischer Carbene Complexes

2.1 Scope and Limitations

The irradiation of group 6 Fischer metal-carbene complexes with visible light in
the presence of a wide range of imines (including heterocyclic imines) produces
B-lactams in good to excellent yields [28, 34-36]. In contrast to the analogous
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Scheme 1 The synthetic usefulness of group 6 (Fischer) carbene complexes

Staudinger process, the photoreaction of these organometallic compounds is free of
the typical by-products formed when ketenes derived from acyl chlorides are
involved. Moreover, the transformation is highly diastereoselective, usually giving
rise to a single diastereoisomer (Scheme 2).

The usefulness of this process toward the synthesis of new B-lactams is clearly
demonstrated in the reactions depicted in Schemes 3 and 4. Thus, the family of
B-lactams azapenams [37-39] and bis-azapenams [40] are easily produced by the
reaction of mono- or bis-alkoxycarbene complexes with N-protected imidizolines
followed by deprotection of the Cbz group.

Nevertheless, most biologically active B-lactams lack an alkyl and an alkoxy
group o to the carbonyl group of the 2-azetidinone ring, but rather they possess an
amino group and a hydrogen atom. Therefore, aminocarbene complexes must be used
to produce such B-lactams. Usually, complexes where R' = H, which are readily
prepared by the reaction of M,Cr(CO)s with iminium chlorides [41] or with amides
with the addition of trimethylsilyl chloride [42, 43] can undergo an efficient photore-
action with a wide range of imines to produce o-amino B-lactams in good to excellent
yields and with high diastereoselectivity [44] (Scheme 5). However, aminocarbene
complexes with R' = alkyl or aryl formed B-lactams in only low yields.

Attempts to induce asymmetry into the reaction of chromium alkoxycarbene
complexes with imines met with mixed results. In most cases chiral auxiliaries attached
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to the nitrogen of the imine were ineffective, resulting in low to moderate diastereos-
electivity [35]. However, when rigid, cyclic imines such as thiazolines (Scheme 6) [35]
and imidazolines [37] were used, very high (essentially 100%) d.e. were observed.
Although the formed B-lactams were not of biological interest, they provided chiral
templates for the synthesis of highly functionalized quaternary systems (Scheme 7)
[45].
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Chiral auxiliary oxazolidine was also directly attached to the carbene ligand [46].
The photochemically produced oxazolidine metal-ketene complex gave excellent
chemical yields of single diastereoisomers of PB-lactams with imidates, oxazines,
thiazines, and cyclic and acyclic aliphatic imines, but only modest yields of mixtures
of cis and trans diastereoisomers of -lactams with imines derived from benzalde-
hyde and cinnamaldehyde (Scheme 8). In sharp contrast, the related nonorgano-
metallic oxazolidinone ketene gave excellent chemical yields of single cis
diastereoisomers of B-lactams with imines of benzaldehyde and cinnamaldehyde,
but very low yields of B-lactams with other imines. This different behavior clearly
exemplifies the dramatically different albeit complementary reactivity of these
closely related intermediates ([47]; for the related oxazolidinone ketene see [48]).

Finally, there is a single example of the intramolecular cyclization of chromium
(0) carbene complex bearing imino tethers [49]. The preparation of these complexes
is achieved in two-steps from simple chromium(0) complexes and their cyclization
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yields bicyclic anti-Bredt y-lactams instead of the expected B-lactams. This is
probably due to the opening of these unstable intermediates or, alternatively, by a
competitive evolution of the intermediate zwitterion. This zwitterion is derived
from the intramolecular attack of the imine nitrogen on the photogenerated ketene
(Scheme 9).
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Scheme 9 The intramolecular cyclization of chromium(0) carbene complexes having imino
tetheres

2.2 Synthesis of B-Lactams from Chromium(0) Carbene
Complexes and Subsequent Manipulation of the
Four-Membered Ring

The use of appropriate imine substrates in the chromium(0) carbene-mediated
photocycloaddition allows for ulterior manipulation of the four-membered ring.
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Thus, malonoimides have been prepared by reaction of iminodithiocarbonates and
chromium(0) carbene complexes followed by oxidation with N-bromosuccinimide
(NBS) [50] (Scheme 10).
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Scheme 10 The two-step synthesis of malonoimides from iminodithiocarbonates

These iminodithiocarbonates also behave as formaldehyde imine equivalents
using the sequence chromium(0) carbene photocycloaddition-nickel boride
desulfuration [51]. This sequence allows the preparation of either chiral or racemic
4-unsubstituted-2-azetidinones in two steps and highly overall yields (Scheme 11).
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Scheme 11 The synthesis of chiral 4-unsubstituted-f-lactams from chiral aminocarbene
chromium(0) complexes and iminodithiocarbonates

Alternatively, the chromium(0) carbene moiety can be incorporated in a
preformed 2-azetidinone ring. This methodology based mainly on solvolysis
reactions of chromium(0) alkoxycarbene complexes have been used in the prepara-
tion of peptide containing 2-azetidinones, including penicillin and cephalosporin
derivatives [52] (Scheme 12).

2.3 Synthesis of Metallocenyl-f3-Lactams from Bimetallic
Carbenes

The synthesis of novel B-lactams which incorporate organometallic moieties in their
structures has attracted much attention in the recent years due to their novel and
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Scheme 12 The reactivity of 2-azetidinones having pendant chromium(0) carbenes

interesting biological properties ([53—62]). As instance, almost all of the ferrocenyl-
penicillins and cephalosporins exhibited antibiotic activity, some being highly active,
while others proved to be potent -lactamase inhibitors. Despite that, 2-azetidinones
having organometallic fragments attached to the four-membered ring are scarce. The
use of Fischer carbene complexes is a useful alternative toward the synthesis of new
organometallic B-lactams.

We pioneered the use of the photocarbonylation reaction to access novel
ferrocenyl-fB-lactams [63]. Thus, alkoxychromium(0) carbene complexes react
smoothly with ferrocene imines to place ferrocene substituents at the N1, C4, or
simultaneously at N1 and C4 positions of the B-lactam ring (Scheme 13). Interest-
ingly, when the ferrocene unit was introduced in the carbene ligand, the reaction
yield dramatically decreases to 23% for aminoferrocenyl-chromium(0) complex or
no reaction is observed when the ferrocenyl substituent is directly attached to the
carbene carbon atom (Scheme 14).

In contrast, the analogues mono- or bis-ruthenocyl-carbene complexes are
photoreactive and readily produce the expected B-lactams [64] (Scheme 15). To
our knowledge, these are the unique examples of a 2-azetidinone bearing a
metallocene directly attached to the C3 of the four-membered ring. Reasons for
the differential behavior of ruthenocenyl- vs. ferrocenyl-substituted carbene
complexes are found in the structure of the corresponding excited states formed
upon irradiation (see below). Using this useful methodology, the preparation of the
first 6-ruthenocenyl-substituted penicillin by reaction of ruthenocenyl-substituted
carbene complex and thiazoline was achieved [64] (Scheme 15). This metallape-
nicillin might exhibit potential biological activity.
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3 Reaction Mechanism

It is well established that not all carbene complexes can undergo the photocarbo-
nylation reaction and produce metallaketenes able to react with imines to yield
B-lactams. In fact, those group 6 Fischer carbenes complexes based on tungsten(0)
instead of chromium(0) or molybdenum(0) do not photocarbonylate. This is mainly
due to the higher back-donation of tungsten(0) compared to its group 6 congeners
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which makes the metal—carbene and metal-carbonyl bonds stronger inhibiting the
photoinsertion of the cis-CO into the metal-carbene bond (see below). Similarly,
chromium(0) complexes bearing c-donating ligands (i.e., PBuj or diphos) are not
photoreactive either [65]. In contrast, soft G-donor ligands (like PPh; or phosphites)
can form B-lactams in moderate to good yields [65, 66].

As stated above, the nature of the substituents attached to carbene carbon atom
has a strong influence on the photoreactivity of Fischer carbenes. Thus,
alkoxycarbenes with alkenyl or alkynyl groups attached to the carbene or
aminocarbenes, where the R' substituent is different from hydrogen (see above),
are not photoactive at all or lead to very low conversions [28]. Therefore, it seems
that the electronic properties of the carbene ligand (mainly, the occupation of the
“empty” p,-atomic orbital of the carbene carbon atom) is the main factor
controlling the photoreactivity of Fischer carbene complexes. By the proper selec-
tion of the ligands surrounding the metal center and the substituents at the carbene
ligand, the photoreactivity of the complexes can be indeed modulated and processes
different to the photocarbonylation reaction such us stepwise 1,2-dyotropic
rearrangements, ([67, 68]; for a recent review on dyotropic rearrangements, see
[69]), a-fragmentations [70] or photoslippage [71] can occur [33].
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3.1 The Photocarbonylation Process

The photochemistry of chromium(0) and molybdenum(0) carbene complexes (but
not tungsten(0) carbene complexes) relies on the reversible insertion of a cis-CO
ligand into the M=C bond to yield metal-coordinated ketenes or metallacyclo-
propanone species. This mechanism was proposed by Hegedus in 1988 [72]
(Scheme 16). Despite the close parallelism of the ketenes derived from the irradia-
tion of group 6 metal-carbene complexes and free ketenes (for a recent review in
the state of the art of the research on the mechanism of the Staudinger reaction, see
[73]), all the efforts directed toward the isolation or detection of these elusive
intermediates have been fruitless so far.

By means of a combination of experimental and computational tools [65, 74], it
was found that the irradiation of alkoxychromium(0) carbene complexes, either in
the LF band followed by relaxation to the MLCT band, or directly in the MLCT
band, results in the excitation of these complexes to the S; excited state, which
readily decays to the triplet T, state by intersystem crossing (ISC) due to spin—orbit
coupling (this is a general phenomenon in group 6 metal carbonyl complexes; see
[32] and [75].) These triplet species (1(T)) have a chromacyclopropanone structure
whose unpaired electrons are mainly localized in the metal fragment and in the
former carbene carbon atom and therefore corresponds with the chromacyclo-
propanone proposed by Hegedus and co-workers to explain the reaction products
obtained in the photochemical reaction of chromium(0) carbene complexes
[28, 72]. These coordinatively unsaturated complexes change their multiplicity
prior to evolving the ketene-derived products. This is accomplished by filling
the corresponding free coordination site with a molecule of a coordinating
solvent in the apical position to form 2(Sg) complex (Fig. 1). To experimentally
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confirm this theoretical prediction, the photolysis of pentacarbonyl[ethoxymethyl]
carbene-chromium(0) complex with the imine PhCH=N(p-OMeCgH,) was carried
out in solvents with different coordinative ability. It was found that the higher the
donor number of the solvent (i.e., tetrahydrofuran or acetonitrile) the higher were
the conversions of complex 1 into the corresponding B-lactam [74].

The geometrical features and the Natural Bond Orbital (NBO) analyses carried
out on these newly formed species (2(Sgy)) show that they possess a structure which
corresponds to a ketene species coordinated to chromium with a highly polarized
Cr—C (former carbene carbon atom) bond. Therefore, complexes 2(Sy) can be
viewed as acylchromate complexes from which ketene-derived products can now
be formed in the presence of nucleophiles on the Sy hypersurface, while in their
absence, these species revert to the starting carbene complex in a highly exothermic
process (Fig. 1).

S

1

ISC

Solvent

7]

1 (Tn\%

NO NUCLEOPHILE

Oy

[t

1(So)

Fig. 1 The computed mechanism for the photocarbonylation of chromium(0) carbene complexes

The solvent-induced T;—S crossing of chromoketene 1(T;) to the acylchromate
2(Sy) was further analyzed in detail (for a recent example on Lewis-base-induced
triplet-singlet crossing in organometallic compounds, see [76]; for a review on this
problem, see [77]). Relaxed scans of this complex at different Cr—OH, distances,
where the OH, ligand models an ethereal solvent (Fig. 2), showed that the T, state
exhibits a very shallow Morse-like curve, whose minimum is located at r = 3.746
Ar being the Cr—OH, distance (Fig. 2). The harmonic analysis of this structure
shows two low-frequency vibrations associated with stretching of the Cr—O inter-
action and symmetrical bending of two carbonyls to achieve the octahedral coordi-
nation. This result, together with the negligible energy difference between both
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Fig. 2 The Loose-Bolt mechanism for the ISC in chromium(0) carbene photochemistry

states at long Cr—OH, distances, indicates that the available thermal energy is
enough for the molecule to go from the T; to the Sy potential energy surface. This
radiationless ISC does not take place through a narrow conical intersection
(a photochemical funnel) but occurs at r-values larger than 4.0 A along an energy
plateau shared by both spin states. This process, which is called the Loose-Bolt
effect in organic chemistry [32], has no known precedents in the photochemistry of
metal complexes.

The formation of the metallacyclopropanone complex in the triplet state is
decisive for the production of B-lactams in the presence of imines. DFT calculations
clearly show that the most stable triplet species of the analogous tungsten(0)
alkoxycarbene complex does not have the required metallacyclopropanone struc-
ture. Thus, the computed bond lengths between the carbene carbon atom and the
nearest C(=0) groups are 2.716 A and 2.567 A, respectively, without any measur-
able bond order between both atom pairs [74]. Therefore, no ketene-like species are
formed by excitation of an alkoxy-pentacarbonyltungsten(0) carbene complex
which is in good accord with the experimentally observed lack of photochemical
reactivity of tungsten(0) carbene complexes.

Similarly, the computational data show the coexistence of a very low-energy
noncarbonylated triplet for ferrocenyl-substituted carbene complex (T1) and a
high-energy metallacyclopropanone triplet (T2, Fig. 3a). This implies that irradia-
tion of this complex leads to the formation of a triplet species, which does not
possess the structure required to react with nucleophiles [64]. In sharp contrast, two
nearly degenerated triplet states coexist in its ruthenocenyl counterpart (Fig. 3b).
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Fig. 3 Computed most stable excited states of ferrocenyl- and ruthenocenyl-substituted Fischer
carbene complexes

Simple visual inspection of the corresponding SOMOs of T1 species (Fig. 3)
indicates clear differences in the electronic structures of ferrocenyl- and
ruthenocenyl-substituted carbenes, which are translated into a differential
photoreactivity (see above). One of these two triplets is a carbonylated metallacy-
clopropanone species (similar to 1(T1) in Fig. 1), which can react with imines to
form the observed B-lactams [64] (Schemes 14 and 15).

3.2 The Reaction with Imines to Yield B-Lactams

Having established a reasonable model for the photocarbonylation step of chro-
mium(0) carbene complexes, the addition of an imine to the coordinated ketene was
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Scheme 17 The enantioselection in the reaction of chromium(0) carbene complexes having chiral
ligands as a probe for the B-lactam formation mechanism

studied next. As above-mentioned, this reaction forms 2-azetidinones in good
yields and it is usually free of by-products [28]. The reaction is highly diastereo-
selective since Fischer carbene complexes form -lactams where the larger substit-
uent of the ketene is placed cis to the anti-substituent of the imine. This contrasteric
bias has been claimed to be due to the presence of the metal moiety during the
cycloaddition [28].

The participation of the metal in the transformation of the chromium complex
into the final products and not only in the first carbonylation step was experimen-
tally confirmed by irradiating the chiral complex depicted in Scheme 17 in the
presence of an imine. This reaction yielded a mixture of the corresponding cis/
trans-P-lactams in a 4.0:1 ratio with a 66% of conversion [66]. After separation of
both diastereoisomers, a 14% e.e. for cis-diastereomer was measured by '"HNMR in
the presence of Eu(hfc)s. Even with the observed low e.e., which can be very likely
ascribed to the fact that the inducing center is located far away from the emerging
chiral centers, the formation of chiral products is compatible with a mechanism in
which the metal is present in the enantio-discriminating step, namely the con-
rotatory ring closure of the zwitterion ([73]). Nevertheless, there is a possibility
of organocatalysis by the free chiral phosphine which would be responsible for the
observed e.e. (related examples [78—80]). To safely disregard this process, the
removal of the metal-moiety from the reactive system was ensured by working
under moderate CO-pressures (90 psi). Thus, the irradiation of the same chiral
complex and imine in MeCN under 90 psi of CO gave the mixture of the
corresponding cis/trans-B-lactams in a 3.8:1 ratio and in 70% isolated yield
(Scheme 17). Similarly, the isomers were separated and the cis-isomer was
analyzed again by "H NMR in the presence of Eu(hfc)s. The e.e. was 0% within
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Scheme 18 Pausible reaction pathways in the reaction between chromium(0) Fischer carbene
complexes and imines

the experimental error, thus confirming that no asymmetric induction was obtained
if the metal moiety is removed from the reactive system.

Two related reaction mechanisms can be envisaged for this transformation:
(1) the nucleophilic attack of the lone-pair of the nitrogen atom of the imine to
the carbonyl group of the acyl-chromate 2(Sy) followed by a 1,3-metallatropic
process forming a chromium enolate—iminium zwitterionic complex which
produces the final cycloadduct through a conrotatory ring closure, or alternatively,
(2) the 1,3-metallatropic process can occur first from the acyl-chromate to produce
the corresponding O-coordinated ketene, which produces the final cycloadduct after
nucleophilic attack of the imine and subsequent four electron conrotatory
electrocyclation, following the standard mechanism for the Staudinger reaction
(see [73]) (Scheme 18).
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It has been suggested that the 1,3-metallatropy must occur before the nucleo-
philic attack of the imine [66]. This rearrangement, albeit slightly endergonic (see
Fig. 4), takes place due to a more favorable HOMO(imine)-LUMO+1(oxygen-
coordinated ketene) interaction which constitutes the driving force of the transfor-
mation. Moreover, the NBO-charge analyses carried out on both key intermediates
show that the carbon atom (former carbonyl ligand), which suffers the nucleophilic
attack by the nitrogen atom of the imine, bears a more positive charge in the oxygen
coordinated ketene (Ag = + 0.11 au) thus indicating a higher electrophilic charac-
ter for this species (Fig. 4).

#1— 075 LUMO+1 . weh
LUMO+1 L_ -1.74 <
-2 —
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-3 ]
4 —
5 H
-5.09
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Fig. 4 Molecular orbitals of the metallacyclopropanone (left) and oxygen-coordinated ketene
(right) complexes

Finally, it was also found that the cis—trans stereoselection is produced during
the nucleophilic addition of the nitrogen atom of the imine to the oxygen-
coordinated ketene, since there are no significant differences between the classical
and the metallated processes in the four-electron conrotatory electrocyclization step
leading to the final 2-azetidinones [66]. The complete reaction profile for the
reaction of complex 1 and MeHC=NMe to form the final B-lactam is shown in
Fig. 5.
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Fig. 5 Computed reaction profile of the process involving complex 1 and MeHC=NMe imine

4 Conclusions

In this chapter, we have shown that the photocarbonylation reaction of Fischer
carbene complexes in the presence of imines is a powerful tool toward the synthesis
of B-lactams. This process allows the easy access to 2-azetidinones, which are
difficult to obtain using standard methodologies with very good reaction yields and
excellent diastereoselectivities. From a reaction mechanism point of view, the
irradiation of Fischer carbene complexes promotes the insertion of a cis-carbonyl
ligand into the metal-carbene bond to form a metallacyclopropanone intermediate
in the triplet excited state which produces ketenes coordinated to metal. From the
latter species and in the singlet hypersurface, the reaction with imines occurs.
Different to the closely related Staudinger reaction between ketenes and imines,
the cis—trans stereoselection is produced during the nucleophilic addition of the
nitrogen atom of the imine to the oxygen-coordinated ketene, since there are no
significant differences between the classical and the metallated processes in the
final four-electron conrotatory electrocyclization step leading to the final B-lactams.
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Synthesis of B-Lactams Through
Alkyne-Nitrone Cycloadditions

Bablee Mandal and Basudeb Basu

Abstract The [342] cycloaddition reaction between an alkyne and nitrone in the
presence of copper catalyst leading to the formation of B-lactam is known as the
Kinugasa reaction. Over the years, the Kinugasa reaction has been established as a
robust and versatile route for the synthesis of B-lactam derivatives in both cis and
trans configuration. This review has focused on various approaches highlighting
recent stereoselective syntheses along with plausible mechanisms and other salient
features.

Keywords 1,3-Dipolar cycloadditions - Alkynes - Kinugasa reaction - Nitrones -
B-Lactams

Nitrogen-containing heterocycles are ubiquitous in nature and found in almost
every sphere of life. They are present in vitamins, alkaloids, DNA/RNA bases,
antibiotics, etc. For the synthesis of these kinds of molecules, B-lactams are
considered ideal building blocks. Though synthesized by Staudinger [1] in 1907,
investigations on B-lactam got a high impetus only after the phenomenal discovery
of penicillin by Fleming in 1929. Currently thousands of chiral compounds
containing B-lactam moiety are known which have high efficacy and safe toxico-
logical profile. Till date, penicillin and its derivatives are still the most commonly
used antibiotics. The various families of B-lactam antibiotics differ in their spec-
trum of antibacterial activity and in their susceptibility to B-lactamase enzymes,
which constitute the most common form of resistance to B-lactam.
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Fig. 1 General structures for serine-protease B-lactam inhibitors

The 2-azetidinone nucleus has been recognized as the central motif of the
B-lactam antibiotics. Apart from the immense use of the B-lactam moiety as
bioactive agents, many important nonantibiotic uses have been developed in recent
years. Some of the most notable recent discoveries concern applications such as
serine protease inhibitors (Fig. 1) [2] of elastase [3], cytomegalovirus protease [4],
thrombin [5], prostate-specific antigen [6], B-lactamase [7], and cell metastasis [8]
and as inhibitors of acyl-CoA cholesterol acyl transferase [9].

Besides their biological relevance, the importance of B-lactams as potential
synthetic intermediates has also been recognized in organic synthesis [10, 11].
They are used in the stereo-controlled synthesis of complex organic compounds
[10, 12, 13]. They are used as potential synthons for bioactive natural products [14],
e.g., the side chain of taxol [15, 16] (the anticancer drug) and bestatin [17] (peptide
enzyme inhibitor).

The importance of B-lactams as synthetic intermediates has been widely
recognized in organic synthesis because ring cleavage of any of the four single
bonds of the PB-lactam system is enhanced by ring strain [18]. Selective bond
cleavage of the strained B-lactam ring coupled with further interesting synthetic
transformations renders these fascinating molecules as powerful synthetic building
blocks [13]. 2-Azetidinones have been used as precursors for the preparation of
o- and B-amino acids, alkaloids, different-sized heterocycles, taxoids, and other
types of compounds of biological and medicinal interest.

Consequently, B-lactam synthesis has been the subject of intensive research all
over the world and numerous methods have been reported till date [19] (Fig. 2).
Among them the most exploited methods are the ketene—imine cycloaddition
(Staudinger reaction; Eqn. 1) [20-23], the copper-catalyzed [3+2] cycloaddition
of an alkyne with a nitrone (Kinugasa reaction; Eqn. 2) [24-29], and the condensa-
tion of ester enolates with imines (Gilman—Speeter reaction; Eqn. 3) [30-35]. In this
review, we aim to consider the various exploitations that utilize the Kinugasa
reaction for -lactam synthesis.
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Fig. 2 Various approaches for B-lactam synthesis

The Kinugasa reaction is a simple [3+2] cycloaddition between a nitrone and
in situ generated Cu(I)—acetylide species producing both cis and frans isomers
(Scheme 1) [24]. The reaction offers several advantages, which include mild
reaction conditions and the availability of a large repertoire of alkynes and nitrones.
Crafting of these functionalities on two arms of the same molecule to facilitate an
intramolecular reaction is comparatively easier than the widely used Staudinger
reaction, which requires the use of an acyl halide, a more reactive functionality.

In general, the reaction proceeds in the presence of an organic base (Scheme 2)
[36]. According to the mechanism proposed by Ding and Irwin [25], the initially
formed copper—alkyne m-complex undergoes deprotonation. Such activated triple
bond is subjected to the 1,3-dipolar cycloaddition with a nitrone to provide a
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R{ Cu(l), base 8
/N=\ ) + R — N
@O R o \R1
[3+2] | R®—=——CuL,
H+
RS R2 RB R2
I<N\ 1 H
Ln_1CUO O’ R Ln_1CUO ~R1
A B

Scheme 2 Plausible mechanism of Kinugasa reaction

five-membered isoxazoline A. Rearrangement of the isoxazoline copper complex A
to the copper enolate B and its subsequent protonation leads to the formation of the
B-lactam ring.

The evidence in favor of the mechanism was revealed in a work by Miura et al.
[26] who in their course of study, found that the absence of Cul does not yield any
azetidin-2-one. This goes to suggest that the copper(I) acetylide coordinated by the
ligand is involved as the key intermediate.

In a further study, the same group [27] reported that in a reaction between phenyl
acetylene and o,N-diphenylnitrones, a mixture of four compounds are obtained
(Scheme 3) and the yield of the desired product can be increased just by altering the
ligand.

The use of dppe ligand afforded the azenyne 3 selectively, whereas using
pyridine at 0°C gave the azetidin-2-one 4 as the major product. Again if either of
the phenyl rings of the nitrone has a substituent at 4-position, then the reaction takes
place at room temperature giving a mixture of 4 and 5. The ratio of 4 to S increases
as the electron-withdrawing nature of the substituent increases. The azetidin-2-one
is always obtained as a mixture of cis and trans isomer, the ratios ranging from 1:1
to 2:3.

With the aim to improve the selectivity, Fu et al. [37] used a new C,-symmetric
planar-chiral bis(azaferrocene) ligand 7 to generate B-lactams with good enantio-
meric excess and cis diastereoselection (Scheme 4).
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1 Cul-ligand N—=Ph °N Ph
Ph— + + >=N
+ _ KZCO3/DMF Ph ‘s H \Ph
Ph. O 3 PR, Ph 5
>=N\+
H Ph
2 + PhCH,COOH
6

Scheme 3 Reaction of phenylacetylene 1 with o, N-diphenylnitrone 2

H  Ar 1-2.5% CuCL(R,R) . A
r 1-2.5% CuCL(R,R)-7 —
=—Ph + 1
Ph =N Cy,NMe J/:‘\l\
R O MeCN, 0 °C ) Ar
Me Me
Meﬁ\Me
Me Fe
7=
Me |N N
Me
Me fe Me
MeZ;Me
Me

Scheme 4 Kinugasa reaction using bis(azaferrocene) ligand 7

When the R is Ph, generation of the B-lactam proceeded with excellent cis
diastereoselectivity irrespective of the nature of the aromatic ring (95:5). With
regard to enantioselectivity, the more electron-rich the aromatic group, the higher
was the ee (Table 1). Again lowering the reaction temperature improved the yields
as well as the stereoselectivity (Table 1, entry 5). Whereas keeping the Ar group
fixed as para-methoxyphenyl and bringing in the variations in the R-groups, higher
ee was observed for electron-deficient groups (Table 2).

Again when phenyl acetylene was replaced by alkyl acetylene, the
stereoselection was lowered. But alkenyl substituted alkynes furnish good de and
ee (Table 3). In these cases, alkyl 8 and acyl 9 substituted nitrones were taken.

Efforts were now directed to achieve better success in the asymmetric version of
the Kinugasa reaction. Basak et al. [38] reported a chiral auxiliary based approach,
which proceeds with high enantiospecificity. They crafted the ligand on one of the
components of the Kinugasa reaction, namely, the acetylene, so that the reaction
proceeds through an intramolecularly chelated copper complex. A homochiral
N-propargyl oxazolidinone was used for the purpose and it was hoped that the
side chain would control the approach of the nitrone. The proposed mechanism is
shown in Fig. 3. The two substituents (benzyl and R) being on opposite faces in
intermediate D will lower its energy, than E. Thus, there will be a preference for the
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Table 1 Catalytic asymmetric synthesis of B-lactams: variation of the N-substituent

Entry Ar cis:trans % ee, cis Isolated yield cis isomer (%)
1 Ph 95:5 77 69
2 4-(OMe)CgH,y 95:5 85 53
3 4-BrCgH4 94:6 72 74
4 4-(EtO,C)CeHy 94:6 67 79
5* 4-(EtO,C)CgHy 95:5 71 91

“Run at —20°C

Table 2 Catalytic asymmetric synthesis of B-lactams: variation of the R-group

Entry R cis:trans % ee, cis Isolated yield cis isomer (%)
1 Ph 95:5 85 53
2 4-(F3C)CgHy 93:7 90 50
34 4-(OMe)C¢H, 93:7 83 46
4 Cy 93:7 89 57
5 PhCO 91:9 72 42

“Run at room temperature

Table 3 Catalytic asymmetric synthesis of P-lactams: scope with respect to the alkyne

component
Cy H
T e
o N
- \©\ _ 0"+ Ph
OMe

8 9
Entry Nitrone R cis:trans % ee, cis Isolated yield cis isomer (%)
1? 8 Ph >95:5 92 65
2% 8 4-(F;C)CgHy >95:5 93 57
3% 8 4-(OMe)CgHy 92:8 91 60
4% 8 PhCH, 71:29 73 43
5° 9 Ph 90:10 90 56
6° 9 1-Cyclohexenyl  90:10 91 45

“Run at —20°C
®Run at —40°C

chirality at C-4 of the resulting isooxazoline. This, in turn, will fix the chirality at
C-3 of the cis and the trans azetidinone.

