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Abstract — B-Lactam macrocycles displayed major contributions in the filed of
drug discovery. The chemical potentiality of f-lactam has proved their usefulness
in the discovery of variety of conformationally restricted macrocycles.
Macrocycles containing versatile functionalities derived from B-lactam have also
been employed in the fields of supramolecular chemistry. In this review, attempts
were made to summarize the recent methods for synthesis of potential B-lactam

containing macrocycles.
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1. INTRODUCTION
B-Lactams are heterocyclic systems of great importance and occupy a unique segment of chemical space.
They exist as structural subunits in many products of interest as pharmaceuticals and have applications in

synthetic chemistry.! B-Lactam nucleus is the most fruitful pharmacophore in developing variety of
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therapeutic agents. The 1,3,4-trisubstituted derivatives of B-lactams have been utilized in various biological
activities such as, antibacterial,? potent cholesterol absorption inhibitors,”> human cytomegalovirus protease
inhibitors,* and thrombin inhibitors.> The resistance developed by the microorganisms against the most
traditional B-lactam antibiotic drugs raised the interest of organic chemists in exploring the development of
novel B-lactam drugs to improve activity of B-lactams.® As a consequence, a plethora of literature
precedence is available on the compounds having B-lactam ring’ and the number of transformations in
which the 2-azetidinone ring is involved.® Ojima has shown the utility of bis-B-lactam for the synthesis® of
peptides. Later on, in 2012, these authors have explored the chemistry advances of B-lactam and its
medicinal applications.!® The synthesis of bis-B-lactam in general has been reported by stepwise
construction of B-lactam rings.!! Recently, B-lactam linked with an ethylene bridge has also been
reported. '?

A variety of synthetic methods for f-lactam are now available, and the topic has been reviewed on more
than one occasion. In addition, remarkable advances in combining two effective bioactive agents in a single
molecule as macrocyclic conjugates have been successfully growing in the medicinal field. For example,
sultamicillin'® (1) a conjugate of two drugs with expected combined bioactivities and Ro 23-9424'* (2) in
which two antibiotics enhance each other through a mechanism: when a B-lactamase deactivates the

cephalosporin by opening the B-lactam ring, the second antibacterial agent is released to exert its activity.!
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The chemical diversity of macrocycles expanded significantly, supported by advances in bioinformatics
and synthetic methodology. Macrocyclization is an efficient way to re-organize a peptidomimetic ligand in
the B-turn conformation suitable for binding to the active site of serine, aspartyl, cysteine, and
metalloproteases. Thus, macrocyclization is an excellent way to lock out alternative conformations that
may lead to liabilities such as side effects or poor bioavailability. Macrocyclization also reduced overall
polarity, enhanced cellular penetration and increased bioavailability. The outcome of macrocyclization in
peptide chemistry is an efficient way to restrict conformation, reduce polarity, increase proteolytic stability,

and consequently to improve the drug ability.'® Macrocycles supported the transition from non-drug like
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peptidic leads to druggable clinical candidates. On other enzymes, it was found to be an efficient way to
fine-tune the selectivity profile.

Macrocycles have the unique ability to span large surface areas while remaining conformationally
restricted compared to acyclic molecules of equivalent molecular weight. As a result, macrocycles are more
conformationally restricted than their acyclic analogues, which potentially can disclose higher target
binding, selectivity and improved oral bioavailability. This characteristic makes them especially
appropriate for targets displaying shallow surfaces, which can prove to be quite challenging for acyclic
small molecules. Appreciably, this structural motif has now been successfully tested on most biological
target classes.!” However, the macrocycles containing B-lactam unit have not been studied frequently. In
this context we have attempted to put into perspective the current applications, and opportunities associated
with synthetic macrocycles containing -lactam in drug discovery. Accordingly, this article is dedicated to
the synthetic aspects of B-lactam macrocycles and highlights salient features of their medicinal chemistry
and drug discovery aspects. This article is also aimed at providing the reader an appreciation of the

structural diversity generated for B-lactam containing macrocycles.

