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1. Introduction

Today, on the edge of the 21st century, the search for new
antibacterial agents remains unabated.1 In fact, the appear-
ance of new types of bacteria resistant to the more
commonly used b-lactam antibiotics is a problem of world-
wide importance.2 Thus, in spite of the formidable anti-
bacterial arsenal available, someone could die today as a
result of a bacterial infection, as in the dark ages prior to
the discovery of penicillin. In most cases, the resistance
mechanism against the b-lactam drugs involves a
process of enzymatic cleavage of the b-lactam ring by
b-lactamases.3 In consequence, efforts to overcome the
action of these enzymes have been undertaken on two
fronts: (a) development of new b-lactam antibiotics
resistant to b-lactamases and (b) use of b-lactamase inhibi-
tors. Both approaches have produced results and a new
generation of antibiotics such as trinems, 1 (formerly
known as tribactams)4 and tricyclic benzocarbapenems 2
as promising inhibitors of b-lactamases, were developed.5

Strikingly, both classes of compounds have a tricyclic
skeleton (Fig. 1).

Besides their signi®cance as antibacterial agents, b-lactams
show other interesting biological properties. They are potent
inhibitors of mammalian serine proteases,6 such as human
leukocyte elastase (HLE) or thrombin and, in fact, very
promising candidate compounds to ful®ll this role are
now under development. Another interesting property of
2-azetidinones is their role as cholesterol absorption
inhibitors.7 Furthermore, some monocyclic 2-azetidinones
having diverse aromatic substituents attached to the four-
membered ring have been found to be inhibitors of human
cytomegalovirus (HCMV, a b-herpes virus), a serious
pathogen in immunocompromised individuals.8 These two
examples of biological activity, different from the classical
antibacterial action of b-lactam antibiotics, are a promising
advance in ®nding new pharmacological uses for this family
of substances.
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From a synthetic point of view, the development of a
methodology based on the 2-azetidinone nucleus has
reached such a level of importance as to merit its own
name: `the b-lactam synthon method'.9 In fact, its role in
the preparation of many types of non-b-lactam compounds,
especially in the synthesis of non-proteinogenic amino
acids, has been the subject of several reviews.10

This review draws attention to the diverse, and in many
aspects scarcely studied, class of b-lactams having a `non-
classical' tri- or polycyclic structure. Trinems have been
deliberately excluded from this work as their synthesis
and chemistry has already been reviewed,11 and they may
be considered as classical b-lactam antibiotics. The differ-
ent types of b-lactams with a tri- or polycyclic skeleton will
be discussed in this review and it will be seen that their
biological activity as well as their potential as synthetic
intermediates remains mainly undiscovered.

2. Building the Polycyclic Ring System on a Preformed
2-Azetidinone

Many different approaches can be devised and many have
been used to achieve a ring on a preformed 2-azetidinone
system. The different methods reported can be divided into
two main groups: those forming an N±C bond, and those
forming a C±C bond. In the ®rst approach NH-2-azetidi-

nones have been used whilst the second can be carried out
in different ways, as will be described in the next section.

2.1. Ring closure on the lactam nitrogen

Most of the N±C bond forming processes are based on
condensation reactions. One of the ®rst examples of intra-
molecular condensation between the azetidinone nitrogen
and a carbonyl group was reported in the early seventies
by Sheehan.12 Oxidation of the alcohol group in 3a was
followed by reaction between the 2-azetidinone nitrogen
and the in situ generated aldehyde, to give the benzocepham
4a in low yield (Scheme 1). This approach was then applied
to the preparation of other compounds with different degrees
of success.13 PCC oxidation of azetidinone 3b yielded a
mixture of the expected b-lactam 4b and its oxidation
product 5. Alternatively, compound 5 could be obtained
by methanolysis of the protected aldehyde 3c followed by
hydrolysis of the resulting hemiaminal 4c. Further trans-
formations of compounds 4b,c into their corresponding
sulfoxides or sulfones, were also reported.13

Cephalosporin lactones 6 were obtained by transformation
of the enols 7 into a-bromoketones 8, which cyclized in situ
to a mixture of cis/trans bromohydrins 9.14 The mixture of
bromohydrins or their acetates (obtained by standard acetyl-
ation) was then reduced in the presence of Zn/acetic acid to

Scheme 1.
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give the desired lactones 6 in 30% global yields. A related
example was found in the Lewis acid promoted condensa-
tion of benzylglyoxalate with cis-azetidinones 10 having a
hydrazone function in their structures.15 The reaction
afforded, in low yield, an epimeric mixture of tricyclic
b-lactams 11 and these were subsequently transformed
into their carboxylate salts 12 by treatment with H2/Pd
and NaHCO3. The salts 12 showed a low antibacterial
activity (Scheme 2).

The intramolecular N-alkylation of sugar-derived 2-azetidi-
nones 13, was achieved in good yields by means of a two
phase system (anhydrous K2CO3/Bu4NBr).16 The cycliza-
tion process led simultaneously to desilylation and 14 was
the only isolated product (except for R1�t-BuMe2Si)
(Scheme 3).

The NH±C ring closure on a 2-azetidinone nucleus has also
been effected by intermolecular condensations. A one-pot
addition-condensation process was reported in the reaction
of the readily available 4-acetoxyazetidin-2-one 15 with
o-hydroxybenzaldehyde or o-hydroxyacetophenone, to
afford the oxa-dethiabenzocephems 16a,b in quantitative

and 76% yield respectively.17 Further functionalization of
these compounds was achieved in good yields by
methanolysis of compounds 16a,b to yield 17a,b, or by
dehydration of the alcohol moiety in compound 16b to
form the tricyclic b-lactam 18 (Scheme 4).

Wasserman has described an analogous approach, but
following a stepwise procedure. Reaction of the amino-
lactams 19 and vinyl vicinal tricarbonyls took place by
initial addition of the primary amine to the vinyl tricarbonyl
reagent, to form 20. This intermediate in the presence of
pyridinium p-toluenesulfonate (PPTS) was transformed
into the pyrrolidinium salt 21. The intramolecular attack
by the lactam nitrogen led to the formation of the tricyclic
b-lactams 22a,b in 30% and 72% yield respectively
(Scheme 5).18 The b-stereochemistry of the carboxylate
group was con®rmed by X-ray analysis.

More functionalized analogs of 22 were produced by the
same procedure starting from the azide 23.19 Reduction of
the azido group followed by addition of the vinyl tricarbonyl
reagent and further cyclization using PPTS, provided the
tricyclic carbacepham 24. This compound yielded the

Scheme 3.

Scheme 4.
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tricyclic b-lactam 25 after selective reduction of the ketone
group, removal of the TBS function with Bu4NF and hydro-
genolysis. The tricyclic b-lactam 25 incorporates the
3-(1-hydroxyethyl) group in its structure which is character-
istic of many active bi- and tricyclic b-lactams (Scheme 5).

A different procedure to achieve the N1-cyclization reaction
is the aromatic substitution of the azetidinone nitrogen on a
halobenzene nucleus.20 This process involves a Cu-induced
intramolecular aromatic substitution on substrates 26 and 27
to yield a series of benzocarbacephems 28 and benzocarba-
penems 29, in low to moderate yields. Of particular interest
were compounds 30 obtained by simple chemical trans-
formations, after replacement of the hydroxyl group in the
benzocarbacephems 28 by Cl, F, or hydrogen group. These
compounds, in the form of their sodium salts, were tested as
possible b-lactamase inhibitors, exhibiting in some cases
good competitive inhibition results (Scheme 6).

The intramolecular insertion of in situ generated carbenes
into the lactam N±H bond is an alternative route to tricyclic
b-lactams. Heck designed the closure of the central ®ve
membered ring of the benzocarbapenem 31a by reaction
of the diazo compound 32 with Rh(OAc)2. The compounds
31 have a norcardicine-like structure but with the additional
ring strain characteristic of penicillin and thienamycin
derivatives, and were obtained in 5±10% overall yield
from the diazo compound precursor 32. Hydrogenolysis of
the benzyl protecting groups of 31a gave the potassium salt

31b which showed only low activity against a variety of
microorganisms (Scheme 7).21

2.2. Ring closure by C±C bond formation

Wittig and related procedures. Intramolecular Wittig ring
closure is one of the classical strategies of C±C bond form-
ing that has found application in the synthesis of polycyclic
b-lactams, and this methodology has been extremely useful
for obtaining modi®ed trinems.22 One of the ®rst polycyclic
2-azetidinones thus obtained was reported by Perchonock,
who obtained the benzocarbacephem 33 after treatment of
the azetidinone 34 with aqueous acetone and TsOH at room
temperature. Hydrogenolysis of 33 yielded the acid 35, that
was inactive against a range of gram-positive and gram-
negative bacteria.23 The increased steric bulk, lipophilicity
and/or electron density resulting from the incorporation of
the fused benzene ring into the carbacephem skeleton was
claimed to be responsible for the lack of antibacterial
activity. Following essentially the same procedure, the
tricyclic analogs of the cephalosporins 36 were prepared,
by ozonolysis of compounds 37 and subsequent treatment
of the corresponding aldehydes with (MeO)3P in re¯uxing
o-xylene.24 Standard protective group manipulation gave
compounds 38a,b as their amidine salts. In spite of their
unusual structures, however, both were inactive (Scheme 8).

The masked aldehyde 39 has been used to prepare the carba-
cephem analog 40 by ozonolysis and subsequent Wittig

Scheme 6.

Scheme 7.
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cyclization in the presence of NaHCO3. Compounds 41
were obtained in moderate to good yields from the phos-
phonium salts 42 after treatment with i-Pr2EtN. Catalytic
hydrogenation of compound 41 (R1�H; R3�OBn) afforded
the hydroxycephem 43 as a 3:1 diastereomeric mixture
(Scheme 9).25

A related intramolecular cyclization, utilizing a Peterson
ole®nation, has been reported by Palomo.26 Preparation of
the tricyclic benzocarbapenem 44 was achieved, at room

temperature, by desilylative cyclization of the aldehyde
45. The reaction was catalyzed by tris(dimethylamino)sul-
fonium di¯uorotrimethylsiliconate (TSAF) and the product
was obtained in 40% yield (Scheme 10).

In all of the previous examples the central ring of the tri-
cyclic system was built up from a 2-azetidinone skeleton.
An alternative method is the formation of the new ring on a
bicyclic b-lactam system, an approach that has been used to
prepare tricyclic cephalosphorins. Thus, by treatment of the

Scheme 8.

Scheme 9.

Scheme 10.
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cephalosporin ylide 46a with an excess of acrolein, the
fused C3±C4 cephalosphorins 47 were obtained in
moderate yields (Scheme 11).27,28 When a-bromoketones
were employed, cephalosporins fused to a cyclopentene
ring, 48, were isolated in good yields.29 The formation of
these products appears to arise exclusively from the
resonance stabilized tautomer 46A, by initial incorporation
of the reagent in C4 and subsequent intramolecular Wittig
reaction.27 A total reversal of the reaction outcome,
however, was observed when the starting material was the
sulfoxide 46b. Reaction of 46b with acrolein exclusively
formed the cephalosporin 49a. Stabilization of the ylide
tautomer 46B by the sulfoxide group should favour the
Michael addition onto C2 in this case. Compounds 48

were converted into the aminothiazole oximino
derivatives 50 in several steps, and both 48 and 50 exhibited
signi®cant activity against gram-negative organisms.
Reduction of the sulfoxide 49a yielded 49b, a precursor of
the weakly active norcardicin analog 51.27 The preference
for the C2±C3 ring closure was also observed in the
reactions of the cephalosporin phosphorous ylides 46 with
1,2-dicarbonylic compounds, to yield a mixture of the
tricyclic b-lactams 52 and the alkenyl cephems 53 in
moderate yields.30,31 The ratio 52/53 was dependent on
the substituents on the carbonyl group. The cephalosporins
52 were isolated as a diastereomeric mixture, the major
isomer showing H2 and H11 in a cis arrangement
(Scheme 11).