Thus the alkyne, (4S)-benzyl-3-propargyl oxazolidone, prepared from
(S)-phenylalanine underwent reaction with various nitrones (Scheme 5), giving a
mixture of one cis 12 and one trans 13 isomer, which could easily be separated by
column chromatography. The reactions proceeded with good yields and excellent
stereochemical control.

Intramolecular Kinugasa reactions are in principle ideal for the generation of
monocyclic and polycyclic B-lactams. Fu et al. [39] made an endeavor to study



Synthesis of B-Lactams Through Alkyne—Nitrone Cycloadditions 91

Ox—, R
.
o° R
G
Ox—. R
o R

E

Fig. 3 Control over the approach of nitrone by a homochiral N-propargyl oxazolidinone

R R R
N R1 H S N
[\ Cul/EtzN /[ 0\ [\
ON_Z + O CWEN 4N R + O_N— g
Y 'R DMF Y YO
_O"+ "Ph 5
o} 0 N, N,
10 11 12 O Ph 13 O Ph
R = Ph, CH,Ph

R' = Ph, thiophenyl, furyl, p-anisyl

Scheme 5 Use of chiral oxazolidones in Kinugasa reaction

these reactions and successfully came up with a protocol for preparing
enantiomerically enriched bi- and polycyclic B-lactams. The group demonstrated
that a copper/phosphaferrocene—oxazoline catalyst mediates asymmetric intramo-
lecular Kinugasa reactions to produce two new rings with very good stereo-
selectivity (Scheme 6).

Thus, they explored the application of their technique to the synthesis of a range
of tricyclic compounds containing a 6,4 or a 7,4 ring system (Table 4).

Thus, the intramolecular Kinugasa reaction methodology was further extended
by the development of conditions that allow a-allylated B-lactams to be prepared
with the same catalyst. The intermediate B (Scheme 2) could be intercepted by an
electrophile thereby generating a quaternary stereocenter [40, 41]. This group
successfully exploited this scope thereby enhancing the utility of Kinugasa reac-
tion. In the presence of a mixture of a silyl enol ether and KOAc as the base [rather
than (C¢H;;),NMe], alkyne—nitrone 14 underwent cyclization followed by o-alky-
lation with good stereoselectivity and in good yield (85% ee and 76% yield)
(Scheme 7). The protocol when applied to heterocyclic substrates also yielded
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CuBr (5%)
Ligand 16 (5.5%)
(CeHy1)2NMe (0.5 eq)

I
MeCN,0 °C N
O/N\Ar O “Ar

14 15
Me

o) Ar = p-carboethoxyphenyl
Me\¢>—<\ 1
[P N

Ph Fe R 16a: R = i-Pr; 88% ee: yield = 74%

Me Me 16b: R = tBu; 90% ee; yield = 47%
Me Me

Me
16

Scheme 6 Intramolecular Kinugasa reaction generating tricyclic -lactam framework

fruitful results (Scheme 8). The substrate 20 was converted into the desired enantio-
enriched B-lactam in 90% ee and 70% chemical yield.

The above reaction sequence is quite impressive because of the formation of two
carbon—carbon bonds, a carbon—nitrogen bond, a carbocyclic ring, a B-lactam, a
carbonyl group, a tertiary stereocenter, and an all-carbon quaternary stereocenter.

The group [42] also showed the use of nitrones in the synthesis of potential
antihypercholesterolemic and antibacterial mono and tricyclic B-lactams. They
elaborated the hydroxyethyl group at C-3 of monocyclic B-lactams by a series of
reactions to the appropriate side chain meant for acting as cholesterol absorption
inhibitor without perturbing the sensitive B-lactam moiety. In addition, novel
tricyclic B-lactam was also synthesized using the nitrone cycloaddition approach.

Tang et al. [43] designed a pseudo C3-symmetric tris(oxazoline) ligand 22 and
applied it successfully for asymmetric Kinugasa reaction (Scheme 9).

A study of various organobases revealed that secondary amines afforded the
desired products with better diastereoselectivity and enantioselectivity. Obviously,
bulkier amines gave better diastereoselection. Screening experiments showed
dicyclohexyl amine to be the best choice. Under the conditions, the electronic
character of the o-aryl group on nitrones had almost no effect on the
enantioselection. But the substituents on the N-atom showed profound influence
on both the yield and the selection. Electron-rich ones increased enantioselectivity
but decreased the reactivity, whereas electron-deficient ones though increased yield
reduced the enantioselectivity. Thus the method provided a facile access to cis
B-lactams with good enantioselectivity. A repertoire of copper-bis(oxazoline)-
catalyzed synthesis of B-lactams is already encompassed in a review by Evans
et al. [44]. The topic includes enantioselective reaction of alkynes with nitrones.

A variety of synthetic applications of N-Boc allylic amines were reported by
Whisler and Beak [45]. One of the applications involve a synthetic sequence that
involves a stereo-controlled intramolecular nitrone—olefin dipolar cycloaddition



93

Synthesis of B-Lactams Through Alkyne—Nitrone Cycloadditions

(ponunuod)

o z\h<
o 06 291 o o€
EIe)
z\L<
09 98 291 o z
\\_<
N
L 88 ©9] 0 I
(%) PIRIA (%) % puesry 81 1onpoid Anuyg
8l |[AusydAxoyieoqieo-d = 1y L
I\
/
I D0 0 ‘NOSW =N+

7

N" (ba 50) SNNE(HHD) m O_

(%G°S) 91 puebn —=
(%S) 1gno

0]

SSULT MOU OM] JO SISOUIUAS

9AT)O9[AsOTIURUS :SpueSI| durjozexo—auadoreyeydsoyd [emyo-reueid jo oouosard oyl ur suoroeal esednury Jenosjowrenur pazreies-reddo) $ dqel



B. Mandal and B. Basu

94

amjeradwa) WooI Je uny,

\‘_<
N
0
89 16 Q91 o 9
z\sn_
o)
139 ¢8 Q91 0 oS
S__ zx<
9 06 Q91 o o
(%) PIOIX (%) puesry 81 1oNpoIg Knug
81 JAuaydAxoyleoqueo-d = 1y Al
v
/
AV 0. 0 ‘NOSW =N
N (ba g°0) aNNS(*H%D) m -
%G ueb =
o (%G°S) 91 puebi

(%8) 1gnD

(panunuod) ¢ Aqe],



Synthesis of B-Lactams Through Alkyne—Nitrone Cycloadditions 95

CuBr (5%)
— | Ligand 16 (5.5%)

= Hgand 16 (5.5%)
| T PaMeSIOC=CH,
oA 3eq. (2eq.) = N,
SO A KOAc (1 eq.) o] Ar
14 MeCN, rt 19

Ar =p-carboethoxyphenyl

Scheme 7 Intramolecular Kinugasa reaction using silyl enol ether and KOAc as the base

] CuBr (5%) S /
— \ 1 Lligand 16 (5:5%) \
—_—
| 7 Ph(MeySiO)C=CHj
N 3eq. (2eq.) = N
07+ A KOAc (1 eq.) o

20 MeCN, rt

A

Ar

21
Ar = p-carboethoxyphenyl

Scheme 8 Intramolecular Kinugasa reaction using heterocyclic substrate

. _ Cu(ClO,),.6H,0 (10 mol%) R! RS
R O Ligand 22 (12 mol%) ™
Rl——H + >=N\+ N
H R2 CyoNH (1 eq.) 10} ‘R2
MeCN, 0 °C

R' = Ph, p-CF4CgH,4, 1-cyclohexenyl _/

R? = Ph, p-MeCgH,4, p-OMeCgH,, 2

p-BrCyH, p-COLEtC4H, ( N
O

RS = Ph, p-MeCGH4, p-OMeC6H4, p'CF3C6H4 (6]
O
22 O

Scheme 9 Kinugasa reaction using a pseudo Cs-symmetric tris(oxazoline) ligand

(compound 25), which has been developed for the preparation of enantioenriched
2-formyl-4-phenyl-1-aminocyclopentanes from one [-allyl-substituted aldehyde.
Further manipulations allow access to an enantiomerically enriched B-lactam 32
(Scheme 10).

The 5-spirocyclopropane isoxazolidines 36 can be easily synthesized by 1,3-
dipolar cycloaddition of nitrones and methylenecyclopropane derivatives [46, 47].
Cycloadducts 36 can be selectively converted into B-lactam derivatives through
ring contraction and concomitant extrusion of ethylene by heating at 70-110°C in
the presence of a protic acid [48, 49]. Cordero et al. [5S0] synthesized a new series of
tri- and tetracyclic spirocyclopropane isoxazolidines 36 starting from the
1-vinylcyclopropyl tosylate 33, which underwent Pd(0)-catalyzed nucleophilic
substitution of o-amino and o-hydroxy acid derivatives to afford exclusively
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Scheme 10 Kinugasa reaction starting from N-Boc allylic amines

| CO,R!
OTs  Pd(0) cat P .
—— " . RTX ]l 5
R'0,C._ XH
33 he 34
R
TFA
70-110 °C
X = NTs,R = i-Pr, yield = 63% H
X = NTs, R = CHy-3-indolyl, yield = 57% Q
X =0, R =H, yield = 60% H,C=CH, + ! X
X, R = NCH,CH,CH., yield = 47% Ak
R
37

Scheme 11 Synthesis of B-lactams starting from 1-vinylcyclopropyl tosylate

alkylidenecyclopropanes 34. The esters 34 were easily converted into the
corresponding nitrones 35 which spontaneously evolved to 36. In the presence of
trifluoroacetic acid (TFA), compound 36 undergoes a clean reaction to afford
6-azabicyclo[3.2.0]-heptan-7-ones, 37 with conservation of the relative and absolute
configuration (Scheme 11). The yields presented in Scheme 11 refer to those of the
B-lactams 37.

In a preliminary attempt to rationalize the mechanism of B-lactam formation
from 5-spirocyclopropane isoxazolidines 36, the authors discarded the possible
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+ H,C=CH,

36
g
+ R2
+ 2 R2
R Oqj
O%[ 1 ?{I 1 H’N+
NC TR R VR
H

Scheme 12 Possible mechanistic pathway of formation of B-lactam from isoxazolidine

involvement of piperidin-4-ones 38, as reaction intermediates, when it was
observed that they are stable under the acidic rearrangement conditions. Further,
the protonation of the isoxazolidine nitrogen atom was unequivocally demonstrated
by the significant downfield shift of signals in the '"H NMR spectra of adducts 36
in the presence of protic acids, proving it to be the initial step of the formation of
B-lactams 37. The protonated isoxazolidine 39, then, undergoes a thermally
induced cleavage of the weak protonated N—O bond that might occur either in a
homo- (Scheme 12, path A) or in a heterolytic (Scheme 12, path B) mode.

Basak and Ghosh have developed a variant of the Kinugasa reaction that allows
for straightforward synthesis of 3-exomethylene B-lactams [51]. The reaction of
propargylic alcohol with nitrones in the presence of Cul/L-proline resulted in good
yields of the desired 3-exomethylene [-lactams 40 (Scheme 13). The authors
reported that the use of DMSO as solvent is critical to the formation of the
compound 40 favorably over the corresponding cis -lactam 41. Furthermore, the
authors explain that the use of common amines as bases in this reaction lead only to
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HO Ph H Cu/L-proline ‘\Ph HO—, ‘\Ph
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Scheme 13 B-Lactam synthesis by the reaction of propargyl alcohol with nitrones
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Scheme 14 Proposed mechanism for the formation of 3-exomethylene B-lactams
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Scheme 15 Synthesis of several B-lactam nucleoside chimeras

formation of the cis-B-lactam, and that the amphoteric nature of the amino acid is
necessary to promote elimination and formation of the 3-exomethylene B-lactam. A
reasonable explanation as suggested by the authors for their experimental observa-
tion is depicted in Scheme 14.

Several B-lactam nucleoside chimeras 42 (cis) and 43 (trans) were synthesized
by Basak et al. [52] from the corresponding N-propargyl nucleobases 44 via
Kinugasa reaction in moderate yields. The reaction was carried out using propargyl
nucleobases and diphenyl nitrone in the presence of Cul and Et;N in DMF
(Scheme 15). The reaction time in all the three cases was 36 h and the combined
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d: EDC.HCI, HOBt, DMAP, CH,Cl,, 6h

Scheme 16 Synthesis of tripeptide using Kinugasa reaction

yield from the adenine propargyl base 44a is 64% and from uracil 44b and thymine
44c is 60%.

With the aim to synthesize tripeptides 52—54, Basak et al. [53] applied the
Kinugasa reaction as their method of choice. Their synthetic strategy is outlined
in Scheme 16. The propargyl ethyl pyroglutamate 45 was prepared and the
Kinugasa reaction between 45 and the diphenyl nitrone was carried out in
CH;CN solution in the presence of organic base triethylamine and cuprous iodide.
Interestingly, the reaction produced three diastereomers: one frans isomer 46 and a
pair of cis isomers 47 and 48. It appears that only one of the cis isomers, 48, has
epimerized to the trans compound, the other cis isomer 47 being configurationally
more stable is resistant to epimerization. Since the two cis isomers have similar
polarity on silica gel, the peptide synthesis was carried out using the mixture.

Intramolecular Kinugasa reaction was also explored by Basak et al. [54] as it has
the possibility of synthesizing B-lactam fused enediynes. This class of molecule has
gained importance because of the ability of the B-lactam ring to act as a molecular
lock [55-57] in stabilizing the otherwise unstable enediyne moiety. The group first
attempted the synthesis of the enediynes 59 and 60 which involved the following
steps: (1) the construction of the acyclic enediyne framework by Sonogashira
coupling, (2) O-propargylation, (3) functional group modification to generate the
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Scheme 17 Intramolecular Kinugasa reaction for synthesizing [3-lactam fused enediynes
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Fig. 4 HETPHOX ligands

nitrone, and (4) an intramolecular Kinugasa reaction. The nitrone 56 essentially
existing in the Z-form was subjected to Kinugasa reaction conditions with some
modification (Scheme 17). The desired B-lactams 59 and 60 were isolated by
careful chromatography over silica gel using hexane—ethyl acetate of increasing
polarity as eluent. The lactam 61 is produced during the collapse of the isooxazoline
intermediate formed by initial cycloaddition [51].

B-Lactam synthesis mimicking the click chemistry conditions was also reported
by Basak et al. [58]. Various monocyclic B-lactams, both cis and trans, were
successfully prepared via Kinugasa reaction, involving a Cu(I)-catalyzed cycload-
dition between a nitrone and a terminal acetylene.

The HETPHOX ligands (Fig. 4) that were developed independently by Tietze
and Cozzi compare favorably with other P,N ligands in a wide range of asymmetric
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Table 5 HETPHOX/Cu(I)-mediated synthesis of -lactam via the Kinugasa reaction

HYPh CuCl, Ilgand Ef ]:f
|+ H—=——pn

Ph/&l\o_ CyZNMe MeCN Ph
major minor
(cis) (trans)
Entry Ligand Time (h) Conversion cis:trans ee
1 64 72 40 89:11 12
2 64 120 58 91:9 12
3 62 120 43 93:7 16
4 63 120 73 91:9 37
5 65 120 72 93:7 16
6 66 120 85 93:7 22
7 67 120 44 90:10 55
Ot-Bu H H OtBu H H OtBu
O o Cul, Etz;N Rj;@ Rj;@
2 + =—R N + N
l}l+ MeCN g g
0. 71 72
68

R = Ph, Yield = 80% (24h)

R = CH(OEt),, Yield = 72% (22h)

R = CH,OTBDPS, Yield = 33% (20h)
R = CH,NHCbz, Yield = 36% (23h)

Scheme 18 Diastereoselective synthesis of carbapenams via Kinugasa reaction of nitrone 68

transformations. Guiry et al. [59] are the first to investigate these HETPHOX
ligands in asymmetric intermolecular Kinugasa reaction (Table 5). The cis:trans
ratios were determined by "H NMR and the enantiomeric excess by chiral-phase
HPLC analyses.

Chmielewski et al. [60] carried out the Kinugasa reaction with cyclic nitrones
thereby establishing a facile approach to carbapenams. They have performed their
studies using non-racemic cyclic nitrones derived from S-malic (68 and 69) and
L-tartaric acid (70).

Studies carried out with the nitrone 68 and terminal alkynes afforded the 5,6-
cis-penams (71) as the major product preferentially over the other diastereomer 72.
A variety of terminal acetylenes were used (Scheme 18) and the reaction time
ranged from 20 to 24 h.

The stereochemical outcome of the Kinugasa reaction is possibly controlled by
the initial cycloaddition step that leads to the formation of the isoxazoline interme-
diate. The cycloaddition step determines the configuration at the bridgehead carbon
atom. The two possible approaches are depicted in Fig. 5. The approach of the
acetylide to the si side of the nitrone (syn to ~-BuO) is disfavored due to the steric
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Scheme 19 Diastereoselective synthesis of carbapenams via Kinugasa reaction of nitrone 69
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Scheme 20 Diastereoselective synthesis of carbapenams via Kinugasa reaction of nitrone 70

interactions. On the contrary, the re side of the nitrone lacks the steric hindrance,
thus favoring the attack of the acetylide. As a result, the cycloaddition step proceeds
with a high degree of diastereoselectivity, giving products with a cis arrangement of

the #-BuO group and the bridgehead proton.

The shift of the #~-BuO group from C-3 to C-4 of the nitrone moiety 69, however,
did change the observed diastereoselectivity significantly (Scheme 19). However,
the introduction of a second #-BuO group to the nitrone 70 did not affect the
stereochemical outcome of the cycloaddition step, and the 5,6-cis penam 75 was

formed as the major product (Scheme 20).

In a further communication, the same group [61] reported the Kinugasa reaction
involving chiral, optically pure acetylenes and five-membered ring nitrones, both

nonchiral or with a stereogenic center.
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Scheme 21 Kinugasa reaction between chiral acetylene and nonchiral nitrone
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Scheme 22 Kinugasa reaction between chiral nitrone and chiral acetylene

As shown in Scheme 21, reactions between nitrone 77 and chiral acetylenes 78
and 80 afforded corresponding carbapenams 79 and 81, respectively, with excellent
diastereoselectivity but with moderate yield (~50%). The relative configuration of
H-5 and H-6 protons in both products was proven using >Jys_pe coupling constants
and was found to be cis for both of them.

In case where both reactants (acetylene and nitrone) are chiral (Scheme 22), the
first 1,3-dipolar cycloaddition step involving nitrone 83/83-ent proceeds exclu-
sively anti to the tert-butoxy group. The reaction of 82 with the nitrone 83 led to
two carbapenams 84 and 85 in a 9:1 ratio, respectively, whereas nitrones’ enantio-
meric form (83-ent) afforded solely the cis isomer 86.

In another report, Chmielewski et al. [36] demonstrated that reactions of
acetylenes derived from glyceraldehyde and propargyl aldehyde (Scheme 23)
show remarkable reactivity in Kinugasa cycloaddition/rearrangement cascade pro-
cess catalyzed by Cu(I) ion. Reactions proceed by formation of a rigid dinuclear
copper(I) complex in which each copper ion is coordinated to one or both oxygen
atoms in the acetylene molecule and to the triple bonds. Their studies showed that
the effectiveness of acetylene components in the Kinugasa reaction can be
improved by the addition of 1,10-phenatroline.
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Scheme 23 Direct catalytic synthesis of carbapenams via Kinugasa reaction
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Scheme 24 Stereoselective synthesis of chiral a-amino-B-lactams via the Kinugasa reaction
employing ynamides

Another highly stereoselective synthesis of chiral a-amino-f-lactam through an
ynamide-Kinugasa reaction (Scheme 24) has been described by Hsung et al. [62].

The major product is cis (90a), which is unambiguously determined by X-ray
structural analysis. The minor isomer 90b was assigned as trans initially based on
proton coupling constants and was later confirmed by NOE experiments.

The authors demonstrated an immediate application of this reaction in the
preparation of chiral a-amino-f-lactams 93 (Scheme 25).

Saito et al. [63] have reported an enantioselective Kinugasa reaction of nitrones
with terminal alkynes in the presence of 20 mol% of IndaBox—Cu(OTf), and di-sec-
butylamine (1.5 eq.) (Scheme 26) which they claim produced B-lactams with the
highest level of enantiomeric excesses among the catalytic enantioselective
Kinugasa reactions reported so far. The authors report an enantioselectivity of
85%, the cis:trans ratio being 84:16.

They have demonstrated a wide variety of reactions using both aliphatic and
aromatic terminal alkynes. Varying the substituents in the nitrone also successfully
resulted in products with high enantioselectivity.

Further “on water” application of Kinugasa reaction was reported by Pezacki
et al. [64] demonstrating a micelle-promoted, copper-catalyzed multicomponent
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Scheme 26 Enantioselective Kinugasa reaction of nitrones with terminal alkynes using catalytic
IndaBox—Cu(OTf),

Kinugasa reaction. Reactions were performed in a “single pot” for a series of in situ
generated C,N-diphenylnitrones with Cu(I) phenylacetylide providing B-lactams in
the yield range of 45-85%. The multicomponent process proceeds by a two-step
reaction sequence involving the micelle-promoted nitrone formation from
substituted benzaldehydes and N-phenylhydroxyl amine followed by the in situ
1,3-dipolar cycloaddition and rearrangement reaction with Cu(I) phenylacetylide.
The authors found that cooling the in situ-generated C,N-diphenylnitrone at 0°C
led to better yields of PB-lactam. The cooled solution was then reacted with
phenylacetylene (0.2 mmol), (+)-sodium-L-ascorbate (0.08 mmol), and Cu(SO),
(0.04 mmol) in the dark. The latter reaction also contained an excess of pyridine
(1.6 mmol) and 0.1 mmol of ethanolamine (ETA), buffered at pH 10. This mixture
was allowed to react for 30 min at 0°C and then stirred at room temperature for 10 h.
The reaction mixture consisted of essentially three products (Scheme 27), the
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Scheme 27 Micelle-promoted multicomponent Kinugasa reactions in aqueous media

cis and trans-B-lactams in 46% overall yield and an amide 95 in 36% yield, the
structure of which was confirmed by X-ray crystallography.

In order to account for the formation of the amide 95, the authors performed a
series of reactions and proposed that a ketene is formed, which gives 95 in water
according to the pathway outlined in Scheme 28.

The reaction was proved to be tolerant to substituents at the a-aryl position
of the nitrone, and the highest yields of B-lactams were obtained when electron-
withdrawing substituents were employed. Thus, the reaction provides a convenient
method for the construction of the B-lactam ring in aqueous media.

Khangarot and Kaliappan [65] disclosed an application Kinugasa reaction from
sugar-derived cyclic nitrones and alkynes for the synthesis of chiral B-lactams
(Scheme 29). The sugar-derived B-lactams were prepared by the reaction between
cyclic nitrones, derived from different sugars, tartrate ester, and alkynes obtained
from different sugars. The authors proposed that the addition of a sugar unit to both
the templates may have a significant effect in improving the bioavailability of these
chiral B-lactams. Their investigation showed the Glaser coupling product as a minor
side product in some cases.

The stereochemistry of the B-lactams was tentatively assigned on the basis of
previous reports [36, 60, 61]. The acetylene—copper complex approaches the
nitrone anti to the substituent close to the 1,3-dipole, and the protonation of the
copper enolate occurs from the less hindered convex side of the -lactam skeleton,
which leads exclusively to cis-B-lactams (Fig. 6).
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Scheme 28 Mechanism of micelle-promoted Kinugasa reaction in aqueous media

- ]
N
Nt cul \ Csugar

N \ MeCN R

TEA or Cy2NH
BnO OBn
95 96
R = CH,0Bn, H

Scheme 29 Kinugasa reaction using sugar-derived cyclic nitrones and alkynes

The stereogenic centers in the alkynes do not influence the stereochemical
outcome of the reaction unless the nitrones are achiral or the chiral center in the
nitrone is not close to the 1,3-dipole [66]. Thus, the reaction methodology offers a
means to synthesize a range of chiral sugar-derived B-lactams that may act as
precursors to several potential water-soluble B-lactams.

4-Oxoazetidine-2-carbaldehydes or 4-formyl-B-lactams can be considered both
as protected o-amino aldehydes and masked B-amino acids. These substrates
are very useful for the preparation of substances of biological interest, including
o-amino acids, B-amino acids, amino sugars, polycyclic-B-lactams, alkaloids, and
complex natural products. Alcaide and Almendros [67] have composed a review in
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Fig. 6 Stereochemical outcome of the Kinugasa reaction

this regard which has highlighted the usefulness of 4-oxoazetidine-2-carbaldehydes
as building blocks in various stereo-controlled syntheses with particular emphasis
on diastereoselective processes. Since then there has been numerous works in this
area involving enantioselective reaction of alkynes with nitrones [68—71]. But we
have kept this particular area outside the scope of our review.

In this review, we have tried to draw attention to the various techniques
developed for the synthesis of B-lactams using [3+2] cycloaddition reaction
between an alkyne and nitrone, known as the Kinugasa reaction. This mild
approach to the generation of B-lactam derivatives is attractive owing to its conver-
gence, its high functional group tolerance, and the ready availability and stability of
alkynes and nitrones. Though the reaction gained popularity a long time after its
inception in 1972, there have been volumes of reports in the latest years showing
variations in the reaction conditions, substrates, and ligands. Hence, we believe that
this area has a great potential and further research is likely to bring forth many
interesting undiscovered avenues of the Kinugasa reaction.
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Preparation of Bis-f3-Lactams by Ketene—Imine
Cycloadditions

Thomas T. Tidwell

Abstract Bis-B-lactams are potential substrates for new drugs, but apparently no
naturally occurring examples are known. Synthetically these have been prepared by
dimerization of naturally occurring penicillin derivatives, by coupling of B-lactams,
from ketene reactions with imino(p-lactams), from ketene reactions with bis
(imines), and from bis(ketene) reactions with imines. Therapeutic applications of
bis-B-lactams are of increasing interest, and further studies of these potentially
valuable materials may be anticipated.

Keywords [-lactams - Amide formation - Bis(imines) - Bis(ketenes) - Bis-[-
lactams - Cycloaddition - Grubbs catalyst - Imines - Ketenes - Macrocycles -
Mukaiyama reagent - Olefin metathesis - Penicillin - Schiff bases - Stereoselectivity
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1 Introduction

Penicillin (1), the original B-lactam antibiotic, has been the object of intense
investigation for many years because of the continuing need for new and better
drugs, especially as resistance to earlier forms develops. Bis-B-lactams are one
possibility for such new drugs, but there appear to be no known naturally occurring
examples. This is perhaps surprising in view of an early serendipitous but simple
bis-B-lactam preparation in 1983 by treatment of B-lactam ester 2, which is the
benzyl ester of the B-lactamase inhibitor clavulanic acid, with triethylamine in
methylene chloride giving the isomerized ester 3, which was unstable and on
standing spontaneously formed the stereosiomeric bis-B-lactams 4a and 4b, in a
process which can be depicted as shown in Scheme 1 [1]. Whether any naturally
occurring examples of bis-B-lactams will be found remains a question for the future.