2. MACROCYCLES CONTAINING B-LACTAM

2.1 Synthesis of macrocyclic p-lactam containing enediynes

The structures of naturally occurring enediynes have been established in the eighties.!® The enediynes
antitumor antibiotics'” are a small family of natural compounds. The novel molecular architecture of these
compounds was intriguing, since conjugated enediynes were considered to be rather unstable structures;
hence they were expected not to be found in nature. Moreover, natural enediynes were found to be highly
cytotoxic and characterized by a potent antitumor activity. Consequently, their unprecedented mode of
action opened the avenue to the several research groups for the development of various artificial enediynes
endowed with interesting biological properties. In this direction, Giuseppe Guanti’’ and coworkers,
successfully prepared several 10-membered macrocyclic enediynes class of compounds fused with a
B-lactam ring as shown in the following Schemes 1-3. The commercially available 4-acetoxyazetidinone
(3) was employed for double propargylation to obtain O-protected frans derivative (5) via intermediate
monopropargylated compound (4). The p-methoxybenzyl groups were deprotected to get bis propargylic
alcohol derivative, which was then subjected to Swern oxidation to result the bis-aldehyde compound (6).
The compound 7 was obtained by vanadium complex catalyzed stereoselective reductive pinacol coupling
reaction. The desired macrocyclic B-lactam derivative (8) was finally achieved by thionocarbonate
formation and reduction with an activated phosphine in an overall 13% yield as shown in Scheme 1.
Though this synthesis was relatively short and straightforward, the macrocyclic f-lactam obtained here in

Scheme 1 was very stable. This B-lactam, was not only stable but did not undergo ring opening under
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physiological conditions. Therefore, authors decided to introduce an activating substituent or a triggering

device in order to optimize activity to show any biological activity.
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Scheme 1. Reagents: a) PhSO:2Na; b) propargylmagnesium bromide; c) TBDMSCI;, d) LDA,
p-methoxybenzyloxymethyl chloride; e) LDA, 4-bromo-1-(p-methoxybenzyl)oxy-2-butyne; f) DDQ; g)
(COCl)2, EtN(i-Pr)2, DMSO; h) [V2CI3(THF)6]2Zn2Cls; 1)  thiocarbonyldiimidazole;  j)
p-phenyl-N, N-dimethyl-1,3-diaza-2-phospholidine.
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Scheme 2. Reagents: a) methyl iodide, KOH, nBusNBr; b) LDA, trimethylsilylpropargyl bromide; c)
silver nitrate, KCN; d) 1-chloro-4-(trimethylsilyl)but-1-en-3-yne (£), PA(PhCN)2Cl2, Cul, piperidine; e)
silver nitrate, N-iodosuccinimide; f) HF; g) (COCI)2, EtN(iPr)2, DMSO; h) CrClz, NiCl.

An alternative synthetic pathway was designed to have macrocyclic B-lactam with some additional
functional groups.?' In this alternative strategy, the authors performed the assembly of the conjugated
enediyne system first on an acyclic precursor, and then cyclized to obtain macrocyclic -lactam as shown in
the Scheme 2. The synthesis started with preparation of racemic mono substituted B-lactam 9 from racemic
aspartic acid. The methylation of f-lactam nitrogen provided the stable compound to explore subsequent

reactions. A stereoselective propargylation of B-lactam enolate was followed to get the compound 10. A
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selective removal of silyl group at alkyne was achieved with the help of silver nitrate to furnish the
compound 11. The acyclic enediyne 12 was assembled via stereospecific Sonogashira reaction with
1-chloro-4-(trimethylsilyl)but-1-en-3-yne (Z). Probably, this preparation of acyclic enediyne is widely
approached strategy in macrocyclic enediyne chemistry by further cyclization. Interestingly, it usually
takes an advantage of the intramolecular addition of an acetylide anion onto an aldehyde. Hence, it was
decided to have an aldehyde group by oxidizing a primary alcohol from the compound 13 which in turn was
obtained by two steps from compound 12 as shown in the Scheme 2. Subsequently, oxidation of alcohol
followed by Nozaki cyclization using chromous chloride furnished the desired macrocyclic B-lactam 14 in
very good yields.

