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Spirocyclic b-Lactams: Synthesis and Biological

Evaluation of Novel Heterocycles

Shamsher S. Bari and Aman Bhalla

Abstract b-Lactam rings containing compounds are a group of antibiotics of

unparalleled importance in chemotherapy. Considerable effort has been reported

in the development of novel, more effective b-lactam compounds as well as their

biological evaluation. This article reviews the progress made in the stereoselective

synthesis of spiro-b-lactams, a unique class of heterocycles, their biological evalu-

ation, and their applications in various related fields. The introductory paragraph

highlights the significance of the b-lactam chemistry and is followed by an over-

view of monocyclic-, bicyclic-, and tricyclic-b-lactams. The other sections of

the article deal with the stereoselective synthesis and biological evaluation of

spiro-b-lactams, including their use as synthetic intermediates for b-turn mimics

and b-turn nucleators. The potential of spiro-b-lactams as cholesterol absorption

inhibitors, b-lactamase inhibitors, and antiviral, antibacterial, and antimicrobial

agents has also been described.

Keywords Biological activity � Cholesterol absorption inhibitors � Ketene-imine

cycloaddition � Spiroazetidin-2-ones � Spiro-b-lactams � Synthetic intermediates �
b-Lactamase inhibitors
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Abbreviations

Ac Acetyl

AIBN 2,20-Azobisisobutyronitrile
Ar Aryl

Bn Benzyl

Boc tert-Butoxycarbonyl
BSA N,O-Bis(trimethylsilyl)acetamide

Bu Butyl

t-Bu tert-Butyl
Cbz Benzyloxycarbonyl

d Day(s)

DCC N,N-Dicyclohexylcarbodiimide

de Diastereomeric excess

DEAD Diethyl azodicarboxylate

DIBALH Diisobutylaluminum hydride

DIPEA N,N-Diisopropylethylamine

DMAP 4-(Dimethylamino)pyridine

DMF N,N-Dimethylformamide

DMSO Dimethyl sulfoxide

ee Enantiomeric excess

Et Ethyl

h Hour(s)

HATU O-(7-Azabenzotriazol-1-yl)-1,1,3,3-tetramethyluranium

tetrafluroborate

IR Infrared

KHMDS Potassium hexamethyldisilazide

LDA Lithium diisopropylamide

LHMDS Lithium hexamethyldisilazide

MCPBA m-Chloroperoxybenzoic acid
Me Methyl

MIC Minimal inhibitory concentration

min Minute(s)

mL Milliliter(s)

Ms Mesityl

NCS N-Chlorosuccinimide
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NMP N-Methylpyrrolidone

NMR Nuclear magnetic resonance

NOE Nuclear overhauser effect

Nu Nucleophile

PCC Pyridinium chlorochromate

Ph Phenyl

i-Pr Isopropyl

PTC Phase transfer catalyst

p-TSA p-Toluenesulfonic acid
f Room temperature

TBAF Tetrabutylammonium fluoride

TBAI Tetrabutylammonium iodide

TCNE Tetracyanoethylene

TEA Triethylamine

THF Tetrahydrofuran

TMS Tetramethylsilane

Ts Tosyl

1 Introduction

b-Lactam antibiotics have proved to be chemotherapeutics of incomparable effec-

tiveness, possessing a broad spectrum of biological activities with low host toxicity

[1]. First synthesized in 1907 by Staudinger, [2] the four membered cyclic amide

derivatives of 3-aminopropionic acids known as b-lactams, did not come to the

forefront in organic chemistry until Fleming’s landmark discovery of penicillin in

1929 [3]. The resulting recognition of the b-lactam moiety as the key pharmaco-

phoric component of the penam antibiotics initiated a flurry of synthetic activity.

Today, thousands of compounds containing b-lactam rings are known. Whether

isolated from natural sources or synthesized chemically, penicillins and cephalos-

porins are marked by high efficacy and safe toxicological profiles and are still the

most commonly used antibiotics the world over [4].

Further, the discovery of 7-a-methoxycephalosporins [5] from “Streptomyces”
in 1971, carbapenems [6], thienamycin [7], clavulanic acid [8], sulbactum [9] as

well as the totally synthetic oxapenems [10], oxacephams [11], and other bicyclic

b-lactams stimulated the search for novel antibiotics. More recent dedicated efforts

to find new active molecules and modify the penicillin and cephalosporin structure

have resulted in the discovery of simple monocyclic b-lactams such as norcardicins

and monobactams [12, 13]. Yet another dimension has been added to the b-lactam
research with the recent discovery of tricyclic b-lactam antibiotics called trinems

[14]. Thus, b-lactam antibiotics in general can be classified into several groups

based on their structures (Fig. 1).
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Very recently, b-lactam antibiotics have been shown to offer neuroprotection by

increasing glutamate transporters expression via gene activation [15]; in addition,

the discoveries of new biologically active b-lactams such as cholesterol acyl

transferase inhibitors [16–18], thrombin inhibitors [19], human cytomegalovirus

protease inhibitors [20], matrix-metallo protease inhibitors [21], inhibitors of

human leukocyte elastase (HLE) [22, 23] and cysteine protease [24, 25], and

apoptosis inductors [26, 27] have provided much needed motivation for continuous

development of new b-lactam systems.

Besides this, the utility of b-lactams as intermediates for a- and b-amino acids,

alkaloids, other heterocycles, taxoids, and other important compounds of biological

and medicinal interest [28–34] has given impetus to research leading to the synthe-

sis of novel bioactive b-lactam compounds. Enthused by their pharmacological

applications besides the limitation associated with their biosynthesis, organic che-

mists were challenged with the task of synthesizing the strained four-membered

ring (azetidin-2-one), with a variety of appendages like side chains, unsaturations,

heteroatoms, and, in many cases, another ring system.

The vast work reported on the chemistry of b-lactams has demonstrated that

b-lactam systems are quite readily accessible through a number of different

approaches, with newer versions still being reported. These molecules possess

enough stability as to be suitable for the standard isolation, separation, and purifi-

cation processes at both the laboratory and the industrial scales [35–37]. Recently,

several review articles have highlighted the different methodologies for the

steroselective syntheses of mono-, bi-, tri-, and polycyclic b-lactams with asso-

ciated biological activities [38–43].
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The Alcaide and Almendros group [38] have reviewed the synthesis of fused and

nonfused bi-, tri-, and polycyclic b-lactams of biological interest, while Singh [39]

has reviewed recent developments in synthetic and biological studies of monobac-

tams and carbapenems. In addition to this, Palomo and coworkers [40] have

described the recent progress made in the asymmetric synthesis of b-lactams and

their use as building blocks of natural and non-natural products. Besides this,

Deshmukh et al. [41] have made efforts to explore new aspects of azetidin-2-ones

as synthons for biologically important compounds in their latest review on

b-lactams. Chmielewaski et al. [42] have focused attention on explaining strategies

for the stereocontrolled formation of oxygen analogs of penicillins and cephalos-

porins, while Buynak has reviewed the detailed research directed toward the

development of useful broad-spectrum b-lactamase inhibitors [43].

The resistance of pathogenic bacteria to b-lactam antibiotics has an important

incidence in human infections. As a consequence, in the last few years many

research groups have been actively involved in improving the microbiological

activity of antibacterial agents, as well as finding b-lactamase inhibitors [44],

and exploring new b-lactam containing ring systems. In particular, spirocyclic

b-lactams have, at present, become the center of attraction as they exhibit choles-

terol absorption inhibiting (CAI) activity [45, 46], antiviral [47] and antibacterial

properties [48], serve as efficient b-turn nucleators [49], behave as b-turn mimetics

[50] and precursors of a,a-disubstituted b-amino acids [51].

This article aims to review the development in stereoselective synthesis of spiro-

b-lactams and their biological evaluation as well as applications in various fields.

2 Monocyclic, Bicyclic and Tricyclic b-Lactams: An Overview

2.1 Monocyclic b-Lactams

Synthesis of unusual amino acids, peptidomimetics, synthetic enzymes, and new

drugs containing b-lactam rings as an integral part of their structure, has currently

renewed interest worldwide in this four-membered heterocycle [52–54]. Further-

more, the appropriately substituted and configuredb-lactam frameworks now con-

stitute effective tools for the incorporation of a wide variety of both b- and a-amino

acids in short peptide segments of various biologically active molecules.