Ph/\n/ j;fj<

COZK
Penicillin G 1

PhCH,0,C

J—(K )_Jr
Eth
)j jf mf

COZCHzPh CO,CH,Ph

, \ );f /

CO,CH,Ph

WCOZCHZPh NCOZCHZPh
Yo o Yo /*:/,/0
Y OH Y OH
PhCH,0,C ~ N\ PhCH,0,CH, ~ N

HO da (13%) HO 4b (11%)

Scheme 1 Spontaneous bis-f-lactam formation from a penicillin derivative

An earlier synthesis of bis-B-lactams had already appeared in 1981, including
among other examples azidoketene addition to imino-f-lactam 5 giving the two cis-
stereoisomeric products in 41% and 39% yields [Eq. (1)] [2], as described in more
detail below. This was followed by the discovery of unusual fused bis-B-lactams
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(2,6-diazabicyclo[2.2.0]hexane-3,5-diones) by photochemical cyclization of 3,6-
dihydro-6-oxo-1,3-diphenyl-1-pyrimidinium-4-olates [Egs. (2) and (3)] [3].

N; 0

Ph )
o} =N, 0 N J;\f 0
| B, [ L_c:o} —r" (1)

. CH,Cl, 6 .
Ph Ph
s COBu-r 7@80% ~ COBu-t
_ bh o ™ o
O . O hv
+ > N——N 2
phe NNy CHION g Ty 2)
8 (96%)
_ Fh o ™ o
O\%YO hv
+ > N——N
Ph/l\l\ixfJ CHCN by (3)
9 (64%)

Research directed toward the preparation and evaluation of such bis-f-lactams
was initially rather modest, but has increased in intensity in recent years, and is the
subject of this review.

2 Bis-pB-Lactams from Coupling of 3-Lactams

Another early approach to bis(lactam) formation utilized coupling of diacids with
the methyl ester of penicillanic acid using DCC, followed by reduction of the
aldehyde group with tritiated sodium borohydride to give tritium labeled bis-f3-
lactam 10 [Eq. (4)] [4]. Other B-lactams 11-14 were prepared by similar procedures.
These act as bifunctional specific cross-linking reagents for the penicillin-binding
proteins of Escherichia coli, and bind more strongly than the corresponding mono-
B-lactams.

CO,H
[e) 2
H,N s N
1. N\8< . q
OCH\QOCHzCOzH o ‘o.y HOCH, OCH,CONH
S drony- ()
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2. (H) NaBH, N\2<
o

10 CO,H
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A similar approach was reported by Ojima et al. [5], in which bis(lactam)
formation was achieved by DCC coupling of chiral lactam carboxylic acids and
amino lactams [Eq. (5)].

*
Ar = 4-CH;COCH,

PhCH,0 O HN O PhCH,0 O
DCC, 1-hydroxy-
+ —_
N, N, benzotriazole, THF N
PI Y PI PH j:
_H
O N, O

]:N f_<
PH
15 (81%)

OCH,Ph

(5)

COH OCH,Ph

A different version of this approach of coupling two B-lactam units was the
synthesis of the bis-penicillin derivative 16, which utilized the incorporation of two
molecules of an amino-fB-lactam forming amide linkages with a bis(acyl chloride).
It was envisaged that 16 would be an ester prodrug of carbenicillin (a-carbethoxy
benzylpenicillin), a broad-spectrum antimicrobial agent, and would have enhanced
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bioavailability. The synthesis was achieved by reaction of the polyethylene glycol-
based bis(a-carboxy—o-phenylacetyl) chloride and 6-aminopenicillanic acid

(Eq. (6)] [6].

J;'/S [e) (e}
0 O(CH,CHO), </ 0
o o g N\2< »_?‘ 2 4
CO,N
Q O(CH,CHO), et s NH Ph Py HN s
H,O0, acetone
a e ooa >S/N N\2<

o) o
HO,C 16 (26%) CO,H

Copper promoted dimerization of enantiopure B-lactam substituted allenyl
alkynes with copper(Il) acetate gave the corresponding bis(p-lactams) 17, which
upon thermolysis gave double allene—alkyne [2+2] cycloaddition forming new bis
(B-lactams) 18 (Scheme 2) [7]. Analogous unsymmetrical enantiopure bis
(B-lactams) were prepared by similar means [7].

R'O, 0 o_ OR!
Cu(OAc)a ﬁ
KZCO; HO N _ N—. OH
CH4CN, 1t )\
R2 .\ /. R2

17

1 2
toluene R'O WOR! RO R
17 P MeO Ph (65%)
sealed tube
Hoec HO oo MeO  PMP  (67%)

PhO  Ph (71%)
PhO  PMP  (78%)

18

Scheme 2 Bis(B-lactams) from bis(alkynes)

Formation of bis-B-lactam 19 was achieved by dimerization of a selenium
substituted mono-f-lactam, and the bis-B-lactam was converted to desired modified
mono-f-lactams [Eq. (7)] [8].
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Another route to bis-f-lactam formation involved the multistep conversion of 20
to the biphenyl structure 21 [Eq. (8)] [9].

CHzCl

Me
Sode
Me Me O
e Wy
CICH,COCI
K,COs,

3 Bis-pB-Lactams from Ketene Reactions with Imino
(B-Lactams)

As noted above [Eq. (1)] the earliest reported example as well as the first synthesis
of a bis-B-lactam was in 1981 [2] and utilized the Staudinger reaction. This
procedure was introduced in 1907 [10], in the first synthesis of a B-lactam, utilizing
the reaction of diphenylketene with benzylideneaniline [Eq. (9)] [10], long before
there was any known use for these compounds.

h
>:C:O + PhVN\Ph — T N )

N

PH Ph

With the elucidation in the 1940s of the B-lactam structure of penicillin [11] and
the subsequent discovery of the cephalosporins, the synthesis of members of this
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family quickly assumed a position of importance. Ketene—imine [2+2] cycloaddi-
tion provided in 1950 the first synthetic penicillin 22 [12] [Eq. (10)], while the
potassium salt of optically active natural penicillin G1 was first synthesized in 1957
[13], and the synthesis of B-lactams is of continuing interest [14].

CO,Me

o)
g Ph B o
S, MeO,C S
(0] —
N% > o N%
o]
22

I

oK
Penicillin G 1

Imines, or Schiff bases, were first characterized by Schiff in 1864 [15, 16] and
are one necessary component for synthesis of B-lactams by combination with
ketenes [17—19] by [2+2] cycloaddition, and remain as an essential part of current
synthetic and mechanistic chemistry.

As described below bis(-lactams) have been prepared most readily in one step
from ketene reactions with readily available bis(imines). Bisketenes have not been
as extensively explored, and their use in bis(B-lactam) formation by reaction with
imines is less common. The possible route of bis(f-lactam) formation from a
bisketene reaction with a bis(imine) has not yet been definitively demonstrated,
but the generation of poly(p-lactams) has been reported in some examples.

The original syntheses of bis(f-lactams) utilized imino(p-lactams), and in
pioneering studies chiral imine-substituted f-lactams were prepared in a two-step
process by first using the [2+2] cycloaddition of in situ generated azidoketene (6)
with the chiral imine 23, forming two diastereomeric azido-substituted cis-f3-
lactams 24 and 25 in 80% yield as a 1:1 mixture [Eq. (11)] [20]. These were
separated and converted to the imine-substituted B-lactams 5 [Eq. (12)] and 26
[Eq. (13)], respectively, and these upon similar cycloaddition with azidoketene 6 of
the separated diastereomers gave cis/cis-bis(B-lactams) 7 [Eq. (12)] and 27
[Eq. (13)] in 78% and 48% yields, respectively, and 99.5% stereoselectivity in
each case, and with the opposite stereoselectivity from the first cycloaddition. The
remote chiral N-substituent did not affect the stereoselectivity [Eq. (13)]. Similar
reaction of the imino-B-lactam 28 gave the bis(f-lactam) 29 [Eq. (14)] and
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confirmed that the stereoselectivity of ketene—imine cycloaddition was unaffected
by the N-substituent in these examples [20].

1 N, 0 N o

S IN(Y 1)

PN

6 80%, 2425 1:1  PA Y Ph
CO,Bu-t CO,Bu-1
24 25
Ph o)
R =
K 6
y —> —_— N O
— o N, Ph (12)
Ph N,
CO,Bu-1 Ph
5 CO,Bu-1
27 (78%)
Ph Ns, O

CO,Bu- PH
CO,Bu-1
26 27 (48%)
Ph N; 0
=N 0 .
[f . N, 0
SN Ph E"//
Ph Bu-t Ly ( 14)
PR “Bu-t
28 29 (74%)

The origin of the high stereoselectivity in these reactions was further elucidated
from the study of cycloadditions with azidoketene 6 of the imino-f-lactams 30-32
forming bis(B-lactams) 33-36 [Egs. (15)—(17)] [20]. Both 30 and 31 gave highly
selective formation of single bis(f-lactams) 33 and 34, respectively, whereas 32
gave a mixture of products 35 and 36 [Eq. (17)]. Analysis of X-ray and calculated
structures indicated that the product distributions were determined by the confor-
mation of the B-lactams group in the reactants, and particularly the orientation of
the carbonyl group which favored formation of a single product from 30, whereas
32 was suggested to involve competitive formation of two products.

Ph N, 0
\:N O 6 E{/
G
N Ph
i 1/_< j:ﬁ {_< (15)
PH
OCH,Ph

30 33 (46%) “OCH,Ph
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\: N,(A E(O . N yo
. N, 0
pr N\(_< o ’:N( r_< (16)
Pk

Ph

OCH,Ph
31 34(60%)  ~OCH,Ph
Ph N3 0 N3/ 0
r—< (67%) Ph Ef ij (17)
OCH,Ph r_< (_<
35:36 81:19 OCH,Ph

Ojima et al. [5] also examined [2+2] cycloaddition of preformed cis-imino-f-
lactams 26 with oxygen substituted ketenes generated in situ by dehydrochlorina-
tion of acyl chlorides forming diastereomeric products 38 and 39 of cis-addition
[Egs. (18)—(20)]. The cis-imino(p-lactam) 40 similarly gave the diastereoisomeric
bis(B-lactams) 41 and 42 [Eq. (20)] (Table 1).

RO, 0 RO,) 0
Ph\:N 0 \_C =0
jjlf - ]jf £ o ]jf (18)

COZBu -t COzBu—t
26 38a 39a
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Table 1 Bis(B-lactams) from - jpine RO Yield (%) 38a:39a

Imino(f-lactams)
26 PhO 80 33:67
26 PhCH,0 58 70:30
26 AcO 72 17:83
Imine RO Yield (%) 38b:39b
5 PhO 71 36:64
5 PhCH,0 83 52:48
5 AcO 77 23:77
Imine RO Yield (%) 41:42
40 PhO 87 31:59

Racemic B-lactams 43 with 4-imino-substituents react in situ with oxygen
and phthalimido-substituted ketenes generated by dehydrochlorination giving
cis,cis-bis(B-lactams) 44, and for R = PhO these were separated using a chiral
column into the enantiomers in a 1:1 ratio, showing the high stereoselectivity of
the reaction [Eq. (21)] [21].

R 0 R o
o) R )jﬁ o
Et;N PMPN = ‘PMp  PMP_ He
R\)J\ — > \:C:O =48 P > N H "PMP (2 1 )
Cl CH,ClL, PMP =
= by
R = PhthN, 4-MeOCgH, 0" i
PhO, BnO 44 (4-45%)

Ketenes generated in situ reacted with optically active B-lactam substituted
azadienes 45 and gave diastereomeric cis,cis-bis(B-lactams) 46a and 46b with
chiral methylene linkers between N1,C4’ (Scheme 3) [22].

R! 0
R
N, \:C:O
N PMP @——
4/_// OR? R = PhthN, Ph/_
— - PhO, PhCH,O
45 46a 46b
R R! R? Yield | 46a:46b | R R! R? Yield | 46a:46b
(%) (%)

BnO | TMS | PhO | 82 77:23 PhthN | TBDMS | PhO 70 66:34

PhO | TMS | PhO |78 65:35 PhthN | TBDMS | BnO 96 70:30

PhthN | TMS | PhO | 86 78:22 PhthN | TBDMS | PhthN | 69 >95:5

PhthN | TMS | BnO | 87 75:25

Scheme 3 Methylene N1,C4’ linked bis(f-lactams) 46 by [2+2] cycloaddition
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Ketene reactions with 4-imino-f-lactams 47 gave cis,cis-bis-f-lactams 48 with
C4,C4’-bonding between the B-lactam groups (Scheme 4) [23, 24].

R2 N
0 R! j;l\l/—
Et;N N 47
Rl\)J\ . [ \:CZO}
Cl CH,Cl,

R! RZ [R Yield (%) |R! RP  [Ar Yield (%)
PhO |[Me |PMP |90 Cl PhO |[PMP |85

PhO |Me |DAM |40 Phth |PhS |[PMP |62

PhO |[Ph |[PMP |76 PhS |[PhO |[PMP |70

Md |[PhO |[PMP |70

Scheme 4 C4,C4’ linked bis(B-lactams) 48 by [2+2] cycloaddition. PMP 4-MeOC¢Hy,
DAM (4-MeOC¢H4)CH, Phth phthalimido, Md malimidyl

N,N-dialkenyl-bis-pB-lactams were prepared in a two-step procedure from
N-alkenyllactam (+)-49 and cyclized using Grubbs catalyst in refluxing toluene to
tricyclic bis-B-lactams 50 [Eq. (22)] [25].

MeO, O L2502
—_—
o ng\ oY,
=9 PhO
(+)-49 Cl
Et;N, toluene o)
reflux n=1(81%) 50 n=1069%)
n=2(77%) n=2(54%)

4 Bis-B-Lactams from Ketene Reactions with Bis(Imines)

Bis(imines) have been prepared by a variety of methods and provide direct access to
bis-PB-lactams by ketene cycloaddition. For example, cycloaddition of bis(imine) 51
with methoxyketene generated in situ gave a mixture of mono- and bis-cis--
lactams, with a 2:3 syn:anti ratio of the bis(adducts) [Eq. (23)]. Further studies
included the reactions of other ketenes, and of 51 with methyl substitution on the
dimethylene bridge [26].
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O

o]
Ph__N_ Meo N [MeO MeO N MeO
Z Cl
Ph \N Et3N, SHZCIZ Ph
M

e
X
Ph N
e

o)

51 (40%) (53%, syn:anti 2:3)
(23)
One-step formation of cis,cis-bis-B-lactams 53 with C4,C4’-bonding between
the B-lactam groups was achieved by reaction of bis(imines) 52 with ketenes
generated in situ by dehydrochlorination of acyl chlorides (Scheme 5) [23]. Base-
induced ring-expansion of the bis(B-lactams) 53 gave fused cis,cis-bis(y-lactams).

NR!
0 BN [R\_ } R’N4>2¢ R!
—2 s | =c=0| — 2% h
R\)J\Cl toluene
o
R R' Yield | R R! Yield |R R! Yield
(‘%) (%’) (%)
PhO PMP | 90 MeO | PMP 85 Phth DAM | 44
Md PMP | 82 BnO | PMP 80 BnO DAM | 56
Phth | PMP | 89 PhO DAM | 64

Scheme 5 Bis-B-lactams from bis(imines). PMP 4-MeOCgH,, DAM (4-MeOCeH,4)CH, Phth
phthalimido, Md malimidyl

A single diastereomer of bis(B-lactam) 55 with a C4,C4’ linkage was obtained by
bis(imine) reaction with the in situ generated chiral ketene 54 [Eq. (24)] [24].
Reaction of ketenes with chiral bis(imine) 56 yielded the stereoisomeric bis
(B-lactams) 57 and 58 [Eq. (25)] [24]. Other optically pure bis(p-lactams) were
obtained by two-step procedures with initial preparation of imino substituted
monocyclic 2-azetidinones [24].

<Ph C]I::It3(ljl Q7
/\\ﬁ o) 212 N
-78° tort
O\]fN\)J\Cl — |0 \—c=0
(0]
54

(24)
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RO %57 %58
AcO 35 30
MeO 40 36
BnO 33 29

(25)
Further studies of the selectivity in ethoxyketene reactions with vicinal dimines
include the regio- and stereoselective formation of bis(B-lactams) 59 [Eq. (26)]
[27]. cis-stereochemistry of the initial cis-4-iminyl mono B-lactams formed in these

reactions was observed and was attributed to the electron withdrawing character of
the imino group in the vicinal dimines.

EiN
(0] benzene |EtO
EtO \)J\ 80 °C \:C =0
Cl —

59a (65%) 59b (14%)

Two equivalents of ketenes generated in situ by dehydrochlorination in the
presence of methylene bridged bis(imines) with reaction from 0°C to 70°C gave
two diastereomeric methylene N1,N1’ linked cis,cis-bis(B-lactams 60 (Scheme 6)
[28]. Successive reaction with R = MeO and BnO gave the mixed bis (lactam).

[ } \_N NJ
Et;N

R 3 \—c=

\ACI toluene €=0

0to 70°
60
Ar | Yield | dr R Ar Yield | dr
U/() 0()
MeO Ph | 66 70:30 | MeO | 4-MeOC¢H, | 66 70:30
BnO Ph | 84 75:25 | BnO | 4-MeOC¢H, | 73 80:20
MeO | 3-BrCgHy 74 70:30

Scheme 6 Methylene N1,N1’ linked cis,cis-bis(B-lactams) 60

Successive reaction of bis(imine) 61 with two different ketenes generated in situ
from one equivalent of each ketene precursor and raising the temperature from 0°C
to 70°C was reported to give the unsymmetrical bis(B-lactam) 62 as a mixture of
diastereomers [Eq. (27)] [28]. The products were also prepared containing I5N label
as possible Taxol analogue synthons.
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Ph\_ _/Ph
=N__N=
\r

Ph
61

T.T. Tidwell
MeOCH,COCI, MeO 0O, OBn
BnOCH,COCI f 1
e ——
Et3N, toluene. N N (27)

Y e
0° then 70° Ph
62

Reaction of chiral tartaric acid-derived bis(imines) with ketenes generated in situ
gave bis(B-lactams) 63 linked by a two-carbon C4,C4’ chain in 52-73% yields, with
only minor amounts of other diastereomers (Scheme 7) [29]. For R = MeO the
product was, however, 64. The bis(B-lactams) were hydrolyzed to diols, which were

cleaved to mono B-lactams.

(e}
\— =
R\)J\C] YT —C=0
R =MeO,
BnO, PhO
64
R R! Yield | R R! Yield | R R! Yield
(%) (o) (%0)
PhO Bn 61 PhO PMP | 73 PhO 2-Furyl | 63
BnO | Bn 53 BnO | PMP |52 BnO 2-Furyl | 58

Scheme 7 Bis-B-lactams with two-carbon linkers

Ketenes generated in situ by dehydrochlorination of acyl chlorides reacted with
dimethylene bridged bis(imines) forming N1,N1’ linked bis(B-lactams) 65 and 66

as mixtures of cis/cis meso and dl stereoisomers (Scheme 8) [30].

Rl
_n RO_ 0O RO, 0O
EGN ] X X
0 CcHL [RO\_ } N RI -
RO — | =C=0| [T R! j R ]
\)J\Cl 0°tort Rl N “—N
R =AcO, \
BnO, PhO rRo” o R0~ Yo
65 66
RO [R! Yield % | 65:66 RO R! Yield % | 65:66
PhO | 4-MeOCeH4 | 80 58:42 BnO Ph 85 70:30
BnO | 4-MeOCeHy | 86 45:55 BnO PhCH=CH | 60 42:58
AcO | 4-MeOC¢Hy | 75 49:51 PhO PhCH=CH | 66 39:61
PhO | Ph 79 62:38

Scheme 8 NI1,N1’ linked bis(B-lactams) from bis(imines)
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Chiral ketene 67 generated by in situ activation of the acid reacted with the
bis(imine) forming the bis(B-lactam) in 93% yield as a single diastereomer
[Eq. (28)] [30].

1
PhOP(0)Cl, R
EtN =N
CH,Cl, N ]
N_ _COH—>
s 7 ~ 2 S/ ~—C=0 /:N
Rl
0, 0,
R®'=
RR2N o 67 4-MeOCH,) (28)
RR2N =
N
)
R! ] N
“, / ~
my :
RREN. Yo 9% 0

1,2-trans-Bis(iminyl)cyclohexanes 68 reacted with an excess of ketenes
generated in situ to form meso and dl substituted bis(B-lactams) 69a and 69b, with
a preference for the meso-isomer 69a (Scheme 9) [31]. The use of enantiomerically
pure bis(imine) (R' = Ph) with phenoxylketene led to the pure diastereomers
isolated by chromatography.

o S ] FNU r% rﬁo

RO = MeO, Rl 4-MeOCgH,,

BnO,PhO  E-(PhCH=CH),Ph RO 0 RO™ 0
69a 69b

RO, R! meso:dl | Yield (%) |R,R! meso:dl | Yield (%)
PhO, Ph 66:34 90 MeO, PMP | 76:24 73

BnO, Ph 66:34 87 PhO, styryl | 64:36 88

MeO, Ph 77:23 86 BnO, styryl | 54:46 81

PhO, PMP 78:22 93 MeO, styryl | 56:42 86

BnO, PMP | 72:28 80

Scheme 9 N1,N1’ cyclohexyl linked bis(B-lactams) from bis(imines)
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Stereoisomeric bis(f-lactams) 70 were formed in a similar manner from
acylic 1,2-bis(imines) by reaction with ketenes [Eq. (29)] [31]. The use of
enantiomerically pure 1,2-bis(imines) (R1 =R>= Ph) with phenoxyketene led
to the pure diastereomers of 70 isolated by chromatography.

1
R RO, O RO,

N_ _R?
EGN ) ,
0  CHCL |RO \[ > NR NN
\—=c=o| /~N R R \[ + & \[
N A )

- > N "R? “—N" TR?
RO = MeO, ll

RO e
Cl

BnO, PhO RO 0 RO‘\‘ 0
70a 70b
R, R, R? meso:dl Yield (%) R, R!, R? meso:dl Yield (%)
PhO, Ph, Ph 58:42 81 MeO, Ph, Ph 60:40 88
BnO, Ph, Ph 56:44 84 PhO, Ph, Me 70:30 91

Azidoketene generated by reaction of potassium azidoacetate with triphosgene
and triethylamine reacted in situ by stereoselective cis,cis-[2+2] bis(imine) cycload-
dition forming the stereoisomeric bis(B-lactams) 71 [Eq. (30)], and these underwent
copper catalyzed [3+2] cycloaddition with acetylenic esters or amides 72 giving bile
acid linked bis-B-lactams as diastereomeric mixtures in yields of 92-95% [Eq. (31)]
[32]. These products were designed to combine the therapeutic activity of the
B-lactam and bile acid moieties and were evaluated for their antifungal and
antibacterial activity.

N3 o] N3 O
Pl1\_
Ny O =N triphosgene [N; N N
\—< + B — \=C=0 | —» Eb + Ph
Ph, Ph (30)
OK _ N~ EGN, CH,CL N N
/=
P L
N3~ 0 Nj (0]

71a (35%) 71b (41%)
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CuSOy, Na(ascorbate)
_

., 72a R = OH (cholic ester or ]
‘R amide) or 72b R = H (dexoxycholic "BUOH'H220~ microwave
ester or amide) X= O, NH 92-95%

O 73a R = cholate 0 73b R = deoxycholate

Different separation of the [-lactam units has been achieved in various
architectures, for example ketene generation using separately formed Vilsmeier
reagent 74 [Eq. (29)] added to a solution of phenoxyacetic acid and the bis(imine)
75a with a 1,2-phenylene bridge gives [2+2] cycloaddition and formation of bis-f3-
lactam 76a [Eq. (32)] [33]. A similar procedure was carried out with a bis(imine)
75b with a 1,3-phenylene bridge forming bis(B-lactam) 76b [Eq. (33)] [34]. The
latter reaction was suggested to take place by successive reactions beginning at the
less crowded imine functionality.

(0]
Me H pho - PO
POCl; \ _ OH
Me;NCH=O —— +N:< Cl - > \—=c=0
CH,Cl, ¢ Cl

74
AICH:N ~ N=CHAr FhO 00 o (32)
75a Ar Ar
76a
Ar Yield (%) Ar Yield (%) Ar Yield (%)
Ph 78 2-HOCgH4 80 4-HOCgH, 82
2-0,NCH, 77 3.0,NCH, 72 4-Me,NCeH, 69

4-MeOC4H, 71 4-FC4H, 76
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M Me H
0 ’ M;,N=<c1C " [ao
‘ \)J\ + AL —C=0| —»
ArO OoH AN Né\Ar CH,CI,
Ar! = 2,4-CIC¢H; 0t0-5°
Q -
Arloé )iom
Ar Yield (%) Ar Yield (%)
Ph (2) 81 3-0,NCcH, 72
2-HOCH, 79 4-MeOC,H, 69
4-HOCH, 82 2-CIC,H, 71
2-0,NCeH, 75 4-CIC.H, 76

Bis-B-lactams are also obtained from bis(imines) which are derived from
anthryl-substituted 1,4-diaminobenzene. Thus, formation of ketene 77 as an unob-
served reactive intermediate by dehydration of 9H-xanthene-9-carboxylic acid
using tosyl chloride and triethylamine in the presence of the bis(imine) 78a gave
in situ double [2+2] cycloaddition forming the bis(spiro-f-lactam) 79a [Eq. (34)]
[35]. Ketene 77 also reacted with dibenzo cyclopentylidene bisimines 78b to form
the corresponding tetrakis(spiro-B-lactams) 79b [Eq. (35)] [36].

Q COH + CHz o C=0

77

(34)

OOO -
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78b A = CH,, O 79b A = CH, (45%), O (48%)

The meta bridged bis(imines) 78¢ and the para bridged isomers 78d react
similarly with ketene 77 to form spiro-bis(f-lactams) 79¢ [Eq. (36)] [35] and 79d
[Eq. (37)] [35, 36].

78d

79d (A = CH,, 92%; A = 0, 96%)

Phenoxyketene generated by dehydration of phenoxyacetic acid with tosyl
chloride and triethylamine reacted with imine 78e forming the corresponding bis
(spiro)lactam in 45% yield [Eq. (38)] [36]. Other examples of bis(p-lactams) 80-85
from phenoxyketene reaction with bis(imines) are given below (Table 2) [35, 36].

NN Pho\=c=o 0 o
P C R

PhO OPh
78e (45%)

(38)
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Table 2 Bis(p-lactams) from phenoxyketene reactions with bis(imines)

OPh OPh

AW S

84 (80%)

85 (95%)

Phenoxyketene generated by dehydrochlorination reacted with bis(alkynylphenyl)
imines with three different linker groups connecting the imino groups by [2+2]
cycloaddition forming bis-p-lactams with either 3-alkynyl or 4-alkynyl substituents.
The bis-B-lactams from 86 to 90 were obtained as diastereomeric mixtures of cis,cis

products [37] (Table 3).

Desilylated bis(B-lactams) from 86 to 90 were reacted with bisazides 91-94, as
in the reaction of 94 with 95 forming 96 [Eq. (39)] [37].