An almost similar approach?? was used to prepare another macrocyclic f-lactam having a removable silyl
group on nitrogen atom as shown in Scheme 3. Removal of silyl group results the free amine functionality,
which can be further elaborated as per the research planning. However, in this scheme, the f-lactam 16 was
prepared more convergently by the use of a Staudinger condensation with 15, having a styryl group as
synthetic equivalent of a hydroxymethyl group. As usual mono propargylation was carried out to give the
compound 17. The removal of p-methoxybenzyl group on nitrogen atom was found to be troublesome at
later stages of the synthesis; hence, its deprotection followed by protection with silyl group was performed
in few steps at this stage to afford compound 18. The chemoselective ozonolysis of the double bond of 18 in
the presence of the unprotected terminal triple bond was found to be successful, which is a key step in this
synthesis to get the compound 19. Subsequent reactions were carried out according to the earlier synthesis

via key intermediate 20, to obtain the desired macrocyclic B-lactam 21 in good yield.

19 20 21

Scheme 3. Reagents: a) p-methoxybenzyloxyacetic acid, PhOPOCL, Et;N; b) LDA,
trimethylsilylpropargyl bromide; c¢) DDQ; d) EtsSiOTf, 2,6-lutidine; e) (NH4)2Ce(NO3)s; f) TBDMSOTH,
2,6-lutidine; g) silver nitrate, KCN; h) O3/O2, NaBH4; 1) 1-chloro-4-(trimethylsilyl)but-1-en-3-yne,
Pd(PhCN)2Cl2, Cul, piperidine; j) AgNOs3, KCN; k) I2, morpholine; 1) (COCI)2, EtN(iPr)2, DMSO; m)
CrClz, NiCla.



706 HETEROCYCLES, Vol. 91, No. 4, 2015

During the investigation of these macrocyclic B-lactam enediynes, it was found that, these macrocycles
were very much stable in the dry state (quite unusual for enediyne molecules) and did not give any
cycloaromatization products even if heated at 100 °C. Interestingly, when the B-lactam ring was opened, a
complete different behavior was observed, in fact cycloaromatization could be achieved at 37 °C even
under physiological conditions.”® These activated macrocyclic B-lactam were therefore tested against
plasmid DNA, giving encouraging results being able to bind the DNA strands. These compounds were able
to provoke single and double strand break in plasmid DNA (the ratio between single and double break was
about 15:1) with an overall activity about ten times higher than that of simple monocyclic enediynes.

Similarly, several other macrocyclic B-lactam compounds were also successfully prepared.?*

2.2 Synthesis of macrocyclic bis-B-lactam from macrocyclic bis-imines

In 2006, Raghunathan® and coworkers reported the synthesis of a series of grafted macrocyclic
bis-B-lactam derivatives by stereoselective [2+2] cycloadditions reactions in good yields. Authors achieved
the incorporation of B-lactam in macrocyclic ring as shown in Schemes 4 and 5. Salicylaldehyde and
a,0’-xylene dibromide 22 were condensed to get compounds 23, which were further treated with ethylene
diamine to afford the corresponding bis-imines 24 in good yields. This synthesized bis-imine was further
reacted with phenoxy acetyl chloride in presence of base in dichloromethane to afford the diastereomeric
mixture of cis macrocyclic bis-f-lactam (25) in a 50% yield (diasteremeric ratio = 58:42). These
diastereomeric mixtures were separated by column chromatography and confirmed by IR and NMR

spectral analysis. The stereochemistries of 25 were determined by X-ray analysis.
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Scheme 4. Reagents: a) anhydrous K2COs3; b) ethylenediamine; ¢) PhOCH2COCI, Et3N.
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Scheme 5. Reagents: a) BrCH2CH2Br, anhydrous K2COs; b) ethylenediamine; ¢) PhOCH2COCI, Et3N.