Scheme 11.

Scheme 12.
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Bridged oxacephems have also been obtained by intra-
molecular Wittig reaction.32 Thus, internal Wittig con-
densation on the aldehyde 54 gave the strained
oxacephem 55. This reaction required 30 h re¯ux in toluene,
but despite the forcing conditions the yield was high (94%).
This compound was then transformed in several steps into
the potentially active sodium salts 56 and 57. When tested
for antibacterial activity, however, 56 was virtually inactive
and 57, the side chain of which resembles that present
in thienamycin, showed only very low activity levels
(Scheme 12).

Friedel±Crafts and related processes. The intramolecular
Friedel±Crafts (FC) ring closure has been frequently used to
prepare tricyclic b-lactams. The fused benzo and furocarba-
cephems, 58 and 59, were prepared as single isomers, in low
to moderate yields, by treatment of the acid chloride
derivatives of 60 with an excess of AlCl3.

33 These
compounds were then transformed into the corresponding
carbacephem derivatives 61 and 62. In the case of 62, direct
reduction of the ketone failed and the desired methylene
group was achieved by reduction of the ketone tosylhydra-
zone 63 with NaHB(CN)3. Although the biological activity

of all of the compounds was tested, none were found to be
active (Scheme 13).

Fetter reported the formation of tricyclic b-lactams 64 by
treatment of the azetidinone carbaldehydes 65 with Lewis or
BroÈnsted acids (AlCl3, AlBr3 or H2SO4) (Scheme 14).34

When halobenzenes or toluene were employed as solvents,
one molecule of the solvent was incorporated into the
product. The high diastereoselectivity of the process was
interpreted by the formation of the intermediates 66 and
67 in the reaction media. Hydroxyl derivatives could be
derived from the intermediate 66, from which the formation
of the two epimers was possible. In these cases the selec-
tivity decreases by up to 5:1. When the nucleophilic attack
takes place at the cation 67, however, the complete dia-
stereoselectivity of the reaction was explained by assuming
that these species existed in a folded conformation, which
was expected to be attacked by the nucleophiles from
outside. The entering ligand should therefore approach by
the a-face, forcing H8 into the b-position.

Bachi and Klein employed a modi®ed Bischler±
Napieralsky reaction to obtain the cephalosporin analog

Scheme 13.

Scheme 14.

Scheme 15.
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68 (Scheme 15).35 Annelation of the trans-b-lactams 69 was
performed by addition of 2,6-lutidine and PCl5, followed by
addition of SnCl4. The electrophilic nitrilium ion 70, which
initially formed, cyclized to 71. Acid hydrolysis of the
CvN bond gave the azido b-lactam 70 which was subse-
quently transformed into the corresponding acylamino
b-lactam 72 in 73% yield. The product resulting from
deprotection of compound 72 was inactive.

Analogs of Norcardicin A, 73, have been prepared in good
yields by treatment of the 2-azetidinones 74 with Cl2SO.
The cyclization reaction was totally diastereoselective.
Further modi®cations of the azido group in 73 allowed the

synthesis of compounds 75 that were found to be totally
inactive (Scheme 16).36

The tricyclic diazocarbapenem 76 was obtained as a single
diastereomer by cyclization of the pyridazinyl sulfone 77
with 2 equiv. of LHMDS.37 Removal of the TBS-protecting
group, followed by hydrogenolysis gave the desulfonated
compound 78 together with the expected 79. Both
compounds were inactive in in vitro antibacterial assays
(Scheme 17).

In the following example an S±C rather than a C±C bond is
formed by direct cyclization of a sulfur atom on an aromatic

Scheme 16.

Scheme 17.

Scheme 18.



M. GoÂmez-Gallego et al. / Tetrahedron 56 (2000) 5743±5774 5751

ring. In an attempt to deprotect the cis-2-azetidinones 80
with ceric ammonium nitrate (CAN), the tricyclic b-lactams
81 were obtained in good yields as the sole reaction
products.38 Interestingly, the azetidinones 82, the epimers
of 80 at the thiazolidine ring, afforded exclusively the
desired NH-2-azetidinones 83 when treated under the
same conditions. The cyclization products 81 were isolated
in a lower yield when the starting 2-azetidinone had a trans-
stereochemistry. The process was interpreted by initial
attack of the nucleophilic thiazolidine sulfur atom on the
aromatic ring, to give the intermediate 84 which evolved to
the observed ring transformation products. On the other
hand, molecular mechanics calculations suggest that the
restricted rotation across the C±C bond that links the two
heterocyclic rings is responsible for the different behaviour
of the two epimers in the presence of the oxidising agent
(Scheme 18).38b

Intramolecular alkylation processes and aldol condensa-
tions. An alternative strategy for building a tricyclic
b-lactam system starting from a bicyclic system involves
the creation of a new ring by means of an intramolecular
alkylation process leading to C±C bond formation. This
approach was originally reported from Lilly laboratories
to synthesize the C2,C3-tricyclic cephalosporins 85
(Scheme 19).39 Treatment of the bromo sulfoxide 86 with
NaH/DMF yielded the tricyclic lactam 87, which was
converted into the tricyclic cephalosporins 85 by further
synthetic manipulations. The biological activity of
compounds 85 and 87 was tested and both displayed a

signi®cantly reduced microbiological activity, in compari-
son to the well known and structurally related 3-methyl-7-
phenoxyacetamido-3-cephem-4-carboxylic acid.

The intramolecular alkylation reaction has also been
employed to obtain 2,3-b-methylenepenams 88 starting
from the sulfoxides 89.40 The cyclization was best achieved
with DBU in DMF at low temperature and the yields were
high. Removal of the sulfoxide function was readily
accomplished by treatment with PCl3 in DMF,40 or TFA/
KI/acetone,41 giving the tricyclic sul®des 90 in good yields.
These compounds could additionally be obtained in one
step, starting from the sul®des 91. Biological tests carried
out on a series of the b-lactams 90 (R2�H) showed that they
possessed gram-positive bacterial activity (Scheme 20).
b-Methylene penams of structure 90, have been used as
precursors for other derivatives 92±93, the activity of
which has been evaluated and compared to that of peni-
cillins.42 Despite their close structural relationship, these
tricyclic penams 92,93 showed a clear reduction of anti-
bacterial potency compared to their penicillin counterparts,
although they acted as b-lactamase inhibitors. The presence
of a cyclopropyl methylene in the compounds could prevent
the activation of the b-lactam carbonyl group, thereby
rendering a loss in activity. Apart from their antibacterial
properties, the tricyclic b-lactams 90 are interesting as
precursors of 2-methyl-3-cephem derivatives 94. Cyclo-
propane ring opening of compound 90 by AlBr3 gave the
3-cephem 94 in 80% yield, while 95 was isolated when the
reaction was carried out with TiCl4.

43 Further modi®cations

Scheme 19.

Scheme 20.
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were carried out on 94 to obtain a series of substituted
cephalosporins 96 that showed a low antibacterial activity
(Scheme 20).

A series of [4, n, m] (n�5, 6; m�5, 6, 7) tricyclic 2-azeti-
dinones 97 has been obtained by LHMDS promoted intra-
molecular aldol condensation of the azetidinones 98.44 The
yields ranged from good to moderate and the conditions
required to promote the reaction depended on the structure
of the system to be obtained (con®guration of the angular
methyl group, size of the ring etc.). All of the products
retained the cis-stereochemistry of the starting 2-azetidi-
none rings, with the sole exception of the inseparable
mixture of cis-epimers 99, which after cyclization were
transformed into a mixture of trans b-lactams 100. It is
known45 that cis-trans isomerization at the 2-azetidinone
nucleus occurs in the presence of a base, and possibly the
longer reaction times required in this case could have

promoted both, cyclization and isomerization processes
(Scheme 21).

Hanessian and coworkers have recently reported the use of
an intramolecular Michael addition to obtain the tricyclic
carbapenams 101 and 102 in high yields. The cyclization
was carried out upon treatment of the azetidinones 103 and
104 with LHMDS at 2788C to give the carbapenams 101
and 102 as single isomers. (Scheme 22).46 Some derivatives
of these compounds were prepared by removal of the TBS
group and deprotection of the ester function, but all were
found to be inactive. On the other hand, compounds 101 and
102 were used as precursors for the unstable tricyclic carba-
penems 105.

Other cyclizations leading to the formation of a C-hetero-
atom bond have been reported. Ugolini described the forma-
tion of a C±O bond through an intramolecular condensation

Scheme 21.

Scheme 22.

Scheme 23.
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to yield the O-2-isocephems 106 in quantitative yields by
cyclization of the mesylates or chlorides 107 in the presence
of freshly prepared Bu4NF.47 Reduction of the azide func-
tion, followed by acylation with phenylacetyl chloride
afforded 108a which was transformed into the tricyclic
amide 108b by removal of the silyl group. This compound
was found to be moderately active as an antibacterial agent
(Scheme 23).

The intramolecular N-alkylation reaction of the bicyclic
derivatives 109 was the key step in the synthesis of one of
the few reported anti-Bredt b-lactam systems 110.48

Despite their strain, the compounds 110 were thermally
stable, and could be transformed to the corresponding
N-acyl derivatives, and oxidized to sulfoxides or sulfones
(Scheme 24).49

Bromination of the azetidinones 111 in methanol formed the
bromonium cations 112 that were intramolecularly
quenched by the pyridine nitrogen. The cation 112b was
more susceptible to solvolysis than to intramolecular
nucleophilic attack, giving 113, while 112a cyclized to
114. Both compounds were evolved further to the salts
115 and 116, respectively (Scheme 25).50 Other tricyclic
penams have been obtained through a Bamford±Stevens-
like process.51,52

Metal mediated cyclizations. Except for some examples of
Pd-induced [212] cycloadditions of cephem tri¯ates
discussed below, the building of polycyclic 2-azetidinones
from monocyclic compounds using transition metal
reagents or catalysts has been scarcely investigated. The
synthesis of the novel tricyclic b-lactams 117±120 has
been carried out through a Heck reaction of 2-azetidinones

121±123 generated in situ by the ketene-imine method.53

An analogous reaction on compound 124 led to the benzo-
carbacephem 125 in acceptable yield (Scheme 26).54 In
other cases, the use of Pd catalysts yields the expected
products together with dimers in comparable yields.55

A conceptually different synthetic approach to polycyclic
b-lactams is the simultaneous building of two of the three
rings on a 2-azetidinone nucleus. This has been achieved by
a Pauson±Khand (P±K)56 reaction on the monocyclic
enyne-azetidinones 126±130. These compounds formed
the alkyne-Co2(CO)6 complexes in quantitatively yield.
Treatment of the complexes derived from 126, 127 and
128a with trimethylamine N-oxide (TMNO), gave the
desired tricyclic products 131, 132 and 133a as single
diasteromers, and for compound 131 as a single enantiomer.
When the reaction was extended to compounds 128b,c, 129
and 130 having an hydroxypropargyl moiety, however,
lower yields and selectivities were obtained in the
formation of compounds 133c, 134 and 135. These results
show that the P±K reaction is a simple and most by
ef®cient entry to different tricyclic 2-azetidinones with a
®ve- or six-membered ring fused to the b-lactam nucleus
(Scheme 27).57

2.3. Cycloaddition processes

The synthesis of tri- or polycyclic b-lactams by means of a
cycloaddition process on a preformed 2-azetidinone has
been widely investigated, especially 1,3-cycloadditions
and Diels±Alder reactions. Although both inter- and intra-
molecular processes have been reported, most of the work
has been done on intermolecular cycloadditions. For intra-
molecular processes, monocyclic 2-azetidinones have been
employed as the substrates, whereas bicyclic b-lactams
were required for intermolecular reactions.