91

N N N N
N; 03 3 3 3
N, e CN} Ns
Ny <é> | Pz
92 93 94
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Table 3 Bis(B-lactams) from phenoxyketene reactions with alkynyl substituted bis(imines)

Imine reactants Bis-B-lactam products
N A~ NG o 0
PhO OPh
N ~ N N

I I

SiMes SiMes | | | |

86
SiMe, SiMe;,

(30% meso, 32% dl)

PhO. P K OPh
O
/N N\
Vi AN

Il Il Me,Si (31% meso, 33% di) SiMes

SiMe; g7 SiMe;
/\ PhO 00 OPh
—N  N=
N N
__/
Vi AN
Me;Si 88 SiMe; / AN

MesSi SiMe;
(26% meso, 31% dl)

/N\/\/ N\ (6] (o]
PhO OPh
N\/\/N
=z X
Me;Si SiMe;
89
Z X
i SiMe;

Me;Si (29% meso, 33% di)

4

7

(continued)
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Table 3 (continued)

T.T. Tidwell

Imine reactants

Bis-f-lactam products

Me;Si

N N
z A
/é &\
90

SiMe;

O O,
PhO. OPh
N N

\ 4

SiMe; Me;Si

(35% meso, 33% dl)

o] 0 N3 N3
\/©\/ \b.“\oph }
N N | _
/ 94

N\ 4

95

96 (51%)

Generation of the chiral ketene 54 in the presence of bis(imine) 86 gave the
enantiomerically pure bis(f-lactam) 97 in 95% yield [Eq. (40)] [37]. The alkynyl
groups were desilylated with TBAF at 0° and reacted with azides 91-94 to give the
corresponding macrocycles analogous to 96 [37]. Isomerization of the cis-bis(p)
lactam groups to trans could also be accomplished by carrying out the desilylation
at room temperature, and the corresponding macrocycles were obtained upon
reaction with the azides.

i o  PhOPOXL | O7 Nu-Ph
(0] —_—
on EtN, CHCL | ¢ —c=0
0°

O

54

L %
Y

SiMe; SiMe;
97 (95%)
(40)
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Phenoxyketene generated by dehydrochlorination reacted in situ with bis(imine)
86 forming a 1:1 mixture of the bis(lactam) diastereomers in 75% yield, which after
desilylation and separation of the stereoisomers followed by Sonogashira coupling
with 4-iodopyridine gave 98 and 99 in 82% and 76% yields, respectively [Eq. (41)].
These were reacted with cis-[Pd(dppe)(OTf),] and with cis-[Pt(dppe)(OTf),] to
give the respective cyclic complexes 100 and 101 [Eq. (42)], each in 98% yields,
although the platinum complex 101 could not be separated from oligomeric
by-product [38].

(0] [0} 0] [0} (0}
Lo KN OPh PhO OPh
86 EiN, CH,Cl, N\/\/N N\/\/N
2. TBAF, THF
3. separate isomers
4.[Pd(PPh;)],/Cul
4-iodopyridine (4 1 )
ELN/THF, rt +
It It fl It
98 929
= = = =
g ] g ]
N N N N
Ph _Ph
OTf FhO« OPh PhO
N
’ OTf
98 or 99 —»
or
20T~ 20T~
Pt /Ph o Pt P,Ph
/P “P— Ph’ —~Ph
PR/ PP 100 \_/ 101

(42)
The alkynes 102 and 103 were similarly converted to the corresponding plati-
num complexes [Eq. (43)] [38].
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PhO .., OPh PhO
NWN
H 0T
OTf
NdOAc,
Il Il CH,Cl,, MeOH
102
PhO..lé ; il‘OPh Pho:? é ; ?74

/
/P P— /P P—p
Ph Ph (65%) Ph Ph (61%)

(43)
Coupling of 102 with cis-[Pt(dppe)Cl,] and triethylamine with 10% Cul as a

catalyst gave tetra-fB-lactams 104 and 105 in 68% yield as an inseparable 1:1
mixture of diastereomeric syn/anti forms [Eq. (44)] [38].

o o Ph Ph—p__pcPh
Ph Pt Ph
1%
PhO., N OPh [ el PO = = OPh
\/\/ P/ \Cl = . o, N
I\Ph ﬁ ’(\&\
Ph O~ N N7 0
Cul, EN
CHCl;, rt
I 68%
N
/ \ m /M
f]’)‘L?P\Pt,P\’;’: PhoSP” —Ph
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0=N ﬁ\//o
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Phenoxyketene generated in situ by dehydrochlorination reacted with the bis
(imine) 104 forming the bis(B-lactam) with N1,N1’ and C4,C4’ linkages in 78%
yield [Eq. (45)] [39]. Reactions of 105-107 with phenoxyketene similarly formed
the respective bis(B-lactams), Table 4 [39], while 108 and 109 gave the respective
bis(B-lactams) as mixtures of cis/cis diastercomers, Table 4 [40].

[6] (6]

Pho\)J\ PhO NWNb\.nOPh
Et;N CHZCIZ (45)
O\/\/O\Q
78%

Table 4 Bis(B—laCtams) from phenoxyketene reactions with bis(imines) 105-109

S

\/\/0 QO
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/N\/\/ N\
PhO
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L
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PhO, 00 OPh
N N
__/
o) 0
\\©/‘ (50%)
PhO 00 OPh
N N
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(6] (6]
46 45%

Bis(imines) derived from benzylisatin with either 1,4- or 1,3-aryl linkages
reacted with ketenes generated in situ by Et;N dehydrochlorination of acyl
chlorides in CH,Cl, from —10° to room temperature forming bis(spiro-f-lactams)

[Egs. (46) and (47)] [41].
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CH, PhO 67 (0] PhO 66
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N N [ \—= N, N,
QI <= O 00 (47)
N N
Bn Bn
O R R O

70% (R=PhO); 58% (R = PhthN)
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Phenoxyketene reacts with the 1,1’-bis(iminyl)ferrocene 110 at 0° in methylene
chloride forming cis/cis-bis(B-lactams) 111 in a 76% yield with a 2:1 syn:anti ratio
[Eq. (48)]. When the reaction is carried out in toluene at reflux the trans/trans
products are formed, in 34% yield and a 1:1 ratio of diastereomers [Eq. (49)]. The
formation of the trans-B-lactams at the higher temperature is consistent with the
formation of an intermediate zwitterion which undergoes bond-rotation favoring
formation of the more stable product, as opposed to the usual course of ketene
cycloaddition favoring the less stable cis-product [42].

N—PMP

O N
/
L ot PhO {0)
- \)J\Cl PMP T
Fe _— { Fe PMP

Et;N, CH,Cl, N OPh '
> o S el S0
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110 (PMP = 4-MeOCgH,) + I Fe :

PhO N

o d) OPh

PhO 111 (76%, syn:anti 2:1)

(48)

PMP PMP

0 4 N

o < 0

PhOJJ\Cl PMP ©, (\> PMP : YE
1w — X Fe ; TN ihi OPh (49)

e o= = " o= >
Ph(?) PR (34%. syn:anti 1:1)

Bis(3-butenyl) substituted ferrocenyl bis(p-lactam) 112 was prepared as a cis,cis
diastereomeric mixture by phenoxyketene cycloaddition to the N,N’-di-3-butenyl
bis(imine) in 93% yield, and in a subsequent step underwent ring closing olefin
metathesis with a second generation Grubbs’ catalyst in refluxing dichloromethane
giving after chromatographic separation the syn- and anti-diastereomeric bridged
ferrocenes [Eq. (50)] [42].

N “cl, N
0 C]\R,L‘=\Ph o}
1R —rady [T .
i OPh CH,Cl, i OPh
O:S){} reflux o o
Oph 112 OPh  (syn, 36%) OPh (anti, 36%)

(50)

Dialkynyl bis(B-lactam) 113 prepared by cycloaddition to the bis(imine)
underwent ring closure by copper(Il) acetate catalyzed oxidative coupling yielding
the ring closed product as an inseparable 1:1 mixture of syn/anti-diastereomeric
bridged ferrocenes in 30% yield [Eq. (51)] [42].
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(51)
Ketene imine [242] cyclizations for formation of macrocycles have been
implemented as three-component reactions in which diamines and dialdehydes
are reacted together in methylene chloride and after sufficient time for formation
of macrocyclic oligoimines triethylamine and methoxyacetyl chloride are added at
—50°, and the solution is stirred overnight at room temperature. Macrocycles
114-116 were obtained in this way as inseparable mixtures of diastereomers,
with cis-stereochemistry in the B-lactams [Egs. (52)—(54)] [43].
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Bis(B-lactams) 117 are formed by aryloxyketene additions to bis(imines), and
for phenoxylketene there is an 85% yield of the cis,cis diastereomers with a syn/anti
ratio of 47:53 [44]. Ring closing metathesis of the anti diastereomer with the
Grubbs’ catalyst forms the macrocyclic alkene in 98% yield with a Z/E ratio of
17:83 for the alkene [Eq. (55)]. The bis(imine) 119 gave similar results [Eq. (56)].
Other aryloxyketenes gave similar results, as collected in Table 5 [44].

ArOCHZCO
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(56)
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Table 5 Bis(B-lactams) from aryloxyketene additions to imines

Aryl Yield 117, syn/anti Yield 118 from syn, Z/E Yield 118 from anti, Z/E
Ph 85, 47:53 98, 1:5 98, 1:5

1-Naphthyl 91, 49:51 95, 1:4 98, 1:4

2-Naphthyl 93, 49:51 57, 1:3 60, 1:1.6

Aryl Yield 119, syn/anti  Yield 120 from syn 119, Z/E  Yield 120 from anti 119, Z/E
Ph 75, 48:52 82, 1:1.7 82,1.9:1

1-Naphthyl 90, 50:50 80, 1.2:1 80, 1.5:1

2-Naphthyl 80. 50:50 75,1.8:1 75,1.1:1

For the purposes of confirming the E/Z stereochemistry of bis(lactams) 120 the
E-isomers 122 were also prepared by reactions of the aryloxyketenes generated by
dehydrochlorination with the separated cyclic bis(imines) E-121, Eq. (57). Isomer-
ization of the E- to the Z-products was carried out using the Grubbs catalyst [44].

(0] (6]
/o N/ \/ \ ArOCH,COCl1 /o N/ N/ O\
N (6] O N OAr

N0 O N EtN, CH,Cl, ArO
0°tort
0 0 —_— o 0
I \ 1 (57)
121

E-122.Ar = Ph 78%, syn/anti 36:64)
Ar = 1-Naphthyl 85%, syn/anti 45:55
Ar = 2-Naphthyl 84%, syn/anti 45:55

S Bis-B-Lactams from Imines and Bisketenes

The use of bisketenes in bis-f3-lactam synthesis has been examined in only a few
examples. Although bisketenes were discovered very early in the history of ketenes
[45], their chemistry was developed more recently [17, 19, 46].

The use of bisketenes in the formation of bis-B-lactams has been examined in
only a few examples, although many more possibilities appear to be feasible for this
approach. Reaction of adipyl chloride in CH,Cl, with Et3N in the presence of
imines leads to the formation of bis-B-lactams 124 [Eq. (58)] [47]. It is known that
bisketene 123 can be formed in this reaction and directly observed by IR at
2114 cm ™' [46], but the extent to which the product is formed from 123 as opposed
to a stepwise process with successive generation of a mono-ketene followed by
conversion to a -lactam is not determined.

3-0,NCgH, Ar
o FONCH, -~ N

CIMG -
Et;N, CH,Cly, 1t

0 ArT NCHNO, 3
Ar = 4-MeOCgH, r oH4N D2
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0=C

— O 6]

123 124 (75%)
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Diacid treatment with Mukaiyama’s reagent in the presence of imines in a
similar process gives formal generation of bisketene 125 that undergoes cycloaddi-
tion leading to bis(lactam) formation [Eq. (59)] [48]. The ketenyl groups are not
formed simultaneously and may be generated and react in a stepwise fashion.
Similar generation of 125 together with a bis(imine) formed a polymer with
B-lactams in the polymer chain [48], and a number average molecular weight of
15,400, in 88% yield. The possibility of formation of a cyclic poly(lactam) by this
process has not been elucidated.

125 (59)
Ph
Bu -n \:N\
H ‘ O ﬂ (CHp) 12
84% /=N'
Ph

Bisketene 126 generated by photochemical Wolff rearrangement was directly
observed by IR, and on reaction with benzanilide give trans,trans-bis(B-lactam)
127 as a mixture of meso and dl isomers [Eq. (60)] [49]. 1,2- and 1/4-
Bisketenylbenzenes also observed by IR were generated by dehydrochlorination,
and reacted with benzanilide giving mixtures of meso and dI-trans,trans-bis
(B-lactams) [Eq. (61)] [49]. Trimethylsilyl-1,2-bisketenes 128, however, did not
give bis(B-lactams) with imines, but instead formed aziridines [Eq. (62)] [49].
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An alternative approach to bis(B-lactam) synthesis utilizes photolysis of bis
(carbene) complexes in the presence of imidazoline 129 to give bis(p-lactams) as
1:1 mixtures of racemic diastereomers in 55-68% yields by a reaction which could
formally have proceeded through bisketene complexes 130 which reacted with the
imine functionality in a double [2+2] cycloaddition leading to the observed product
[Eq. (63)] [501.

O(CH,),0 hv, CH,Cl, O(CH,),0

(0C)sCr :< )=Cr(CO); + 0=C3| FFc=0

CbzN N o
CH; CH, 7 €030 (0C);Cr CH;  CHj Cr(CO);

129 130
Cbz CH, CHy  Cbz
N O(CH,),0 N
—_—
N N
} io oi 7{

n=2,55%;n=3,59%:;n=4,68%;n=10, 56%

These bis(lactams) were subjected to a variety of structural modifications pro-
ducing a large number of dimers and other structures. With photochemical activa-
tion the generation of bis(ketene) equivalents is enhanced, but stepwise processes
are not disproven [50]. Bis(carbene) complex photolysis in the presence of the
optically active imidazoline 131 gave the optically active bis(B-lactam) as a single
stereoisomer [Eq. (64)]) [51].

O(CH,);0 /_iofv[l\ge 1'%?;?)%“2 N [0
©oscr = )=CH(CO)s *y N 2.H, PdlC g:r'\li \/l;lll/7>
CH; CH, N7 : o G

131 CHs ToMe 5y, MecCO, CH3

(64)

Bis(carbene) complexes 132 with hydrocarbon linkers reacted with imidazoline
129 forming bis(lactams) as mixtures of stereoisomers [Eq. (65)], and reacted with
the optically active imidazoline 131 giving a single product [Eq. (66)] [52]. Poly
(ethylene glycol) linked bis(lactams) were formed from the corresponding bis
(carbene) complexes by the same methodology [Eq. (67)], and displayed effective
complexing ability with alkali metal ions [53].
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6 Conclusion

Bis-B-lactams have been known for more than 30 years and recently have gained
increasing attention. While these have not yet found significant therapeutic
applications further study of these compounds may be expected, and the variety
of methods already available for their preparation can lead to many new examples
of these fascinating materials.
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The Chemistry and Biology of N-Thiolated
B-Lactams

Edward Turos

Abstract N-thiolated B-lactams are a recently discovered family of bioactive
agents having antibacterial, antifungal, and anticancer properties. Although our
initial interest in these compounds was for their utility in organic synthesis, our
laboratory began investigating their biological properties about a decade ago. The
selectivity these J-lactams show as bacteriostatic agents towards certain pathogenic
bacteria, including Staphylococcus aureus and Bacillus anthracis, and their
structure—activity profiles and mode of action, are highly unique. This chapter
describes in roughly chronological sequence results from our laboratory in the
discovery and ongoing development of these biologically active compounds.
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1 Introduction to 3-Lactam Antibiotics

For the last 80 years, B-lactam antibiotics have been used ubiquitously as therapeu-
tics for a wide range of bacterial infections and diseases [1]. The first B-lactams
were actually synthesized by Staudinger over 100 years ago, utilizing a bimolecular
coupling reaction between an acid chloride and an aldimine (Fig. 1) [2].

It was not until several decades later that the biological implications of B-lactam
compounds became known. The entry point in this occurred in 1928, when
Alexander Fleming, a British microbiologist, accidentally discovered a fungal
metabolite produced from a Penicillium mold that was able to kill bacteria [3].
He referred to this microcidal substance as penicillin. It came as a surprise to many
when Dorothy Hodgkin proved by X-ray crystallography that penicillin contained
within its chemical structure a B-lactam ring [4]. From that point on, a number of
different classes of bicyclic B-lactam ring systems have been investigated in terms
of both chemical and biological applications (Fig. 2). The chemical and biological
literature is rich with reports documenting just how valuable B-lactams are as
bioactive molecules as well as building blocks for organic synthesis.

The now well-known antimicrobial activity of bicyclic B-lactam compounds
arises from the amido nitrogen occupying the site of ring fusion, which enables the
nitrogen center to be sufficiently pyramidalized to perturb amide planarity and
resonance stabilization of the four-membered amide (2-azetidinone) ring. Long
ago, Nature established that N-fused bicyclic B-lactams have elevated electrophi-
licity and reactivity toward nucleophilic ring opening, which makes them effective
biological acylating agents and antibiotics. Derived biochemically from two
molecules of L-cysteine, penicillin mimics the p-alanine—p-alanine termini of
bacterial peptidoglycans, making itself readily recognizable to bacterial
transpeptidases [3]. As a consequence, penicillin can block the enzymatic
crosslinking of peptidoglycan strands in the bacterial cell wall (murein) by irrevers-
ibly acylating the catalytic serine within the enzyme active site. The ability of fungi
to biochemically produce penicillin as a secondary metabolite provides a remark-
ably effective means for its defense against bacteria.
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Fig. 1 Staudinger’s synthesis of B-lactams from an acid chloride and an aldimine
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Fig. 2 Common classes of bicyclic B-lactams

2 Discovery of the Synthetic Utility of N-Thiolated -Lactams

Shah and Cama provided the first report of N-sulfenylated B-lactams in the mid-1980s,
showing that an N-methylthio-substituent could protect the B-lactam during synthetic
procedures in a manner that enables ready removal by a thiolate anion [5] (Fig. 3).

We took advantage of this unusual chemistry when we began our studies on
N-thiolated B-lactams in the mid-1990s [6—8]. We became interested in determining
whether the B-lactam ring could conformationally influence regioselectivity of ring
closing during electrophile-promoted cyclizations of unsaturated sulfides [9, 10],
such as shown in Fig. 4. Treatment of an alkenyl (or alkynyl) N-methylthio
B-lactam with iodine or bromine can generate an electrophile-activated intermedi-
ate, which provokes a nucleophilic addition of the sulfur center to give either a six-
membered ring through a 6-endo ring closure process or a five-membered ring via a
5-exo cyclization. Our experimental results indicated that the smaller, entropically
favored five-membered ring cycloadduct was formed exclusively in these reactions
[6-8]. The structural similarity of these bicyclic B-lactam ring products to those of
the classical cephalosporins and penicillins caused us to refer to them more
commonly as “isocephams” and “isopenams”.

We used this procedure to synthesize bicyclic structures in which the B-lactam ring
is placed at unusual positions within the framework. In considering the penam system,
as an example, one can conceive of three “isopenam” structures as shown in Fig. 5.

Semiempirical calculations on the three isomeric ring structures suggested that the
N-S fused (“inversely fused”) bicyclic ring III has about the same thermodynamic
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Fig. 5 Three isopenam ring variants based on the classical bicyclic penam ring system

stability as the classical penam ring found in penicillin, although with somewhat less
pyramidalization at nitrogen and a reduced bend angle between the fused rings. Ab
initio calculations indicated that the N-S fused ring is also somewhat more twisted
than the classical penam ring, thus lowering the energy of its LUMO. In addition to
these electronic effects, the sulfur center can withdraw electron density from the
lactam nitrogen, and thereby enhance the electrophilicity of the B-lactam carbonyl.
The N-S-fused bicyclic B-lactams of type III could be prepared synthetically for
further studies, as shown in Scheme 1, starting from N-methylthio azetidinones 3.
Staudinger coupling of the N-p-methoxyphenyl imine, prepared fresh from
phenylpropynal, with commercially available methoxyacetyl chloride provided
exclusively the cis-disubstituted B-lactam 1 (as a racemate). Oxidative removal of
the para-methoxyphenyl protecting group of lactam 1 using aqueous ceric ammo-
nium nitrate gave N-protio B-lactam 2, which was then converted to N-methylthio
B-lactam 3 by deprotonation with n-BuLi at —78°C and subsequent thiolation of the
N-lithio species with methyl methanethiosulfonate. The cycloaddition reaction of
lactam 3 to the bicyclic isopenem 4 took place in high yield with molecular iodine
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Scheme 2 Attempted synthesis of isopenam 10 by halocyclization of -lactams 8 or 9

in refluxing methylene chloride solution. The structure of this bicycloadduct was
determined by proton NMR and infrared spectroscopy, which showed a strong C=0
stretching signal close to 1,790 cm ™. This ultra-high carbonyl stretching frequency
confirmed the strong electron-withdrawal by sulfur on the amide. S-oxidation of
sulfenamide 4 to the sulfonamide S further increased the C=O stretching frequency
to ~1,800 cm ™. Although the iodocyclization of lactam 3 took place efficiently, it
noticeably required more forcing conditions (40°C) than those of our prior
halocyclizations of unsaturated sulfides, owing to the electron-withdrawing effect
of the B-lactam nitrogen on sulfur’s nucleophilicity.

Attempting to use this same synthetic approach on the corresponding alkenyl
B-lactam 8, prepared as shown in Scheme 2, we were not able to reach the bicyclo
B-lactam (isopenam) adduct 10. Instead, halogenation of 8 gave only the
dibromination products 9 (in the case of bromination), or alkene 8 was recovered
after workup (in the case of iodination). Efforts to cyclize dibromo adduct 9 to the
fused 4,5-bicyclic ring 10 were similarly unsuccessful. Thus, it appears that the
conformational constraints of the alkenyl or alkyl substrates (versus alkynyl
B-lactam 3) were sufficiently perturbed to prevent cyclization to the isopenam
ring system 10.

In stark contrast, the homologous 5-exo ring closures of alkynyl B-lactam 14
could be easily carried out to construct clavulanic acid-type ring 15 (Scheme 3).
Substrate 14 was prepared in several steps from alkenyl B-lactam 6, starting with
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Fig. 6 N-methylthio B-lactams 3, 8, and 14

ozonolysis of the alkenyl side chain in 6 to afford aldehyde 11, followed by
stereoselective addition of lithium phenylacetylide and O-acetylation of the
resulting propargylic alcohol to arrive at propargylic acetates 12. Oxidative
dearylation of N-aryl group from lactam 12 and subsequent introduction of the
N-methylthio substituent provided 14. We were pleased to find that the
iodocyclization proceeded as intended to allow us to prepare isoclavulanate adduct
15. Infrared spectroscopy indicated again that the B-lactam carbonyl in 15 is
electrophilically enhanced, with a stretching frequency of ~1,780 cm ™. The forma-
tion of the 4,5-bicyclo B-lactam fused ring of 15 occurs with much more facility than
that leading to the 4,5-bicycloadduct 4 (Scheme 1), which we believed was reflective
of different stereoelectronic arrangements achievable during the ring closures. In
spite of their highly electrophilic carbonyl center, each of the N-S fused bicyclic -
lactams we prepared was very stable and highly resistant to hydrolysis over a wide
pH range (pH 1-10). However, we found that they were susceptible to rapid cleavage
of the N-S bonds by reductive processes. As an example, our efforts to perform
palladium-catalyzed Stille couplings and carbonylation cross-couplings on vinyl
iodide 15 led only to the ring-opened disulfide, which we attributed to PPh; in the
reaction media. Disappointingly, upon in vitro testing of all these compounds, not
one of the bicyclic B-lactam compounds showed antibacterial behavior against a
selection of laboratory strains of common Gram-positive or Gram-negative bacteria.
During the microbiological testing, however, we were dumbfounded by data
indicating that all of the monocyclic N-methylthio B-lactams 3, 8, and 14 had really
strong activity against Staphylococcus aureus, including methicillin-resistant S.
aureus (or MRSA) (Fig. 6). Thus, we saw this as an opportunity to look further at
other monocyclic N-thiolated B-lactams to evaluate antibacterial capabilities.
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3 Discovery of the Biological Properties of N-Thiolated
3-Lactams

In 1981, two research laboratories independently reported new monocyclic
B-lactams isolated from Pseudomonas bacteria that bear an N-sulfonic acid moiety
on the nitrogen center (Fig. 7) [11, 12]. They referred to these monocyclic
B-lactams as “monobactams,” of which the synthetic analogue Aztreonam became
the first example developed commercially. Interestingly, these monobactams show
complementary activity to that of the traditional bicyclic B-lactams (which are
mostly effective against Gram-positive microbes), having broad activity against
various aerobic Gram-negative bacilli such as P. aeruginosa. These discoveries
showed convincingly for the first time that B-lactams do not have to have a
conformationally restricted bicyclic ring to have antibacterial capabilities, marking
the start of a new chapter in the history of f-lactam antibiotics.

Also in the 1980s, Marvin Miller’s laboratory at University of Notre Dame
reported an interesting study comparing the bioactivity of another type of
antibacterially active monobactam, the oxamazins [13], with their inactive sulfur
counterparts, the thiamazins (Fig. 8) [14-17].

The observed difference in microbiological activity of these two monocyclic
B-lactams was attributed to the somewhat longer N-S bond of the thiamazins
compared to the N-O bond of the oxamazins, which appears to be sufficient to
prevent proper alignment of the thiamazin -lactam ring within the active site cavity
of the target enzyme. It is well documented that antibacterial activity in B-lactams
requires an ionizable group such as a carboxylic acid be present on the ring system
and within 3.6 A of the B-lactam carbonyl to be able to bind to the transpeptidase
protein. Based on Miller’s conclusions and the observation that the N-thio-
substituted thiamazins are totally devoid of antibacterial activity, we were perplexed
over why our N-methylthio B-lactams possess potent anti-MRSA capabilities.
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Similar to the thiamazins, N-methylthio B-lactams 3 and 8 are stable frompH 1 + 10
and completely resistant to hydrolysis by penicillinases under conditions in which
penicillin G is rapidly hydrolyzed. It was becoming more and more obvious to us that
N-methylthio B-lactams do not behave in the same manner, or even on the same
bacterial targets, as all previously known B-lactam drugs.

4 Structure-Activity Studies of N-Thiolated 3-Lactams

We quickly began looking in more detail at a possible structure—activity relation-
ship for these B-lactams, by examining systematically the effects of substituents on
the azetidinone ring. Beginning with the lead N-methylthio B-lactam 3, we began
changing the lipophilic and steric nature of the C; and C, substituents. Going into
this, we considered the possibility that the molecule may need to undergo
bioactivation by an electrophilic species in the bacterial cell in order to exhibit its
antibacterial effects. Our prior studies had shown that electrophilic reagents such as
molecular iodine react with the alkynyl moiety of B-lactam 3 to induce a
halocyclization to the isopenem 16 (Scheme 4).

In the reaction itself, we postulated the initial formation of an electrophilic
complex I, with subsequent generation of a sulfonium intermediate II, which we
deemed to be a powerful alkylating agent. We wondered whether this electrophile-
promoted cyclization pathway could also take place to account for the antimicrobial
activity of these B-lactams. Countering this possibility, we thought, was our earlier
observation that C4-alkenyl analogue 8 had strong bioactivity even though it could
not undergo bromine-promoted cyclization to the isopenem 10 (Scheme 2). We
reexamined this by preparing alkenyl lactams 17 and 18 in their geometrically pure
E and Z forms (Fig. 9) and determined that both had strong antimicrobial bioactiv-
ity [14-17].

Of course, we could not totally exclude the possibility that the electrophile-
induced cyclization depicted in Scheme 4 could occur in vitro, even though there
was no tendency for this to take place using Br, in organic media. We excluded this
likelihood, however, by synthesizing C4-phenylethyl-substituted and C,-phenyl-
substituted B-lactams 19 and 20 and showed they both possessed similar bioactivity
to lactam 3. Thus, quite clearly m-unsaturation within the C,4 side chain was not a
requirement for antibacterial activity of these compounds, and we therefore ruled
out the involvement of an electrophile-promoted cyclization mechanism leading to
the generation of a sulfonium alkylating species. Following this, we decided to
examine additional lactams to see whether anti-MRSA activity could be enhanced
by appropriate aryl ring substitution. Our first effort was to prepare C, aryl-
substituted analogues 21-29 (Fig. 10). What we observed was that the effect of
electron-donating or -withdrawing groups on the aryl ring diminished the activity to
some degree, but all were active towards MRSA [18-21].

We also examined halogenated aryl derivatves 30-41 (Fig. 11). ortho-
Substituted variants seemed to display the best activities, regardless of the halogen
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or the number of halogens resided on the aryl ring. Our most active analogue was
the ortho-chlorophenyl lactam 30.

We moved on next to evaluating the C; ring substituent, by replacing the methoxy
group of B-lactam 3. The phthalimidyl derivative 42 and the trans-disubstituted
benzylthio lactam 43 were each significantly weaker in activity than 3, while the C;-
ethyl B-lactam 44 had no activity at all (Fig. 12).
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We likewise saw that the C3-unsubstituted B-lactams 45-47 had very weak anti-
MRSA activity, indicating to us that perhaps a polar group positioned next to the
carbonyl center may be required for bioactivity (Fig. 13).