The discovery of the norcardicins and monobactams demonstrated for the first

time that a conformationally constrained bicyclic structure was not necessary for

antibacterial activity of b-lactams [12, 13]. In recent years, various natural and

unnatural monocyclic-b-lactams have been shown to exhibit high biological activ-

ity, suggesting that the biological activity of the particular ring is influenced by the

type of substitution attached to the azetidin-2-one ring (Fig. 2).

Burnett et al. [16] have reported monocyclic b-lactam I as a potent cholesterol

absorption inhibitor in vivo, and this can inhibit the absorption of dietary
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cholesterol by inhibiting the enzyme acyl-CoA: cholesterol acyl transferase
(ACAT), which is associated with cholesterol esterification. The potential use of

monocyclic b-lactam II as thrombin inhibitor [19] and III as prostate specific

antigen inhibitor [55] has been documented well. Many of the anticancer drugs in

current use are toxic and thus, limited in their efficacy. Recently, Smith et al. [26,

27] have discovered and characterized the apoptosis inducing properties of a family

of novel monocyclic cis-3-methoxy-b-lactam IV antibiotics against leukemia,

breast, prostate, and head-and-neck cancer cells.

The clinical demand for newer, more specific and potent inhibitors of proteases

is growing continuously, especially for enzymes such as HLE whose activity has

proven to be instrumental in a number of cases of severe, acute, and chronic

pathology. Garbisa et al. [21] have reported that monocyclic b-lactam V exhibits

activity against HLE at micromolar concentrations. Monocyclic azetidin-2-ones

have been assessed for enzyme inhibiting and antitubercular activity as well. Georg

and Schloss [56] revealed that 3-amino b-lactam VI is a time-independent inhibitor

of a-chymotrypsin, carboxypeptidase Y, and cathepsin G. N-Substituted azetidin-2-
one VII, which was screened in vitro and has been found to exhibit antitubercular

activity against Mycobacterium tuberculosis H37Rn strain [57]. The discovery of

b-lactams likes VIII, IX, X, which find use as hypocholesterolemic, anti-inflam-

matory, antidegenerative, and antileukemic, respectively, has added another

distinct dimension in the search for biologically active novel monocyclic b-lactams

[58–60].

Recently, Banik et al. [61, 62] have explored the anticancer activity of monocy-

clic b-lactam XI against leukemia and colon carcinoma cell lines and very recently,

Imbach et al. [63] reported the monocyclic b-lactamXII as the selective inhibitor of

the chymotrypsin-like activity of the human 20 S proteasome (Fig. 3).
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2.2 Bicyclic b-Lactams

The development of antibacterial chemotherapy during the past 75 years has spear-

headed the successful use of today’s drugs to combat bacterial infections. Studies

in b-lactam chemistry were stimulated when b-lactam ring, the four membered

heterocycle, was recognized as a key structural feature as well as a key therapeutic

feature of the bicyclic b-lactam antibiotics such as penicillins, cephalosporins,

and other classical antibiotics. The last two decades have registered the discovery

of several nonclassical bicyclic b-lactam antibiotics, e.g., thienamycin and carba-

penems of natural origin like olivanic acids, carpetimycin, pluracidomycin, and

aspareomycins.

Currently, bicyclic b-lactams such as, imipenem (XIII), panipenem (XIV), and

meropenem (XV) have been shown to exhibit broad antimicrobial spectrum and

potent bactericidal activity [64–66].

Recently, Kang et al. [67] have found that the bicyclic b-lactams (XVI) exhibit

potent antibacterial activities against a wide range of Gram-(þ) and Gram-(�)

bacteria and high stability to the renal dehydropeptidase-I (DHP-I). Mikamo et al.

[68] have reported in vitro and in vivo antibacterial activity of bicyclic b-lactam
S-4661 (XVII) against S. agalactiae, E. coli, P. magnus, B. fragilis, and P. bivia,
the major pathogens in the fields of obstetrics and gynecology [69] (Fig. 4).
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2.3 Tricyclic b-Lactams

Trinems are a class of fused tricyclic totally synthetic antibiotics. These are potent

antibacterial agents with broad spectrum of activity against both aerobic and

anaerobic Gram-(þ) and Gram-(�) bacteria. Kanno et al. [70] have reported that

tricyclic b-lactam XVIII showed antibacterial activity against both Gram-(þ) and

Gram-(�) bacteria (MIC ¼ 0.01–6.2 mg mL�1). However, tricyclic b-lactam XIX

having pyrrolidinylthiomethyl moiety exhibit the most potent anti-MRSA activity

(MIC ¼ 1.5 mg mL�1) against Gram-(þ) bacteria S. aureus 209P [71].

Recently, Mori et al. [72] have reported the stereoselective synthesis and

antibacterial activity of tricyclic b-lactams with azacyclohexane ring (XX). These

5-azatrinems (XX) showed high potency and well-balanced spectrum against

Gram-(þ) and Gram-(�) bacteria. In continuation to this study, Copar et al. [73]

have designed biologically active tricyclic b-lactams XXI using theoretical com-

putation and molecular modeling. These trinems have been shown to possess

inhibitory activity against Class C b-lactamase (Fig. 5).

3 Spirocyclic b-Lactams: Synthesis and Biological Evaluation

Although, considerable synthetic progress has been made in the area of mono

and bicyclic b-lactam antibiotics in recent years, the discovery and development

of new antibacterial agents with enhanced bioactivity and greater stability toward

b-lactamases still remains an important endeavor for medicinal chemists. Also, the

widespread incidence of antibacterial resistance to b-lactam antibiotics caused by
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b-lactamase formation has provoked a growing interest in the development of

effective b-lactamase inhibitors. In addition, the search for novel candidates with

different biological activities still remains a field of much interest.

The synthesis of b-lactams having a small fused ring is of interest since the large

strain of the ring should substantially alter the reactivity of b-lactams. Several

approaches for the synthesis of spiro-b-lactams have been described in literature.

3.1 Synthesis

Bose et al. [74] have investigated the novel synthetic route for the preparation of

spirobarbiturates–a class of compounds known for their interesting physiological

activity. The synthesis of spiro-b-lactams 3 (Scheme 1) was achieved by the

reaction of 4,4-dicarboxy-N-phenylazetidin-2-one 1 with carbodiimides 2 in tetra-

hydrofuran.

Moricini and Kelly [75] have reported the synthesis of spiro-b-lactams 6 con-

taining an exocyclic double bond (Scheme 2) by the 1,2-dipolar cycloaddition of

symmetrically/unsymmetrically substituted allene 4 with chlorosulfonyl isocyanate

5 in ether.

In the course of their studies on the synthesis of a-amido-spiro-b-lactams as

analogs of penicillin and cephalosporin, Manhas et al. [76] have prepared 1-phenyl-

3-phenoxy-4,4-spirocyclohexylazetidin-2-ones by the reaction of phenoxyacetyl

chloride 7 and cyclohexylidenephenylamine 8 in the presence of triethylamine

and dichloromethane. Azidoacetyl chloride was found to be even more reactive
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than phenoxyacetyl chloride in the cycloaddition reaction, giving azido b-lactam in

54% yield. The azide group was easily reduced by catalytic hydrogenation in the

presence of Adam’s catalyst. Acylation with phenoxyacetyl chloride of the amine

group readily transformed it into a-amido-spiro-b-lactam 9 (Scheme 3) in a quanti-

tative yield.

Johnson et al. [77] have prepared spiro-1-acylaminoazetidin-2-ones 11, 13

(Scheme 4) by photolysis of spiro-2-acylpyrazolidin-3-ones 10, 12, respectively.

The N-acylaminoazetidin-2-one moiety has been found to be the dominant feature

of 6-azapenicillins and 7-azacephalosporins.

Novel spiropenicillins (Scheme 5) have also been prepared by Sheehan et al.