1,3-Dipolar cycloadditions. Most of the methods used to
prepare bi- and polycyclic 2-azetidinones by an intra-
molecular 1,3-dipolar cycloaddition start from monocyclic
2-azetidinones with an azido group as the 1,3-dipolar
reagent. The synthesis of two different classes of tricyclic
b-lactams having fused triazole rings has been reported
from monocyclic 2-azetidinones differing exclusively in
the relative position of the dipole and the dipolarophile

Scheme 24.

Scheme 25.
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moieties. Based on the behaviour of azides as 1,3-dipoles,
the monocyclic 2-azetidinones 136±138 having the azido
group at the lactam nitrogen side-chain and the acceptor
at the ring C4 position were chosen as starting materials
in the preparation of tricyclic fused [4,n,5]-2-azetidinones
(n�5, 6, 7) 139±142. The free acids were prepared from the
corresponding tricyclic systems but, except for 141c, that
was slightly active against gram-positive organisms, the
compounds were inactive (Scheme 28).58

The alternative ring closure was effected by locating the
azido group on the C4 position of the 2-azetidinone ring.

The compounds 143 reacted as expected to produce the
tricyclic [4,5,5] triazolo derivatives 144, although for a
successful intramolecular cycloaddition, high dilution
conditions (1 mg/ml) were required, otherwise the inter-
molecular dimers 145 were obtained.58c Interestingly,
substitution of the triple bond with alkyl or aryl groups
inhibited the cycloaddition process and the best results
were achieved when small, strongly electron-withdrawing
groups (such as a formyl group) were incorporated into the
triple bond. The formation of a six-membered ring also
favoured the reaction, as in the acetylene 146 which
cyclized to provide the triazolocepham 147 (Scheme 29).58b

Scheme 26.

Scheme 27.
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The 1,3-dipolar cycloaddition of diazoalkanes and azides to
the CvC double bond of cephalosporins has been used to
modify these classical b-lactam antibiotics in the search for
more active compounds. Both D2, D3, and exocyclic vinyl
cephalosporins have been investigated as dipolarophiles. In
the case of D2-carbapenems 148 the reaction with diazo-
methane led to the adducts 149 or 150 depending on the
reaction conditions, but D3-cephems were unreactive. For
vinyl D2-carbapenems 151a both double bonds were
reactive towards diazomethane, and mixtures of mono 152
and bisadducts 153 were obtained. In the case of 153, the
process was totally stereo- (only one of the two possible C3 0
steroisomers was formed) and regioselective (the molecule
is a `b-adduct', the new bond being formed at the b-position
to carbon C3). The vinyl cephalosporin sulfoxide 151b
underwent cycloaddition with diazomethane to give a single

product 154 in a stereo- and regioselective reaction. The
double adduct was not formed in this case (Scheme 30).59

Penems and carbapenems have been used to prepare poly-
cyclic 2-azetidinones. One example comparing the reac-
tivity of the exocyclic 6-alkylidene and the endocyclic
double bond towards diazomethane has been reported.60

The exocyclic double bond of E-furylmethylene penem
E-155 reacted with diazomethane to give a mixture of the
pyrazolines 156, resulting respectively from a and b attack
at the exocyclic double bond, with the same regiochemistry
of addition. When the Z-furylmethylene compound Z-155
was similarly exposed to diazomethane, however, the
products obtained arose from the addition of diazomethane
only to the exocyclic (156) CvC bond and to both the endo-
and exocyclic double bonds (157) (Scheme 31).

Scheme 28.

Scheme 29.
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The fate of the pyrazoline rings in the above polycyclic
2-azetidinones and other similar compounds is to be used
as precursors for fused cyclopropanes. In fact several
cephalosporins, penams, and carbapenams having a fused
cyclopropane ring have been prepared by thermolysis of
these pyrazoline derivatives.61 As an example of this rich
chemistry, reaction of the ester 158 and N2CH2 under mild
conditions gave two separable, diastereomeric, tricyclic

pyrazolines 159 and 160 (67% and 21% yields, respec-
tively). These compounds produced by thermolysis the
fused cyclopropane systems 161 and 162 in good yields.
The adduct 159 led to the anti-fused-ring-system 161
(66%), accompanied by a small amount of the D2-3-methyl
isomer 163 (16%), whereas the isomer 160 gave the cyclo-
propane having a syn-ring fusion 162 (87%) as a single
product. These results may be explained by the initial

Scheme 30.

Scheme 31.

Scheme 32.
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formation of the biradical 164 which may evolve by
competition between a 1,2-hydrogen shift mechanism
(path a) that provides 163 or by ring closure to provide
the fused cyclopropanes (path b) (Scheme 32). Many
other related systems have been obtained employing the
same methodology.60

An alternative approach to the building of a polycyclic
2-azetidinone is the use of a monolactam as the precursor
of the 1,3-dipole.62 Generation of the azomethine ylides 165
by decarboxylation of the b-lactam-based oxazolidinone
166, followed by cycloaddition with different dipolaro-
philes, led to the corresponding fused tricyclic b-lactams
in moderate yields, provided that the dipolarophile had a
cyclic structure. Several aspects of this reaction merit
speci®c comments. endo Cycloadducts predominate and
the cycloaddition step (which exhibits a high degree of
regioselectivity for unsymmetrical 1,3-dipolarophiles) is
also stereospeci®c. Many tricyclic structures have been
prepared in this way and some examples are shown in
Scheme 33.

Diels±Alder and [212] cycloadditions. One of the ®rst
approaches to the building of a polycyclic 2-azetidinone
system by means of a Diels±Alder reaction, used a diene
system supported on the 2-azetidinone component. The
2-methylenecephems 169 (`exomethylene' cephems) have
been employed as dienes in Diels±Alder reactions with
homo or heterodienophiles, acting as useful starting
materials for the synthesis of new tricyclic b-lactams.63

Treatment of 169a with O-ethyl S-methyldithioxolate
afforded the crystalline cycloadduct 170 as a diastereomeric
mixture. The analogous reaction with ethyl methacrylate
yielded the cycloadduct 171 in low yield. Other dienophiles
such as maleic anhydride and diethyl azodicarboxylate
reacted very slowly with 169a affording a large number of
byproducts under forced thermal conditions (Scheme 34).63

Vinyl cephems have been used as dienes in Diels±Alder
cycloadditions. The compound 172 reacted with acrolein
(4 equiv.) to afford the tricyclic cephalosporin 173 and the
dimer 174 (7%).64 The formation of the dimer was more
effective (92%) by heating 172 in DCM for ®ve days. It is

Scheme 33.

Scheme 34.

Scheme 35.
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clear that the role of the starting material is not only as a
diene but also as a dienophile in this Diels±Alder reaction
(Scheme 35).

Bicyclic 2-azetidinones having an endocyclic diene array
have been used to prepare polycyclic 2-azetidinones
through a Diels±Alder reaction. The azetidinodiazepines
175a,b reacted with the acylnitroso dienophiles 176, from
their convex a-side. The reaction was non-regiospeci®c,
however leading stereospeci®cally to mixtures of regio-
isomers 177 and 178 in good overall yields. Singlet
molecular oxygen has also been used as a dienophile and
the unstable endoperoxide 179 was obtained by UV irradia-
tion of an oxygenated solution of compound 175b with
meso-tetraphenylphorphyrin as photosensitizer. There is
no mention in the original paper of the biological activity
of any of these compounds (Scheme 36).65

The double bonds of the cephem, penem and carbapenem
systems are suitable dienophiles for Diels±Alder and [212]
reactions but relatively few polycyclic 2-azetidinones have
been constructed using these compounds as substrates. The
strained acrylate component in the ester 180 acted as a
dienophile with reactive dienes such as diphenylisobenzo-
furan or benzoisofuran to yield the tetra- 181 or penta- 182
cyclic 2-azetidinones as single adducts, respectively. The
stereochemistry of these processes was explained by an
exo approach of the diene to the less hindered a-face of
the dienophile double bond. The instability of the ester
180 towards acids and heat precluded the use of Lewis
acid catalysts or elevated temperatures to increase the
yield of the reaction (Scheme 37).66

Allenes generated in situ from the tri¯ate 183 and the S- and
R- sulfoxides 184 and 185 reacted with dienophiles giving
the tetracyclic 2-azetidinones 186±188 in excellent yields.
The reaction involves a formal elimination of tri¯uoro-
methanesulfonic acid to form an allene intermediate in the

six-membered ring, followed by the [412] cycloaddition
reaction. The chemoselectivity of the cycloaddition is deter-
mined by the oxidation state of the sulfur atom in the start-
ing cephalosporin tri¯ate. The addition takes place across
the 2,3 positions in the sulfoxides 184 and 185, but across
the 3,4 position in the sul®de 183. Furthermore, the two
sulfoxide isomers gave rise to opposite stereochemistries
at the three newly-formed chiral centers. The results were
explained by [412] cycloaddition to the more electron de®-
cient double bond of the allene intermediate (Scheme 38).67

The well known photoisomerization of 2(1H)-pyridones
189 to the photopyridones 190 (a b-lactam ring fused to a
cyclobutene), has been used by many authors in designing
the syntheses of polycyclic 2-azetidinones, since the latter

Scheme 36.

Scheme 37.

Scheme 38.
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compounds are highly reactive towards cycloaddition
processes. Hongo and Nakano employed the photopyridone
190 as the precursor for a series of tricyclic b-lactams 191±
194 by Diels±Alder cycloaddition with different dienes
using high pressure conditions.68 These reactions always
produced the corresponding cis-anti-cis-adducts in good
yields (Scheme 39).

Photopyridones have also been used as the starting
compounds to prepare ladderanes. The Diels±Alder
cycloaddition of 195 with cyclopentadiene gave 196 as a
10:1 mixture of the endo and the exo adducts. Further exten-
sion of compound 196 was achieved by reaction with
dimethylacetylene dicarboxylate (DMAD) yielding the
pentacyclic 2-azetidinone 197 (Scheme 40).69

Finally, there is only one example to date of an intra-
molecular Diels±Alder reaction to build a tricyclic 2-azeti-
dinone. The mesylates 198 were used as in situ precursors of
4-dienyl-2-azetidinones by heating at high temperatures in
the presence of DBU as base. The corresponding cyclo-
adducts were obtained as mixtures of diastereomers with
medium to low selectivity. The C3±C4 and C4±N1 fused
systems 199 and 200 were available by this approach
(Scheme 41).70

[212] Cycloaddition processes have been used to build
tricyclic-b-lactams bearing a wide range of funcionalities.
Starting from the cephalosporin tri¯ate 201, which has been
used previously in [412] cycloadditions, a wide array of
tri-, tetra-, and pentacyclic-2-azetidinones 202±208 have
been constructed.67,71 For example, treatment of the bicycle
201 with 2,3-dihydrofuran and NEt(i-Pr)2, in the presence or
absence of Pd(OAc)2 and (R)-BINAP, gave a mixture of two
isomeric tetracyclic products 202 and 203 (1.8:1 ratio, 73%
isolated yield). This reaction has proved to be extremely
general for different ole®ns, although in some cases a
large excess of alkene was required to obtain acceptable
yields. For terminal double bonds, the substituent was
always placed adjacent to the C2 position of the cephalos-
porin nucleus and, when only one isomer was observed, the
substituent was on the b-face and the proton at C2 at the
a-face of the molecule. The most facile cycloadditions in
terms of yield occurred with electron-rich ole®ns and
styrene. In general the monosubstituted ole®ns with conju-
gated p-systems gave mixtures of isomers with substituents
in the 5a and 5b positions, whereas the monosubstituted
ole®ns with no p-extended systems gave isomers with the
substituent in the 5b position. The same considerations can
be applied for the reaction with acetylenes to give fused
cyclobutenes (Scheme 42).