We wanted to explore this more by comparing our most active compound,
Csz-methoxy lactam 30, to Cz-chloro, iodo, and azido B-lactam derivatives 48—50
(Fig. 14). Of these, chloro derivative 48 had the best in vitro activity, with zones of
inhibition against MRSA being more than double that of penicillin and equivalent
to our lead methoxy compound 30. So far, we found for these that anti-MRSA
activity follows the trend of 30 = 48 > 49 > 50 > 47 > 45 = 46.
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Fig. 16 Cs-oxygenated B-lactams 55-60

Next, we set out to examine some Cs-amino-substituted derivatives 51-54,
shown in Fig. 15, which we synthesized stereospecifically by the route depicted
in Scheme 5. Antimicrobial screening ascertained all of these C3-amino B-lactams
to be significantly less potent against MRSA compared to the C;-methoxy com-
pound 30 or to the halo or azido B-lactams above.

Our next series of analogues that we examined consisted of various Cj;-
oxygenated derivatives of lactam 30, including Cs-alkoxy B-lactams 55-57, Cs-
phenoxy compound 58, Cs-hydroxy lactam 59, and Cj-acetoxy derivative 60
(Fig. 16). Every one of these compounds showed better anti-MRSA activity com-
pared to penicillin, but still, none were as potent as Cz-methoxy B-lactam 30.
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Scheme 6 Synthesis of C;-disubstituted B-lactams 64—70

In addition to these ether derivatives, we prepared three Cs-sulfonate lactams
61-63 and found that anti-MRSA activity increases with lipophilicity of the
sulfonate moiety: methyl < phenyl < p-tolyl (Fig. 17).

Several sterically congested Cs-disubstituted analogues 64-70 were also
synthesized for antimicrobial testing (Fig. 18).

We prepared these compounds stereoselectively with the relative stereochemistry
depicted, via Grignard addition to a keto B-lactam ( Scheme 6) [22]. The resulting
tertiary alcohol was then O-alkylated or O-acylated prior to being converted to the
N-methythio derivative. Antibacterial activity among these derivatives steadily
diminished as steric crowding on the ring increased. The allyl and propyl ethers
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64 and 65 were more active than methoxymethyl derivative 66, while the methyl
and propyl analogues 67 and 69 were more active than the allyl or phenyl-bearing
B-lactams 68 and 70.

The issue of steric congestion on the ring was further examined for spirocyclic
B-lactams 71-75 (Fig. 19). Compound 71 was a bit more active than isomer 72, and
while all had reasonable anti-MRSA activity, they had 25% less activity than the
open-ring analogue 65.

In most cases, biologically active compounds are highly dependent on their
stereochemistry, which can affect how they bind or interact with their targets. We
therefore decided to examine whether ring stereochemistry could influence the
activity of N-thiolated P-lactams. First, we evaluated this for the cis and trans
stereoisomers of Cz-acetoxy N-methylthio B-lactams 76 and 77. It turned out that
the trans isomer 77 was about 10% more active towards MRSA than the cis
B-lactam, based on in vitro testing on agar plates (Fig. 20).
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Along with this, we explored the effect of absolute stereochemistry on bioactiv-
ity by independently synthesizing enantiomeric lactams (—)-78 and (+)-78
(Fig. 21). Both antipodes of lactam 78 produced identical zones of growth inhibi-
tion of MRSA on agar plates and minimum inhibitory concentration (MIC) values
in broth microdilution experiments. Thus, we reached the conclusion that in vitro
antibacterial activity of the lactams is not directly dependent on relative or absolute
stereochemistry, and that this must be manifested by how the molecules act
biochemically.

5 Biological Activity of N-Thiolated 3-Lactams Depends
on the Presence and Structure of the N-Organothio
Substituent

Somewhat to our surprise, ab initio calculations on the N-methylthio B-lactams
predicted that the sulfur and carbon centers in the N-methylthio group are electroni-
cally neutral. Also, the sulfur—carbon bond of the N-methylthio group prefers to be
oriented orthogonally to the lactam ring, with the cis rotamer being about 1 kcal/mol
more stable than the trans. The calculated barrier for rotamerization between the cis
and frans forms is less than 8 kcal/mol, enabling the two rotamers to equilibrate
rapidly in solution. We confirmed this by variable temperature NMR experiments.
The computations also predicted that this stability difference in the cis—trans
rotamers increases as the alkylthio moiety is enlarged.

These conformational studies agreed closely with the results reported by Marvin
Miller’s group for the thiamazins, but certainly failed to explain why the
N-methylthio B-lactams are even antibacterially active given that the very closely
analogous thiamazins are not. We further examined this by replacing the
N-methylthio group of B-lactam 3 for other N-substituents (Fig. 22). Fortuitously,
compounds 79 and 80 were precursors of 3, and N-chloro and N-phenylseleno
derivatives 81 and 82 were readily obtained by deprotonating 79 with
n-butyllithium at —78°C, and capturing the N-lithiated species with Cl, or PhSeCl,
respectively. None of these N-derivatives (except for N-methylthio B-lactam 3)
showed anti-MRSA activity, confirming the need for an N-organothio substituent
for antibacterial activity[23].

With this clearly ascertained, we then investigated in much more detail how
changing the N-methylthio group for other organothio residues could alter
antibacterial activity (Fig. 23).

In vitro activity of N-alkylthio lactams 83-86 varied considerably, with the
N-ethyl derivative 83 being more active than the N-methyl (30), but activity
diminishing rapidly as the alkyl chain was elongated. N-octylthio B-lactam 86
had less than half of the anti-MRSA activity of 30, as determined by both
Kirby—Bauer agar diffusion studies and MIC determinations in broth.
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We also examined branching within the N-alkylthio chain for B-lactams 87-92
(Fig. 24).

N-isopropylthio and N-sec-butylthio analogues 87 and 88 displayed stronger
bioactivity against MRSA compared to the N-methylthio or N-ethylthio -lactams
30 and 83, but N-cyclohexylthio, N-phenylthio, and N-benzylthio B-lactams 90-92
were far less effective than 87 or 88. Of all the compounds tested in our structure—-
activity profiling, sec-butylthio [B-lactam 88 had the strongest anti-MRSA
bioactivity.

While it was clear now that N-thiolation of the lactam was required for bioactiv-
ity, we were not sure as to what oxidation state of the sulfur center would provide
the best antibacterial activity. We examined this for N-sulfinyl B-lactam 93 and
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N-sulfonyl analogue 94, which we prepared by treating N-cyclohexylthio precursor
90 with 30% hydrogen peroxide in glacial acetic acid (Scheme 7). The N-sulfinyl
product 93 was isolated as a 1:1 mixture of diastereomers, and adding excess
hydrogen peroxide to this initial mixture gave the N-sulfonyl product 94. The
N-sulfinyl B-lactam 93 had similar in vitro activity to sulfenamide 90, but the
more highly oxidized N-sulfonyl analogue 94 had no activity at all.

Likewise, the N-sulfonate salt 95 and N-sulfonic acid 96 were each synthesized
from the N-protio precursor and found to be inactive against MRSA (Scheme 8).
We have not yet examined either 95 or 96 against Gram-negatives, which may show
sensitivity given the structural relationship these compounds have with aztreonam
and other N-sulfonic acid monobactams.

6 Studies on the Effect of Relative and Absolute Chirality
of N-Thiolated -Lactams on Anti-MRSA Activity

Earlier, we demonstrated that relative and absolute stereochemistry does not signif-
icantly affect bioactivity of N-methylthio B-lactams. Granted, we did find that
trans-disubstituted analogues were slightly more active than the cis isomers, as
for isomeric compounds 76 and 77. We also found that the (+) and (—) enantiomers
of 3-acetoxy B-lactam 78 had the same in vitro anti-MRSA bioactivity. With the
eventual realization that the N-sec-butylthio B-lactam 88 provided better anti-
MRSA bioactivity to that of the N-methylthio or N-ethylthio analogues, we
recognized that this compound had originally been evaluated as a mixture of
enantiomeric diastereomers 97, 98, ent-97 and ent-98 (Fig. 25). This did not tell
us whether there could be differences in activity between the four stereoisomers, so
we developed a stereospecific synthesis of each for individual testing.
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Fig. 25 Chiral N-sec-butylthio B-lactams 97, 98, ent-97, and ent-98

Curiously, diastereomeric -lactams 97 and 98 exhibited the same in vitro anti-
MRSA activities, as did their enantiomeric counterparts ent-97 and ent-98 to each
other, but ent-97 and ent-98 were about 15% more active than 97 and 98. Although
these differences in bioactivity may seem rather insignificant, and probably are,
they were at least discernible. This intrigued us because this indicates the absolute
stereochemistry of the B-lactam ring itself only has an effect on bioactivity when
the N-organothio group is also chiral (N-sec-butylthio), but not when the N-moiety
is achiral (V-methylthio). We have no explanation for this, yet, but are certainly
interested in exploring this further.

Overall, our preliminary screenings of all these analogues helped us find some
general trends in the structural requirements of the C;, C, and N substituents of
N-alkylthio B-lactams. First, the nitrogen substituent must be either an organothio
moiety in the sulfenyl or sulfinyl oxidation state, to induce its biological effect.
Second, there appears to be a preference for balancing the lipophilic character of the
C; and C4 groups in order to attain optimal anti-MRSA activity, with Cs-alkoxy or
acyloxy side chains and C, aryl moieties giving the best combinations so far. This
structure—activity profile may relate to the compound’s ability to penetrate through
the bacterial cell membrane and cell wall to sites of action within the cytoplasm,
rather than to any specific non-bonding interactions with a biological target such as
an enzyme or cofactor. Polar substituents presumably make it more difficult for the
molecule to enter the cytoplasm and, thus, reduce the antibacterial activity. On the
other hand, compounds having too much lipophilicity and reduced water solubility
are more likely to be trapped within the membrane or internal organelles, lowering
the concentration in the cytoplasm.

7 Evaluating the Spectrum of Antibacterial Activity
of N-Thiolated 3-Lactams

During much of the early phase of our research on N-thiolated B-lactams, our focus
was on structure—activity studies towards Staphylococcus bacteria. This led us to
the general conclusion that ring substituents determine the in vitro anti-MRSA
properties of the B-lactam, with the N-organothio moiety having the greatest role.
To more fully assess the microbiological properties of these compounds, we carried
out more detailed in vitro testing of selected compounds (67-81, 83, 97, and 98)
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Table 1 Susceptibility comparison of N-methylthio B-lactams 67-81, 83, and 97, and 98
Zone of growth inhibition (mm)

Bacteria genus (# species:strains) ~ Gram (£)  >30 21-30  15-20 <15 0
Bacteriodes sp. (1:1) - X X X
Bacillus spp. (7:7) + X X X

Enterobacter sp. (1:1) - X
Enterococcus spp. (6:6) + X X
Escherichia sp. (1:3) - X
Fusobacterium spp. (6:16) - X

Haemophilus sp. (1:3) - X
Klebsiella sp. (1:1) -
Lactococcus sp. (1:1) +

Listeria sp. (1:2) + X
Micrococcus sp. (1:1) +

Mpycobacterium sp. (1:1) -

Neisserria sp. (1:2) - X X
Peptostreptococcus sp. (1:1) +

Porphyromonsa (1:2) -

Proteus sp. (1:1) -

Pseudomonas sp. (1:1) -

Salmonella sp. (1:1) - X
Serratia sp. (1:1) -

Sporobolomyces sp. (1:1) -

Staphylococcus spp. (10:21)
Streptococcus spp. (2:2)
Vibrio sp. (1:2)
Susceptibilities High Moderate ~ Weak

>
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against a wide range of Gram-positive and Gram-negative bacteria. These included
66 microbes from 23 genera, which are listed alphabetically in Table 1. For most of
the bacteria examined, we included more than one species or strain, as indicated
numerically in parentheses beside each genus. The table summarizes the relative
susceptibilities each genera displays to these [-lactams, as measured by
Kirby—Bauer agar diffusion assays. Microbes showing high susceptibility to the
B-lactams are those having growth inhibition zones greater than 20 mm, denoted
with an X for the zone size(s) seen, while others resulting in no growth inhibition
zones are insensitive to the compounds.

Although in vitro activity varied considerably among the B-lactam derivatives
and microbes, the data was fairly consistent in terms of which microbes were
susceptible and which compounds were most active. In fact, most of the bacteria
tested were not susceptible to the -lactams, except for a notable few pathogenic
species such as Staphylococcus, Micrococcus, and Bacillus. We also found more
moderate activity against Bacteroides, Streptococcus, Neisseria gonorrhoeae, and
weaker activity against Salmonella typhimurium, Vibrio cholerae, and Mycobacte-
rium tuberculosis. None of the lactams were effective against Enterobactor
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cloacae, Escherichia coli, Klebsiella pneumoniae, Listeria monocytogenes,
Bacteroides fragalis, Serratia marcessens, Pseudomonas aeruginosa, or Proteus
mirabilis. This indicates that the microbes most affected by the B-lactams lie within
a narrow window of just 9 genera among the 23 we evaluated and include both
Gram-positive and Gram-negative bacteria. This finding alone is most unusual for
any family or class of antibacterial agents and, certainly, not at all what one expects
to find for a B-lactam antibiotic. The most highly susceptible microbes come from
four distinct taxonomic orders as defined by their genetic, morphological, and
metabolic traits, although few taxonomic relationships could be identified to
account for this unusual spectrum of antimicrobial activity [18-21]. N-thiolated
B-lactams affect mostly the “Bacilli,” which consist of two orders: Bacillales and
Lactobacillales, with Bacillus, Staphylococcus, and Streptococcus being the most
highly susceptible members. However, we note that other “Bacilli,” such as
Enterococcus, Lactococcus, and Listeria, are rather insensitive to the lactams.

In screening specifically against staphylococci on agar test plates, we observed
broad in vitro activity for most of the B-lactams against S. aureus (MSSA and
MRSA), S. epidermidis, and S. lugdunensis; however, S. lentus and S. simulans
were much less susceptible, with only some B-lactams showing decent activity.
Since Staphylococcus and Bacillus are both in the Bacillales taxonomic order, we
also tested the P-lactams against seven species of bacilli, including Bacillus
anthracis, B. globigii, B. thuringensis, B. megaterium, B. coagulans, B. subtilis,
and B. cereus. The most clinically important of these seven, B. anthracis, is a rod-
shaped Gram-positive bacterium that causes anthrax infections. If inhaled, spores
of B. anthracis rapidly migrate to lymph nodes of the lungs, where they begin to
germinate and release toxins that disarm the immune response, causing bacter-
emia, toxemia, and often, death. The fact that these lactams show promising
in vitro activity against B. anthracis is therefore rather significant. Structure—
activity studies suggest that, in general, lipophilic acyloxy or alkoxy groups at C;
of the B-lactam ring again provide the best activity against Bacillus. The propoxy
and allyloxy side chains were also a little more active than the C;-methoxy
derivative. Spirocyclic groups at C; were, as for S. aureus, less active than the
open chain variants. The most important determinant of anti-Bacillus activity,
like we had seen earlier for MRSA, was the N-organothio moiety, with the sec-
butylthio compound 88 once again having the best overall bioactivity. Compound
88 was significantly more active than N-methylthio B-lactam 30, with zone sizes
being more than double the diameter and equivalent to that of ciprofloxacin.
The MIC values for lactam 4 against the avirulent Sterne and virulent Ames
strains of B. anthracis were 0.5 pg/ml for each [24]. Anti-Bacillus activity
requires the N-sulfenyl moiety, since the more highly oxidized N-sulfinyl,
N-sulfonyl, and N-sulfonate derivatives were all ineffective. The similarity in
the structure—activity patterns towards B. anthracis to that of MRSA suggests that
the mode of action of these lactams in Staphylococcus and Bacillus (and probably
other susceptible bacteria) is very likely identical.
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8 Studies to Determine the Mode of Action of N-Thiolated
B-Lactams as Antibacterials

The unique bacterial selectivities and structure—activity of these B-lactams suggest
a highly unusual mode of antibacterial action. B-Lactam antibiotics are widely
recognized for their cidal effects on bacteria, as a consequence of inhibiting the
complete formation of the bacterial cell wall. For our N-thiolated B-lactams, we
needed to determine whether they are bacteriostatic or bactericidal agents. We first
examined bacterial cell growth by measuring the percentage of cell survival for
methicillin-susceptible S. aureus (MSSA) and MRSA, respectively, in the absence
or presence of B-lactam 3 over a 2 h time frame. In the absence of B-lactam 3, both
MSSA and MRSA grew logarithmically, but bacterial growth immediately ceased
in the presence of f-lactam 3. While bacterial growth was inhibited by -lactam 3,
there was effectively no decrease in the number of viable cells at or above the MIC,
which is indicative of a bacteriostatic effect.

This finding that the N-thiolated B-lactams are bacteriostatic compounds that act
on only a narrow range of seemingly unrelated bacteria suggested to us that their
mode of action and biological target are likely within the bacterial cell. In general
terms, antibacterial agents that act on essential intracellular processes such as
protein synthesis (chloramphenicol) or production of secondary metabolites (sulfa
drugs) are often bacteriostatic agents, while those that act on the outer periphery of
cells such as the bacterial membrane (polymyxins, bacitracin, cationic lipoproteins)
or the cell wall (penicillin, vancomycin), or directly on DNA (metronidazole), are
bactericidal. Although structure—activity profiling of bioactive compounds is not
always all that informative in understanding the mechanism of action of a new
antibiotic, particularly in the absence of clear trends, we did learn some valuable
things from those prior studies. First, we determined that the N-organothio substit-
uent is required for bioactivity, not the -lactam ring or other ring substituents, and
this enabled us to rule out various mechanisms such as the traditional one for
B-lactams, the nucleophilic opening of the B-lactam ring. We were able to unam-
biguously, from the isolation of the N-protio lactam from S. aureus culture media
treated with a N-thiolated PB-lactam, and showing that this isolated substance
engenders no bioactivity against the microbes. This finding told us that the B-lactam
component is in effect just a carrier, not an essential unit, for the N-organothio side
chain, which through some cellular event is picked up and sequestered by the
bacterial cell. In fact, we followed this up by showing that N-alkylthio-2-
oxazolidinones closely mirror these same trends, demonstrating that the four-
membered B-lactam ring itself is not essential for antimicrobial activity [25]. This
also coincides with our earlier conclusion that the other substituents on the B-lactam
ring play a much less important function, with lipophilic ring substituents at C; and
C,4 being preferable, while highly polar moieties work to decrease bioactivity. We
believe that the side chain polarity influences the ability of the compound to
passively cross the bacterial membrane to get to the target. This differs decidedly
from classical water-soluble B-lactam antibiotics that act on [-lactam binding
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transpeptidases positioned on the outside of the cell membrane. For N-thiolated [3-
lactams, different levels of antibacterial activities that we find can be attributed to
ring substituents that differ in their steric bulk or lipophilicity.

To examine the effects of these f-lactams on vital cellular processes in bacteria,
we carried out radio-uptake experiments using B-lactam 3. Typically, antibiotics
that alter transcription or translation are bacteriostatic, suggesting the possibility
that N-thiolated B-lactams could inhibit nucleic acid synthesis. We followed the
uptake of radiolabeled *H-uridine into bacterial RNA, by culturing S. aureus with
varying concentrations of fB-lactam 3 versus rifampicin, a known RNA synthesis
inhibitor. Indeed, we found that B-lactam 3 modulated *H-uridine incorporation to
some extent, but certainly not sufficiently to identify transcription as the primary
process targeted by the B-lactam. This was further delineated when we showed that
B-lactam 3 does not change the rate of nucleotide incorporation into double-stranded
DNA (DNA synthesis). Pulse-labeling studies with *H-thymidine allowed us to
monitor DNA replication in living bacterial cells, in the presence versus the absence
of B-lactam 3 and experimental controls. While the DNA synthesis inhibitor,
ciprofloxacin, rapidly inhibited thymidine uptake, neither lactam 3 nor penicillin
G did. To evaluate another possibility that f-lactam 3 could block protein transcrip-
tion in bacteria, we measured the rate of uptake of radiolabeled *H-isoleucine in a
culture of S. aureus treated with either B-lactam 3 or chloramphenicol (a translation
inhibitor). Our results indicated that the lactam has a small, but delayed, response on
protein synthesis in S. aureus, insufficient to be the primary cause of antimicrobial
activity of these B-lactams. We then considered that the compounds may affect
bacterial respiration by inhibiting cellular uptake and phosphorylation of glucose.
Therefore, we examined the propensity for B-lactam 3 to cause metabolic starvation
in S. aureus by measuring uptake of radiolabeled-glucose in the presence versus the
absence of the -lactam. We found that uptake was not inhibited and consequently
were able to rule out metabolic respiration as a primary target of N-thiolated
B-lactams. Finally, the last possibility we evaluated was the effect of B-lactam 3
on fatty acid biosynthesis in S. aureus. Here, we saw an immediate and powerful
effect on the rate of uptake of radiolabeled *H-acetate from the media in S. aureus
cells treated with B-lactam 3. The blockage of acetate into the cell in the presence of
the B-lactam, but not penicillin or DMSO, revealed decisively that the inhibition of
fatty acid biosynthesis is a primary mode of action in S. aureus.

It is well documented that bacteria exposed to cell wall inhibitors (i.e., classical
B-lactams) or to antibiotic agents that act on the cytoplasmic membrane (i.e.,
polymyxins) inflict severe morphological damage that can be revealed by scanning
electron microscopy (SEM). To try to find such alterations in bacteria treated with
our N-thiolated B-lactams, we inoculated cultures of S. aureus with B-lactam 3, and
after a period of exposure, we examined the cells visually by SEM. These samples
were extracted from Kirby—Bauer agar diffusion plates from the outermost edges of
the growth inhibition zones, where antibiotic concentration would be too low to
completely stunt bacterial growth. S. aureus cells that had no exposure to any
antibiotic or those surviving treatment with B-lactam 3 appeared morphologically
identical, as grape-like clusters of uniformly formed, spherically shaped cells.
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Scheme 9 Three alternative reaction pathways for N-thiolated pB-lactams

However, S. aureus surviving treatment with penicillin G were severely damaged as
a result of penicillin’s effect on formation of the bacterial cell wall. The untreated
and B-lactam 3-treated S. aureus cells also retained the distinctive purple coloration
upon Gram-staining that confirms the presence of a fully intact, resilient cell wall,
while penicillin-treated S. aureus cells took on a light pink coloration revealing of a
fragmented cell wall. These experiments thus provided us with additional evidence
that N-thiolated B-lactams do not act on cell wall synthesis and are therefore
different mechanistically from penicillin.

To ascertain the chemical pathway through which N-thiolated B-lactams execute
their microbiological activity, we first considered three distinctly different
alternatives by which a biological nucleophile could attack the molecule
(Scheme 9). Thus, attack on the molecule by a biological nucleophile (Nu™)
directly on the PB-lactam carbonyl results in acylation of the nucleophile with
B-lactam ring opening (pathway 1), or on the carbon center of the N-alkylthio
group to cause alkylation of the nucleophile (pathway 2), or at the sulfur center to
transfer the sulfenyl chain onto the nucleophile by sulfenylation (pathway 3).

For all previously discovered B-lactams, acylation of the biological nucleophile
(a serine transpeptidase) is the pathway that enables capture of the enzyme by
formation of a hydrolytically stable acyl serine ester [26]. This acylation process
requires that the B-lactam first be recognized by the murein transpeptidases, which
requires the positioning of a carboxylic acid group on the B-lactam framework to
form an important salt bridge within the enzyme active site. The lack of an acidic
functionality on N-thiolated B-lactams suggests that transpeptidase binding, and
subsequent ring opening via acylation, would be unlikely. Furthermore, we
demonstrated that these compounds are highly resilient to acid or base hydrolysis,
or to ring cleavage by B-lactamases. As a consequence, N-thiolated B-lactams do
not act as -lactamase inhibitors and possess no ability to slow down enzymatic
hydrolysis of penicillin G. In terms of structure—activity trends, we also showed that
steric crowding near the carbonyl center for our C;-disubstituted analogues does not
impede their bioactivity. Thus, this acylation pathway can be ruled out.
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We then considered the second pathway that N-thiolated 3-lactams could poten-
tially act as biological alkylating agents. Again, we did not consider this to be a
strong possibility, since our structure—activity studies would surely seem to rule this
out. In effect, nucleophilic attack on the alkylthio carbon center would be predicted
to be less favorable for bulky, branched alkylthio moieties on the lactam. Our
data indicated just the opposite, such that the N-ethylthio, N-isopropylthio, and
N-sec-butylthio lactams (83, 87, and 88, respectively) were increasingly more
bioactive than the N-methylthio derivative 30. We also substantiated this by
examining the ability of B-lactam 3 to be an in vitro DNA alkylating agent.
Antibiotics like leinamycin and mitomycin that are DNA alkylating agents are
cidal. Nevertheless, we carried out experiments to determine whether N-thiolated
B-lactam 3 could induce strand breakage of supercoiled DNA, by treating the
plasmid pBR322 with varying concentrations of $-lactam 3 (5-100 pM) in sodium
phosphate buffer for 24 h. Double-strand (fragmentation) and single-strand (linear-
ization) breakage was then analyzed by agarose gel electrophoresis containing 1%
ethidium bromide. It was immediately obvious that even at these artificially high
concentrations, fB-lactam 3 did not cause any fragmentation or relaxation of the
plasmid superhelix by alkylation of the DNA. Since many well-known DNA
alkylating agents require bioactivation by a cytoplasmic thiol, we also did
experiments showing that B-lactam 3 had no effect on the plasmid even in the
presence of glutathione, dithiothreitol, or f-mercaptoethanol. Our conclusion was
that these [-lactams do not function antibacterially by alkylating bacterial
components.

Finally, we consider the third pathway, sulfenylation of a biological nucleophile
by transfer of the N-organothio moiety from the B-lactam. This pathway certainly
seemed the most likely of the three, given that we had isolated the N-protio
B-lactam from a culture of S. aureus treated with N-alkylthio B-lactam 30
(Fig. 26). Furthermore, Shah and Cama’s early report that N-methylthio B-lactams
are readily cleaved at the N—S bond by thiophiles, suggested that this could also be
achieved in a bacterial cell by certain biological thiols [5]. The more ubiquitous
organothiols in bacterial cells are those comprising the cytosolic redox buffer,
which plays a vital role in preserving proteins in their proper oxidation state and
sequestering cellular pollutants such as reactive oxygen species and alkylating
agents. Most commonly, this thiol is glutathione, a tripeptide that is found in high
concentrations in the cytoplasm of most bacteria and in human cells (Fig. 27).