[78]. b,b,b-Trichloroethyl-6-diazopenicillanate 14 reacts with acrylonitrile, ethyl

acrylate, and t-butyl acrylate to give isomeric compounds 16 and 17. The preferred

mode of addition is from the sterically less hindered a-side.
This study has further been extended by carrying out the reaction of dipolarophile

penicillin molecule 18 with diphenyldiazomethane 19 and this reaction resulted in

the formation of single isolable spiro-b-lactams 20. Further pyrolysis of 20 gave

spiro-b-lactams 21 (Scheme 6). Addition is expected to occur from the a-side.
Singh and Mehrotra [79] have published the synthesis of spiro-b-lactams 24

(Scheme 7) by the reaction of 2-diazo-1,2-diphenylethanone 22 with 2-phenylimi-

noacenaphthenone 23 in refluxing benzene. These compounds were further sub-

jected to reduction with sodium borohydride which afforded spiro-b-lactams 25.

This study has also revealed that the carbonyl group in the spiro-b-lactams 24 have
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been found to be unaffected either by hydrolysis or treatment with sodium borohy-

dride and could be used as precursors for the introduction of other desired func-

tionalities.

Ikeda et al. [80] have reported a photochemical entry to spiro-b-lactams 27

(Scheme 8) by the irradiation of a solution of 2-(N-acyl-N-alkylamino)cyclohex-

2-enone 26 in acetone with a 300 W high pressure mercury lamp in a pyrex vessel

under nitrogen. The reaction occurred with the intervention of the 1,4-diradical

intermediate formed via abstraction of a hydrogen on the N-acyl group by the

b-carbon atom of the a,b-enone system.

Joshi et al. [81] have incorporated azetidin-2-one moiety into indole nucleus and

synthesized several fluorine containing spiro-b-lactams (Scheme 9). The synthesis

involved the condensation of primary amines with an appropriate indole-2,3-dione
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28 resulting in the formation of the intermediate Schiff’s bases 29 which on

cycloaddition with chloroacetyl chloride gave the spiro-b-lactams 30.

Georgiev et al. [82] have described the preparation of novel adamantine-spiro-

heterocyclic b-lactams 34, 35, and 40. Grignard reaction of 2-adamantanone 31

with benzylmagnesium halide provided the compound 32, which on further dehy-

dration afforded corresponding analogs 33. Condensation reaction of compound 33

with chlorosulfonyl isocyanate in ether afforded spiro-b-lactams 34 and cycloaddi-

tion with chlorosulfonyl isocyanate resulted in the formation of spiro product 35

(Scheme 10).

In another synthetic approach for the preparation of spiro-b-lactams, treatment

of N-methyladamantanyl nitrone 36 with methyl crotonate 37 gave rise to the spiro

esters 38, which on further catalytic hydrogenation resulted in the ring opening to
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provide the aminoalcohol ester 39. Subsequent treatment of compound 39 with

ethyl magnesium bromide furnished spiro-b-lactam 40 (Scheme 11).

Bycroft et al. [83] have prepared a series of novel 6-spiro-epoxypenicillins 43, 44

(Scheme 12) by the reaction of diazopenicillanate 41 with oxalyl chloride followed

by reactions with various nucleophiles. These compounds notably exhibit b-lactam
inhibitory and antibacterial properties [84] depending on substituents and stereo-

chemistry of epoxides. These inhibitors possess side-chains, which are highly con-

formationally restricted but structurally similar to those of some active penicillins.

The reaction sequence proposed in Scheme 12 is consistent with the approach of

the reagent from the least hindered a-face of the penicillanate and interaction of the
diazo-group predominantly with the re-face of one of the carbonyl groups of the

oxalyl chloride thus, resulting in the formation of spiro product 43, 44 by displace-

ment of nitrogen.

N

O

O

X

R1
N

NR

O

X

R1
N O

N

O
H

Cl

R
X

R1

RNH2 ClCH2COCl
(C2H5)3N

28 29 30

X = H, 5  F, 6  F

R = C6H5, 3  FC6H4, 4  FC6H4, 3  CF3C6H5

R1  = H, CH2N O

Scheme 9 Synthesis of fluorine substituted spiro-b-lactams

O
R1

N

O

R2

R3

R1

HO

N
R2

O

CH3O

Mg, Et2O
R1CH2C1 p TSA

31 3332

34 35

Et2O
R2   N   C   O

CH2Br(p)
R2 = SO2Cl 
R3 = H, C6H4

R1 = H, C6H5, C6H4   CH2Br(p),

C6H4 CH3(p)OCH3(p),C6H4

Scheme 10 Preparation of adamantine-spiroheterocyclic b-lactams

62 S.S. Bari and A. Bhalla



In the year 1990, Skiles and McNeil [47] synthesized novel spiro-b-lactam 51,

making it a successful entry into the class of antiviral b-lactams. This b-lactam
has been found to be a good inhibitor of both poliovirus and human rhinovirus
3C-proteniases (IC50 ¼ 20 mg mL�1). All picornaviruses studied produced a

3C-proteinase, which is required for the virus to undergo maturation.
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The synthesis of antiviral spiro-b-lactam 51 begins with the benzylation of isatin

45 to give 1-benzylisatin 46, which affords Schiff’s base 47 on reaction with

anisidine in ethanol. The Schiff’s base 47 on treatment with methoxyacetyl chloride

by the chloride–imidate cycloaddition [85] route afforded a mixture of spiro E- and
Z-azetidin-2-ones 48 and 49, which were separated by chromatography. The (Z)-N-
arylazetidin-2-one 49 was further converted to desired 4-spiro-b-lactam 51 by

treatment with ceric ammonium nitrate and subsequently with tetrabutylammonium

bromide in THF in the presence of pulverized KOH (Scheme 13).

Durst and Sharma [86] have reported the stereospecific synthesis of 3-spiro-

epoxyazetidin-2-ones 55 (Scheme 14). The oxidation of the diastereoisomers of

compound 52 with PCC provided a single acetyl compound 3-acetyl-3-benzyloxy-

azetidin-2-one 53. Nonchelation controlled L-Selectride reduction of 53 gave the

isomerically pure 3-hydroxyethylazetidin-2-one as the sole reduced product, which

was further converted to tosylate 54 using NaH/tosylimidazole. The debenzylation-

oxirane formation sequence was conveniently performed as a single pot operation

with ammonium formate, 5% Pd/C in refluxing methanol as the hydrogen transfer

reagent combination.

This study shows that by combining the diastereospecific reduction of acylaze-

tidin-2-ones and the suitable functional group manipulations, it has been possible to

synthesize the 3-spiro-epoxyazetidin-2-ones in a diastereospecific manner.
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Warkentin and Zoghbi [87] have demonstrated the synthesis of novel spiro-

b-lactam oxadiazolines 57 (Scheme 15) by the reaction of differently substituted

acid chloride 55 and 2-amino-D3-1,3,4 oxadiazolines 56 using triethylamine in

dichloromethane.

Ishibashi et al. [88] have studied the radical cyclization of N-vinylic-a-chloro-
acetamide. They found that n-Bu3SnH mediated cyclization of a-chloroacetamide

58 gives spiro-b-lactams 59 (Scheme 16). The difference in the mode of cyclization

among various substrates 58 may be explained in terms of the electronic stability

and/or the steric conjestion between radical intermediates generated by ring closure

of 58. The exclusive formation of the b-lactam 59 when R ¼ H suggests that the

benzylic radical generated by 4-exo-ring closure is more stable than the acylamino

radical, led to the formation of 60. However, substitutents like Me and Ph undergo

steric repulsion with the neighboring gem-dialkyl groups, which leads to the

predominant formation of a-acylamino radical thus, resulting in an increase in the

amount of the g-lactam 60.
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Fujisawa et al. [89] have reported the stereodivergent synthesis of spiro-

b-lactams 64, 65 (Scheme 17) by reaction of lithium or titanium ester enolates 62

with single chiral imines 63 by taking advantage of different coordination states of

the enolate metals. Almost complete reversal of the diastereofacial-discrimination

with respect to the C-4 of the b-lactam skeleton has been attained in this reaction

coupled with flexibility in the selection of the enolates and ready removal of the

chiral auxiliary.

Pavia et al. [90] have developed a new, efficient, and diastereoselective method

to synthesize spiro-b-lactams (Scheme 18). The strategy involves the direct con-

version of unsaturated N-benzyl-a,b-unsaturated cyclic oxomides 67 to spiranic

b-lactams 68, 69 by intramolecular hydrogen abstraction under photochemical

activation. Starting oxomides 67 were synthesized from the corresponding known

unsaturated oxoacids or commercially available oxoacid 66 and primary or secondary

benzylamines.