Scheme 39.

Scheme 41.

Scheme 40.
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2.4. Intramolecular carbene insertion

Penicillin derived diazoketones 209 were prepared for the
®rst time as intermediates in the synthesis of homo-
penicillins.72 The synthetic potential of these systems as
precursors of tricyclic b-lactams was recognized as early
as 1977, when their Cu(II) catalyzed decomposition in
aprotic media was reported to yield the tricyclic compounds
210 and 211, the latter being formed in very low yields. The
compounds 210 are formally derived from the skeleton of
the starting diazoketones by a backside insertion of an inter-
mediate acylcarbene into the C5±S bond. The formation of
these products was explained by an intramolecular inter-
action of the acylcarbene with the S-atom of the thiazolidine
ring, resulting in the formation of a strained ylide 212.
Breaking of the C5±S1 bond with participation of the
non-bonding electrons of the azetidinone nitrogen and,

®nally, reclosure by a backside attack of the carbanion
213 on C5 yields the bridged penicillins 210. These
compounds can experience a further enlargement of the
ketone bridge by reaction with an excess of diazomethane
to yield a new tricyclic compound 214 (Scheme 43).73±75

Bacteriological bioassays of all of these compounds showed
that they were inactive in vitro against S. aureus, penicillin-
resistant S. aureus and E. coli. Nevertheless, the synthesis of
these unusually bridged tricyclic ketones became of interest
since they possessed a carbon skeleton similar to that found
in thienamycin and olivianic acids. Consequently the reac-
tion was extended to C6 unsubstituted compounds (designed
as analogs or hybrids of these natural products) and further
transformations of these systems, as reductions of the ketone
bridge and further oxidation to tricyclic sulfoxides were
undertaken, but none showed any bacteriological activity.75a

Scheme 42.

Scheme 43.



M. GoÂmez-Gallego et al. / Tetrahedron 56 (2000) 5743±5774 5761

The analogous intramolecular cyclization of diazosulfox-
ides has also been reported.76

2.5. Other cyclization methods

Radical cyclizations. Free radical cyclization reactions have
emerged as a powerful synthetic tool for the construction of
tricyclic b-lactams and in particular for the preparation of
benzo-fused six-membered rings. One of the ®rst examples
was reported by Beckwith and Boate,77 who, after treatment
of the bromoazetidinones 215 with Bu3SnH (0.03 M) and a
catalytic amount of 2,2 0-azobisisobutyronitrile (AIBN) in
re¯uxing benzene, obtained the benzopenams 216 (21 and
42% yields) together with the reduction products 217 (16
and 46%) (Scheme 44).

Cyclization of the compounds 218 having a CvC double
bond as the radical acceptor was initially reported by
Bose.78 Due to the presence of an allyl group linked to the
nitrogen, the two possible cyclization modes, 6-exo and

7-endo, could be observed (Scheme 45). Only exo-cycliza-
tion was detected in the case of the cis-azetidinone 218a,
and this gave a diastereomeric mixture of the benzo-
carbacephams 219a. The structurally related compound
218b however, yielded the 6-exo product 219b (60%)
together with the seven-membered ring fused b-lactam
220 (10%). Similarly, a clear preference for the 6-exo cycli-
zation pathway was observed for the trans-isomer of azeti-
dinone 218a, which afforded trans-7-endo products with
only 5% yield. The formation of the competitive 7-endo
product can be inhibited by the presence of an aromatic
ring in the allylic position, and only the more stable radical
was observed.79

Taking advantage of this stabilization, the intramolecular
aryl radical cyclization reaction was employed to synthesize
the 2,3-benzocarbapenems 221.80 The 2-azetidinones 222
(R3�Ph) underwent 5-exo radical cyclization to afford
exclusively the benzocarbapenems 221 in moderate yields.
The presence of a phenyl group in the allylic moiety

Scheme 44.

Scheme 45.

Scheme 46.
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controlled the cyclization mode. The role of the stabilizing
group in determining the regiochemistry was clear, since
when the phenyl group attached to the acceptor double
bond was replaced by a methyl group, a mixture of the
benzocarbapenem 221 (R�Me) (30%), benzocarbacephem
224 (8%) and 1,4-dihydroquinoline 225 (20%) was
obtained. The benzocarbacephem 224 was formed through
a 6-endo cyclization leading to intermediate 226. Homolytic
C3±C4 bond cleavage in the azetidinone nucleus of species
226 followed by hydrogen abstraction, led to 225 (Scheme
46).

Snider-type Mn(III) oxidative cyclizations have also been
used to prepare tricyclic 2-azetidinones. Miller prepared the
tricyclic carbacepham ring systems 227 by Mn(OAc)3

promoted cyclization starting from the N-malonyl-2-
azetidinones 228. The yields reported were low to moderate
and several by-products were obtained with the desired
compound 227. The process was explained by cyclization
of the malonyl radical 229 followed by Mn(III) oxidation
to form the cationic intermediate 230. Lactonization of
this species by intramolecular trapping of the ester
carbonyl oxygen gave the tricyclic lactams 227
(Scheme 47).81

Intramolecular acetal formation. Miller and coworkers have
described a versatile and enantioselective method for the
synthesis of the polycyclic b-lactams 231, in which the
key part of the cyclization step is the intramolecular forma-
tion of an acetal.82 Cyclization of the enol 232 (easily
obtained by deprotection of the acetal 233) to the tricyclic
O-2-isocepham 231a was achieved with TsOH in re¯uxing
benzene or, alternatively, by re¯uxing the acetal 233 with
one equivalent of FeCl3. In the same way, the enantiomer of
enol 232 afforded the cyclization products in comparable
yield. Standard modi®cations were carried out on 231a to
transform these tricyclic structures into compounds 231b
and 231c which exhibited signi®cant antibacterial activity
(Scheme 48).

Other tricyclic b-lactams 234 were obtained by Hegedus
while trying to remove both the chiral auxiliary and the
ketal protecting group in 2-azetidinones 235.83 Acid treat-
ment of these compounds afforded, either directly or in a
two step process, the tricyclic b-lactams 234 in good yields
and as a mixture of two diastereoisomers, epimeric solely at
the racemic phosphonate center. This was con®rmed by
transformation of compound 234b into compound 236 by
ole®nation with formaldehyde (Scheme 49).

Scheme 47.

Scheme 48.

Scheme 49.
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Intramolecular lactonizacion. Tricyclic b-lactams have
been obtained by diverse lactonization methods starting
from bicyclic azetidinones. The synthesis of some spiro-
acetal-lactones from benzhydryl esters has been reported
by Bateson.84 Deprotection (TFA, DCM, 08C) of the benz-
hydryl esters 237 released the respective carboxylic acids
238 which cyclised spontaneously to the highly stable
crystalline oxaspirolactones 239 as a mixture of two dia-
stereomers differing only in the stereochemistry at the
spirocenter. None of these oxaspirolactones were found to
exhibit signi®cant levels of antimicrobial activity
(Scheme 50).

Conversion of the aminocephalosporanic acid 240 into the
lactone 241 occurred on treatment with aqueous acetone
(1:1 v/v) and concentrated HCl.85 The lactone 241 has
been obtained in low yield, as a secondary product of the
oxidation of the iodocephems 242 in DMF in the presence of
RuCl3.3H2O/Al (Scheme 51).86

Photocyclizations. Azetidinodiazepines, which are easily
obtained by cycloaddition of ketenes and 1,2-diazepines,
undergo photochemical ring closure leading to tricyclic

systems the partial structure of which, azetidinone and
®ve-membered ring, is similar to that of the penicillin and
thienamycin skeletons. A series of tricyclic b-lactams 243
was obtained by photoisomerization of the azetidinodiaze-
pines 244.87 The stereochemistry of these compounds was
de®ned by the photochemical disrotatory ring closure
between positions 3 and 6 of the starting bicyclic system.
It was con®rmed that the preferred conformation for the
seven-membered ring of azetidinodiazepines was boat-
shaped and that the H3 and H6 hydrogens were syn, pointing
towards the backside of the cycle. A minor product 245 was
obtained in all cases with the b-lactams 243. The mecha-
nism for the formation of these compounds was not deter-
mined, although when the irradiations were carried out in
the presence of a triplet sensitizer, the b-lactams 243 were
no longer formed. These results might indicate that the
by-products 245 were formed from an excited triplet state,
and thus they become the sole products when a sensitizer
was used. The reactivity of the tricyclic b-lactams of
structure 243 has been extensively studied (Scheme 52).88

Other unexpected photochemical reactions leading to
tricyclic 2-azetidinones in very low yields have been
reported.89

Scheme 50.

Scheme 51.

Scheme 52.
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3. Building the b-Lactam Ring on a Preformed Bi- or
Polycyclic System

3.1. Cycloaddition reactions

The Staudinger reaction. The cycloaddition between a
ketene or a ketene precursor and an imine (the venerable
Staudinger reaction)90 is one of the more commonly
employed procedures for the preparation of 2-azetidinone
rings. When the imine is part of a bicyclic or polycyclic ring
system, this method would lead to polycyclic b-lactams. A
large number of tri- and polycyclic b-lactams with diverse
substitution patterns have been prepared through this
methodology but, in general, they could be classi®ed in
three fundamental types according to the structure of the
imine precursors: type I, derived from 3,4-dihydroisoquino-
lines, type II, derived from 1,4-dihydroisoquinolines and

Table 1.

Type I polycylic 2-azetidinones

R1�OPh, OCH2Ph, OtBu, OH, OCOCH2OPh, OCOCH2p-C6H4±NO2, OCOCH2p-C6H4±NH2, OCOCH2p-C6H4±
N(CH2CH2OH)2, OCOCH2p-C6H4±N(CH2CH2Cl)2; R2�R4�R5�H; R3�Ph, p-C6H4±NO2, p-C6H4±N(CH2-
CH2OH)2, p-C6H4±N(CH2CH2Cl)2 (Ref. 91)
R1�N3, NH2, NHCOCH2Ph; R2�H; R3�Ph, p-C6H4±NO2; R4�R5�H, OCH3 (Ref. 92)
R1�OPh, OCH3, N3, NH2, NHCOCH2Ph, NHCOCHCl2; R2�H; R3�Ph, p-C6H4±NO2, p-C6H4±NH2, p-C6H4±CN,
p-C6H4±OCH3, p-C6H4±CH3, p-C6H4±CO2H, p-C6H4±Br, p-C6H4±Cl; R4�H, OCH3; R5�H,
CO2CH3 (Ref. 93)
R1�N3; R2�R5�H; R3�Ph; R4�OCH3 (Ref. 94)
R1�OCH2Ph; R2�R5�H; R3�p-C6H4±NO2, p-C6H4±NH2, p-C6H4±Br; R4�H, OCH3 (Ref. 95)
R1�O-p-C6H4±Cl, phthalimido; R2�R4�R5�H; R3�Ph, p-C6H4±NO2, m-C6H4±NO2 (Ref. 96)
R1�OCH3, N3, NH2, NHCOCH2OPh; R2�R4�R5�H; R�SCH3, H(cis) (Ref. 97)
R1�OPh; R2�R5�H; R3�SCH3, H(cis); R4�OCH3, OCH2O (Ref. 98)
R1�NH2, NHCOCH2Ph; NHC(CH3)CHCO2CH2CH3; R2�R5�H; R3�SCH3, H; R4�OCH3 (Ref. 99)
R1�OPh; R2�R4�R5�H; R3�p-C6H4±CH3, p-C6H4±OCH3 (Ref. 100)
R1�OPh, O-b-naphthyl, O-2,4-dichlorophenyl; R2�R4�R5�H; R3�SCH3, H(cis) (Ref. 101)
R1�R2�OCH3; R3�R5�H; R4�OCH3 (Ref. 102)

X�Y�H, OCH3, OCH2O, R2�R5�H; R3�H, SCH3, Ph, p-C6H4±CH3, p-C6H4±OCH3; R4�R5�H, OCH3 (Ref. 103)

X�Y�OCH3, OCH2O, R2�R4�R5�H; R3�H; SCH3, Ph, p-C6H4±CH3, p-C6H4±OCH3 (Ref. 101)

R1�MeO; R2�Ph, CH3; R3�Ph, CH3, H (Ref. 102)

R1�Cl, Ph, PhO, R2�H, Cl; R3�Ph (Ref. 104)

R1�OPh, O-2,4-dichlorophenyl; R2�SCH3, H; R3�CH3; R4�CH2CH3; R3, R4�(CH2)4, (CH2)5; X�O (Ref. 105)
R1�OPh, O-2,4-dichlorophenyl, O-a-naphthyl; R2�SCH3, H; R3�CH3; R4�CH2CH3; R3, R4�(CH2)5; X�NH (Ref.
105)
R1�OPh; R2�SCH3, H; R3�CH3, Ph, CHvCHPh,; R4�CH3, H; X�NCH3 (Ref. 106)

Figure 2.
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type III, derived from bi- or polycyclic imines with the
CvN double bond included on a seven-membered ring
(Fig. 2). These basic skeletons could also incorporate other
heteroatoms (N, O, S). The tri- and polycyclic 2-azetidinones

of type I constitute the main group of compounds reported in
the literature. A more detailed list is compiled in Table 1.