To examine the sensitivity of B-lactams to glutathione, we ran Kirby—Bauer well
diffusion experiments on B-lactam 30 by adding glutathione at varying
concentrations directly to the diffusion well containing 20 pg of the lactam, prior
to incubation with the bacteria. In this way, we were quickly able to verify that the
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in vitro bioactivity of these B-lactams against S. aureus can be attenuated by
glutathione, and that this effect is enhanced as the amount of glutathione is
increased. A second Kirby—Bauer well diffusion experiment was also carried out
to assess whether glutathione could individually alter the anti-staphylococcal
properties of different N-alkylthio B-lactam derivatives, in this case, N-methylthio
B-lactam 30, N-ethylthio B-lactam 83, and N-sec-butylthio B-lactam 88 (Fig. 28).
We prepared an agar plate such that 1 mg of glutathione was added (as an aqueous
solution) into a well cut into the agar at the very center of the plate. We then added
the three B-lactam derivatives (dissolved in DMSO) to separate wells on the outer
perimeter of the plate, equidistant from the center well. The plate was then
inoculated with S. aureus and incubated for 24 h to allow for bacterial growth.
The shape and dimensions of the resulting growth inhibition zones around the
lactam-containing wells were observed, and all appeared “indented” on the side
facing the central well. This showed that the outward diffusion of the glutathione
from the center well impeded the growth inhibitory effects of the -lactams on the
microbe, in all three cases. In follow-up to this, we then showed that these same three
N-alkylthio B-lactams have different sensitivities to glutathione under bacterial
growth conditions, by varying the amounts of glutathione added into the agar. As
shown in Fig. 29, N-ethylthio lactam 83 and N-sec-butylthio lactam 88 both retained
most of their antibacterial activity against S. aureus in the presence of 20 mg of
added glutathione (left plate, Fig. 29a), while N-methylthio lactam 30 was
completely inactivated and showed no growth inhibition zone. Of the three lactams,
the N-methylthio derivative was most sensitive to glutathione, and its effect on
bacterial growth was quickly neutralized. When we then increased the amount of
glutathione mixed into the agar to 50 mg, both the N-methylthio and N-ethylthio
B-lactams completely lost their activity, while the N-sec-butylthio compound was
still strongly active (right plate, Fig. 29b). This enabled us to establish that the
N-alkylthio B-lactams each differ in their stability to glutathione (and possibly
other cellular thiols), with the order of stability being N-methylthio < N-ethylthio
< N-sec-butylthio. This order of sensitivity parallels the in vitro activities of the
three B-lactams towards S. aureus, and gave us the first insight that microbiological
activities of the N-thiolated B-lactams can be highly dependent on differences in
reactivity with thiophilic nucleophiles in or around the bacterial cell.
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These agar plate experiments suggested to us that high levels of glutathione,
such as that found in the cytoplasm of most microbial and human cells, protect
against the N-thiolated B-lactams and could explain the differences in bioactivity
these compounds have towards other microbes. For instance, we documented that
E. coli and P. aeruginosa show no susceptibility to these lactams, and coinciden-
tally, both have high cytosolic levels of glutathione. We made a plot of the cytosolic
concentrations of glutathione in a selection of bacterial species, versus the
antibacterial activities our lactams have against these microbes, and were surprised
to find an inversely linear dependency. Although we know that high cytosolic
concentrations of glutathione protect cells from the damaging cellular effects of
the lactams, we still had little idea as to why the B-lactams can even possess
antibacterial properties against microbes having low (or no) glutathione. What we
still needed to do was to identify a cellular target in these bacteria that could be tied
to their susceptibility to the lactams. To do this, we prepared a resin-bound B-lactam
derivative 99 having a transferable N-alkylthio moiety that could be used to search
for potential targets in the cytosol of S. aureus (Fig. 30) [27]. This resin-bound
lactam was added directly into fresh lysate of cultured S. aureus, and the lysate was
then extracted with ethyl acetate to pull out organic-soluble components. Among
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the various entities we found in the extract was the anticipated N-protio lactam that
had been released from the resin polymer. The solid material we obtained from the
lysate was treated with diisobutylaluminum hydride to cleave off the cellular
component(s) that had been thiolated by the B-lactam 99, and still bound to the
polymer resin through a reducible disulfide linkage. HPLC analysis of the reduced
product mixture revealed a cytosolic thiol that we quickly identified as coenzyme
A (CoA). CoA is a low molecular weight thiol found predominantly in the cyto-
plasmic fluid of S. aureus and several other pathogenic bacteria, including Bacillus
and Micrococcus species [28].

Serving as a cofactor in many enzymatic processes in both prokaryotic and
eukaryotic cells, CoA also can function as an effective replacement for glutathione
or other small organothiols as the cytosolic redox buffer that protects the cell from
reactive electrophiles and oxidants. Bacteria generating the highest cytosolic con-
centration of CoA include Staphylococcus, Bacillus, and Micrococcus, which also
have the lowest quantity of glutathione or small thiols. These are the microbes that
are the most susceptible to the N-alkylthio B-lactams. We could not tell whether the
sulfhydryl group of coenzyme A reacts directly with the N-thiolated B-lactams via
sulfenylation. However, we found that at physiological pH in buffered media, CoA,
glutathione, and cysteine do not cleave the N-organothio side chain off the lactams
on their own. This was a bit surprising to us, given the earlier results we obtained in
Kirby—Bauer testing that showed the attenuation effect of glutathione on the
lactams. This has made us suspect that there may be another entity, perhaps a yet
unidentified transferase protein that might assist in the transfer of the N-organothio
group from the lactam onto the sulfhydryl of CoA. The determination that coen-
zyme A is a primary target of N-thiolated B-lactams in bacteria whose glutathione
levels are low (or zero) has brought our focus to CoA and, specifically, CoA-
dependent processes, as a potential target for the development of antibacterial
drugs. Given the role of CoA as an essential cofactor in so many cellular processes,
we also recognize the possibility that these “thiolating” B-lactams may inhibit or
perturb multiple CoA-dependent pathways in bacteria.

9 Studies on the Effect of N-Thiolated 3-Lactams
on the Cytosolic Redox Buffer in S. aureus

All living cells have highly regulated thiol-based redox buffer systems designed to
maintain proper stasis in the cell, as well as to intercept undesired chemicals that are
detrimental to cellular components such as proteins, nucleic acids, and enzymatic
cofactors. The redox buffer consists of an equilibrium mixture of a small
sulfhydryl-containing molecule as the reducing agent and its disulfide counterpart
as the oxidant. The concentration of free thiol in these cytosolic buffers is usually
high, often millimolar. The elevated concentrations of CoA in Staphylococcus and
Bacillus stem from the role CoA plays in the redox buffer of these particular
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microbes, in place of glutathione. The relative levels of “reduced CoA” (as the free
thiol) versus “oxidized CoA” (CoA disulfide) are controlled by CoA disulfide
reductase [29, 30] that contains a cysteine residue and a non-covalently bound
flavin molecule [31]. The mechanism of biological reduction of CoA disulfide back
to its reduced CoA thiol is through thiol-disulfide exchange with the active site
cysteine, followed by flavin-mediated hydride transfer from NADPH to reduce the
cysteine-CoA disulfide bond and regenerate the active site sulthydryl. Coenzyme A
disulfide reductase is substantially distinct in its mechanism and substrate (disul-
fide) selectivity compared to glutathione disulfide reductase (that regulates
glutathione-based redox). The correlation between the antibacterial activity of the
N-alkylthio B-lactams and the CoA-based redox in S. aureus (and other microbes)
prompted us to study whether the lactams affect catalytic capabilities of CoA
disulfide reductase. The reducibility of the N-S bond in these compounds provides
the possibility that the active site cysteine of the reductase protein could become
sulfenylated by the lactam. However, we determined that neither lactam 30 nor the
CoA-alkyl disulfide formed by reaction of 30 with cytosolic CoA inhibited the
reductase catalysis. Our belief is that sulfenylation of the active site cysteine of
CoA disulfide reductase is most likely reversible due to NADPH-mediated reduc-
tion of the disulfide bond, thereby quickly regenerating the active sulfhydryl form
of the enzyme and having no net effect on the CoA redox buffer.

10 Studies on the Effect of N-Thiolated 3-Lactams
on Fatty Acid Biosynthesis in S. aureus

Having ruled out that the CoA thiol-redox buffer or the CoA reductase enzyme
controlling cell stasis is deleteriously altered by the N-alkylthio B-lactams, we then
considered the possibility that the mixed CoA-alkyl disulfides formed by
sulfenylation of CoA by the N-thiolated B-lactams could interact with CoA-
dependent enzymes in bacterial fatty acid biosynthesis. The most obvious of
these proteins, in our view, is B-ketoacyl-acyl carrier protein synthase III (FabH).
Previous studies by our collaborator, Kevin Reynolds at Portland State University,
showed that mixed CoA-alkyl disulfides (prepared synthetically) do in fact inhibit
enzymatic activity of these proteins in a structure-dependent manner [32]. How-
ever, they had also found no evidence that these mixed disulfides had antibacterial
capabilities when tested in vitro. This is likely due to the anionic charge on the CoA
unit, which prevents the mixed alkyl-CoA disulfide from passing through the
bacterial membrane to reach the enzyme in the cytosol. The role of the N-thiolated
B-lactam, we postulate, is to pass through the cellular membrane as an uncharged,
lipophilic molecule, and to then generate the anionically charged, active alkyl-CoA
mixed disulfide in the cytoplasm by reaction with CoA sulfhydryl. Different
N-alkylthio moieties on the B-lactam would lead to generation of different alkyl-
CoA disulfides, which Reynolds has documented interact with their own
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selectivities towards FabH proteins from different bacteria. We are interested in
conducting further investigations into the effect of N-thiolated B-lactams on FabH
and other related sulfhydryl enzymes.

11 Comparison of N-Thiolated 3-Lactams to Other Known
Fatty Acid Inhibitors

One can compare the properties of these N-thiolated B-lactams to those of the
natural products, such as allicin, found in freshly crushed garlic cloves, which
shows antifungal, antiviral, antiparisitic, and anticancer properties [33—43]. As for
N-thiolated B-lactams, allicin inhibits fatty acid biosynthesis in bacteria, and shows
the strongest bioactivity against microbes expressing low cytosolic concentrations
of glutathione [44—-46]. Both compounds partially inhibit protein and nucleic acid
synthesis in bacteria [47]. Allicin is a specific inhibitor of acetyl-CoA synthetases
through non-covalent reversible binding [48]. On the other hand, allicin reacts
chemically with sulfthydryls of alcohol dehydrogenases, thioredoxin reductase,
and RNA polymerase [49]. The similarities in the chemical reactivities and
microbiological activities of allicin (and related compounds such as ajoene,
thiolactomycin, and cerulenin) [50, 51] to those of N-thiolated B-lactams indicate
that these compounds may all share common biochemical targets and mechanisms
of action. Similarly, alkyl aryl disulfide 100 [52], acting as a generator of CoA-
methyl disulfide in the cytosol, and disulfide 101 are FabH inhibitors displaying
similarities in their mode of action to the N-thiolated -lactams (Fig. 31).

12 Experiments to Determine Whether Extrogenous Fatty
Acids in the Growth Media Attenuate the Antibacterial
Properties of N-Thiolated 3-Lactams

Recent studies have appeared in the literature indicating that exogenous fatty acids
in growth media can override the inhibitory effects of antibacterial agents that block
fatty acid biosynthesis in some bacteria. This finding of course concerned us, like
many in the antibacterials area, given the interest in new antibiotics that act on fatty
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acid biosynthesis in pathogenic bacteria like MRSA, and their potential utility for
clinical treatment of infections. Consequently, we set out to determine whether the
antibacterial activity of N-thiolated B-lactams could be overcome by the addition of
exogenous fatty acids during incubation. For this, we worked with Lindsey Shaw, a
collaborator in the Biology Department at University of South Florida, to assess the
MIC of the lactams for MRSA cultured in the presence of oleic acid or Tween 80.
For these experiments, we chose to use a lethal clinical MRSA strain, USA-100, to
ensure that the results in the laboratory had meaningful implications for clinical
settings as well. The MRSA was cultured in growth media containing one of the
fatty acids, Tween 80 or oleic acid, as well as in the absence of either, to compare
the effects of the fatty acids on the antibacterial capabilities of the N-thiolated
B-lactam. We also used bovine serum albumin, vancomycin (a cell wall synthesis
inhibitor), and (a FAS inhibitor) as controls for these studies. Our data showed
that the MIC (and thus the antibacterial activity) of vancomycin was unchanged
by the supplementation with the fatty acids in the growth media, while the MIC for
triclosan increased 100-fold and 500-fold in the presence of oleic acid and
Tween 80, respectively, as we expected (based on the literature). In the case of
N-sec-butylthio B-lactam 88, the MIC showed a mere twofold increase in the
presence of either fatty acid additive, relative to their absence in the media. We
believe this shows definitively that FabH-mediated inhibition by N-thiolated
B-lactams is only very weakly altered by exogenous fatty acids, and that the lactams
may indeed act on a number of parallel cellular processes that affect growth or
replication of bacteria. This matches our earlier findings and suppositions that
N-thiolated B-lactams most likely have multiple modes of inhibitory effects that
are CoA-dependent.

These observations reveal that N-thiolated B-lactams are unique not only among
B-lactam antibacterials but also among agents that inhibit bacterial fatty acid
biosynthesis. We contend that this uniqueness, coupled to their bacteriostatic
properties, high selectivity for a few pathogenic bacteria including MRSA, and
their ability to block more than one pathway make N-thiolated B-lactams good
candidates for clinical development for the treatment of deadly bacterial infections.

13 Development of Nanoparticle-Bound N-Thiolated
3-Lactams

Throughout much of these investigations, we were concerned about the limitations
imposed by the low water solubility and chemical sensitivity N-thiolated B-lactams
have with respect to their potential use as antibiotic agents. Thus far, we have had
limited success in trying to enhance water solubility through the introduction of
polar side chains at various locations in the molecule, given that in most instances
these side chain alterations decreased antibacterial activity. About 5 years ago, we
began experimenting with nanoparticles as a means to enhance both water solubility
and protection towards chemical degradation of the N-thiolated [-lactams.
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Using emulsion polymerization [52], acrylated monomers such as butyl acrylate
and styrene can be polymerized by radical initiation in water, in the presence of an
emulsified agent such as sodium dodecylsulfate. After a few hours with slight
warming, the monomers are consumed and uniformly sized nanoparticles measur-
ing around 50 nm are formed as a stable aqueous emulsion. What makes this
procedure useful to us, in terms of our desired applications, is the B-lactam antibi-
otic can be introduced prior to polymerization, either as a free drug (to encapsulate
it into the nanoparticle) or as an acrylated derivative (to attach it chemically within
the matrix of the nanoparticle, as shown in Scheme 10). Microbiological testing
indicated that the lactam-bound nanoparticles have strong antibacterial activity.
Glycosylated variants of these antibiotic-containing nanoparticles were also
prepared and shown to have in vitro antibacterial activity as well [53]. For this,
the acrylate monomer carrying the B-lactam is attached via a protected glycoside
such as structure 102, and this entire unit serves as a co-monomer for polymeriza-
tion (Fig. 32). Dynamic light scattering indicated that the nanoparticles have
an average diameter of 45 nm and are uniform in their size and shape. The bis-
B-lactam acrylate 102 and the nanoparticle derived from it via emulsion polymeri-
zation have promising antibacterial activity against both MRSA and B. anthracis.

14 N-Thiolated 3-Lactams as Antifungal Agents

Prior to our work, it was rare to find a f-lactam antibiotic that could inhibit the
proliferation of both bacteria and fungi, given the bacteria-specific target that the
classical B-lactams act upon. The mode of action of those B-lactam antibiotics
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ensured that the concentration needed to cause inhibitory effects in a fungal cell is
in far excess to that required for bacteria. Certainly, the mode of action of the
antifungal properties must be distinct to that in bacteria, given that fungal cells do
not possess the transpeptidase enzymes that crosslink the bacterial cell wall. It is not
coincidental that the B-lactam natural products are fungal metabolites made to
protect fungi against bacterial invaders, and thus are specifically designed to act
on bacterial enzymes, not fungal. Our results with bacteria, however, demonstrating
that N-thiolated B-lactams act on cellular targets and process within the cytoplasm,
not the cell wall, directed us to look for similar inhibitory effects on fungi [54]. The
other significant finding is that N-thiolated B-lactams only function against
microbes displaying low glutathione:coenzyme A levels in the cytoplasm. Among
fungi, Candida happens to express high cytosolic concentrations of free thiol,
including coenzyme A. We therefore carried out in vitro screenings of some of
our N-thiolated B-lactams against Candida, and saw strong antifungal activity. We
tested a dozen P-lactam analogues against seven Candida species, including
C. albicans, C. glabrata, C. tropicalis, C. parapsilosis, C. lusitaniae, C. kefyr,
C. utilis, and the resilient C. krusei. We saw some structural trends that closely
paralleled those for the antibacterial activities. For instance, replacing the Cs
methoxy for an acetoxy or phenoxy, or more polar side chains, reduced bioactivity.
For C, mono-halogenated aryl derivatives, those having fluorine attached to the aryl
moiety had the weakest antifungal activities, but otherwise, all of the halogenated
analogues were about equally active. It seemed preferable that the halogen be ortho
or meta-substituted. Multiple halogens on the aryl ring increased activity as well.
The most significant dependency in structure, however, at least for anti-Candida
activity, is that of the N-organothio substituent. For antibacterial activity against
MRSA, the N-sec-butylthio moiety gave the best results, but for Candida, there is
a clear preference for the N-methylthio group. The most potent antifungal lactam
in our collection turned out to N-methylthio B-lactam 17. The MIC of compound
30 against C. albicans is 8 pg/ml, similar to that of the clinical antifungal drug
clotrimazole. MICs of 30 against Aspergillis niger is 16 and 32 pug/ml for Saccha-
romyces cervisiae. As expected, for a fungistatic agent, the MIC value was
increased as incubation time was increased from 24 to 48 h. Relative and absolute
stereochemistry of the B-lactam was of no consequence, and the enantiomeric
B-lactams (—)-78 and (+)-78 produced similar growth inhibition zone sizes to
each other, against all of the Candida tested. This was the same outcome we
observed for S. aureus.

Transmission microscopic images taken of C. albicans cells treated with lactam
30 showed appreciable deformities in the mitochondrial and intracellular
membranes. The blockage of cell division by the B-lactam meant that the fungal
cell could not maturate or replicate. Untreated cells did not display these effects.
Trypan blue staining indicated that the fungal cells remained alive after treatment
with lactam 30, showing the fungistatic property of the B-lactams (identical to that
of bacteria). Extraction of treated cells with an organic solvent once again allowed
us to identify the N-protio B-lactam from dethiolation of N-methylthio -lactam 30.
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This confirmed that the N-organothio substituent, and not the B-lactam ring, is
required for antifungal activity.

15 N-Thiolated 3-Lactams Also Display Anticancer Properties

Along with the investigations we did with bacteria and fungi, our laboratory
collaborated with Q. Ping Dou’s group (originally at the H. Lee Moffitt Cancer
Research Center at University of South Florida, then at the Karmonos Cancer
Research Center at Wayne State University) to study the effects of the B-lactams
on human cancer cells. At first, the intention to probe for anticancer properties made
little sense, since it is well known that -lactams are highly selective for bacteria
over human cells and should not be able to inhibit cancer cells. The only thing to
suggest that the compounds might exhibit any anticancer activity at all was that they
clearly operate through an unusual mode of action in microbial cells, certainly
distinct to all previously known B-lactam compounds, and are highly lipophilic and
susceptible to the effects of cellular thiols such as glutathione and coenzyme A that
are also present in human cell lines. We published several papers from these
investigations [55-58]. The first one published in 2002 reported that N-methylthio
B-lactams induce apoptosis in human breast, prostate, leukemia, and head-and-neck
cancer cell lines. The most potent B-lactam we found, compound 30, induced DNA
damage and the inhibition of DNA replication in Jurkat T cells. This caused the
activation of p38 mitogen-activated protein kinase, as well as S-phase arrest leading
to cellular apoptosis. We determined that p38 protein plays a key role in apoptotic
induction, due to DNA damage, and induced caspase activation. In addition to
caspase-8 activation, we noted cleavage of the Bcl-2 family protein Bid and release
of cytochrome C from the mitochondria prior to caspase activation. These events
suggest commitment by the cancer cell to undergo apoptosis in response to the
damage caused by the uptake of the N-methylthio B-lactam 30. Along with this,
caspase-9 and caspase-3 became activated, and cleavage of PARP occurred. We
saw a notable decrease in membrane permeability, which occurs late in cell
apoptosis. All of these events were time dependent and B-lactam concentration
dependent, as expected for caspase-induced apoptosis [33—-37]. Our experiments,
however, were not able to determine how duplex DNA is cleaved in the presence of
the N-methylthio f-lactam. All we could ascertain was that DNA cleavage occurred
in a time-dependent and concentration-dependent manner, prior to stagnation in the
S-phase cell cycle. Activity was favored for the N-methylthio analogue over longer
N-alkylthio variants. The N-protio B-lactam (lacking the N-methylthio moiety) did
not induce the same effects, such as the induction of caspase-3 or PARP cleavage
in the leukemia Jurkat T cells. Thus, as expected, the N-organothio group on the
B-lactam is essential for the cancer cell apoptosis.

In a follow-up study, we focused more on whether the N-methylthio B-lactams
could distinguish between cancer and normal cells in causing apoptosis. The
B-lactam 30 selectively induces apoptosis in human leukemic Jurkat T cells and
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simian virus 40-transformed cells, but not in non-transformed, immortalized human
natural killer (NK) cells or in parental normal fibroblast cells. All of the B-lactams
having an N-methylthio side chain inhibited colony formation of human prostate
cancer cells. N-methylthio B-lactam 24 having a nitrophenyl moiety at C, showed
the strongest anticancer activity. Most recently, we examined anticancer activity for
B-lactams having branched side chains off the C; center of the lactam, first for
apoptosis induction and then for in vivo inhibition of breast tumor progression in
mice. We determined that the same effects observed for the B-lactams in vitro also
take place in vivo, in reducing the rate of growth of the xenograph and in inducing
DNA cleavage and apoptosis. The mice treated with the B-lactam displayed a 50%
decrease in tumor size with no indications of toxicity. This reduction of the tumor
growth is directly due to apoptosis induced by the B-lactam. Although the details of
the mechanism for this activity is not clear, the presumption is that the high
glutathione levels maintained in normal mammalian cells may provide protection
to apoptotic effects of the B-lactams that are otherwise found to occur, for unknown
reasons, in transformed or tumor cells. The concentration of B-lactam required to
see these anticancer effects in vitro and in vivo is 100-200 times that of the bacterial
MIC of our most potent [B-lactam analogues. At these very high lactam
concentrations, and even several times higher, we found no cellular toxicity in
normal human fibroblasts, indicating that the selectivities of the N-methylthio [-
lactam for bacteria or fungi over human cells, and between human cancer versus
healthy human cells, are each significant. Together, these studies indicate that N-
thiolated B-lactams may have utility in cancer control or prevention and much more
work towards assessing the value of these compounds for cancer treatment should
be conducted.

16 Conclusions

Our investigations of N-thiolated B-lactams have led to some interesting findings
about the chemistry and biological properties of these unique molecules. The
structure-bioactivity and genera selectivity the compounds display are unprece-
dented and reveal a great deal about their potential development as clinical
antibiotics. Through synthetic and computational modeling experiments, coupled
to investigations into the cellular effects and mechanism of action of the lactams,
we have learned about not only the compounds themselves but also the microbes
they act upon. The bacteriostatic effects on select pathogenic microbes, unique
SAR patterns, effects on cellular targets or processes, are distinctly different from
how other B-lactam antibiotics behave. While we do not yet know all the intricacies
of how these N-thiolated B-lactams execute their microbiological properties, we are
able to see now that they act upon coenzyme A and lipid biosynthesis.

In addition to their antibacterial activity, however, they possess interesting
bioactivities against eukaryotic cells, particularly yeast and cancer cells.
The lactams show no obvious cytotoxicity or harmful effects in mice. It is of
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interest for us to consider at this point the direction that future research or the
potential commercial development of N-thiolated -lactams may take, particularly
with regards to multi-drug resistant bacteria and cellular mechanisms for
overcoming the most powerful, broad-spectrum antibiotics still in favor clinically
today. Perhaps the continuing development of N-thiolated B-lactams, with their
bacteriostatic properties and selective activity against some of the most deadly
pathogenic bacteria such as MRSA and B. anthracis, and their antifungal and
anticancer properties, may provide utility in the treatment of human diseases.
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Synthesis of B-Lactams and Their Chemical
Manipulations Via Microwave-Induced
Reactions
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Abstract The B-lactam derivatives have many medicinal applications. Penicillins
and cephalosporins antibiotics and a number of B-lactams have been discovered for
the treatment of different medical disorders. As a result of this general trend of
B-lactam use, the searches for clinically useful f-lactams will be pursued by many
scientists. During the course of our studies on the synthesis of B-lactams and other
heterocycles, we have found it convenient to conduct several types of synthetic
steps under microwave irradiation. We have developed “microwave-induced
organic reaction enhancement (MORE)” chemistry techniques for using nontradi-
tional methods for rapid, safe, and environment-friendly reactions. These reactions
are performed in unmodified domestic microwave ovens in a matter of minutes
using very limited amounts of high boiling solvents (such as DMF and ethylene
glycol) or no solvents if one of the reactants is a suitable liquid. It is not clear
whether microwaves alter the transition state parameters of reactions. But, many
laboratories (including our own) have reported that microwave-assisted reactions
are much faster, comparatively free of by-products and sometimes susceptible to
steric control.
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1 Introduction

B-Lactams have a variety of crucial medicinal applications. In addition to the well-
known penicillins and cephalosporins antibiotics, many other (3-lactam antibiotics
have been discovered (for recent examples, see [1-4]). Potent and effective
B-lactam antibiotics as well as more effective P-lactamase inhibitors are needed
for the benefits of humankind. Therefore, chemists have been motivated to design
new PB-lactams [5]. These types of compounds have been used as starting materials
for the preparation of various heterocyclic compounds of biological importance
[6-10]. Substituted hydroxy B-lactams have been proved to be a versatile starting
materials in the semisynthesis of paclitaxel (Taxol) and docetaxel (Taxotere) [11].
B-Lactams have been used for lowering cholesterol [12—-15]. Human leukocyte
elastase inhibitory mechanisms and the biological activity of these classes of
compounds have been investigated [16] (and earlier references [17]). Recent
remarkable developments include catalytic asymmetric (for catalytic asymmetric
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synthesis, see [18—22]; for polymer-supported synthesis, see [23-30]) novel syn-
thesis of unique B-lactams. As a result of this general trend of B-lactam use in
practical life, the targets for clinically effective B-lactams that are antibiotics and
other medically important properties will continue to grow in the future (serine
protease [31-34] and references cited therein; [35] and references cited therein).
We have demonstrated numerous methods for the synthesis of B-lactams [36—44]
and several other related biologically active compounds [45-58]. (Presented at the
American Chemical Society (ACS) National Meeting, Orlando, FL, April 2002,
MEDI-213. We sent this paper for presentation to the ACS on October 31, 2001 and
it was accepted on December 16, 2001. The drug synthesis and chemistry branch of
the NCI tested 24a in their 60 cell lines and sent us the report on August 8, 2001.
This indicates that we are the pioneer in this field.) In continuation of our research
in this area, we describe herein the synthesis of several B-lactams and products
derived from them using microwave irradiation as one of the key steps. (Microwave
activation has become very popular and useful technology in organic and medicinal
chemistry. For some recent examples, see [59-62] and references cited therein. One
of us was extensively involved in the microwave-assisted B-lactam synthesis. For
example, see [63—-70].)

2 Microwave-Assisted Eco-Friendly Synthetic Steps

During the course of our studies on the synthesis of B-lactams and other heterocycles,
we have found it convenient to conduct several types of synthetic steps under
microwave irradiation. (Microwave activation has become very popular and useful
technology in organic and medicinal chemistry. For some recent examples, see
[59-62] and references cited therein. One of us was extensively involved in the
microwave-assisted B-lactam synthesis. For example, see [63-70].) “Microwave-
induced organic reaction enhancement (MORE)” chemistry techniques have been
used for nontraditional methods for rapid, safe, and environmentally benign reactions.
These reactions are performed in unmodified domestic microwave ovens in a matter of
minutes using very limited amounts of high boiling solvents (such as DMF, ethylene
dichloride, and ethylene glycol) or no solvents if one of the reactants is a suitable
liquid. Clearly, this method has received significant attention from scientists as can be
proved by several thousands of published papers in various journals.

Domestic microwave ovens use radiation of 2,450 MHz frequency which is
directed into the inner cavity of the oven. The level of the energy can be controlled
by an on—off cycle that can be adjusted for various levels of energy. Therefore,
selective microwave energy can be transferred to the reactants. Microwaves are
nonionizing radiation with dipoles. Glass, ceramic materials, and many polymeric
materials are transparent to microwaves. Great advantage is taken of this important
property of microwaves to concisely reduce the amount of organic solvents needed
as the reaction medium or microwave energy transfer agent. Upon irradiating a
reaction mixture in an open glass vessel depending upon the scale of the experiment
(a large beaker or Erlenmeyer flask with a loose cover), microwave irradiation is
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transferred to the reactants directly without the necessity for heating the glass vessel
(extraction container) and setting up the convection currents. The energy input is
controlled efficiently so that the solvent and/or the reaction mixture are not allowed
to boil and the flask is removed from the oven easily. This process limits the amount
of vaporization significantly and, therefore, no reflux condenser is essential. Stirrers
are not necessary if the reaction mixture is placed as a thin layer in the glass vessel
used so that microwaves can penetrate into the entire reaction mixture efficiently.
The usual reaction time is a few minutes even on a few 100 g scale. However, an
optimization of the reaction condition is required since it has been found that the
time may differ significantly depending upon the size and nature of the microwave
oven on—off cycle, solvent, and heat sink. A variation of one of these parameters
may cause acceleration or retardation of reaction rate.