Aoyama et al. in relation to their studies on photochemical synthesis of

b-lactams [91] reported the synthesis of 4-spirocyclopropylazetidin-2-one [92]

via photocycloaddition of 4-thioxoazetidin-2-one to alkenes followed by

subsequent desulfurization. A solution of 1-isopropyl-3-phenyl-4-thioxoazetidin-

2-one 70 and 1,1-diphenylethylene in benzene on irradiation with a high pressure

mercury lamp afforded a [2 þ 2] adduct 72 (R ¼ Ph), in 67% yield which, on

desulfurization with Raney-nickel [93] in anhydrous ethanol gave two isomeric
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4-spirocyclopropylazetidin-2-ones 74, 75 (R ¼ Ph). However, photochemical reac-

tion of 70 with 2-methylpropene yielded two isomeric thietanes 72 (R ¼ Me) and

73 both of which produced the spiro-b-lactam 75 (R ¼ Me) on desulfurization with

Raney-nickel (Scheme 19).

Otto et al. [94] have described the synthesis of spiro-b-lactam 78 (Scheme 20) by

the addition reaction of nucleophile to the exocyclic double bond of dicarboxylates

of 3-methylene b-lactams 76.
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The addition of the hydrazine derivative to 76 at room temperature resulted in

the hydrazine adduct 77. When phenyl hydrazines adduct 77 was heated in CHCl3
solution with conc. HCl solution, the N-atom and one COOEt group underwent

thermally reversible reaction to afford spiro-b-lactam 78.

In continuation to this, they used a,b-unsaturated b-lactams 79 for the construc-

tion of spirocyclic compounds 80–82 (Scheme 21) by the addition of a methylene
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group forming cyclopropane derivatives and the use of the electron-poor double

bond as a dienophile in Diels-Alder reactions. The spiro-b-lactams 80 were

prepared by the addition of the ylide from trimethylsulfoxonium iodide and 79,

whereas the use of Diels-Alder reactions in the synthesis of spiro-b-lactams 81–82

was demonstrated by carrying out the reactions of 79 with cyclopentadiene and

Danishefsky’s diene in toluene, respectively.

The structures of these compounds were supported by their NMR (NOE and 2D-

NOESY) spectra and it established that these isomers are not endo/exo-isomers but

cis/trans isomers. They could not detect any other isomer but believed the main

products formed are cis isomers, as reaction was believed to proceed by trans-
addition, meaning that the Diels-Alder reactions at the side opposite to the bulkier

constituent at C-4 is favored.

In their further studies [95], the synthesis of spiro-b-lactams 84 (Scheme 22) were

carried out by unusual oxidative rearrangement of monocarboxylates of 3-methyli-

dene-b-lactams 83with different oxidizing reagents such asH2O2 in alkali, t-BuOOH,
or KOCl. The reaction always resulted in the single isolated crystalline spiro-b-lactam
84 whose stereochemistry was established by single X-ray crystallography.

Otto and Ruf [96] have incorporated the 3-(prop-2-enylidene)azetidin-2-one deri-

vatives 85 for the synthesis of spiro-b-lactams 86 via Diels-Alder reactions

(Scheme 23). The reaction of (Z)-85 with highly reactive tetracyanoethylene (TCNE)
was performed in THF at refluxing temperature, which afforded spiro-b-lactams 86.
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Out of (E, E)-, (Z, E)-, or (Z)-isomers, the (Z)-isomers are the favorable substrates

for Diels-Alder reactions as calculated by preferred conformations and minimum

energies, which is also in agreement with the performed experiments.

Spiro-b-lactams (þ)-SCH 54016 94 have been found to exhibit CAI activity,

therefore an efficient synthetic route for these spiro-b-lactams for continuing

biological evaluation was of great interest. Chen et al. [45] have reported an efficient

and highly enantioselective synthetic route to spiro-b-lactam (þ)-SCH 54016

(Scheme 24).

(R)-3-(4-Chlorophenyl)glutarate monoethyl ester 87 was reduced to hydroxy

acid and subsequently cyclized to afford lactone 88. This was further submitted

to reduction with diisobutylaluminium hydride to provide lactol followed by

Horner-Emmons reaction, which resulted in the formation of hydroxy ester product

89 in good yield. The alcohol was protected as silyl ether and the double bond in 89

was reduced with magnesium powder in methanol to provide methyl ester 90. The

hydrolysis to the acid and condensation of the acid chloride with Evans’s chiral

auxiliary provided product 91, which was further converted to titanium enolate on

reaction with TiCl4. This was submitted to enolate-imine condensation in the pres-

ence of amine to afford 92. The silylation of the 92 with N, O-bis(trimethylsilyl)

acetamide followed by treatment with tetrabutylammonium fluoride resulted in

cyclization to form the azetidin-2-one ring and subsequently hydrolysis provided

93. This product was converted to bromide analog, which on treatment with LDA

underwent intramolecular cyclization to afford the cholesterol absorption inhibitor

spiro-b-lactam (þ)-SCH 54016 94.

They have employed the strategy of intramolecular trans alkylation of azetidin-

2-ones since C–4 substituted azetidin-2-one enolates, predominantly yield the C–3,

4-trans-diastereomer upon reaction with electrophiles, [45] thus, providing control

of stereochemistry of substituents at the cyclohexyl ring (Scheme 25).
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Similarly, Guangzhong Wu et al. [46] have published the catalytic enantio- and

diastereoselective synthesis of another spiro-b-lactam (þ)-SCH 58053 103

(Scheme 26) which has been shown to exhibit CAI activity.

Treatment of the starting ester 98 with LDA and subsequent trapping with

TMSCl provided the silyl ester enol ether 99. The desired chiral center via an
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aldol condensation was constructed and followed by n-Bu4NF deprotection to

furnish the hydroxy ester 100 in 95% ee. The hydroxy ester 100 was reacted with

amine in the presence of Me3Al to achieve aminated compound 101, which was

further cyclized to generate the b-lactam ring 102 by using (EtO)2P(O)Cl and

subsequently NaOH/PTC. Addition of Grignard reagent to this compound 102,

followed by selective debenzylation produced spiro-b-lactam (+)-SCH 58053 103

in 99.5% chemical purity and 99.5% ee.

Hussain and Nizamuddin have synthesized 1, 3-dithiolane substituted spiro-

b-lactams (Scheme 27) since 1, 3-dithiolane derivatives exhibit various biological

activities like fungicidal, bactericidal, and insecticidal [97]. The starting thiadia-

zoles 104 were treated with sodium hydroxide and carbon disulfide to get the

corresponding disodium dithiocarbamate 105, which were stirred with 1,2-dichlo-

roethane to obtain 106. Cyclocondensation of 106 with chloroacetyl chloride in

dry dioxane in the presence of triethylamine gave the spiro-b-lactams 107. These

spiro-b-lactams were found to exhibit antifungal activity 75–85% at 100-ppm

concentration against P. oryzae and F. oxysporum.
Basak et al. [98] have reported the synthesis of spiro-b-lactams 110 (Scheme 28),

which serve as the synthetic intermediates for preparation of 3-hydroxyazetidin-2-

ones following Baldwin [99] strategy, which deals with regiospecific nitrone

cycloaddition. Keeping this in mind, Basak et al. have carried an enatiospecific

cycloaddition route keeping a substituent at C-4. The alkenyl b-lactams 108 were

subjected to cycloaddition conditions along with various nitrones 109 to provide

spiroazetidin-2-ones 110.

Liebscher and Anklam [100] have introduced a facile access to novel optically

active spiro-b-lactams 112–113, 115–116 through cycloaddition reaction of diazo-

methane to a-alkylidene-b-lactams (Scheme 29). Diazomethane gave a clean

reaction to a-methylene-b-lactam 111 affording spiroazetidin-2-ones 112, 113

(d.r. 87:13, 93%) with preference of anti-addition with respect to the CH2OTBS

substituent. The a-ethylene-b-lactam 114 reacted slowly with diazomethane and
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resulted into spiro products 115, 116 (d.r. 82:18, 97%). The diastereomers were

obtained in pure form by column chromatography. The CH2OTBS moiety found in

the spiro-b-lactams 112, 113 offers the possibility of establishing tricyclic system

related to the carbapenam series [6].