The above methodology was extended for the synthesis of O-ethylene linked macrocyclic bis-f-lactam

(27b and 27¢) as shown in Scheme 5.
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Scheme 6. Reagents: a) H-NCH2CH2CH2NH2; b) 1,4-diamino-2-butyne; c) 1,3-diaminopropane.
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Scheme 7. Reagents: a) PhOCH2COCI, EtsN.

Recently, Sierra?® and coworkers designed and synthesized several macrocyclic B-lactam derivatives in
order to use as efficient scaffolds to prepare highly functionalized macrocycles. In this context, very
attractive macrocyclic bis-imines (30-33) were prepared by treatment of dialdehydes (26, 28 and 29) with
1,3-diaminopropane and 1,4-diamino-2-butyne as shown in the Scheme 6. In continuation, the 1:1 mixture
of two isomeric B-lactams was prepared from the reaction of diimine 30 with phenoxyacetyl chloride in dry
dichloromethane at -78 °C with 78% yield. The mixture was isolated by column chromatography to yield
compounds 34 and 35 (Scheme 7), having a cis-cis stereochemistry in the B-lactam ring as deduced from
the coupling constants using NMR spectroscopy. The coupling constants of H3-Hs and H3¢-Ha¢ protons (J3,
4) 4.5 and 4.4 Hz for compounds 34 and 35, respectively.?’” Therefore, the reaction yielded both the
cis-syn-cis 34 and the cis-anti-cis 35 isomers. This cis-syn-cis stereochemistry was further confirmed by a

single crystal X-ray diffraction analysis.
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Scheme 8. Reagents: a) PhOCH2COCI, EtsN.
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Similarly, reactions of imines 31-33 with phenoxyacetyl chloride under the Staudinger reaction conditions
yielded products 36-38 in yields of 78%, 74%, and 45%, respectively. All the synthesized compounds
36-38 have the signal corresponding to the B-lactam Ha shielded 6 4.88, 4.88, and 5.38 ppm, respectively.
This shielding was also observed in compound 35 (6n4 = 5.17) compared to compound 34 (du4 = 5.41) from
which the relative stereochemistry was further ascertained by X-ray analysis. Therefore, the cis-anti-cis

stereochemistry was assigned to products 36-38 (Scheme 8).

It is well known that cyclic imines prefer to form the trans-p-lactam due to the fixed Z-configuration of the
imine C=N bond forced by the cyclic structure.”® However, the E-configured®’ macrocyclic imines 30-33
follow the usual pattern giving only the cis-B-lactam as observed for open-chain imines.** More fascinating
is the observed selectivity during the formation of the bis-B-lactam system. The imines 31-33 have a clear
bias for the formation of cis-anti-cis isomers, while diimine 30, which forms the equimolecular amount of
cis-syn-cis and cis-anti-cis isomers. These facts suggest a direct influence of one of the emerging
four-membered rings on the torquo selectivity®!' of the second ring closure, but only when both centers are
not too close to each other as in compound 30, in which the linkage between the O-Ar groups is a CH2-CHz
chain. Moreover, the formation of 1:1 syn/anti diastereomeric mixtures has been also reported in the
synthesis of acyclic cis-bis-B-lactam linked by an ethylene bridge.>* Hence, the origin of the selectivity in
the formation of B-lactam and the influence of several factors (structural, electronic, reaction conditions) is

still a subject of debate.
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Scheme 9. Reagents: a) MeOCH2COCI, Et3N.

Similarly, multicomponent macrocyclizations including bifunctional building blocks (MiB) strategy,
which has been shown to be quite useful for the preparation of a range of complex macrocyclics and has
been exemplified with a number of different substrates and reaction modalities, including the generation of
combinatorial libraries.®®> In addition to the Ugi’s multi component reaction (MCR), the Passerini and
Staudinger’s three-component reaction has been successfully applied in the MiB strategy as shown in the

Scheme 9. Three components involved are pyridine dialdehyde, amino meta xylene derivative and methoxy
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acetyl chloride have been used in MiB strategy for the preparation of macrocycle containing multiple

B-lactam units (39) from Staudinger process.