It is not clear whether microwaves alter the transition state parameters of
reactions. Some evidence support that it is the radiation that is responsible for
accelerated rate of the process. But, many laboratories including our own have
reported that microwave-assisted reactions are much faster, high yielding compar-
atively free of by-products, and sometimes susceptible to stereochemistry control of
the products. A major advantage of MORE chemistry method is the minimum
amount of solvents used. A slurry at room temperature is sufficient and allows
enough reactants to go into solution at the comparatively high temperatures reached
very rapidly in a microwave oven in 1 or 2 min. This process facilitates the reaction
dramatically. Reduction in the use of solvents as reaction media and clean reaction
with better stereochemistry control reduce pollution at the source and ensure high
levels of efficiency from a practical point of view. Another advantage of MORE
chemistry method is the lowered energy consumption compared to conventional
heating under reflux. The use of high boiling polar solvent adds significant value.
The reaction mixture under irradiation is not allowed to come to the boiling point so
there is minimum vaporization. Also, microwave-assisted reactions on several
100 g scale require only 10—15 min of irradiation in a domestic microwave oven
of 800-1,000 W power. Commercial microwave ovens are available for kilogram
scale preparative reactions. The availability of such equipment certainly adds more
use of MORE chemistry techniques for process development research. There is no
doubt that microwave-enhanced chemical synthesis has played an important role
for the manufacture of specialty pharmaceuticals such as peptides, B-lactam,
heterocycles, steroids, alkaloids, and their analogs.

3 Catalytic Transfer Hydrogenation in 3-Lactam Chemistry

A few laboratories have employed catalytic transfer hydrogenation (CTH) in their
research [71-86] (for a recent review, see [87-94]). This is a safe and efficient
operation in which a catalyst and hydrogen gas are replaced with a catalyst and a
hydrogen donor such as cyclohexene, hydrazine, formic acid, sodium formate,
ammonium formate, cyclohexadiene, and phosphinic acid, sodium hypophophite
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[71-86] (for a recent review, see [87-94]). This type of hydrogenation is usually
conducted in flasks fitted with a magnetic stirrer and a reflux condenser under
anhydrous conditions. Ethyl alcohol is a common solvent for CTH. However, CTH
can be conducted very rapidly and in quantitative yield inside an unmodified
domestic microwave oven in ethylene glycol. For example, during the reduction
of 1 and 2 (Scheme 1), the vinyl group at C-3 was converted to the ethyl group
[92, 93]. No cleavage of the B-lactam ring was observed.

The B-lactam 3 underwent selective hydrogenolysis of the O-benzyl group and
reduction of the unsaturated ester group to a saturated ester side chain to yield the
B-lactam 4, which retained the N-benzyl group intact when 10% Pd/C was used as
the catalyst following this method (Scheme 1). This reaction demonstrates the
selectivity of hydrogenation reactions.

Ojima et al. have cleaved N-C4 bonds in 4-phenyl-2-azetidinones to prepare
phenylalanine derivatives in high yield (for example, see [8, 95, 96]). This was
performed using conventional catalytic hydrogenation method (ambient pressure
of hydrogen at 50°C in methanol with Pd/C as catalyst). In the presence of a large
excess of Raney nickel catalyst and hydrogen, 3-methoxy-1,4-diphenyl-2-azetidinone
underwent B-lactam cleavage to provide a small amount of the anilide of a-methoxy-
B-phenylpropionic acid (Scheme 1). However, cleavage of the B-lactams ring did not
occur under milder conditions. However, further investigation on this reaction was
very successful in obtaining exciting results.

Microwave-assisted catalytic transfer hydrogenolysis was extensively
investigated. This was performed at 120-130°C using 10% Pd/C as the catalyst.
In every case, extremely fast scission of 4-phenyl-2-azetidinones was observed in
the presence of ammonium formate as the hydrogen donor (Scheme 2).
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The N-benzyl group of the B-lactam 9 under this condition was not
hydrogenolyzed. But, the O—Bn group at C-3 was converted to an alcoholic OH
group; alkene f-lactams (11, 13, and 15) were reduced to alkyl P-lactams
(Scheme 2). The reduction product was obtained in high yield and very quickly.
Interestingly under these conditions Ra—Ni did not cause cleavage of the B-lactam
ring in 1 (Scheme 1).

4 Enantiospecific Synthesis of (—)-25,35-2-Amino-3,4-
Dihydroxybutyric Acid

B-Lactams can be used for the synthesis of optically pure polyhydroxy amino acid.
Microwave-induced reactions were used in preparation of these types of
compounds (for example, see [67-69, 97-105]). An aldehyde from a sugar deriva-
tive permitted the synthesis of a-hydroxy B-lactams of predictable absolute config-
uration. These 3-hydroxy-2-azetidinones were then used to generate polyhydroxy
amino acids (Scheme 3).
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Commercially available p-mannitol was selected as one of the starting
compounds. D-mannitol was utilized in two different ways for the preparation of
polyhydroxy amino acids (for example, 17 and 20). An unusual amino acid, also
known as L-y-hydroxythreonine, received significant attention. Klenk and Diebold
reported that it is one of the oxidative products of sphingosine derivative. Conse-
quently, several syntheses of this compound have been published [6-8, 10, 98].

The starting compound for this synthesis (Scheme 4) was p-glyceraldehyde
acetonide 18 which was allowed to react with benzyl amine to form an imine 23.
Reaction of 23 with benzyloxyacetyl chloride and triethylamine using microwave
irradiation produced a single cis-B-lactam 24 with known absolute configuration.

Microwave-assisted CTH of 24 was conducted at approximately 130°C with
ammonium formate as the hydrogen donor and 10% Pd/C as the catalyst [71-86]
(for a recent review, see [87-94]). Selective hydrogenolysis to 25 was observed: the
benzyloxy group was converted to a hydroxyl group but the N-benzyl group was
unaffected. Lithium aluminum hydride-induced reaction of 25 cleaved the B-lactam
ring and led to the vicinal diol 26. Oxidation of 26 failed to yield the desired
product. It was found that protection of the amino group with electron-withdrawing
group was necessary before conducting the oxidation step. Microwave-assisted
CTH of 26 was successful to remove the N-benzyl group to give the primary
amino compound 27. The amino compound was converted to t-butoxycarbonyl
derivative 28 using standard reaction conditions.

At the beginning of the process it was decided to prepare an L-amino acid.
Therefore, the diol (acetonide) was not disturbed and an acid was generated by
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ruthenium tetroxide oxidation of the unprotected diol 28. The amino acid derivative
29 obtained in this manner was then reacted with trifluoroacetic acid to remove the
ketal and Boc groups. The levorotatory (natural) form of y-hydroxy threonine, the
desired amino acid 30, was obtained through the above sequence of reactions.

This polyhydroxyamino acid and its mirror image 33 have been the target of
synthesis in several laboratories because of their biological activities [106]. (For
some examples of bismuth nitrate-catalyzed reactions from our laboratory, see
[107-112].) The imine 31 obtained by the condensation of 22 with benzyl amine
was allowed to react with benzyloxyacetyl chloride and triethylamine, under
microwave irradiation and a single optically active B-lactam 32 was the product.
The absolute configuration of the chiral center next to the aldehyde group in 22 was
helpful to predict the absolute configuration of this cis-B-lactam as shown in 32.
Optically active (—)-polyoxamic acid was then prepared through a series of steps.
As discussed before, many of the synthetic steps for the preparation of 33 were
conducted in domestic microwave oven. Successful synthesis of 30 and 33 dictates
that many other optically active polyhydroxy amino acids can be prepared starting
from B-lactams with predictable absolute configuration using microwave irradia-
tion as one of the key steps. For example, deprotection of the ketal group in 24 and
oxidation would provide an acid. Reduction of the 4-carboxy-B-lactam by mild
conditions should afford an amino acid derivative. The above sequence of reaction
suggests a variety of polyhydroxyamino acid could be synthesized by appropriate
selection of the reaction pathways. Reduction of B-lactam ring followed by
deprotection of the ketal group would lead to a different amino acid if deprotection
of the ketal remains the first choice rather than reductive cleavage of the B-lactam
ring [6] (Scheme 5).
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Table 1 Preparation of vinyl-B-lactams under microwave condition

Entry R' R? Stereo-chemistry Yield (%)
a Phenyl Phenyl Trans 65
b -Anisyl Trans 52
/ \ D Y.
—N
c —CO-Ph p-Anisyl Cis:trans (70:30) 80
d —CO-Ph —CH(CHj3)Ph Cis 55
e /U CH(CO,PNB)CH(CH;3)OH Cis 15
o
f p-Anisyl p-Anisyl Trans 55
g Phenyl p-Anisyl Trans 50
h Trans-cinnamyl CH(CO,PNB)CH(CH;)OH Cis:trans (90:10) 60

5 Steric Course of Cyclization of a-Vinyl B-Lactams

Vinyl B-lactams (34-36) are important starting compounds for different types of
heterocycles (Scheme 6). These compounds can be synthesized using microwave
irradiation. A direct synthesis of a-vinyl-B-lactams 39 and 42 by the reaction of o,
B-unsaturated acid chloride (for example, trans-crotonyl chloride 37) with imine 38
in the presence of triethylamine in refluxing dichloromethane or benzene was
developed [7]. Exclusive formation of trans-B-lactams 39 was observed from
trans crotonyl chloride 37 and the diaryl Schiff base 38 (Scheme 7, entry a, b, f,
and g; Table 1).
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Zamboni and Just used this method for preparing numerous trans-o-vinyl-
B-lactams as potential intermediates for B-lactam antibiotics [43] (Scheme 8). Thus,
the reaction of B-dimethylacryloyl chloride 40 and the imine 41 to obtain the trans-
B-lactam 42 (Scheme 8) was reported. It was shown that crotonyl chloride 37 and
dimethylacryloyl chloride 40 worked in a similar way during the formation of a-vinyl-
B-lactams 39 and 42, respectively. The imines 38 (R' = Ph or furfuryl or styryl)
produced from aniline or p-anisidine lead only to trans-p-lactams. But, the imine from
cinnamaldehyde and aniline produced a mixture of cis- and trans-f-lactams. At room
temperature the cis isomer was formed in predominant form but at higher temperature
the trans product was formed in major proportion. Imine 44 prepared from aliphatic
amine produced mostly the cis-a-vinyl-B-lactam 45 (Scheme 9).

The main features of MORE chemistry for the synthesis of a-vinyl B-lactams
were: (a) the use of open glass systems (this avoided the danger of explosions because
of rapid rise of pressure and temperature as in some sealed system reactions);
(b) control of the microwave irradiation input into the reaction mixture, such that
the temperature remained below the boiling point of the mixture; (c) no solvents
required if one of the reactants is a polar liquid; (d) minimal amounts of polar solvents
required since it was observed that a slurry is adequate for successful reaction at
higher temperature under microwave irradiation; (e) beakers, conical flasks, and glass
trays were used as reaction vessels; (f) reactants were energized directly, no stirrers
were essential; (g) most organic reactions on a large scale required only a short time
of irradiation instead of hours as in conventional set ups; (h) rapid increase of
temperature favored a few reaction pathways and thus led to selectivity. Selective
formations of products with control of stereochemistry were important.

Imines from aromatic aldehydes and substituted anilines produced only trans-
a-vinyl-B-lactams 39 (Schemes 7 and 8). But, the imine 44 from benzaldehyde and
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Table 2 Preparation of hydroxy-f-lactams by microwave irradiation

Temperature of reaction Amount of water
Length of irradiation Trans:cis mixtures (°C) as heat sink (mL)
1 min 40:60 78 200
2 min 60:40 92 200
3 min 70:30 95 200
4 min 70:30 105 200
5 min 80:20 108 200
10 min 80:20 118 200
30s 25:75 55 800
1 min 30:70 62 800
10 min 80:20 115 -
30 min 65:35 RT-115 -
6h 40:60 40 -
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methylamine produced a mixture of cis- and frans-B-lactams 45 and 46 in a ratio
depending upon the temperature of the reaction mixture (Scheme 9). Higher
temperature favored the formation of the trans-p-lactam, which is thermo-
dynamically more stable (Table 1). However, this process was not a base-catalyzed
isomerization. Unchanged cis-B-lactam 45 was recovered after irradiation in the
presence of N-methylmorpholine. At the beginning of the procedure as depicted in
(Scheme 9), cis-B-lactam was produced in higher amount. After 10 min of irradia-
tion, trans-f-lactam was formed as the predominant isomer (Table 2). It was
necessary to keep water in the microwave oven to control the temperature of the
reaction. Water absorbed a portion of microwave energy thereby prevented
reactants not to boil. Interestingly, cis-B-lactams 49a, b were obtained exclusively
from acid chlorides 37 or 40 and imine 48 (obtained from glyoxalic ester 47a or
phenyl glyoxal 47b)-irrespective of the temperature of the reaction (Scheme 10).
The reason for the formation of cis-B-lactams from glyoxalic ester and phenyl
glyoxal under microwave irradiation could not be explained based on the other
results as described above. However, the role of an electron-withdrawing group
could be important in the formation of cis-p-lactams.

Isomerization of B-lactam formation could be avoided using a novel concept.
For example, the problem of cis/trans isomerism disappeared when an imine
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52 derived from a ketomalonate 50 was used for the preparation of the vinyl-§-
lactam 56. However, an isomer 55 was also produced in which the double bond in
the side chain is conjugated with the B-lactam carbonyl group (Scheme 11) (for
example, see [67]). A similar reaction between 57 and 58 produced 59 and 60. This
reaction was extended with other substrates: using different groups at nitrogen of
the B-lactam ring. Dealkoxycarbonylation of B-lactams 61 and 62 was conducted
under the influence of lithium chloride in DMF.

Using microwave irradiation the products were found to be a mixture of E and Z
isomers 63 and 64 (1:1 ratio). Conjugation of the alkene group was possible
during microwave irradiation. Similar reactions of the mixtures of 65 and 66
afforded a single product 67 in good yield (Scheme 12). The mixture of unsaturated
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compounds 63 and 64 was then reduced to the saturated compounds 70 and 72,
respectively, by microwave-assisted CTH method.

Ethylene glycol was used as the solvent, ammonium formate as the hydrogen
donor, and 10% Pd/C as the catalyst. The stereochemistry of the products 70 and 72
from this study was found to be exclusively cis (Scheme 13). Preparation of these
types of alkyl-substituted -lactam was very difficult through direct cycloaddition
of saturated acid chloride with imine.

6 Glycosylation of Alcohols and Acid-Induced Cleavage
of the B-Lactam Glycosides

We reported the use of bismuth nitrate pentahydrate in several organic transformations
[106]. (For some examples of bismuth nitrate-catalyzed reactions from our laboratory,
see [107-112].) For example, nitration of aromatic hydrocarbons, phenolic
compounds, and the aromatic group in PB-lactams were realized in excellent
yield. These were exciting because phenolic compounds and B-lactams could be
functionalized using bismuth nitrate even at high temperature. No oxidation of phenol
and cleavage of B-lactam rings were observed. A facile Michael reaction of indoles
and carbamates with unsaturated ketones was also performed with bismuth nitrate
[111]. These reactions, in principle, required the presence of mineral acids, or Lewis
acids. Alternatively, a coordination of electron pairs of electronegative elements to the
vacant d-orbital of bismuth might also facilitate these reactions. The mechanism of
these bismuth nitrate reactions was not explored. However, in some examples,
involvement of catalytic amounts of nitric acid was speculated. In some instances
coordination of bismuth salts with electronegative species was proved. There were
unique advantages of using bismuth salts; the nontoxicity and mildness were the main
important features.

Ferrier rearrangement is a very useful reaction in organic synthesis. Since Ferrier
rearrangement is an acid-catalyzed process, we envisioned that bismuth nitrate
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might be a good catalyst in the glycosylation of alcohols in the presence of glycal.
Interestingly, to our surprise bismuth nitrate proved to be effective in catalyzing a
Ferrier type of rearrangement [100, 113].

Reaction of methanol, ethanol and isopropanol, and other alcohols with 3,4,5-tri-
O-acetyl p-glucal in the presence of bismuth nitrate (10-30 mol%) produced a
single glycoside in each case in 68-75% yield [43]. To control the reaction
temperature further, it was necessary to use a beaker containing water (depending
upon the scale of the experiment) next to the reaction vessel during microwave
exposure. Moreover, the “on—off” cycle present in the microwave oven was also
used to allow solvent not to be evaporated. The anomeric stereochemistry of these
glycosides was determined as o-from the coupling constant of the anomeric hydro-
gen (1-2 Hz) of a reduced isomer prepared by a hydrogenation experiment
(Schemes 14 and 15). (One of us was extensively involved in the microwave-
assisted B-lactam synthesis. For example, see [70].) The B-glycoside should have a
higher coupling constant because of axial-axial interactions.

We reported the use of iodine in organic synthesis [53, 114—116]. In the course of
our continuing studies on antibiotics and anticancer agents, we synthesized and
studied medicinal activities of several B-lactams. In an extension of iodine-catalyzed
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glycosylation of alcohol, we studied chiral resolution of a racemic alcohol that is
present in thienamycin side chain for obtaining both enanatiomers of this important
antibiotic [117-121]. The strategy was to prepare two separable diastereomeric
O-glycosides by the Ferrier rearrangement as one of the important steps [122].

In 1979, the clinical use of the B-lactam antibiotic thienamycin (82, Scheme 16)
was started. PS-5 and carptimycin also belonged to this family of antibiotics. Various
synthetic methods were published for the preparation of thienamycin and related
antibiotics. Most of these methods required optically pure 3-(1-hydroxyethyl)-4-
acetoxy-2-azetidinone (83) as the starting materials. Since enantiomers differ in
their biological properties, availability of both enantiomeric forms of this compound
is highly desirable [123, 124]. One way to prepare both enantiomers was to perform an
easy chiral resolution of a readily available racemic alcohol. Our attempt for the
synthesis of thienamycin provided a few glycosides via iodine-catalyzed reactions.

Microwave-induced hydrogenation using ethylene glycol as the reaction
medium and ammonium formate as the hydrogen donor in the presence of 10%
Pd—C produced the saturated products 85 and 87 very easily. The reaction was
completed within 1 min (Scheme 17). Similar hydrogenation of the B-lactam
containing a reducible group and an aromatic ring at C4 afforded a propionamide
derivative as a result of the N;—C,4 bond fission as discussed before (for example,
see [93-95]). It appeared that the sugar group in the glycosides 84 and 86 exerted
steric hindrance to the hydrogenolysis of the N;—C4 bond. However, conducting the
hydrogenation reaction for a long period afforded many other uncharacterized
materials. In the complex reaction mixtures several compounds were noted,
but they were not identified thoroughly; these compounds were formed because
of the cleavage of the N;—C4 bond, reduction of the olefinic group and allylic
deacetoxylation of the carbohydrate group. The 'H NMR spectra of the 2,3-dideoxy
carbohydrate derivatives 85 and 87 showed only small couplings (1-2 Hz) for the
anomeric hydrogen indicating axial stereochemistry of the glycoside bonds.
A higher coupling constant (8—10 Hz) was expected with a B-glycoside product.
A similar reaction with benzyl-protected glycal failed to produce any glycoside. In
conformity with the observation presented earlier, the importance of leaving group
properties was also found in the present study. The glycal that was derived from
galactal with identical protective group proved to be ineffective.

The two diastereomeric 88 and 90 were separated by column chromatography over
silica gel. Prolonged exposure of 88 and 90 to silica gel caused decomposition. Then
the sugar group of 88 and 90 was removed by mild aqueous hydrochloric acid
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treatment. The cleavage reaction was also performed using bismuth nitrate under
microwave irradiation to afford alcohol derivatives. f-Lactams 89a and 91a were
converted into their respective acetates 81b and 91b. Followed by usual method
B-lactam 89b was found to be enantiomerically pure as revealed by 'H NMR
spectroscopy using an optically active shift reagent [125]. This NMR study further
confirmed that the compounds 89b and 91b are mirror images to each other
(Scheme 18). The structure of 89b and 91b was also confirmed by chemical conver-
sion to alkenes (not shown). Specific alkenes were formed from 89 and 91a. This
method established the stereochemistry of the products as described in (Scheme 18).
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7 Stereoselectivity in the 3-Lactam Formation Reaction

The stereochemistry (cis and trans) of the B-lactams 93 and 94 formed by the
reaction of acid chloride and imine in the microwave oven with irradiation for a
short period of time (1-2 min) at low power setting was identical as obtained by the
traditional method. Our studies showed that it is possible to control the stereochem-
istry of B-lactam formation using high level irradiation in a domestic microwave
oven following cycloaddition reaction. For a study of the effect of microwave
irradiation on the formation of hydroxy-fB-lactam compounds, we selected several
imines 92 and the high boiling tertiary amine, N-methylmorpholine in place of
lower boiling triethylamine. Chlorobenzene (b.p. 132°C) was chosen as the reaction
medium in place of toluene which absorbs microwave energy only poorly because
of low dipole movement. Polar solvents were superior for microwave-induced
reactions. The approximate temperature of the reaction (110-120°C) mixture was
determined by using a thermometer after the microwave irradiation was stopped.
A beaker of water was kept next to the reaction vessel in the microwave oven as a
“heat sink” for control of the amount of microwave energy entering into the
reaction mixtures of small size (1-5 g). For large-scale (100 g) reaction, the
proportion of solvent was reduced. Microwave-induced reactions were very effec-
tive for 50 g scale for this reaction.

Observations on the preparation of a-benzyloxy-f-lactams from benzyloxyacetyl
chloride 91a, 92a, and N-methylmorpholine showed the formation of varying
amounts of cis- and trans-B-lactams 93a and 94a. These results were interesting
because this reaction should produce only the cis isomer. Based on these results a
systematic study was undertaken. It was demonstrated that cis-B-lactam 94a forma-
tion was favored by lower power of microwave irradiation (power levels 4 and 5). At
about 112°C reaction temperature, there was more of the frans product 93a than the
cis isomer 94a. When the reaction of the same acid chloride 91a with imine 92e
derived from optically active p-glyceraldehyde acetonide was conducted under
MORE chemistry conditions, only the cis-B-lactam 94e was obtained both at low
and high power settings. Different way to obtain frans-isomer of 94e was attempted.
However, the product remained cis. This is in clear contrast with the observation
made on 92a, 92b, 92¢, and 92d. Various attempts in the presence of a base were used
to obtain trans-P-lactam with 92e. However, all attempts failed: only a single cis-[3-
lactam was obtained.

We investigated the B-lactam forming reaction when the imine was derived from
an aromatic aldehyde and an aryl alkyl amine as in 92b and 92c¢. When the
cycloaddition was conducted in the traditional manner at 0°C by the “normal
addition” method, only the cis-B-lactam was formed. However, if the “inverse
addition” method was used, 30% cis and 70% trans-p-lactams were obtained
under the same conditions in excellent yield. Therefore, the order of addition of
reagents had a tremendous role on the stereochemistry of the B-lactam formation
reaction through cycloaddition method. This suggests that different mechanistic
routes are possible to obtain different B-lactams by changing the order of addition
of reagents.
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Interestingly, when this reaction was conducted in a microwave oven using
chlorobenzene (preheated to about 110°C) as the reaction medium, the ratio of
trans- to cis-B-lactam was 90:10 irrespective of the sequence of addition (i.e.,
“normal addition” or “inverse addition”). It is difficult to explain these results.
However, we hypothesized that fast reactions and additions were unable to differ-
entiate the sequence of addition of the reagents. When the cis-B-lactam 94¢ was
heated with N-methylmorpholine in chlorobenzene solution for 30 min, there was
no isomerization to the thermodynamically more stable trans-p-lactam 93c. This
study confirmed that the formation of cis- and trans-p-lactams followed multiple
mechanisms. The transition state structures were altered by minor variation of the
conditions of the experiments. Microwave irradiation seems to be responsible for
the alteration of the transition state structures.

B-Lactam ring was used as the starting compound for the preparation of antican-
cer drug [R]. A compound of particular interest was the cis-f-lactam 94d (and its
trans isomer 93d), which was used as intermediates for the side chain of Taxol and
its analogs such as Taxotere. Coupling of 94d with baccatin and chemical manipu-
lation of the structures provided Taxol and Taxotere. When this cycloaddition
reaction was conducted under microwave irradiation for 5 min, the ratio of the
trans to cis isomer was 95:5. It was reported the preparation of the racemic form of
the trans-f-lactam 93d by the slow addition of triethylamine to a refluxing solution
of the imine and the acid chloride in toluene solution [122]. This trans-B-lactam
93d is an intermediate for 2-epi-taxol (Scheme 19). Therefore, microwave-induced
reactions can produce isomeric 3-lactams of medicinal significance in a very simple
manner and within a very short time.

From the results obtained above, it is concluded that the cycloaddition reaction
involves multiple pathways some of which are highly accelerated and significant by
rapid microwave irradiation. Higher temperature also facilitates trans-p-lactam
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formation. However, microwave irradiation is much more effective in the formation
of specific trans-p-lactams.

By irradiating mixtures of an amine 95 and aldehyde 96 in a microwave oven
(Scheme 20), the imine intermediate 97 was prepared quantitatively. Surprisingly,
azeotropic distillation with Dean—Stark trap as well as in the presence of water
trapping agents led to significantly low conversions and partial decomposition. This
was because the microwave-induced reaction was very fast which allowed
using these relatively unstable products without chromatography purification. The
imine 97 was converted into the target azetidinones 98-107 via Staudinger [2 + 2]
ketene-imine cycloaddition. This was done using triethylamine as a base and
3-phenylpropionyl chloride as a ketene component. The cycloaddition reaction
was performed in twofold excess of ketene precursor due to the presence of a free
hydroxyl group. However, in the case of azetidinones 106 and 107 formation,
reactions were initially performed in refluxing toluene as the solvent. This was
in an attempt to achieve B-lactam ring formation with frans-selectivity [122].
B-Lactams 98-107 were isolated in good to high yields since the transformations
proceeded efficiently. The products were obtained diastereoselectively as pairs of
isomers with the desired trans-C-3 and C-4-configuration, i.e., (3R,4S) and (3S5,4R).
The isomeric ratios were calculated on the basis of the relative integral intensities of
the proton NMR spectra. High performance flash chromatography (HPFC) on silica
gel separated the diastereoisomers. X-ray analysis of selected samples of the
isomers with lower R¢-values determined the absolute configurations of the phenyl-
ethylamine azetidinones 99-107. The isomers are solid products in most of the
cases, while the less polar ones are always viscous oils. Crystals were grown by
slow diffusion of hexane into chloroform solutions of the enantiomeric compounds.
By using phenylethylamine auxiliary low to medium asymmetric induction in the
ring construction was obtained. However, equimolar mixtures of frans-isomers
were formed from aminomethylpinane derivatives. Comparison between
4-dimethylamino and methoxy derivatives showed that all phenylethylamine
derivatives are formed efficiently. Aldehyde group moderately influenced the
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substituents selectivity. Commensurable superiority of the less polar isomer was
observed in the formation of dimethylamino and 3,4-dimethoxy substituted
B-lactams. However, a better selectivity was achieved with bulky electron donating
substituent in ortho-position. The best result was confirmed with three methoxy
groups.

Tetrachlorophthalolyl glycine 110 was prepared in 94% yield in 90 s in an
unmodified domestic microwave oven. Protection of glycine 109 on a molecular
scale of commercially available tetrachlorophthalic anhydride 108 was performed.

Tetrachlorophthaloyl (TCP)-protected glycine was found to be isolated in more
than 90% yield after 8 min of irradiation followed by crystallization of the crude
material from methanol. Treatment of acid 110 with thionyl chloride for 4 h
provided the acid chloride 111 in very good yield [126].