Although the ketene-imine method has been widely

Table 1 (continued)

Type I polycylic 2-azetidinones

R1�OPh; R2�Ph, p-C6H4±CH3, p-C6H4±OCH3 (Ref. 100)
R1�OPh, NH2, NHCOCH2OPh, NHC(CH3)CHCO2CH2CH3; R2�H, SCH3 (Ref. 101)

R2�H, SCH3 (Ref. 101)

X�Y�H, OCH3, OCH2O, R2�Ph, p-C6H4±CH3 (Ref. 103)

R�H, OMe (Ref. 107) R�Me, a-naphthyl; X�O,S (Ref. 105) X�NH, NCOCH2O Ph (Ref. 106)
X�O,S (Ref. 105)

Type II polycylic 2-azetidinones
R1�OCH3; R2�Ph, CH3; R3�Ph; R4�OCH3 (Ref. 102)
R1�Ph, OPh, Cl; R2�H, Cl; R3�Ph; R4�OCH3 (Ref. 104)

Type III polycylic 2-azetidinones
R1�N3, OMe, OPh; R2�SMe, SEt, SiPr, OMe; R3�H, Cl; R4�H; X�O (Ref. 108)
R1�N3, OMe, OPh; R2�SMe, SiPr; R3�H; R4�H, OMe; X�S (Ref. 108)

R1�H, OMe, OPh, OCH2Ph, Cl; R2�SMe; n�0,1; X�O,S,CH2 (Ref. 109)

(Ref. 110) X�O, CH2 (Ref. 107)
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employed to prepare tri- and polycyclic-2-azetidinones of
types I±III, it should be noted that there are only a few
examples in which the CvN double bond of the imine
precursor is part of a fused aromatic heterocycle. One of
these cases was reported by Hegedus,102 in which the
irradiation (visible light) of [methoxymethylcarbene]penta-
carbonylchromium(0) in the presence of quinoline gave the
b-lactam 246 in 38% yield (Scheme 53).

The tetracyclic azetidinones 247 and 248, on the other hand,
were obtained from the phenanthridines 249 in very low
yield. Even though the compounds 247 and 248 were rigid
analogs of a novel cholesterol absorption inhibitor,111 both
were found to be essentially inactive agents.107 Interest-
ingly, the synthesis of phenanthridine-derived 2-azetidi-
nones 250 as single trans-isomers and in moderate to
good yields, has been reported recently.112 The presence
of electron withdrawing substituents in the acid chlorides
and the smooth reaction conditions employed, appear to be
the cause of the successful outcome of the reaction in this
case (Scheme 53).

The chemical reactivity of the compounds in Table 1 has not
been extensively studied, except for the standard functional
group transformations. The facile conversion of the azido
group to the amino function under mild conditions (such as
catalytic hydrogenation) has been particularly useful,
allowing the synthesis of amino b-lactams and their
derivatives.91±93,97 An example, is the cephalosporin analog

251, which is obtained after reduction of the azido group
in 252, followed by treatment with phenoxyacetyl
chloride, desulfurization and ester hydrolysis (Fig. 3).97

Additionally, removal of the SMe group by Raney Ni has
been used in other cases to con®rm the stereochemistry of
the 2-azetidinone ring by measuring the J6,7 coupling
constants, which for the cis isomer, were in the range
4±5 Hz.97,98

The standard reaction conditions can sometimes lead to
unexpected results. Thus, removal of the SMe group in
compound 253 (R1�R2�H, R3�Me, R4�OMe) was accom-
plished with Ag2O or Ag2CO3 in re¯uxing dry MeOH, in the
dark, to give the b-lactam 254 in 30% yield. When the
reaction was carried out with NaIO4 in aqueous propanol,
however, the benzoxazoninediones 255 were isolated in low
yields. The initial formation of a hydroxy b-lactam as a
possible intermediate that rearranged to the observed ring
expansion products was suggested (Scheme 54).113 Other
analogous ring expansion processes have been
observed.113,114

Finally, compounds with a bis-b-lactam structure incorpo-
rated in a fused tricyclic system are also available by the
ketene-imine cycloaddition. This is exempli®ed for
compound 256 which is obtained from the thiadiazine 257
and azidoacetyl chloride. Reduction of the azide group and
acylation with acid chlorides gave the compounds 258 in
good yields (Scheme 55).115

The isocyanate-ole®n cycloaddition. The formation of a
2-azetidinone ring in a polycyclic system can be alterna-
tively achieved by addition of an isocyanate to a CvC
bond, an approach that has been frequently used to prepare
mono- and bicyclic 2-azetidinones.116 The b-amino-b-
lactams 259 were prepared by the reaction of phenyl iso-
cyanate with the corresponding bicyclic enamines 260
(Scheme 56).117 The reactivity of compounds 259 towards
different reagents has been studied and, depending on the
nature of the reagents used, products of diverse structures
have been formed. In the presence of water or aniline, for

Scheme 53.

Figure 3.
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example, the compound 259a isomerized spontaneously to
the dihydroquinoline 261, whereas the solvolysis products
262 were isolated when starting from 259b. When treated
with other nucleophilic reagents such as MeOH, MeSH or
TMSCN, the compounds 259a were transformed into the
cis-dihydroquinolines 263. The same type of behaviour
was observed when the b-amino-b-lactams 259b were
treated with MeOH or MeSH in DCM, to afford the benzo-
azepines 264, although in this case, the iminopyrrolidio-
nones 265 were obtained with TMSCN in the presence of
AlCl3.

118 In strong biphasic acidic media, such as
HCl/CHCl3 or TFA/benzene, the benzazepinoquinolines
266 were isolated in good yields, while in a homogeneous

phase, the tetracyclic aminonaphthoquinolines 267 were
obtained in 50% average yield (Scheme 56).119

The more reactive chlorosulfonyl isocyanate (CSI)116 has
also been employed to produce tri- and polycyclic 2-azeti-
dinone systems from bi- or polycyclic alkenes and
dienes.120±123 The reported yields for this type of reaction
are good in the case of alkenes, although complex mixtures
of different products were frequently obtained when starting
from polyenes. Once the 2-azetidinone ring has been formed
through this procedure, as in 268, further functionalization
can be achieved without dif®culty by alkylation of the
nitrogen in the b-lactam ring,124 as exempli®ed for

Scheme 54.

Scheme 55.

Scheme 56.
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compounds 269 and 270 (Scheme 57).125 These compounds
were regioselectively transformed into the alcohols 271 and
272 by an interesting biohydroxylation process using the
fungus Beauveria sulfurescens.

3.2. Cyclization of b-amino acids

The creation of the 2-azetidinone ring by cyclization of a bi-
or polycyclic b-amino acid is another strategy commonly
used in the preparation of mono- and bicyclic 2-azetidi-
nones126 that have been employed in the synthesis of
polycyclic b-lactams. The bi- or polycyclic framework is
constructed initially and the building of the sensitive four-
membered ring is delayed to the ®nal steps, thereby
avoiding reaction conditions that might be incompatible
with the labile 2-azetidinone moiety. The cyclization step
can be carried out either from the free amino acid or by
means of a derivative, such as an acid chloride or an
amine salt and, generally, it is necessary to use a cyclizing
agent.

This type of methodology was applied to obtain the cepha-
losporin C analogs 273 starting from the cis-aminolactones
274.127 When the cyclization step was carried out from the
free amino acid 274a in nitromethane and in the presence of
pyridine, the cis-b-lactam 273a was obtained in 70% yield.
Detritylation in an acidic medium afforded the free amine
273b, which was subsequently acylated to give the racemic
tricyclic 2-azetidinone having a cephalosporin nucleus
273c. Interestingly, trans-273d was obtained when the

cyclization step was carried out starting from the acid
chloride 274b in the presence of Et3N (Scheme 58).

The indole 275, tetrahydroquinoline 276, dihydrobenzothia-
zole 277 and tri- or polycyclic thiazole b-lactams 278 and
279, were successfully obtained by cyclization of the
corresponding b-amino acids using different condensation
agents, e.g. tris(2-oxobenzoxazolin-3-yl)phosphine oxide,128

methanesulfonyl chloride,129 dipyridyl disul®de/PPh3
130 or

1-[3-(dimethylamino)propyl]-3-ethylcarbodiimide hydro-
chloride in the presence of Et3N (Fig. 4).131

Other carbapenam and carbacepham analogs having fused
cyclic ketals have been obtained by b-amino acid cycliza-
tion. The bicyclic skeleton was built starting from biomole-
cules such as carbohydrates or amino acids. Thus, starting
from 2,3:5,6-di-O-isopropylidene-d-mannofuranose and in
four steps, the pyrrolidine 280 was obtained in 45% average
yield. Cyclization in the presence of 2,2 0-dipyridyl disul®de/
PPh3 afforded the b-lactam 281 that was isolated in 62%
yield.132 Tricyclic carbacepham derivatives having a fused
cyclic ketal have also been obtained from d-serine in 26%
average yield using a multistep synthesis (Scheme 59).133

3.3. Other methods

The synthesis of the tricyclic b-lactams 282 by reaction of
the acetoacetyl enamides 283 with two equivalents of
Mn(III) has been recently reported. The compounds 282
were obtained in low yields with monocyclic 2-azetidinones

Scheme 57.

Scheme 58.
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284 being the main reaction products.134 The formation of
the compounds 282 was certainly due to a further oxidation
of the C3 carbon in the initially formed 284, followed by
attack of the resulting radical on the phenyl group. This
hypothesis was demonstrated by reacting the pure
compound 284 (R�c-Hex) with an excess of Mn(III) at
708C. This reaction yielded 282 (R�c-Hex) in 80% yield
(Scheme 60).