Al-Thebeiti and El-Zohary [101] have reported an efficient synthesis of a new

series of spiroazetidin-2-one derivatives incorporated with quinazoline

(Scheme 30). 3-Amino-2-methyl-3H-quinazolin-4-one 117 was treated with cyclic

ketones 118 to afford the corresponding cycloalkylidene-3-aminoquinazolinone

derivatives 119 in good yields. The reaction of the compounds 119 with chloro-

acetyl chloride in the presence of triethylamine as a catalyst yielded the spiroaz-

etidin-2-ones 120.

Santillian et al. [102] have investigated the synthesis of N-aryl substituted spiro-
b-lactams 125 (Scheme 31) using [2 þ 2] cycloaddition of isomaleimides to acid

chlorides. The arylamines 121 were treated with maleic anhydride 122 to afford

arylmaleamic acids 123 in excellent yields, which on reaction with dicyclohexy-

lcarbodiimide provided isomaleimides 124. Further these underwent [2 þ 2] cyclo-

addition reaction with acid chlorides in the presence of triethylamine and resulted in

the regioselective formation of spiro-b-lactams 125. The trans stereochemistry of
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these spiro-b-lactams 125 was established by NOE experiments and X-ray diffrac-

tion analysis. The molecular perspective of these compounds nearly show a planner

arrangement for the b-lactam ring and the N-phenyl group.
Kim et al. [103] have shown that spiro-b-lactams 128 (Scheme 32) obtained by

a facile synthesis, serves as a precursor for the synthesis of hitherto unknown

b-lactams undergoing cleavage of the bond between S-1 and S-2 with nucleophiles.

Treatment of 5-substitutedimino-4-chloro-5H-1,2,3-dithiazoles 126 with 2-chloro-

2-phenylacetyl chloride 127 in the presence of triethylamine afforded spiro-

b-lactams 128.

Gonzalez et al. [104] have synthesized spiro-b-lactams directly by employing

Staudinger reaction using unsymmetrical ketenes. The b-lactams 130–133 were

prepared by reaction of either 2-tetrahydrofuroyl chloride or 3-tetrahydrofuroyl

chloride with imines 129 resulting in the generation of a mixture of cis- and trans-
spiro-b-lactams (Scheme 33).
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The ratio of cis/trans reported, is to be strongly influenced by two factors: the

position of oxygen on acyl chloride precursor and the electronic nature of sub-

stituents R1 and R2 on the imine. Thus, the reaction of 2-tetrahydrofuroyl chloride

with imine is more stereoselective than that of 3-tetrahydrofuroyl chloride. The

presence of electron withdrawing group decreases the stereoselectivity of reaction

while the presence of electron releasing group on imine increases stereoselectivity.

Gonzalez et al. [105] have further investigated the diastereoselective [2þ2]

cycloaddition reaction of unsymmetrical cyclic ketenes with imines for the synthe-

sis of a variety of spiro-b-lactams (Scheme 34).

The reaction of N-benzyloxycarbonyl L-proline acid chlorides 134 with imine

135 in the presence of triethylamine, at room temperature, gave the corresponding

spiro-b-lactams 136, 137 as a 1:1 mixture of diastereoisomers, which were sepa-

rated by column chromatography. The Staudinger reaction proceeds with complete

stereoselectivity with a cis relative disposition of the pyrrolidine nitrogen and

the phenyl group, but no asymmetric induction was observed. However, very
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good levels of asymmetric induction were achieved in the Staudinger reaction of

N-benzyloxycarbonyl L-proline acid chlorides 138 with optically active imine 139.

The reaction afforded the diastereomeric spiro-b-lactams 140, 141 (d.r. 95:5),

separable by column chromatography.

A novel approach to enantiopure spirocyclic b-lactams has been developed by

Alcaide et al. [106] using different intramolecular metal catalyzed cyclization

reactions with monocyclic unsaturated alcohols 142 (Scheme 35). Ring-closing

metathesis is one of the most powerful and reliable methods to construct a ring

system. Transformation of alcohols in diolefin precursors followed by ring-closing
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metathesis proved to be a straightforward access to spirocyclic b-lactams contain-

ing five or six-membered oxacycles 143 and 144, respectively.

Rosa et al. [107–111] have been actively engaged in developing new stereoselec-

tive routes to the spiro-b-lactams (Schemes 36 and 37). They have reported on the

reactivity of bicyclic mesoionic compounds derived from cyclic N-acyl-a-amino
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acids 145 [107, 108]. The method involves a convenient and simple synthesis of a

mixture of two diastereoisomeric spiro-b-lactams 146, 147 (Scheme 36) by the

reaction of N-acyl-a-amino acids 145 with N-(phenylmethylene)benzene sulfon-

amide in toluene using acetic anhydride as the dehydrating agent.

These results prompted them to attempt the stereoselective synthesis of the

N-phenylsulfonyl substituted spiro-b-lactams 150, 151 (Scheme 36) from the

N-(phenylmethylene)benzenesulfonamide and the ketene valence tautomer of the

bicyclic mesoionic compounds such as (2 S,4R)-4-acetyloxy or benzoyloxy-

N-acyl-prolines 149 in the presence of acetic anhydride [109]. The presence of

the stereocenter in position 4 of the cyclic amino acid 149was found to be sufficient

to ensure complete stereoselectivity on the spiranic C-4.

In connection with these results, and as an extension of their studies toward the

reactivity of new bicyclic mesoionic compounds and their usefulness in the synthe-

sis of condensed heterocycles, they further reported the stereoselective synthesis

of spiro-b-lactams 153, 154 (Scheme 36) by reactions of imines with mesoionic

compounds or ketenes generated from N-acyl-thiozolidine-2-carboxylic acids

152 [110].

Recently, they have synthesized enantiomerically pure 1,3-thiazolidine-derived

spiro-b-lactams [111] (Scheme 37) using Staudinger ketene-imine reaction starting

from optically active N-boc-1,3- thiazolidine-2-carboxylic acid derivatives and

imines, thus confirming the generality of the earlier reported 1,3-thiazolidine-

derived spiro-b-lactams.

Treatment of amino acid 156, imine and 2-chloro-1-methylpyridinium iodide

(Mukaiyama’s reagent) in the presence of triethylamine in refluxing dichloro-

methane afforded spiro-b-lactams 157, 158. These were obtained as a 1.8:1 mixture

of diastereoisomers and separated by column chromatography. The reaction of 159

and imine under the usual experimental conditions resulted in the formation of a

single diastereoisomer 160. The absolute (3 S, 4 S, 7 S)-configuration was assigned
on the basis of mechanistic considerations and 1H NMR spectra. The presence of

the stereocenter affords complete diastereoselectivity (only trans diastereoisomers

157, 158) and enantioselectivity (160).

Thiruvazhi et al. [112] have shown interest in the area of b-turn mimetics and the

synthetic application of D- and L-proline for asymmetric synthesis of proline-

derived spiro-b-lactams. It has been shown that the asymmetric Staudinger reaction

of optically active acid chloride of D- and L-proline with achiral imines is impossi-

ble due to the loss of stereochemistry at C-2. The authors have developed a strategy

in which a chiral group at C-4 of the acid chloride of proline directs the stereo-

selectivity of the reaction and is sacrificed later to obtain optically active spiro-

b-lactams (Scheme 38).

The Staudinger reaction between optically active acid chloride 161 and

N-benzyl-N-[(1E)-phenylmethylene]amine in the presence of triethylamine in

dichloromethane resulted in the formation of two diastereomerically pure spiro-

b-lactams 162 (51%), 163 (20%) as single enantiomers in each case. The spiro-

b-lactams 162, 163 were further transformed to proline-derived spiro-b-lactams

165, 167 via elimination of methanesulfonic acid using K2CO3/MeOH and
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deprotection along with hydrogenation. The proposed mechanism of Staudinger

reaction on proline-derived ketenes demonstrated that for the achievement of

excellent stereoselectivity in the synthesis of these types of spiro-b-lactams, R1

substitutent of proline should be aliphatic, R2 of the imine could be either aliphatic

or aromatic and R3 should be aromatic.