The reaction of 111 with various imines in dichloromethane in the presence
of triethylamine using microwave irradiation provided the TCP-protected o-amino-
B-lactams 113a and 113b in moderate yields with varying cis/trans ratio.
Acid chloride 111 reacted with imine 112 in chlorobenzene in the presence of
N-methylmorpholine under microwave irradiation for 3—5 min and provided TCP-
protected PB-lactams 113a and 113b in excellent yield. Trans selectivity was
observed (more than 90%) when the reaction was performed under microwave
irradiation. Under conventional conditions, however, the product was a mixture of
cis/trans isomers in varying proportions. Temperature of the reaction was found
to affect the stereoselectivity. The imine solution in chlorobenzene with
N-methylmorpholine was irradiated in a microwave oven extensively for 1 min in
order to reach a temperature of about 110°C. The acid chloride was quickly added
and the mixture of the reactants was then further irradiated for 3 min at a low power
level. After cooling the reaction mixture, n-hexane was added, and the product was
filtered off and washed with water in order to remove the inorganic salt. The
protected group then was removed by reacting 113 with ethylenediamine to afford
114. The resulting amine 114 was converted to amide 115. Removal of the
protective group was also performed in microwave oven. This reaction was selec-
tive since no cleavage of the f-lactam ring was observed (Scheme 21).

Interestingly, in the case of 4-styryl-2-azetidinone only the cis-B-lactam was the
product obtained by this method. This was the product even under a high level of
microwave irradiation. In another method, the imines 117 (a—h) were prepared by a
general method. This was performed by refluxing 2-amino thiazole with different
aromatic aldehydes. On cyclocondensation of imines with phenyl acetyl chloride
and in the presence of triethylamine, azetidinones as shown in Scheme 22 were
afforded in 60—65% yields. The "H NMR showed a cis configuration of the C-3 and
C-4 protons of the 2-azetidinone ring. Each proton at C-3 and C-4 showed as a
doublet. Polarization of the molecules under microwave irradiation caused rapid
reaction to occur. Importantly, the yields of 118 (a—h) were high (85-95%) under
microwave irradiation conditions. Using conventional heating however, the yields
were comparatively low (60-65%).

The negative charges of the oxygen and nitrogen atoms of 1,3-thiazolyl group as
well as the partial pi positive charges of sulfur and supplementary arm 2-OH
contributed in favor of an antibacterial activity. Additionally it was established
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that the activity is improved with increase in negative charge of one heteroatom of
the pharmacophore fragment of the compounds (119 and 120) (Scheme 23) [127].

A systematic study to address the use of microwave techniques in the synthesis
of B-lactam rings from 1,3-azadienes in the absence of solvents, following a two-
step Staudinger reaction was performed. The cyclization was conducted on a scale
from milligrams to 50 g in 1-20 min using inexpensive equipment. The adequate
choice of irradiation time and control of the energy source from the microwave
oven into the reaction mixture was the key to solvent-free organic reactions. This
may in turn be responsible for the decomposition of the starting azadiene. A number
of experiments were performed to identify the best conditions for obtaining high
cyclization yield. The starting azadiene was prepared from a silylimine. The
silylimine was in turn obtained from an aldehyde and an acyl chloride. The
N-trialkylsilyl-substituted azadienes 123 was prepared with the hydrolytically
stable TBDMS-group. According to the procedure (Scheme 24) the required
N-tert-butyldimethylsilyl imine 123 was prepared from lithium N,N-(tert-
butyldimethyl) trimethylsilyl amide 122 and an aldehyde 121. Azadienes 123 was
used as such or purified by flash chromatography on a short silica gel-column. This
was depending on the purity of the crude reaction mixture as evaluated by '"H NMR.
Azadienes resulting from tzert-butyldimethylsilylimines could be stored at low
temperature to prepare B-lactam 124 [128].

A new procedure for the synthesis of B-aminoesters and -lactams starting from
imines and silyl ketene acetals was developed. Reaction of benzylidene aniline 125a
(R = Ph) with the silyl ketene acetal 126 over montmorillonite K10 afforded the
B-aminoester [129] (Scheme 25).
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8 Formation of B-Lactams with Polyaromatic Imines

The Staudinger reaction has been used extensively for the synthesis of polyaromatic
B-lactams. This reaction requires an imine, base, and acid chloride, (or equivalent).
The stereochemistry of resulting B-lactams varies, including cis, trans, and a
cis—trans mixture, depending on the substituents present in the imine and acid
chloride and conditions of the reactions. In general, the reaction of acyloxy-,
alkoxy-, and nitrogen-containing acid chloride with diaryl imines produces cis-f3-
lactam under Staudinger reaction conditions. However, the reaction of
polyaromatic imines with acetoxy, phenoxy, and phthalimido acid chloride in the
presence of triethylamine at —78°C to room temperature produced trans-p-lactams
(128-141) (Scheme 26). Isomeric polyaromatic imines (142—144) in which the
aromatic moieties were interchanged produced cis-B-lactams (145-147) in good
yield (Scheme 27). Although formation of B-lactams using the Staudinger reaction
was discovered more than 90 years ago, surprisingly, there was no report in the
literature regarding the use of tetracyclic or pentacyclic aromatic systems in
B-lactam formation reaction. Interestingly, the formation of trans-B-lactams with
polyaromatic imines was not described in the literature [57, 130]. Some previous
studies were performed toward the formation of rans-B-lactams. However, the
conditions in those experiments were different from those in the present study. For
example, synthesis of some trans-fB-lactams was performed using high-power
microwave irradiation and changing the order of the addition of the reagents. In
addition, frans-PB-lactams were obtained in low yield as the only isolated products
using cyclic imines, but they were not derived from an aromatic amine.

The above concept has been extended to similar polyaromatic imines. As a
model study, reaction of diarylimine 149 with O-acetylmandelic chloride 148 in
the presence of triethyl amine was performed at 0°C-room temperature and a single
B-lactam 150 was obtained in 70% yield. The acetate and the C-4 hydrogen in 150
resonate at 0 1.6 and 5.7, respectively. Microwave-induced method, however,
produced a mixture of two B-lactams 150 and 151 in a ratio of 1:1 (70% yield).
High temperature reaction also produced an identical mixture of products 150 and
151 in 70% yield. The acetate and the C-4 hydrogen in B-lactam 151 resonate at
0 2.2 and 5.67, respectively (Scheme 28).
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Cycloaddition of imine 152 derived from a multicyclic aromatic amine at 0°C
room temperature afforded two products 153 and 154 in a ratio of 7:3. Microwave
irradiation, however, produced a mixture of two products 153 and 154 in a ratio of
2:8 (Scheme 29). The acetate and C-4 hydrogen in 153 resonate at ¢ 2.17 and 5.95,
respectively. The acetate and C-4 hydrogen in 154 resonate at § 2.33 and 6.46,
respectively. Similar observation was obtained with imine 155.

When irradiated in a microwave oven using chlorobenzene and triethylamine,
B-lactam 153-155 did not isomerize. The B-lactams also did not produce to isomeric
B-lactams when they were refluxed in ethylenedichloride and triethylamine. These
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experiments established that there were no isomerization of the B-lactams during
reaction at a high temperature and/or under microwave irradiation.

This results in a trans-p-lactam in which C-4 phenyl and C-3 acetoxy groups are
trans to each other in the predominant product. The classical condition using imine
149 followed the normal cycloaddition path as reported in the literature and this
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gave cis-type of compounds (C-3 acetoxy and C-4H are trans to each other).
However, drastic energy through microwave radiation altered the structure of the
intermediate presumably through a rotation of the bond and these result in the
formation of different stereoisomers in major proportion. A similar approach with
different imines 158 and 161 was performed and the corresponding -lactams were
obtained (Scheme 30). Acetoxyacetyl chloride provided trans-p-lactam predomi-
nantly even with conjugated system.

Reaction of ferrocene aldehyde with 6-aminochrysene in toluene produced
imine 164 after 72 h reflux using a Dean—Stark water separator. The imine 164
was then reacted with acid chloride 128 at 0°C room temperature and a single
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trans-B-lactam 165 was obtained in 70% yield (Scheme 31). This result suggests
that ferrocene group exerts a similar behavior like aromatic aldehydes in the
Staudinger reaction.

The formation of a frans isomer as observed in the present study can be
rationalized through isomerization of the enolates (Scheme 32, 166-176).

The electron-withdrawing polyaromatic system at the nitrogen stabilizes the
iminium ion [131]. This process allows rotation of the bond (169-170) and results
in the formation of trans-B-lactam 171. This observation is similar to that described
by Just et al. in which formation of a trans-isomer having electron-withdrawing
nitro-substituted imines was performed [132]. In contrast, the exclusive formation
of a cis-B-lactam having a polyaromatic group and cinnamyl at C-4 prompted us to
develop a hypothesis regarding a mechanism previously described by Doyle et al.
[133]. In this context, extended conjugation of the cinnamyl and polyaromatic
system stabilizes the acyliminium ion 172. Furthermore, the presence of the
cinnamyl or polyaromatic system at C-4 outweighs the contribution of the
N-polyaromatic system, resulting in cis-B-lactam formation. Subsequent proton
abstraction from complex 172 produced cis-B-lactam 175-176 (90° bond rotation
and closure) or 174 (anion inversion and closure). This hypothesis was further
strengthened by the possible formation of donor—acceptor complex 176 as
suggested by Bose et al. [134]. This complex formation effectively stabilized the
transition states of the reaction.

9 Mechanism of 3-Lactam Formation Reactions

The mechanism of B-lactam formation has been investigated extensively, and the
rationale for the observed diastereoselectivity in certain cases remains unknown. It
has been shown that the stereoselectivity depends on a number of factors: the



Synthesis of B-Lactams and Their Chemical Manipulations Via. . . 211

n

Y = monocyclic aromatic, conjugated aromatic
Z = 0, N-containing group n,0-2

X X
/ /
(/ !
X AT AN
N _ —H
- = @
NoH % Y HZ
)—%1—5 4
H
¢} H, o
172 173
90° bond rotation
and closure
—H,

/
’
/
X J// X X< N n
N _ Lo . [—
N @ anion iversion N

H
H 7. —_—
)_@Z ! and closure J,_éz
H
O H O

174

X = phenyl, polyaromatic
Y = phenyl, polyaromatic
Z =0, N, etc.

Scheme 32

structure of the imine, acid chloride (equivalent), sequence of reagent addition,
solvent, amounts of solvent, time, temperature, and bases. In a large number of
observations, cis-f-lactam was found to be the exclusive or major product when
acid chloride (equivalent) was added dropwise at low to room temperature to the
solution of imines and tertiary base. On the other hand, a rans-B-lactam is the
major or exclusive product when a tertiary base is slowly added to the imine
and acid chloride (equivalent) solution at room to high temperature. Based on the
large amount of data in the literature, some predictions concerning their stereo-
selectivity have been made. For instance, Georg and Ravikumar have established
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some general rules regarding stereoselectivity in the formation of [-lactam
rings [134]. Also, computer-assisted theoretical calculations have been advanced
to explain the stereochemical outcome. Cossio and coworkers and Sordo and
coworkers have explained the stereochemical results on the basis of torquoelectronic
effects (for example, see [135-143]). Low-temperature infrared spectroscopy has
been used by Lynch et al. to identify the reactive intermediates [144]. In general,
two mechanisms have been proposed to explain the product distribution in the
B-lactam formation reaction. One of these, the ketene mechanism, was observed
in a low-temperature infrared spectroscopy study while the other, the acylation of
imine mechanism was also believed to be involved. Both mechanisms were
supported by numerous lines of evidence in several studies. In particular, it has
been hypothesized that cycloaddition of the imine occurs from the least hindered
side of the hetene, a process that generates zwitterionic intermediates; conrotatory
cyclization of these intermediates can then provide cis- and trans-B-lactams.
In addition, the latter mechanism proposes acylation of the imine by the acid chloride
to form N-acyliminium chloride, which produces zwitterionic intermediates.

Our current thoughts regarding the likely mechanisms by which this cycloaddi-
tion with polyaromatic imines proceeded are described below. Infrared spectra had
shown a strong band at 2,200 cm ™! when acid chloride and imine were reacted in
the presence of triethylamine within 30 min after the start of the reaction. This band
mostly disappeared after 24 h or reaction. Therefore, a ketene was involved in this
reaction as an intermediate.

However, Cossio et al. described that the SN, intramolecular mechanism
favored the preferential or exclusive formation of trans-f-lactams, particularly
when the reactions were allowed to take place in the absence of a tertiary base in
the initial stages of the reaction. In contrast, triethylamine was used as one of the
reactants at the beginning of our experiment, yet the product was a trans-p-lactam
in many cases as described here. The use of diisopropylethyl amine as the base did
not improve the yield of the products. However, the stereochemistry of the products
with polyaromatic imines remained identical. The stereoselectivity of trans-
B-lactam can be explained on the basis of steric effects. It is postulated the
isomerization of C=N bond prior to ring closure as a result of severe steric
interactions. Undoubtedly, this mechanism explained our trans-selectivity, but
did not explain cis selectivity with similar types of compounds. Formation of a
mixture of cis- and trans-isomers with naphthalenyl and anthracenyl imines could
not be explained using the mechanisms described above. If the electron withdrawal
properties or the steric crowding of the N-polyaromatic system were solely respon-
sible for the trans-B-lactam formation, then an identical stereochemical distribution
would have been observed in the isomeric naphthalenyl and anthracenyl
compounds. Comparison of these results and examination of the N-polyaromatic
systems with which frans isomers were the only products revealed a structural
similarity. These imines have a peri hydrogen very close to the C=N bond, whereas
this peri hydrogen is relatively distant from the same bond in similar structures. But,
it has been established that microwave irradiation can alter the stereochemical
distribution when naphthalenyl and anthracenyl imines were used irrespective of
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the absence of the peri hydrogen. In contrast, several other imines with extended
conjugation never produced frans-B-lactams even after performing the reactions
under forcing conditions. In this respect, it appeared that stabilization of the
positive charge by the extended conjugation is the major contributor in dictating
the stereochemistry of the final B-lactams. These extensive results also indicate that
it is the nature of the C-4 group that controls the isomer distribution in this type of
reaction. The products as described in Scheme 26 were obtained based on
hypothesis-driven work on conformationally restricted compounds (for example,
see [135-142]).

10 Synthesis of Diverse 3-Lactams (Scheme 33)

Polycyclic novel B-lactams were prepared starting from cyclic imine through
microwave irradiation as shown in (Scheme 38) [143]. It has been found that clay
can help to form imine and Staudinger reaction can be performed with success in a
one-pot operation (Scheme 34) [144].
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11 Rearrangement of the 3-Lactam Ring

Pyrimidines and oxazines were prepared from B-lactam rearrangement reaction
using domestic microwave oven. For example, trans-p-lactam 183 on treatment
with sodium methoxide in methanol produced pyrrolidine 185 due to the cleavage
and subsequent rearrangement (Scheme 35) [145]. Oxazines were derived under
reductive conditions with indium metal-induced reactions (Schemes 36 and 37).
The nitro group can be reduced to amino group. On nucleophilic attack by the amino
group to the B-lactam carbonyl group, the ring was cleaved (Scheme 37) [146].

12 Preparation of Taxol and Taxotere Side Chains

The formation of a single glycoside from optically active o-hydroxy B-lactams
studied raised the possibility of synthesizing both enantiomeric forms of racemic
B-lactams. On this basis, glycosylation of racemic cis-1-(p-anisyl)-3-hydroxy-4-
phenyl-2-azetidinone 194 was investigated in detail. On treatment with glucal
triacetate 193 and iodine in tetrahydrofuran solution, 194 led in 60% yield to a
mixture of two diastereomeric compounds 196 and 195 in the ratio of 55:45
(Scheme 38).
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Catalyst transfer hydrogenation of 196 in ethanol produced a 2,3,4-
trideoxyglucoside 197. The CTH reaction using a domestic microwave oven in
ethylene glycol produced an identical product within 2 min. The small couplings
for the anomeric proton indicated that an a-glycosidic linkage had been formed
(Scheme 38). This reaction was performed by placing the reaction mixture in a large
beaker or an Erlenmeyer flask with a loose cover for a top and a beaker of water by its
side. Irradiation for 2 min under low energy setting heated the reaction mixture to
about 80°C.

The diastereomers 196 and 195 were separated through column chromatography
and treated individually with aqueous hydrochloric acid solution or bismuth nitrate-
catalyzed reaction to remove the sugar moiety. As expected, the hydroxy B-lactams
197 and 199 were obtained, and these were then converted to their corresponding
acetates 198 and 200 in 90% yield (Scheme 39). Although aqueous hydrochloride
acid worked well in the cleavage of the hemiacetal bond in 195 and 195, we
discovered that an aqueous solution of bismuth nitrate produced products 197 and
199 in comparable yields.

2-Fluoro-3-formyl substituted quinolines gave the corresponding hydrazones
upon reduction with ocranoid acid hydrazide in ethanol. B-Lactams are afforded
through conventional heating and by reaction with chloroacetyl chloride and
triethylamine in a microwave oven [147].
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13 Conclusion

Domestic and automated microwave-induced reactions are explored systematically
with different other substrates. Most of the instances, there is a tendency to
form trans-B-lactams. The synthesis of frans-isomer was investigated using
related methods [148-152]. The mechanism of frans-p-lactam formation was
also explained in some elegant studies [153-156]. Higher activation energy
transformations that are difficult and impossible to complete with conventional
heating (oil bath, steam bath, and mantle) can be performed very easily with
microwave irradiation because of the facile energy transfer process. Heat is applied
externally and it passes through the walls of the reaction vessel and solvent during
thermally assisted chemical reactions. Therefore, some of the reactions under
thermal conditions may not prove efficient. However, microwave-induced reactions
have a number of advantages because of microwave-coupling, microwave heating,
microwave irradiation, and molecular heating. Microwave coupling is the direct
transfer of microwave energy to a substrate that results in instantaneous heating.
Microwave heating is the direct energy transfer process to the reaction mixtures; this
raises kinetic excitation and is characterized by rapid energy transfer. Microwave
irradiation is a form of nonionizing radiation that transfers energy by interacting
with polar molecules. In addition, the direct energy transfer from microwave to the
molecules will greatly enhance the speed of the chemical reaction (solventless
reaction). Therefore, microwave-induced reactions will continue to attract chemists
and industrialists for the synthesis of novel molecules with controlled stereochemis-
try, higher yield and because of the green nature of the process.
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Alkylidenecyclopropanes, 96
Alkyne—nitrone cycloadditions, 85
Alkynes, 85
Allicin, 174
Amide formation, 111
Amino acids, nonprotein (NAA), 1, 20, 35
Aminocarbene complexes, 67
B-Aminoesters, 205
3-Aminoethoxy-p-lactams, 21
3-Amino-f-lactams, 17, 69, 105
6-Aminopenicillanic acid, 115
Aminotransferases, 36
cis-1-(p-Anisyl)-3-hydroxy-4-phenyl-
2-azetidinone, 214
Antibacterials, 147, 203
Antibiotics, 147
Anticancer agents, 178, 197
Antifungals, 126, 147, 176
Apoptosis, 45, 178
Arylimines, 15
Aspergillis niger, 177
Asymmetric synthesis, 1
6-Azabicyclo[3.2.0]-heptan-7-ones, 96

Azadienes, 205
Azapenams, 67
Azetidinones, 79, 86, 202
Azidoketene, 7, 112, 126
Aziridines, 22, 26, 34
Aztreonam, 153

B

Baccatin, 3, 45

Bacillus anthracis, 147, 165

Benzoyl-3-EEO-4-phenyl-f-lactam, 45

Benzoylquinine (BQ), 13

a-Benzyloxy-B-lactams, 200

Bestatin, 3

Bis(alkynes), 115

Bis(alkynylphenyl)imines, 130

Bis(azaferrocene), 89

Bis(azapenams), 67

Bis(3-butenyl) substituted ferrocenyl
bis(B-lactam), 137

Bis(a-carboxy—a-phenylacetyl)
chloride, 115

Bis(imines), 111, 121, 136

Bis(iminyl)cyclohexanes, 125

Bisketenes, 111

bis-B-lactams, 140
Bis-p-lactams, 111

C
Cancer, 178
Candida spp., 177
Carbamates, unsaturated ketones, 196
Carbapenems, 101, 149
Carbenes, 65
N-heterocyclic, 15
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Carbenicillin, 114
Cephalosporins, 71, 149
Chemical manipulation, 183
Chloramphenicol, 166
Cholesterol, absorption inhibitors, 92

controlling agents, 1, 3, 53
Chromacyclopropanone, 75
Chromium alkoxycarbene complexes, 67
Chromium(0) carbene complexes, 70
Cinchona alkaloids, organocatalysts, 13
Clavulanic acid, 112, 149
CoA disulfide reductase, 173
Cobalticenium tetracarbonyl

cobaltate, 12

Coenzyme A (CoA), 171
Combretastatins, mimics, 1, 51
Cryptophycins, 1, 50

N-acyl-B-lactam macrolactonization, 50
Cycloaddition, 1, 5, 111
Cyclocondensation, 1
Cytotoxicity, 50, 179

D
Dealkoxycarbonylation, 195
Decarboxylases, 36
DFT calculations, 65
Dialkenyl-bis-B-lactams, 121
Dialkynyl bis(B-lactam), 137
o,B-Diamino acids, 36
Diarylstilbenes, 51
Diazabicyclo[2.2.0]hexane-3,5-diones, 113
3,6-Dihydro-6-oxo-diphenylpyrimidinium-

4-olates, 113
Dimethyl-o-methyl-DOPA, 37
Diphenylketene, [2+2] cycloaddition, 12
Diphenylnitrones, 88
1,3-Dipolar cycloadditions, 85
DNA, alkylation, 169

cleavage, 178
synthesis, 167

Docetaxel, 45, 184
Dotz-benzannulation reaction, 66

E

Enediynes, 99

Enolates, 12

6-Epilincosamine, 22

ao,B-Epoxyimines, 7

Ester enolate—imine cyclocondensation, 15
3-Exomethylene B-lactams, 97

Ezetimibe, 1, 53
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F

Fatty acids, biosynthesis, 147, 173
inhibitors, 174

Ferrier rearrangement, 196, 198

Ferrocenyl-B-lactams, 72

Fischer carbene complexes, 65

4-Formyl-B-lactams, 107

G

Gentosamine, 22
Glumamycin, 36
Glutarimides, 28
Glutathione, 169, 174, 178
D-Glyceraldehyde ketal, 9
Glycine, protection, 203
Glycosylation, iodine, 198

Group 6 Fischer metal-carbene complexes, 66

Grubbs catalysts, 111

H

Halocyclization, 151

HETPHOX ligands, 100

Hydrogenation, catalytic transfer (CTH),
186, 215

a-Hydroxy-B-amino acid methyl ester, 21

a-Hydroxy-B-amino acids, 39

3-Hydroxy-2-azetidinones, 189

3-(1-Hydroxyethyl)-4-acetoxy-
2-azetidinone, 198

B-Hydroxyethylaziridine, 22

3-Hydroxy-B-lactams, 11, 214

Hydroxythreonine, 190

I
Imidizolines, 68, 142
Imine-phenoxyketene cycloaddition, 6
Imine-phthalimidoketene cycloaddition, 6
Imines, 4, 111, 117, 140, 193, 200, 212
bis-P-lactams, 140
B-lactams, 78
polyaromatic, 206
Iminodithiocarbonates, 71
Imino-B-lactams, 112, 120
Indoles, unsaturated ketones, 196
lIodine, 30, 149, 154, 197, 214
Isoclavulanate, 152
Isooxazoline, 90
Isopenams, 149, 151
Isopenems, 151, 154
Isoserines, 39
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K Nitration, 196
Ketene imine [2+2] cyclizations, 138 Nitrones, 85
Ketene—imine cycloadditions, 4, 111 Norstatine, 40
Ketenes, 5, 66, 75, 82, 111, 117, 140 Nucleic acid synthesis, 167
B-Ketoacyl-acyl carrier protein synthase III
(FabH), 173
Kinostatin (KNI)-227, 3 (0]
Kinugasa reaction, 85, 87 Olefin metathesis, 111
Oligopeptides, B-lactam synthon
method, 24
L Oxamazins, antimicrobials, 153
B-Lactamase, 85 Oxazines, 214
inhibitors, 72, 112, 168, 184 Oxazinones, 23
B-Lactams, 1ff Oxazolidinone ketene, 69
asymmetric synthesis, 4 Oxazolidinones, 91
C4-halophenyl-substituted Oxazolidinylimines, 8
N-methylthio, 156 4-Oxoazetidine-2-carbaldehydes, 107

inverse addition, 200
mechanism, 210

scaffold-assisted design, 34 P

synthesis, 183 Paclitaxel, 1, 3, 45, 184

synthon method, 1, 3, 20 Penems, 149

N-thiolated, 147, 149 Penicillins, 71, 85, 111, 149
Lankacidin, 1, 51 Pentacarbonyl[methoxy(methyl)carbene]
Lavendomycin, 36 tungsten(0) complex, 66

Peptides, 1
Peptidomimetics, 1, 33
M Phenantridine, 9
Macrocycles, 111 1,10-Phenatroline, 103
Malonoimides, 71 Phenoxyketene, 129
D-Mannitol, 9, 190 4-Phenyl-2-azetidinones, 187
Metallacyclopropanone, 77 Phenylethenylimine-ketene cycloaddition, 6
Metallapenicillin, 72 Phenylethylamine azetidinones, 202
Metallocenes, 65 (S)-4-Phenyloxazolidinon-3-ylacetyl
Metallocenyl-B-lactams, 71 chloride, 9
Methylenecyclopropane derivatives, 95 Photocarbonylation, 65, 66, 75
(S)-Methylphenylalanine, 37 Photochemistry, 65
N-Methylthio B-lactams, 150 3-Phthalimido-f-lactams, 6
Metronidazole, 166 Pig liver acetone powder (PLAP), 11
Micelles, Kinugasa reaction, 106 Piperidin-4-ones, 97
Microginin, 3 N-PMP-arylaldimines, 16
Microwave-induced organic reaction 1-PMP-3-TIPSO-4-(2-methylprop-1-enyl)
enhancement (MORE), 183, 185 azetidin-2-one, 41

Microwave reactions, 183ff Polyhydroxyamino acids, 191
Monobactams, 153 Polyhydroxy-y-amino alcohol, 21
MRSA, 147, 152, 160, 166 (-)-Polyoxamic acid, 21, 191
Mukaiyama reagent, 111 N-Propargyl oxazolidinone, 91
Murein transpeptidases, 168 Pyrimidines, 214
N Q
(R)-1-Naphthylethylamine, 6 Quinolines, 2-fluoro-3-formyl

Neomenthyl glycinate, 16 substituted, 215
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R

Reaction mechanisms, 65
Renieramycin H, 22

Ring opening, B-lactams, 1, 19, 45
Ruthenocyl-carbene complexes, 72

S

Saccharomyces cervisiae, 177

Schiff bases, 111

Serine-protease [3-lactam inhibitors, 86

Spiro-bis(p-lactams), 129

5-Spirocyclopropane isoxazolidines, 95

Staphylococcus aureus, 147, 152

Staudinger reaction, 4, 67, 148, 206, 213
ketene—imine cycloaddition, 2, 4, 11

Stereochemistry, 183

Stereoselectivity, 111, 200

4-Styryl-2-azetidinone, 203

Succinimides, 27

N-Sulfinyl B-lactams, 161

T

Taxoids, 1, 45, 184

Taxol, analogues, 123, 201, 214
Taxotere, 201, 214

Index

Tetrachlorophthaloyl glycine, 203
Tetrakis(spiro-B-lactams), 128
Thiamazins, 153

Thiazolines, 68

Thienamycin, 198

Threonine, 7
TIPSO-4-aryl-B-lactams, 17
Transfer hydrogenation, 186, 215
4-Trifluoromethyl-B-lactams, 41
Triisopropylsilyl (TIPS) groups, 17
Trimethylsilyl-1,2-bisketenes, 141
Tri-O-acetyl D-glucal, 197
Tubulin, 49

A%

Vancomycin, 175

Vinyl B-lactams, 192
1-Vinylcyclopropyl tosylate, 96

X
Xanthene-9-carboxylic acid, 128

Y
Ynamides, 104
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