Other procedures for 2-azetidininone ring construction, such
as Rh(II) catalyzed intramolecular C±H insertion of diazo-
amides, have been applied to obtain polycyclic b-lactams.
The synthesis of the benzocarbacepham 285a from the

carbomethoxy diazoamide 286a and Rh2(OAc)4 occurred
in excellent yield, as a 1:1 mixture of diastereomers.135

The acetyl-substituted amide 286b gave compound 287
resulting from a C±H insertion reaction and only traces of
the b-lactam 285b were isolated. The results suggest that the
a-substituent in the rhodium carbenoid determines the
chemoselectivity of the insertion reaction observed.
Another interesting example described by Doyle and
Kalinin,136 is the intramolecular C±H insertion of the
diazoacetamide 288 catalyzed by chiral dirhodium(II)
carboxamidates. The reaction showed high enantiocontrol
in both cases, affording the b-lactam 289 in good yields
(Scheme 61).

Figure 4.

Scheme 59.

Scheme 60.

Scheme 61.
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Other tricyclic 2-azetidinones have been prepared by an
isoxazolidine to 2-azetidinone ring contraction.137 The
tricyclic b-lactam 290 was isolated in very low yield after
70 h irradiation in pyridine of the dehydropeptide 291. The
authors considered this compound as a seco-pyridone and
interpreted its photochemical transformation as a special
case of the general pyridone-photopyridone reaction.138

Better results were obtained in the irradiation of the unstable
N-acyl dithiocarbamates 292a and thionocarbamates
292b,c. These compounds were transformed by an intra-
molecular [212] cyclization into the thietane fused penams
and oxapenams 293 with yields ranging from 33 to 67%. In
the case of the six-membered compounds 292c the expected
b-lactams 293 were not observed, and the b-thiolactone 294
was isolated. The authors con®rmed that the formation of
such compound was due to a thermal transformation of the
corresponding b-lactams 293, the primary photoproduct of
the reaction. In the case of dithiocarbamate 292a, the
b-lactam 293a and the thiolactone 295 were both obtained
(Scheme 62).139

4. Conclusions

In this article many different approaches to polycyclic
b-lactams that use mainly the synthetic methodology
previously re®ned for the preparation of bicyclic 2-azetidi-
nones are described. The array of structures prepared is
impressive, but in terms of both antibacterial activity and
synthetic potential, these have resulted in little utility. The
synthesis of polycyclic 2-azetidinones is a mature ®eld, but
the true potential of these compounds as therapeutic agents
as well as synthetic intermediates is still unknown. The need
for new antibiotics will continue because bacteria have a
remarkable ability to overcome each new agent synthesized.
Perhaps the clues for the new generation of new pathogen-
killers are to be found in the pages above. Meanwhile, poly-
cyclic b-lactams are especially attractive structures to ful®ll
other pharmacological goals, an aspect of these compounds
which remains essentially unexplored.

Acknowledgements

Support for this work under grants PB97-0323 and 2FD97-

0314-CO2-02 from the DireccioÂn General de EnsenÄanza
Superior e InvestigacioÂn CientõÂ®ca y TeÂcnica (MEC-
Spain) and the European Commision is acknowledged.

References

1. For a perspective see: Brickner, S. J. Chem. Ind. (London) 1997,

4, 131±135.

2. The following articles show some illustrative aspects of the

worldwide aparition of bacteria resistance to common used anti-

biotics: (a) Neu, H. C. Science 1992, 257, 1064±1073. (b) Davies,

J. Science 1994, 264, 375±381. (c) Hook, V. Chemistry in Britain

1997, 33, 34. (d) Niccolai, D.; Tarsi, L.; Thomas, R. J. Chem.

Commun. 1997, 2333±2342. A recent article in C&EN (May 17,

1999) stated that a person dies of tuberculosis every 10 s some-

where in the world.

3. (a) Masova, I.; Mobashery, S. Antimicrob. Agents Chemother.

1998, 42, 1±17. (b) Medeiros, A. A.; Clin. Infect. Dis. 1997, 24

(Suppl 1), S19. (c) Bush, K.; Mobashery, S. In Resolving the Anti-

biotic Paradox: Progress in Understanding Drug Resistance and

Development of New Antibiotics; Rosen, B. P., Mobashery, S.,

Eds.; Plenum: New York, 1998; pp 71±98. Other less general

mechanisms of bacterian resistance to antibiotics are collected in

(d) Brighty, K. E.; Kohlbrenner, W.; McGuirk, P. R. Annu. Rep.

Med. Chem. 1993, 28, 141±150.

4. (a) Tamburini, B.; Perboni, A.; Rossi, T.; Donati, D.; Andreotti,

D.; Gaviraghi, G.; Carlesso, R.; Bismara, C. Eur. Pat. Appl.

EP0416953 A2, 1991; Chem. Abstr. 1992, 116, 235337t.

(b) Perboni, A.; Rossi, T.; Gaviraghi, G.; Ursini, A.; Tarzia, G.

WO 9203437, 1992; Chem. Abstr. 1992, 117, 7735m.

5. (a) Walsh, C. Tetrahedron 1982, 38, 871±909. (b) Zrihen, M.;

Labia, R.; Wakselman, M. Eur. J. Med. Chem., Chim. Ther. 1983,

18, 307±314.

6. Reviews: (a) Mascaretti, O. A.; Boschetti, C. E.; Danelon, G. O.;

Mata, E. G.; Roveri, O. A. Curr. Med. Chem. 1995, 1, 441±470.

(b) Edwards, P. D.; Bernstein, P. R.; Med. Res. Rev. 1994, 14,

127±194.

7. (a) Rosenblum, S. B.; Huynh, T.; Afonso, A.; Davis, H. R.;

Yumibe, N.; Clader, J. W.; Burnett, D. A. J. Med. Chem. 1998,

41, 973±980. (b) Clader, J. W.; Burnett, D. A.; Caplen, M. A.;

Domalski, M. S.; Dugar, S.; Vaccaro, W.; Sher, R.; Browne, M. E.;

Zhao, H.; Burrier, R. E.; Salisbury, B.; Davis, H. R. J. Med. Chem.

1996, 39, 3684±3693 and references therein.

8. Recent examples: (a) Bonneau, P. R.; Hasani, F.; Plouffe, C.;

Scheme 62.



M. GoÂmez-Gallego et al. / Tetrahedron 56 (2000) 5743±5774 5771

Malenfant, E.; LaPlante, S. R.; Guse, I.; Ogilvie, W. W.; Plante, R.;

Davidson, W. C.; Hopkins, J. L.; Morelock, M. M.; Cordingley,

M. G.; DeÂziel, R. J. Am. Chem. Soc. 1999, 121, 2965±2973.

(b) Borthwick, A. D.; Weingarten, G.; Haley, T. M.; Tomaszewski,

M.; Wand, W.; Hu, Z.; BeÂdard, J.; Jin, H.; Yuen, L.; Mansour, T. S.

Bioorg. Med. Chem. Lett. 1998, 8, 365±370. (c) Yoakim, C.;

Ogilvie, W. W.; Cameron, D. R.; Chabot, C.; Guse, I.; HacheÂ,

B.; Naud, J.; O'Meara, J. A.; Plante, R.; DeÂziel, R. J. Med.

Chem. 1998, 41, 2882±2891.

9. This name was coined by Ojima: Hatanaka, N.; Abe, R.; Ojima,

I. Chem. Lett. 1982 445±448.

10. Reviews: (a) Ojima, I. Adv. Asymm. Synth. 1995, 1, 95±146.

(b) Manhas, M. S.; Wagle, D. R.; Chiang, J.; Bose, A. K.

Heterocycles 1988, 27, 1755±1802.

11. (a) Perboni, A.; Tamburini, B.; Rossi, T.; Donati, D.; Tarzia,

G.; Gaviraghi, G. In Recent Advances in Chemistry of Anti-

Infective Agents; Bentley, P. H., Ponsford, R. Eds.; Cambridge,

1992; pp 21±35. For some examples: (b) Bonanomi, G.; Camerini,

R.; Donati, D.; Panunzio, M.; Perboni, A. Tetrahedron Lett. 1996,

37, 2467±2470. (c) Camerini, R.; Donati, D.; Marchioro, C.;

Mazzoni, A.; Pachera, R.; Panunzio, M. Tetrahedron: Asymmetry

1997, 8, 15±17. (d) Bismara, C.; Di Fabio, R.; Donati, D.; Rossi,

T.; Thomas, R. J. Tetrahedron Lett. 1995, 36, 4283±4286.

(e) Rossi, T.; Biondi, S.; Contini, S.; Thomas, R. J.; Marchioro,

C. J. Am. Chem. Soc. 1995, 117, 9604±9605. (f) Di Fabio, R.;

Rossi, T.; Thomas, R. J. Tetrahedron Lett. 1997, 38, 3587±3590.

(g) Marchioro, C.; Pentassuglia, G.; Perboni, A.; Donati, D.

J. Chem. Soc., Perkin Trans. 1 1997, 463±468. (h) Panunzio, M.;

Camerini, R.; Pachera, R.; Donati, D.; Marchioro, C.; Perboni, A.

Tetrahedron: Asymmetry 1996, 7, 2929±2938. (i) Pavoda, A.;

Roberts, S. M.; Donati, D.; Perboni, A.; Rossi, T. J. Chem. Soc.,

Chem. Commun. 1994, 441±442. (j) Ghiron, C.; Piga, E.; Rossi, T.;

Tamburini, B.; Thomas, R. J. Tetrahedron Lett. 1996, 37, 3891±

3894. (k) Jackson, P. M.; Roberts, S. M.; Davalli, S.; Donati, D.;

Marchioro, C.; Perboni, A.; Proviera, S.; Rossi, T. J. Chem. Soc.,

Perkin Trans. 1 1996, 2029±2039. (l) Kennedy, G.; Rossi, T.;

Tamburini, B. Tetrahedron Lett. 1996, 37, 7441±7444. (m) Rossi,

T.; Marchioro, C.; Paio, A.; Thomas, R. J.; Zarantonello, P. J. Org.

Chem. 1997, 62, 1653±1661. (n) Giacobbe, S. A; Rossi, T.

Tetrahedron: Asymmetry 1996, 7, 3079±3082. (o) Hanessian, S.;

Rozema, M. J. J. Am. Chem. Soc. 1996, 118, 9884±9891.

(p) Hanessian, S.; Grif®n, A. M.; Rozema, M. J.; Bioorg. Med.

Chem. Lett. 1997, 7, 1857±1862. (q) Padova, A.; Roberts, S. M.;

Donati, D.; Marchioro, C.; Perboni, A. J. Chem. Soc., Chem.

Commun. 1995, 661±662. (r) Padova, A.; Roberts, S. M.; Donati,

D.; Marchioro, C.; Perboni, A. Tetrahedron 1996, 52, 263±270.

(s) Tranquillini, M. E.; Araldi, G. L.; Donati, D.; Pentassuglia, G.;

Pezzoli, A.; Ursini, A. Bioorg. Med. Chem. Lett. 1996, 6, 1683±

1688. (t) Guiron, C.; Rossi, T.; Thomas, R. J. Tetrahedron Lett.

1997, 38, 3569±3572. (u) Iso, Y.; Nishitani, Y. Heterocycles 1998,

48, 2287±2308. (v) Anada, M.; Hashimoto, S. Tetrahedron Lett.

1998, 39, 9063±9066.

12. Sheehan, J. C.; Dalzell, H. C.; Greenwood, J. M.; Ponzl, D. R.

J. Org. Chem. 1974, 39, 277±278.

13. Shibuya, M.; Kubota, S. Heterocycles 1981, 15, 489±492.

14. Petrzilka, T.; Prasad, K. K.; Schmid, G. Helv. Chim. Acta

1977, 60, 2911±2925.

15. Finkelstein, J.; Holden, K. G.; Sneed, R.; Perchonock, C. D.

Tetrahedron Lett. 1977, 1855±1858.

16. (a) Kaluza, Z.; Furman, B.; Patel, M.; Chmielewski, M.

Tetrahedron: Asymmetry 1994, 5, 2179±2186. (b) Lysek, R.;

Kaluza, Z.; Furman, B.; Chmielewski, M. Tetrahedron 1998, 54,

14065±14080.