2.3 RCM Approach for the Synthesis of Macrocyclic p-Lactams

It is well known that, the more conventional method for the synthesis of macrocyclic f-lactams includes the
synthesis of macrocyclic imines followed by the Staudinger [2 + 2] cycloaddition of suitable imine with

appropriate ketenes. Interestingly, Ibrahim?*

and coworkers were recently developed an efficient ring
closure metathesis (RCM) approach for the synthesis of macrocyclic B-lactams. Authors have utilized
RCM methodology towards the synthesis of macrocyclic aza-crown ethers fused with B-lactam via
bridgehead (ring junction) nitrogen. The treatment of 1,2-bis-o-allyloxybenzylideneamines 40a,b with
aryloxyacetyl chloride in dichloromethane in the presence of triethylamine gave a mixture of cis-anti-cis
(racemic) 41a,b, 42a,b, and 43a,b and cis-syn-cis (meso) 44a,b, 45a,b, and 46a,b diastereomers as shown
in the Scheme 10. The RCM reactions of the above mixtures 41-46 were successfully accomplished to give
57-98% yields of the corresponding B-lactam macrocycles 47-52 with Z/E mixtures using Grubbs’ catalyst
53 (5 mol%) as shown in Scheme 10. Interestingly, it was found that, the RCM of 41b-45b with Grubbs’
catalyst 54 (5 mol%) led to disappearance of the starting materials and formation of the corresponding 22—

membered macrocyclic B-lactams 47b-52b in over 90% yield with only E stereochemistry. Authors

prepared these macrocyclic B-lactams through the sequential application of Staudinger [2 + 2] ketene-imine
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Scheme 10. Reagents: a) PhAOCH,COCI, Et3N.
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cycloaddition followed by RCM reactions in an overall 83% of yield, which is higher than the conventional
methods. Therefore, Staudinger-RCM approach was a better yielding process for the preparation of
macrocyclic B-lactams. These macrocyclic B-lactams are potential starting materials useful for further

functionalization of macrocyclic aza-crown ethers.

2.4 Synthesis of macrocyclic bis-B-lactam containing calixarenes
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Scheme 11. Reagents: a) NHS, DCC; b) X=0Ts/Cl; DIPEA.

The calixarene derivatives have often been employed in recent years as drug carriers in medicinal field due
to their specific conformations. A very few reports are available devoting to the study of calixerene
derivatives as active therapeutics agents against the treatment of various diseases.*® In this regard, a new
kind of potentially therapeutically active macrocyclic calixarene derivatised B-lactam was synthesized and
characterized by Regnouf-de-Vains®*® as shown in the Scheme 11. Two penicillin derivatives have been
grafted at the lower rim of the p-fert-butylcalix[4]arene, giving a new kind of podand which was fully
characterized by IR, Mass and NMR analysis. The calixarene diacid 55 was activated using
dicyclohexylcarbodiimide and N-hydroxysuccinimide to get the corresponding bis-activated ester 56 with
85% of yield. The tosylate salt of penicillin 57 was prepared, as described by Daehne*’ et al., and Matlin®’

et al. and Ogura’® et al. by reaction of pivaloyloxymethyl chloride and 6-aminopenicillanic acid thus giving



712 HETEROCYCLES, Vol. 91, No. 4, 2015

a lipophilic pro-drug which should liberate the biologically active free acid after hydrolysis by esterases, as
initially developed with the commercial pivmecillinam and pivampicillin. The mild controlled peptide
bond condition®® was chosen in order to avoid probable degradation of the B-lactam ring. The last step
consisted of the reaction of 56 and 57 in mild conditions, at room temperature under argon. The
bis-penicillin podand 58 was obtained with purity (> 95%) after chromatography purification with 70% of
yield.