Barbas et al. [113] have published the asymmetric synthesis of spiro-b-lactams

171 (Scheme 39) using proline-catalyzed Mannich reaction with branched alde-

hyde donors. The Mannich reactions of a,a-disubstituted aldehydes 168 with
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N-p-methoxyphenyl protected a-imino ethyl glyoxalate 169 in the presence of

L-proline as catalyst resulted in the formation of enantioselective b-formyl

a-aminoacid derivatives 170 in excellent yields.

The authors have demonstrated for the first time the use of a,a-disubstituted
aldehydes in the Mannich reaction to generate all-carbon quaternary stereocenters.

The enantioselective b-formyl a-aminoacid derivatives 170 were further trans-

formed to spiro-b-lactams 171 using oxidation followed by basic hydrolysis and

acidification.

Isobe et al. [114] have revealed the novel synthesis of indolenine spiro-

b-lactams 173 (Scheme 40) in Chartelline, which belongs to the family of marine

natural products. The starting precursors 172 were submitted to cyclization by

employing a variety of bases such as EtMgBr, n-BuLi, t-BuOK, LDA, KHMDS,

NaHMDS, and LiHMDS in THF at different reaction temperatures. Out of all these

bases, LiHMDS at –78�C was found to be the best which provided the exclusive

formation of spiro-b-lactams 173 without N-methylamide 174 as a side product.

Clayden et al. [115] have reported the synthesis of spirocyclic b-lactams 176

(Scheme 41) by exo-cyclization of lithiated pyridine and quinoline carboxamides.

The reaction of isonicotinamide or chlorinated isonicotinamide 175 with LDA at –

40�C with addition of methyl chloroformate led to the formation of spirocyclic

b-lactams 176 in good yields. Benzyl chloroformate, benzoyl chloride, methyl

triflate can also be used as the effective acylating agents. In these type of reactions,

lithiation of N-benzyl pyridine and quinoline carboxamides to nitrogen provided
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anions, which underwent intramolecular attack on the pyridine or quinoline ring

either directly or on activation of the ring by N-acylation.
Corey et al. [116] have published the synthesis of spiro-b-lactam 180

(Scheme 42), which is a synthetic intermediate for other b-lactams, which are

able to inhibit proteasome. Proteasome inhibition helps in the therapy of cancer

and has been evaluated for multiple myeloma [104].

The alcohol 177 was converted to starting substrates oxazolidinone 178 by

acylation followed by reduction of the azide function along with cyclization.

Oxazolidinone 178 was protected with t-butylpyrocarbonate-4-(dimethylamino)

pyridine (DMAP) and triethylamine, which was further subjected to reductive

cleavage of the benzyl ester unit to afford carboxylic acid 179. The treatment

of 179 with solution of 1-chloro-N,N,2-trimethyl-1-propenylamine resulted in the

easy formation of the corresponding acid chloride which on reaction with imine

in the presence of triethylamine provided the stereoselective formation of spiro-

b-lactam 180.

Meijere et al. [117] group have investigated the direct synthesis of 3-spiro-

cyclopropanated b-lactams 184 (Scheme 43) using novel three-component cascade

reaction. Earlier, Alberto Brandi and coworkers [118–120] have applied nitrones

181 and bicyclopropylidene 182 to obtain cylcoadducts 183, which were further

fragmented under acidic conditions to afford spiro-b-lactams 184. However, this

reaction required longer reaction time for the formation of cycloadducts 183.

Taking this into account, Meijere and Brandi [117] together explored the effect

of microwave heating during the 1,3-dipolar cycloaddition of nitrones, generated in

situ and bicyclopropylidene 182 for the synthesis of these spiro-b-lactams 184

(Scheme 43). The reaction of N-substituted hydroxylamine hydrochlorides 185,
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aldehydes 186, and bicyclopropylidene 182 in the presence of sodium acetate and

ethanol under microwave irradiation furnished the desired spiro-b-lactams 184 after

30–120 min in single operation. The time required for the completion of this

reaction was never more than 2 h, whereas, with traditional heating at 45�C reaction

completed in 16 d and at higher temperatures, only the corresponding spirocyclo-

propanated piperidone derivative was formed.

Recently, Bittermann and Gmeiner [49] have provided a novel protocol for the

synthesis of enantiomerically pure spiro-b-lactams 190 and characterized them as

efficient b-turn nucleators (Scheme 44).

The starting substrate, protected a-vinylproline 187 was activated by HATU and

coupled with glycine methyl ester hydrochloride to give protected peptide deriva-

tives 188. Further, ozonolysis of these derivatives and subsequent reduction with

excess of Na[BH(OAc)3] provided the hydroxymethyl-substituted derivative 189 in
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excellent yields. The derivatives 189 were introduced to intramolecular Mitsunobu

reaction using DEAD with PPh3, which on subsequent aminolysis or LiOH-pro-

moted hydrolysis afforded spiro-b-lactams 190.

In connection with these studies, recently, we have reported from our laboratory

a novel, operationally simple and efficient approach for the synthesis of spiro-

b-lactams 194, 196–198 (Schemes 45 and 46) [121]. In our earlier publications,

we have demonstrated well the synthetic potential of cationic b-lactam equivalents
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192 for the synthesis of novel azetidin-2-ones and their C-3 functionalizations

[122–127].

The trans-3-benzylthio-3-chloro-b-lactams 192, the appropriate b-lactam car-

bocation equivalents, were prepared by stereospecific chlorination of their

corresponding trans-3-benzylthio-b-lactams 191 using N-chlorosuccinimide and

catalytical amount of AIBN [125]. These b-lactam carbocation equivalents 192

on treatment with propargyl alcohol or allyl alcohol in the presence of ZnCl2/SiO2

were further transformed to suitable substrates, such as, cis-3-benzylthio-3-(prop-
2-ynyloxy/enyloxy)-b-lactams 193 and 195 respectively [126].

Initially, the substrates 193 were subjected to halogen-mediated intrasulfenyl

cyclization reactions with iodine or bromine in the presence of dichloromethane.

The reaction afforded the exclusive formation of the five membered ring spiro-b-
lactams 194 (Scheme 45). To probe further into the underlying features governing

the selectivity in 5-exo versus 6-endo additions, we set out to examine the halogen

mediated cyclization reactions of 3-alkenyloxy-b-lactams 195 (Scheme 46). The

treatment of 195 with iodine or bromine under similar reaction conditions resulted

in the formation of a mixture of two diastereomeric five-membered ring spiro-

b-lactams 196 and 197 as the major products along with a single isomer of six-

membered ring spiro-b-lactams 198 as the minor one. Further, the major isomeric

cyclized 5-membered ring adducts 196 and 197 were formed in 1:1 ratio as evident

from 1H NMR and one of the isomer 196 crystallized in pure form, whereas, the

other isomer 197 remained an oily product. The exclusive formation of five

membered ring cycloadducts and the stereochemistry at spiro-junction C-3 of

194, 196 was established through single crystal X-ray crystallographic analysis.

These studies have revealed interesting features of the halocyclization of

cis-3-alkoxy-b-lactams 193 and 195. The regio- and stereochemistries of the

products, formed after the intramolecular addition of heteronucleophile depends

on the type of unsaturation within the substrate. Further, the alkynyloxy sulfide ring

closures led to the exclusive formation of five-membered ring spiro-b-lactams 194,

whereas, alkenyloxy sulfide ring closures led to the formation of a mixture of

five-membered ring spiro-b-lactams 196, 197 as the major products along with

six-membered ring spiro-b-lactams 198 as the minor products. The regiospecifi-

cities of these ring closures may in part, be due to a kinetic preference for formation

of the five-membered rings.

Further, we have investigated [128] the synthesis of spiro-b-lactams 200, 201

(Scheme 47) using a similar strategy i.e. through halogen-mediated intrasulfenyl

cyclization reactions of 3-allyl-3-benzylthio-b-lactams procured through a Lewis

acid mediated C-3 alkylation of the trans-3-benzylthio-3-chloro-b-lactams 192

[112]. TiCl4 promoted allylation of b-lactams 192 with allylsilane provided

the suitable substrates 199, which were further subjected to halogen-mediated

intrasulfenyl cyclization reactions with iodine or bromine under similar reaction

conditions. The reaction produced a mixture of two isomers of five membered ring

spiro-b-lactams 200, 201, which were separable by column chromatography. How-

ever, a small amount of an additional product 202 was obtained, when bromine was

used as a halogenating reagent.
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These halospiro-b-lactams 201 were further subjected to dehalogenation reac-

tions using tri-n-butyltinhydride in the presence of catalytic amount of AIBN and

gave the clean dehalogenated spiro-b-lactams 203. However, it was observed

that increasing the amount of tri-n-butyltinhydride led to desulfurization also

along with dehalogenation leading to ring opening and formation of cis-3-propyl-
b-lactams 204.