17. Shibuya, M.; Kubota, S. Heterocycles 1979, 12, 947±948.

18. Wasserman, H. H.; Henke, S. L.; Luce, P.; Nakanishi, E.;

Schulte, G. J. Org. Chem. 1990, 55, 5821±5823.

19. Wasserman, H. H.; Henke, S. L.; Nakanishi, E.; Schulte, G.

J. Org. Chem. 1992, 57, 2641±2645.

20. Joyeau, R.; Yadav, L. D. S.; Wakselman, M. J. Chem. Soc.,

Perkin Trans. 1 1987, 1899±1907.

21. (a) Heck, J. V.; Christensen, B. G. Tetrahedron Lett. 1981, 22,

5027±5030. (b) Heck, J. V.; Szymonifka, M. J.; Christensen, B. G.

Tetrahedron Lett. 1982, 23, 1519±1522.

22. (a) Biondi, S.; Gaviraghi, G.; Rossi, T. Bioorg. Med. Chem.

Lett. 1996, 6, 525±528. (b) Di Fabio, R.; Feriani, A.; Gaviraghi, G.;

Rossi, T. Bioorg. Med. Chem. Lett. 1995, 5, 1235±1240.

(c) Schmidt, G.; Schrock, W.; Endermann, R. Bioorg. Med.

Chem. Lett. 1993, 3, 2193±2198. (d) Andreotti, D.; Rossi, T.;

Marchioro, C. Bioorg. Med. Chem. Lett. 1996, 6, 2589±2594.

(e) Ref. 11(t).

23. Finkelstein, J.; Holden, K. G.; Perchonock, C. D. Tetrahedron

Lett. 1978, 1629±1632.

24. Hanessian, S.; Reddy, G. B. Bioorg. Med. Chem. Lett. 1994, 4,

2285±2290.

25. Schwenninger, R.; Ongania, K. H. Z. Monatsch. Chem. 1995,

126, 187±199.

26. Palomo, C.; Aizpurua, J. M.; Garcia, J. M.; Gamboa, I.;

Cossio, F. P.; Lecea, B.; Lopez, C. J. Org. Chem. 1990, 55,

2498±2503.

27. Hatanaka, M.; Yamamoto, Y.; Ishimaru, T. J. Chem. Soc.,

Chem. Commun. 1984, 1705±1706.

28. Pitlik, J.; Batta, G.; Sztaricskai, F. Liebigs Ann. Chem. 1992,

895±898.

29. Sakagami, K.; Tashiro, M.; Takeuchi, Y.; Hatanaka, M.

J. Chem. Soc., Perkin Trans. 1 1991, 1766±1767.

30. Pitlik, J.; Gunda, T. E.; Batta, G.; Jeko, J. Bioorg. Med. Chem.

Lett. 1993, 3, 2451±2456.

31. Pitlik, J.; Gunda, T. E.; Batta, G.; Jeko, J. J. Chem. Soc., Perkin

Trans. 1 1994, 3403±3406.

32. Murakami, M.; Matsuura, M.; Aoki, T.; Nagata, W. Synlett

1990, 681±683.

33. Sato, A.; Hirata, T.; Nakamizo, N. Agric. Biol. Chem. 1983,

47, 799±806.

34. (a) Bertha, F.; Fetter, J.; KajtaÂr-Peredy, M.; Lempert, K.;

Czira, G. Tetrahedron 1998, 54, 15227±15242. (b) Bertha, F.;

Fetter, J.; KajtaÂr-Peredy, M.; Lempert, K. Tetrahedron 1999, 55,

5567±5580.

35. Bachi, M. D.; Klein, J. J. Chem. Soc., Perkin Trans. 1 1983,

1925±1928.

36. Hakimelahi, G. H.; Just, G. Can. J. Chem. 1979, 57, 1939±

1944.

37. Sakya, S. M.; Sthrohmeyer, T. W.; Lang, S. A.; Lin, Y.

Tetrahedron Lett. 1997, 38, 5913±5916.

38. (a) Bertha, F.; Fetter, J.; KajtaÂr-Peredy, M.; Keseru, G. M.;

Lempert, K.; PaÂrkaÂnyi, L.; TamaÂs, J. Tetrahedron 1993, 49, 7803±

7822. (b) Sapi, A.; Bertha, F.; Fetter, J.; KajtaÂr-Peredy, M.; Keseru,

G. M.; Lempert, K. Tetrahedron 1996, 52, 771±782.

39. Spry, D. O. J. Chem. Soc., Chem. Commun. 1973, 671±672.

40. Kamiya, T.; Teraji, T.; Hasimoto, M.; Nakaguchi, O.; Oku, T.

J. Am. Chem. Soc. 1975, 97, 5020±5021.

41. Adlington, R. M.; Baldwin, J. E.; Challis, G. L. Tetrahedron

Lett. 1998, 39, 8537±8540.

42. Keith, D. D.; Tengi, J.; Rossman, P.; Todaro, L.; Weigele, M.

Tetrahedron 1983, 39, 2445±2458.

43. Kamiya, T.; Teraji, T.; Hashimoto, M.; Nakaguchi, O.; Oku, T.

J. Am. Chem. Soc. 1976, 98, 2342±2344.



M. GoÂmez-Gallego et al. / Tetrahedron 56 (2000) 5743±57745772

44. Alcaide, B.; Polanco, C.; Saez, E.; Sierra, M. A. J. Org. Chem.

1996, 61, 7125±7132.

45. (a) Manhas, M. S.; Ghosh, M.; Bose, A. K. J. Org. Chem.

1990, 55, 575±580. (b) Alcaide, B.; MartõÂn-Cantalejo, Y.; PeÂrez-

Castells, J.; RodrõÂguez-LoÂpez, J.; Sierra, M. A. J. Org. Chem. 1992,

57, 5921±5931.

46. Hanessian, S.; Reddy, B. Tetrahedron 1999, 55, 3427±3443.

47. Just, G.; Tsantrizos, Y. S.; Ugolini, A. Can. J. Chem. 1981, 59,

2981±2987.

48. Williams, R. M.; Lee, B. H.; Miller, M. M.; Anderson, O. P.

J. Am. Chem. Soc. 1989, 111, 1073±1081.

49. Buynak, J. D.; Rao, A. S.; Adam, G. J. Am. Chem. Soc. 1998,

120, 6846±6847.

50. Hakimelahi, G. H.; Sardarian, A. R. Helv. Chim. Acta 1990,

73, 180±184.

51. Stoodley, R. J.; Watson, N. S. J. Chem. Soc., Perkin Trans. 1

1974, 1632±1636.

52. Spry, D. O. J. Org. Chem. 1975, 40, 2411±2414.

53. Burwood, M.; Davies, B.; DõÂaz, I.; Grigg, R.; Molina, P.;

Sridharan, V.; Hughes, M. Tetrahedron Lett. 1995, 36, 9053±9056.

54. Alcaide, B.; Polanco, C.; Sierra, M. A. Eur J. Org. Chem.

1998, 2913±2921.

55. Knight, J.; Parsons, P. J. J. Chem. Soc., Perkin Trans. 1 1987,

1237±1242.

56. Reviews in the P±K reaction: (a) Pauson, P. L. Tetrahedron

1985, 41, 5855±5860. (b) Schore, N. E. In Comprehensive Organic

Chemistry; Trost, B. M., Fleming, I., Eds.; Pergamon: Oxford, UK,

1991; Vol. 5, p 1037. (c) Schore, N. E. In Comprehensive

Organometallic Chemistry II; Hegedus, L. S., Ed.; Pergamon:

Oxford, UK, 1995; Vol. 7, p 703.

57. Alcaide, B.; Polanco, C.; Sierra, M. A. J. Org. Chem. 1998, 63,

6786±6796.

58. (a) Pearson, M. J. J. Chem. Soc., Perkin Trans. 1 1977,

189±192. (b) Pearson, M. J. J. Chem. Soc., Perkin Trans. 1

1981, 2544±2551. (c) Davies, D.; Pearson, M. J. J. Chem. Soc.,

Perkin Trans. 1 1981, 2539±2543. (d) Branch, C. L.; Finch, C. L.;

Pearson, M. J. Tetrahedron Lett. 1982, 23, 4381±4384. (e) Branch,

C. L.; Finch, C. L.; Pearson, M. J. J. Chem. Soc., Perkin Trans 1

1985, 1491±1499.

59. (a) Archer, R. A.; Kitchell, B. S. J. Org. Chem. 1966, 31,

3409±3411. (b) Farkas, E. R.; Gunda, E. T.; JaÂszbereÂnyi, C. J.

Tetrahedron Lett. 1973, 51, 5127±5130. (c) Pitlik, J.; Miskolczi,

I.; Kover, K. E.; JaÂszbereÂnyi, C. J.; Sztaricskai, F. Tetrahedron

Lett. 1989, 30, 2005±2008. (d) Pitlik, J.; Guinda, T. E.; Miskolczi,

I. J. Heterocycl. Chem. 1990, 27, 1281±1285.

60. Bateson, J. H.; Guest, A. W. Tetrahedron Lett. 1993, 34,

1799±1802.

61. Bateson, J. H.; Corbett, D. F.; Southgate, R. In Recent

Advances in the Chemistry of b -Lactam Antibiotics; Brown,

A. G., Roberts, S. M., Eds.; The Royal Society of Chemistry

(Sp. Pub. no 52) UK 1985; pp 116±131.

62. Martel, S. R.; Widesale, R.; Gallagher, T.; Hall, L. D.; Mahon,

M. F.; Bradbury, R. H.; Hales, N. J. J. Am. Chem. Soc. 1997, 119,

2309±2310.

63. Gunda, T. E.; KoveÂr, K. E. Liebigs Ann. Chem. 1991, 1349±

1351.

64. Tanaka, H.; Sumida, S.; Torii, S. Tetrahedron Lett. 1996, 37,

5967±5970.

65. Fritz, H.; Henlin, J.; Riesen, A.; Tschamber, T.; Zehnder, M.;

Streith, J. Helv. Chem. Acta 1988, 71, 822±834.

66. See Ref. 61 pp 118±119.

67. Elliott, R. L.; Nicholson, N. H.; Peaker, F. E.; Takle, A. K.;

Tyler, J. W.; White, J. J. Org. Chem. 1994, 59, 1606±1607.

68. Nakano, H.; Hongo, H. Chem. Pharm. Bull. 1993, 41, 1885±

1887.

69. Warrener, R. N.; Russell, R. A.; Margetic, D. Synlett 1997,

38±41.

70. Alcaide, B.; Almendros, P. Tetrahedron Lett. 1999, 40, 1015±

1018.

71. (a) Elliot, R. L.; Takle, A. K.; Tyler, J. W.; White, J. J. Org.

Chem. 1993, 58, 6954±6955. (b) Elliot, R. L.; Nicholson, N. H.;

Peaker, F. E.; Takle, A. K.; Richardson, C. M.; Tyler, J. W.; White,

J.; Pearson, M. J.; Eggleston, D. S.; Haltiwanger, R. C. J. Org.

Chem. 1997, 62, 4998±5016.

72. Kleiner, E. M.; Senyavina, L. B.; Khokhlov, A. S. Khim

Geterotsilk. Soedin 1966, 702; Chem. Abstr. 1967, 66, 75945h.

73. Ernest, I. Tetrahedron 1977, 33, 547±552.

74. Ponsford, R. J. Tetrahedron Lett. 1980, 21, 2451±2452.

75. (a) Mak, C-P.; Baumann, K.; Mayerl, F.; Fliri, H. Heterocycles

1982, 19, 1647±1654. (b) Mak, C.-P.; Schulz, G.; Fliri, H.