Similarly in 2007, Rogalska*® and coworkers studied interaction of calixarene-B-lactam antibiotic
derivatives with biological membranes. The study designed to evaluate the capacity of the three new
amphiphilic  p-fert-butylcalix-[4]arene derivatives to interact with biological —membranes.
1,2-Dimyristoyl-sn-glycero-3-phosphoethanolamine (DMPE), a model bacterial membrane lipid, was used
to prepare the monolayers. These conjugates were considered as possible drug carriers since, these releases
the antibiotic by hydrolysis reaction in vitro and can be expected to take place in physiological conditions as
well. In this context, authors prepared three macrocyclic derivatives of calixarene-f-lactam conjugates

59-61, which are shown in the Figure 1 below.

Figure 1. Macrocyclic calixarene B-lactams.
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Calix 59 is the derivatives of N-acetyl-pivaloyloxymethyl-6-aminopenicillanic acid (6-pivAPA) grafted on
the 1,3-bis-(O-acetyl)-p-tert-butylcalix[4]arene cone conformer.*! Similarly, Calix 60 is a derivative of
benzylpenicillin (penicillin G or PG) ethyl ester and Calix 61 is benzylpenicillin (penicillin G or PG) propyl
ester.*? The miscibility properties of Calix 59, are different from Calix 60 and Calix 61 due to aliphatic
pivaloyl terminal moieties present in Calix 59, which decrease the molecule packing in the mixed films of
biological membranes as compared to benzyl moieties present in Calix 60 and Calix 61. Decreased
molecule packing in the case of Calix 59 is accompanied by an increased ordering of the DMPE molecules
in the lipid-rich phase. On the other hand, the higher AG*™ obtained with Calix 61 compared to Calix 60
indicates that a higher conformational flexibility of the former facilitates the interactions with DMPE. The
results obtained suggest that the incorporation of Calix 60 and Calix 61 into biological membranes can be
expected, whereas Calix 59 could be more easily trans located across the membrane compared to the

benzylpenicillin derivatives.

3. CONCLUSION

Macrocycles have been exploited on most classes of pharmaceutical targets. Topologically, macrocycles
can cover a broad surface area in a conformationally restricted way, as compared to acyclic small molecules
of similar molecular weights. As a result, it seems that macrocyclization extends the acceptable range of
molecular weight and polarity toward higher values. Macrocyclization offers two directions for diversity
generation. First, it represents an efficient way to scan chemical space without adding molecular weight,
which is often a problem with acyclic molecules. Examples where ring size and topology greatly affected
biological activity and PK profile are numerous. Second, macrocycles can be used as templates for the
restricted spatial display of pharmacophores. Macrocycles appear to have an advantage over their acyclic
counterparts for those targets that require large interacting surface areas and/or potentially distant epitopes
such as the shallow targets of protein-protein interactions.

This review report is an outcome of the attempts made towards the collection of recent advances in the
synthesis of macrocyclic B-lactam derivatives. Synthetic macrocycles have already made significant
contributions to drug discovery. Synthetic macrocyclic B-lactams represent the most recent subclass; and
their chemical diversity will be limited only by our imagination. Potentially large libraries of macrocyclic
B-lactams could be made using MiB approaches, and the chemistry proved to be rather versatile. The
obtained macrocyclic f-lactams are potential starting materials for the synthesis of highly functionalized
macrocycles through the chemical transformation of the B-lactam ring moiety. Such transformation of
B-lactam ring into macrocyclic crown compounds containing suitable functionalities results potential
applications in diverse fields of supramolecular chemistry.** This includes the transformation to

macrocyclic aza-crown ethers, macrocyclic bis-amides, and macrocyclic f-amino acids.?®** The B-lactam
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antibiotics have occupied a central role in the fight against pathogenic bacteria and the subsequent rise in

the quality of life for the world population as a whole.
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