The construction of naturally occurring or unnatural b-lactams with attendant

control of functional groups and stereochemistry has been the goal of the synthetic

organic chemists for the past few decades. In addition, the ever-increasing bacterial

resistance to b-lactam antibiotics presents a very serious concern and efforts have

been made to meet this challenge by exploring new b-lactam chemistry by the

skeletal modification of naturally occurring b-lactam antibiotics. The sulfur atom of

penicillins and cephalosporins has been replaced by selenium and its chemophysi-

cal and microbiological effects have also been investigated.

Very recently, in continuation to our studies directed toward the synthesis of

spiro-b-lactams, we have reported the synthesis of a new class of spiro seleno-

b-lactams [129] (Scheme 48). No report on the synthesis of spiro seleno-b-lactams

has appeared in literature so far.

The seleno-b-lactam 207, required for this study, was prepared from 2-benzyl-

selenoethanoic acid [130] 205 and appropriate imine 206 in the presence of

phosphorus oxychloride as the condensing reagent and triethylamine as the base.

This was further transformed to appropriate b-lactam carbocation equivalent,
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cis-3-chloro-3-benzylseleno-b-lactam 208 using N-chlorosuccinimde and AIBN.

The cis-3-chloroseleno-b-lactam 208 was successfully converted to cis-3-benzyl-
seleno-3-(prop-2-ynyloxy)-b-lactam 209, which served as potential substrate

for undergoing halogen-mediated intraselenyl cyclization reaction. Exposure of

3-alkoxyseleno-b-lactam 209 to iodine or bromine in dry dichloromethane at

room temperature afforded the exclusive formation of five-membered ring spiro

seleno-b-lactams 210 in quantitative yields.

Tolomeli et al. [131, 132] have reported novel classes of four- and five-mem-

bered hydroxyl-spiro-b-lactams 213, 217 and 214, 218 via regioselective ring

opening of hydroxyl-epoxides 212, 216, respectively (Scheme 49). Treatment of

hydroxyl-alkenyl-b-lactams 211, 215 with meta-chloroperoxybenzoic acid in

dichloromethane led to the formation of trans-epoxides 212, 216 in high diastereo-

meric ratio, which were further subjected to intramolecular ring opening using

BF3�Et2O in dichloromethane affording spiro-b-lactams 213–214, 217–218 in

highly regio- and stereoselective fashion. These spiro-b-lactams have been found

to exhibit CAI activity and confirmed through ACAT inhibition assays.

Guarna et al. [133] have employed unsymmetrical bicyclic ketene in

the Staudinger reaction for diastereoselective synthesis of highly constrained
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spiro-b-lactams 221–222 (Scheme 50). The reaction of unsymmetrical bicyclic acyl

chloride 219 with appropriate imines 220 in triethylamine and toluene proceeded

with high stereoselectivity to produce the cis-spiro-b-lactams 221 as the major

compounds accompanying with trans-spiro-b-lactams 222 as the minor compounds.

The cis stereochemistry of spiro-b-lactams 221 was established by NOE experi-

ments and X-ray diffraction analysis. These spiro-b-lactams would serve as impor-

tant heterocyclic compounds possessing diverse scaffolds to which different

functional groups could be fixed in a stereodefined 3D topological arrangement.
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Deshmukh et al. [134] have investigated the use of D-(+)–glucose derived chiral

ketenes in the stereoselective synthesis of spiro-b-lactams 226–227. The D-(+)–

glucose acid chloride 224, serving as a ketene precursor, in the Staudinger cyclo-

addition reaction with appropriate imines 225 afforded the diastereomeric mixture

of spirocyclic-b-lactams 226–227 in 70:30 ratio, respectively. This reaction has

cleanly produced only two diastereoisomers instead of theoretically possible four

Et3N
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diastereomers and this outcome was in accordance with the remarkable influence of

the toroquoelectronic effect (Scheme 51).

Jarrahpour et al. [135] have described the synthesis of novel mono- and bis-spiro-

b-lactams 231 and 233, respectively, from benzylisatin 229 (Scheme 52). The starting

substrate, benzylisatin 229 was prepared by reaction of isatin 228 with benzyl

bromide and calcium chloride in DMF. The benzylisatin substituted imines 230

and di-imines 232 were further subjected to Staudinger reaction with ketenes derived

from methoxy, phenoxy, and phthaloglycyl chlorides to afford novel mono- and

bis-spiro-b-lactams 231 and 233, respectively. The configuration of benzylisatin

229 and monocyclic spiro-b-lactams 231 was established by X-ray crystallographic

studies. These spiro-b-lactams will be studied as precursors of modified b-amino

acids, b-peptides and monobactam analogues.

Recently, Soleiman et al. [136] have published the synthesis of novel class of

spiro-b-lactams 237 using chloroacetylchloride and Schiff bases 236 in the pres-

ence of triethylamine and dioxane (Scheme 53). The new Schiff bases 236 were

prepared by reaction of 234 with different aromatic amines using ethanol and

piperidine as catalysts.

3.2 Biological Evaluation

For over 75 years, the b-lactam antibiotics have provided a powerful line of defence

against a wide variety of bacterial infections. These potent antibacterial agents have

helped in controlling not only the spread of life-threatening diseases, but also

prevented the onset of opportunistic infections in immune-deficient patients. The

agility with which these four-membered heterocycles can undergo ring scission and

rearrangements has provided an easy access to get many other heterocycles and

acyclic compounds of interest. The widespread incidence of antibacterial resistance

to b-lactam antibiotics caused by b-lactamase formation and the use of b-lactams as

important synthons for a variety of natural products has provoked renewed interest

in the building of spiro-b-lactam systems. Recently, spiro-b-lactams have become

centers of attraction due to their diverse biological applications.
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3.2.1 Cholesterol Absorption Inhibitors

Atherosclerotic coronary heart disease (CHD) is a significant disease around the

globe and is one of the major causes of death and cardiovascular morbidity in

humans. Risk factors for CHD include hypertension, diabetes mellitus, male gender,

cigarette smoking etc. but the most dominating risk factor is the serum cholesterol.

The two significant sources of cholesterol in body are endogenously synthesized

cholesterol and exogenous or dietary cholesterol. Efforts to inhibit the absorption of

dietary cholesterol have primarily focused on the inhibition of ACAT, a major

enzyme associated with cholesterol esterification. Inhibition of this enzyme blocks

the absorption of intestinal cholesterol and may also inhibit cholesteryl ester

deposition in the vascular wall in the form of fatty streaks associated with athero-

sclerotic plaque.

Structure-activity relation studies have revealed that 3-spiro-b-lactams SCH

54016 A [45] and SCH 58053 B [46] (Fig. 6) exhibit CAI activity, making them

potentially useful compounds for development of drugs for lowering the high level

of cholesterol. Besides that, it has recently been shown that cholesterol regulation

[137] is also coupled to the activity of an enzyme, which is responsible for the

cleavage of the amyloid precursor protein, which is thought to be involved in the

pathogenesis of Alzheimer’s disease.

The dissymmetric spiroannulation at C-3 provided the trans relationship

between lactam carbonyl and 4-chlorophenyl functionality, which imparts the
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CAI activity with an ED50 ¼ 0.66 mg kg�1 in cholesterol-fed hamster assay [138].