Heterocycles 1987, 26, 1001±1013.

76. Lammert, S. R.; Kukolji, S. J. Am. Chem. Soc. 1975, 97,

5583±5584.

77. Beckwith, A. L. J.; Boate, D. R. Tetrahedron Lett. 1985, 26,

1761±1764.

78. Banik, B. K.; Subbaraju, G. V.; Manhas, M. S.; Bose, A. K.

Tetrahedron Lett. 1996, 37, 1363±1366.

79. Tako, A.; Ongania, K. H.; Wurst, K. Monatsh. Chem. 1997,

128, 1149±1156.

80. Alcaide, B.; Moreno, A. M.; Rodriguez-Vicente, A.; Sierra, M.

A. Tetrahedron: Asymmetry 1996, 7, 2203±2206.

81. (a) Crocker, P. J.; Miller, M. J. J. Org. Chem. 1995, 60, 6176±

6719. (b) Crocker, P. J.; Karlsson-Andreasson, U.; Lotz, B. T.;

Miller, M. J. Heterocycles 1995, 40, 691±716.

82. Niu, C.; Pettersson, T.; Miller, M. J. J. Org. Chem. 1996, 61,

1014±1022.

83. Nakurawa, Y.; Juneau, K. N.; Snustad, D.; Miller, D. B.;

Hegedus, L. S. J. Org. Chem. 1992, 57, 5453±5462.

84. Bateson, J. H.; Burton, G.; Elsmere, S. A.; Elliot, R. L. Synlett

1994, 152±154.

85. Cocker, J. D.; Cowley, B. R.; Cox, J. S. G.; Eardley, S.;

Gregory, G. I.; Lazenby, J. K.; Long, A. G.; Sly, J. C. P.;

Somer®eld, G. A. J. Chem. Soc. 1965, 5015±5023.

86. Tanaka, H.; Taniguchi, M.; Kameyama, Y.; Yamaguchi, T.;

Sasaoka, M.; Shiroi, T.; Torii, S. Synlett 1990, 660±662.

87. Tschamber, T.; Streith, J.; Strub, H.; Fritz, H.; Williams, D. J.

Can. J. Chem. 1984, 62, 2440±2447.

88. (a) Tschamber, T.; Streith, J. Heterocycles 1990, 30, 551±559.

(b) Streith, J.; Craig, C.; Muller, M.; Tschamber, T. Bioorg. Med.

Chem. Lett. 1993, 3, 2375±2378.

89. Capps, N. K.; Davies, G. M.; Hitchcock, P. B.; Young, D. W.

J. Chem. Soc., Chem. Commun. 1985, 843±845.

90. Staudinger, H. Ann. Chem. 1907, 356, 51±123.

91. Manhas, M. S.; Amin, S. G.; Glazer, R. D. J. Heterocycl.

Chem. 1979, 16, 283±288.

92. Bose, A. K.; Anjaneyulu, B.; Bhattacharya, S. K.; Manhas,

M. S. Tetrahedron 1967, 23, 4769±4776.

93. Bose, A. K.; Amin, S. G.; Kapur, J. C.; Manhas, M. S. J. Chem.

Soc., Perkin Trans. 1 1976, 2193±2197.

94. Bose, A. K.; Kapur, J. C.; Sharma, S. D.; Manhas, M. S.

Tetrahedron Lett. 1973, 2319±2320.

95. Manhas, M. S.; Amin, S. G.; Chawla, H. P. S.; Bose, A. K.

J. Heterocycl. Chem. 1978, 15, 601±604.

96. Miyake, M.; Tokutake, N.; Kirisawa, M. Synthesis 1983, 833±

835.



M. GoÂmez-Gallego et al. / Tetrahedron 56 (2000) 5743±5774 5773

97. Bose, A. K.; Ram, B.; Hoffman, W. A.; Hutchison, A. J.;

Manhas, M. S. J. Heterocycl. Chem. 1979, 16, 1313±1316.

98. Sharma, S. D.; Mehra, U.; Gupta, P. K. Tetrahedron 1980, 36,

3427±3429.

99. Sharma, S. D.; Malhotra, R.; Mehra, U. Indian J. Chem. 1981,

20B, 742±743.

100. Sharma, S. D.; Mehra, U.; Gupta, P. K. Indian J. Chem. 1978,

16B, 461±462.

101. Sharma, S. D.; Kaur, S.; Mehra, U. Indian J. Chem. 1983,

22B, 238±242.

102. Hegedus, L. S.; McGuire, M. A.; Schultze, L. M.; Yijun, C.;

Anderson, O. P. J. Am. Chem. Soc. 1984, 106, 2680±2687.

103. Sharma, S. D.; Gupta, S.; Mehra, U. Indian J. Chem. 1982,

21B, 204±207.

104. Fodor, L.; SzaboÂ, J.; SohaÂr, P. Tetrahedron 1981, 37, 963±

966.

105. Sharma, S. D.; Kaur, V. Synthesis 1989, 677±680.

106. Sharma, S. D.; Kaur, V.; Sharma, P. Indian J. Chem. 1993,

32B, 517±525.

107. Afonso, A.; Rosenblum, S. B.; Puar, M. S.; McPhail, A. T.

Tetrahedron Lett. 1998, 39, 7431±7434.

108. Bose, A. K.; Hoffman, W. A.; Manhas, M. S. J. Chem. Soc.,

Perkin Trans. 1 1976, 2343±2348.

109. Pippich, S.; Bartsch, H.; Erker, T. J. Heterocycl. Chem. 1997,

34, 823±828.

110. Carroll, R. D.; Reed, L. L. Tetrahedron Lett. 1975, 3435±

3438.

111. Burnett, D. A.; Caplen, M. A.; Davis, H. R.; Burrier, R. E.;

Cloder, J. W. J. Med. Chem. 1994, 37, 1733±1735.

112. Alcaide, B.; Rodriguez-Vicente, A. Tetrahedron Lett. 1999,

40, 2005±2006.

113. Fodor, L.; SzaboÂ, J.; BernaÂth, G.; PaÂrkaÂnyi, L.; SohaÂr, P.

Tetrahedron Lett. 1981, 22, 5077±5078.

114. For some other examples on the standard manipulation of

functional groups on 2-azetidinones of Types I±III, see: Edwards,

J. A.; Guzman, A.; Johnson, R.; Beeby, P. J.; Fried, J. H.

Tetrahedron Lett. 1974, 2031±2034.

115. Sharma, S.; Ray, J. K.; Chatterjee, B. G. J. Indian Chem. Soc.

1982, 59, 536±541.

116. Rasmussen, J. K.; Hassner, A. Chem. Rev. 1976, 76, 389±

408.

117. Nisole, C.; Uriac, P.; Huet, J.; Toupet, L. J. Chem. Res. (S)

1991, 204±205.

118. Nisole, C.; Uriac, P.; Toupet, L.; Huet, J. Tetrahedron 1993,

49, 889±900.

119. Nisole, C.; Uriac, P.; Huet, J.; Toupet, L. Tetrahedron 1992,

48, 1081±1098.

120. Malpass, J. R.; Tweddle, N. J. J. Chem. Soc., Chem.

Commun. 1972, 1247±1248.

121. Gomes, A. S.; Figueiredo, A. M. Org. Prep. Proced. Int.

1973, 5, 13±18.

122. Paquette, L. A.; Kirschner, S.; Malpass, J. R. J. Am. Chem.

Soc. 1970, 92, 4330±4340.

123. Paquette, L. A.; Broadhurst, M. J. J. Org. Chem. 1973, 38,

1886±1893.

124. Reuchling, D.; Pietsch, H.; Linkies, A. Tetrahedron Lett.

1978, 615±618.

125. Archelas, A.; Fourneron, J. D.; Furstoss, R. Tetrahedron Lett.

1988, 29, 6611±6614.

126. Ternansky, R. J.; Morin, J. M. The Organic Chemistry of

b -Lactams; Georg, G. I. Ed.; VCH: Cambridge UK, 1993,

pp 259±267.

127. HeymeÁs, R.; Amiard, G.; NomineÂ, G. Bull. Soc. Chim. Fr.

1974, 563±566.

128. (a) Gilchrist, T. L.; Graham, K.; Coulton, S. Tetrahedron

Lett. 1995, 36, 8693±8696. (b) Coulton, S.; Gilchrist, T. L.;

Graham, K. J. Chem. Soc., Perkin Trans. 1 1998, 1193±1202.

129. Gilchrist, T. L.; Rahman, A. J. Chem. Soc., Perkin Trans. 1

1998, 1203±1207.

130. Santer, G.; Ongania, K. H. Z. Naturforsch. 1988, 43b, 758±

762.

131. Cambie, R. C.; Clark, G. R.; Jones, T. C.; Rutledge, P. S.;

Strange, G. A.; Woodgate, P. D. Aust. J. Chem. 1985, 38, 745±764.

132. Thompson, D. K.; Hubert, C. N.; Wightman, R. H.

Tetrahedron 1993, 49, 3827±3840.

133. Folmer, J. J.; Aceto, C.; Thai, D. L.; Rapoport, H. J. Org.

Chem. 1998, 63, 8170±8182.

134. D'Annibale, A.; Pesce, A.; Resta, S.; Trogolo, C.

Tetrahedron 1997, 53, 13129±13138.

135. Wee, A. G. H.; Liu, B.; Zhang, L. J. Org. Chem. 1992, 57,

4404±4414.

136. Doyle, M. P.; Kalinin, A. V. Synlett 1995, 1075±1076.

137. Purrington, S. T.; Sheu, K. W. Tetrahedron Lett. 1992, 33,

3289±3292.

138. Sen, P. K.; Veal, C. J.; Young, D. W. J. Chem. Soc., Perkin

Trans. 1 1981, 3053±3058.

139. Sakamoto, M.; Takahashi, M.; Yoshiaki, M.; Fujita, T.;

Watanabe, S.; Aoyama, H. J. Chem. Soc., Perkin Trans. 1 1994,

2983±2986.



M. GoÂmez-Gallego et al. / Tetrahedron 56 (2000) 5743±57745774

Biographical Sketch

Mar GoÂmez Gallego studied chemistry at the Universidad Complutense de
Madrid (UCM) where she obtained her PhD in 1987. She continued her
scienti®c education with a Fleming Postdoctoral Fellowship with Prof.
W. M. Horspool and she returned to Madrid where she was appointed
Prof. Ayudante in 1990 and then Prof. Titular in 1992. Her current research
interests are focused on organometallic chemistry and organic photo-
chemistry, as well as the development of new iron chelating ligands for
their use in agronomy.

Miguel A. Sierra studied chemistry at the Universidad Complutense de
Madrid (UCM) and received his doctorate (honors) in 1987. He was
appointed Prof. Ayudante at UCM in 1987, and after a postdoctoral stay
(1988±1989) at the Colorado State University with Prof. Louis S. Hegedus,
he returned to Madrid where he was promoted to Prof. Titular in 1990. His
research encompasses the development of new processes based on catalytic
and stoichiometric reactions of transition metal complexes, especially those
derived from homo- and hetero-bimetallic systems and their use in organic
synthesis, as well as the design and synthesis of new chelating agents for
supplying trace elements to plants, and soil and water decontamination.

Maria JoseÂ ManchenÄo graduated in Organic Chemistry at the Universidad
Complutense de Madrid (UCM) in 1988 and remained there to carry out her
D. Phil. under the supervision of Prof. D. Armesto in Organic Photo-
chemistry. She did her post-doctoral work with Prof. P. S. Mariano at the
University of Maryland (USA) in 1994±95. She was appointed
Prof. Ayudante at UCM in 1992 and Prof. Asociado in 1997 at UCM.
Since 1997 she has been working with Prof. M. A. Sierra in the area of
Organometallic Chemistry.