In addition, this spiro-b-lactam (A) has been found to be an active compound in

inhibiting cholesterol absorption (ED50 ¼ 0.01 mg kg�1) in rhesus monkeys, a

primate species which shows similarity to the lipid profile of humans. The spiro-

b-lactam B has also been found to show activity in the seven-day hamster choles-

terol absorption assay with ED50 of 0.50 mg kg�1. The axial benzylic hydroxyl

group in the 4-position of cyclohexyl ring imparts about a favorable 10-fold shift in

the potency as compared with similar analogs lacking this substitution. Recently,

the enantiopure spiro-b-lactamsC andDwere reported to be ACAT inhibitors [131,

132]. These spiro-b-lactams were tested using Lovastatin as reference standard

(IC50 ¼ 12 mM from the literature data, IC50 ¼ 16.8 mMwhen concurrently tested)

with enzymatic assays performation and measured by quantitation of [14C]–Cho-

lesterol esterification using palmitoyl-CoA. The biological evaluation displayed

results that four membered ring spiro-b-lactams are more active than five-mem-

bered ones; further, the (4 S)- spiro derivatives are showing enhanced activity with

respect to the (4R)- derivatives. Thus, ACAT inhibitor contains spiroazetidin-2-one

ring system that provides sufficient ring scaffold upon which the substitution

pattern and their orientation in three dimensions can be varied.

3.2.2 Antiviral Agents

The replication of many plant and animal viruses has been found to be entirely

dependent on proteolytic processing [139]. The proteolytic enzymes are involved in

a variety of functions, such as, separation of structural and nonstructural proteins,

generation of specific enzymes (RNA polypeptides), coordinated assembly of the

virion, and maturation. The evidence suggests that the processing of viral precursor

polypeptide involves virus-encodea proteinases. All picornaviruses produce a

polypeptide 3C-proteinase, which carried out the most cleavages of the polyprotein

occurring between glutamine and glycine, thus, enabling the virus to undergo

maturation.

From the class of 4-spiro-b-lactams, b-lactam E (Fig. 7) has been found to be a

good inhibitor of both poliovirus and human rhinovirus 3C-proteinases (IC50 ¼ 20

mg mL�1) [47]. Besides this, it also inhibited HLE (IC50 ¼ 0.4 mg mL�1) as well as

Cathepsin G (IC50 ¼ 4.0 mg mL�1).
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3.2.3 b-Lactamase Inhibitors and Antibacterial Agents

Bycroft et al. [83] have reported a series of semisynthetic penicillin derivatives such

as, 6-spiro-epoxypenicillins F, G (Fig. 8) possessing both b-lactamase inhibitory

and antibacterial activity (Fig. 8). It has been found that novel chlorinated 6-spiro-

epoxypenicillins F are potent in vitro inhibitors of a range of chemically important

b-lactamases [84], whereas, 6-spirocyclopropylpenems,G, show a reduced level of

b-lactamase inhibitory activity. The significance of the five fold difference between

the turnover numbers for F(a) and G(b) (differ only in their stereochemistry at one

center) was found to be in close comparison with the turnover number of 20,000,

reported for the established b-lactamase inhibitor, sulbactam [140]. Thus, the

notable b-lactamase inhibitory and antibacterial properties of these spiro-b-lactams

depend upon the substituents and the stereochemistry of the epoxide.

A class of Fridricamycins having indoles with C-3 spiro atoms has shown

pronounced biological activities such as antitumor and antibiotic. Taking a clue

from this, Joshi et al. [81] have investigated the synthesis of spiro-b-lactams H

(Fig. 9) by incorporation of fluorine substituted indole nucleus and screened them

for antibacterial activity. The compounds were tested for antibacterial activity

against gram-positive bacteria, such as, S. coagulase, S. viridaus, S. hemollyticus,
and gram-negative bacteria such as, E. coli, P. pyocyneus, and C. frundii by disc

method, in the presence of ethanol, at a concentration of 10 mg ml�1. The study

revealed that all the compounds are moderately active against gram-positive
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bacteria (zone of inhibition between 10–17 mm in diameter), maximum against

S. hemollyticus. However, these spiro-b-lactams have been found to be inactive

against gram-negative bacteria except against E. coli, where slight activity has been
observed (zone of inhibition between 7–10 mm).

3.2.4 Antimicrobial Agents

Hussain and Nizamuddin [97] combined the 1,3-dithiolane moieties with azetidin-

2-ones for the study of different biological activities. The spiro-b-lactams I

(Fig. 10) have been screened against A. niger, P. oryzae, F. oxysporum, and
C. sacchari using agar growth technique at 100 and 10 ppm concentrations. The

standard fungicide carbendazim was chosen to be the reference compound for

studying the antifungal activities of these spiro-b-lactams I.

The observed data reveals that these spiro-b-lactams are antifungal in nature

and the introduction of chloro, methyl and methoxy group further enhances

the antifungal activity whereas, nitro group reduces it. The spiro-b-lactams I were

also found to exhibit strong antibacterial activity against E. coli, S. typhi, and
B. aureus.

3.2.5 Precursors for Tabtoxinine-b-Lactams

Tabtoxin J is a dipeptide exotoxin produced by Pseudomonas tabaci, the organism
responsible for the wildfire disease of tobacco plants [141]. When hydrolyzed by

peptidase, in vivo, this exotoxin releases tabtoxinine-b-lactam K, which inhibits

Glutamine synthetase of the photorespiratory nitrogen cycle, causing chlorosis and

death of tobacco plants [142].

As the dipeptide J itself does not inhibit purified Glutamine synthetase in vitro

[143], the amino acid K is considered to be the active form of J and hence, the

actual toxin of wildfire disease. Since, the detailed mechanism of Glutamine
synthetase inhibition by tabtoxinine-b-lactam attracts chemical interest, a synthetic

approach to the toxinK and its analogs, is of increasing importance. Spiro-b-lactam
L (Fig. 11) has been found to be an efficient precursor of toxin K.
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3.2.6 b-Turn Mimics

Recently, much attention has been directed toward the synthesis of peptidomimetics.

These compounds can replace native peptides in the interaction with receptors. They

showed increased metabolic stability, better bioavailability, and longer duration of

action than native peptides, thus displaying favorable pharmacological properties

[52–54]. In this sense, the design and synthesis of conformationally restricted pepti-

domimetics is an important approach toward improving the potency, selectivity, and

metabolic stability of peptide based drugs.

Among the various strategies available for b-turn mimics, the Freidinger

g-lactam structure (1), or a spiro system [144] (2),has been found suitable for the

design of a variety of medicinally relevant targets. In addition, it has been recently

reported that use of a,a-disubstituted b-lactam (3) could also be a good approach to

promote a b-turn folding in a peptide chain [145] (Fig. 12).
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Molecular modeling calculations using ab initio methods (MP2/6-31þG*)

predict that spiro-b-lactam of type M adopt a b-turn secondary structure [50]

which is very close to the ideal type-III b-turns. Thus, these spiro-b-lactams

are the important members of the core for the preparation of different types of

peptidomimetics using well-established chemistry. They combine the structural

features required for inducing b-turn motif.

3.2.7 b-Turn Nucleators

Bittermann and Gmenier [49] have reported the chirospecific synthesis of proline-

derived spirocyclic b-lactams N (Fig. 13) and investigated their utilization as

reverse turn nucleators. These spiro-b-lactams possess valuable conformational

properties as established from NMR and IR spectroscopic studies. Interestingly,

the combination of both the spirocyclic structure and further conformational con-

straints by a four-membered lactam, enables a more ideal calibration of the geo-

metrical properties required for adoption of a canonical type-II b-turn leading to a

coplanar spatial arrangement and thus, promising antiparallel pleated b-sheet
nucleators.

4 Concluding Remarks

In conclusion, the CAI activity of spiro-b-lactams, their antiviral and antibacterial

properties, their potential as efficient b-turn nucleators and b-turn mimetics, and

their application as synthons for a,a-disubstituted b-amino acids motivated syn-

thetic and medicinal chemists to design novel spirocyclic b-lactams. Several

approaches to the stereoselective synthesis of spiro-b-lactams have been described

in this review. However, ketene-imine cycloaddition (Staudinger Reaction) shows

much versatility for the access to diversely functionalized spiro-b-lactams. In

addition, we have developed a facile route to novel spiro-b-lactams by using

N
N

O
OO

O

CH3

H  N

R

R = H, DCCB

DCCB:
O  CH2

Cl

Cl

NFig. 13 Spiro-b-lactams as

b-turn nucleators
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intramolecular halogen-mediated cyclization reactions of cis-3-prop-2-ynyloxy/
enyloxy- or 3-allyl-3-benzylthioazetidin-2-ones.
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