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1 Introduction 

Up to 1970 most P-lactam research was concerned 
with the penicillin 1 and cephalosporin 2 families of 
antibiotics.' In 1970 elucidation of the structure of the 
p-lactamase stable cephamycins 32 was quickly 
followed by the isolation from natural sources of 
several new /3-lactams structurally distinct from the 
penicillins and cephalosporins. These were the 
nocardicins 4,3 clavulanic acid 5,4 thienamycin 65 and 
the olivanic acids 7.h This diversity of structural types, 
coupled with potent antibacterial or B-lactamase 
inhibitory activity, provided a new incentive for 
expansion in the area of /3-lactam chemistry directed 
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towards semi- or total-synthesis of these new agents 
and analogues. Over the next two decades these efforts 
saw the emergence of many new methodologies for the 
synthesis of such structures, involving aspects of stereo 
control, 8-lactam ring construction and protecting 
group strategies. 
Subsequently, the isolation of the so called 
monobactams 8 from bacterial sources provided a 
further impetus to synthesis in the area.',* More 
recently the cephabacins 9y and formadicins 1 O l o  have 
provided further variations of naturally occurring 
cephalosporins and monocyclic structures. 
In addition to the discovery of these new natural 
products a substantial effort has been devoted to the 
synthesis of numerous P-lactams of various structural 
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types which have not been found in nature. Although 
these do not strictly fall within the scope of this review, 
significant structures of synthetic interest have been 
included. 

racemization, the Miller synthesis provides a high 
yielding process which is applicable to almost any 
p-lactam. The key to this approach lies in the selective 
intramolecular displacement of X in intermediates 16 
by the nitrogen atom of the hydroxamic acid derivative 

2 Monocyclic B-lactarns giving the azetidinone 17 with inversion of 
configuration at C-4 and retention at C-3. Thus, 

2.1 Nocardicins base-catalysed cyclization of /?-halo hydroxamates or 

While semi-synthetic approaches to the nocardicins 
from penicillin derived P-lactams have been 
described,", I *  only the totally synthetic methods are 
covered here. One of the first made use of the classical 
keten-imine reaction for the construction of the 
P-lactam 12 by reaction of phthalimido acetyl chloride 
with the thioimidate 1 1.  Subsequent removal of the 
S-substituent and deprotection afforded 
3-aminonocardicinic acid 13 which could be acylated 
to afford nocardicins A and D.I3 The Lilly group 
reported a synthesis starting from the L-cysteine 
derived thiazolidine 14 followed by one of the first 
examples of N-C-4 bond ring closure via the chloride 
15.14 
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A much more direct synthesis of functionalized 
P-lactams involving the biomimetic N-C-4 
cyclization approach is by the highly versatile and 
widely used hydroxamate method developed by 
Mil1er.l5 Further, it provides the opportunity to use 
readily accessible chiral amino-acids to form the 
P-lactam. Whereas N-C-4 cyclizations of amino-acids 
with P-leaving groups are normally low yielding due to 
competing side-reactions such as elimination or 

use of the Mitsunobu procedure readily provided good 
yields of the cyclic products 17 ( R3 = CH2Ph).I6 
Conversion to the free N-hydroxy /?-lactam 17 
(R' = H )  was followed by reduction with TiC1317 to 
provide an efficient synthesis of P-lactams 18 and 
applicable to a wide variety of structural variations. 

16 17 i a  

This methodology was used by Miller for the 
synthesis of the nocardicin ring-system starting from 
tBoc-L-serine. This provided /?-lactam 19, which on 
treatment with the diazophenylacetate 20 and rhodium 
acetate gave a mixture of C-5 disastereoisomers from 
which the protected 3-aminonorcardicinic acid 
(3-ANA) nucleus could be separated. Fortunately, the 
wrong diastereoisomer of 2 1 could be isomerized with 
base to allow almost complete conversion into 2 1 in an 
overall yield of 45% from the protected amino-acid.Ix 

19 20 
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21 

The total synthesis of nocardicins A-G, also by a 
biomimetic N-C-4 ring closure has been 
comprehensively described by Townsend.19 In this 
case intermediate 22 was cyclized smoothly in a 
modified Mitsunobu cyclodehydration procedure, 
substituting triethylphosphite for triphenylphosphine 
to give a high yield of cyclic product with virtually 
none of the opposite C-5 diastereoisomer which has 
plagued many other approaches, even under the 
mildest conditons of cyclization such as demonstrated 
by Hanessian using the imidazoylsulfonate leaving 
group.*" The use of the 4,5-diphenyl-4-oxazoline-2- 
one (Ox) protecting group for nitrogen also showed 
several advantages compared to the more 
conventionally used phthalimido, being readily 
removed by hydrogenation with less competing 
side-reactions. Differential deprotection of the cyclic 
product provided 23 which by a variety of procedures, 
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3 Penicillins and cephalosporins 
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3.1 Penicillins 
using the appropriate side-chains, was converted into 
the natural nocardicins A-G. For example, nocardicin 
A was produced in an overall yield of 22% from 
L-serine and D-( p-hydroxyphenyl) glycine. 

The first synthesis of a natural penicillin (potassium 
penicillin V )  was described by Sheehan in 1957 
following his early pioneering work in this area.26 
Condensation of 3 1 with D-penicillamine 32 to give 33 
was followed by progression to the penicilloate 34 
which was cyclized to the natural product 35 using the 
then newly introduced DCCI 
(dicyclohexylcarbodiimide) reagent. Subsequent 
reports outlined the application of such methods to the 
general synthesis of  penicillin^.^^ Keten-imine 
cycloaddition reactions for p-lactam construction as 
used by Bose also allowed the construction of the 
penicillin ring-system but gave the unnatural 5,6 

2.2 Monobactams 

As in the case of the nocardicins, initial approaches to 
the monobactams were from penicillin derived 
P-lactams.21 Total synthesis of the naturally occurring 
nucleus 25 was achieved by direct base-catalysed 
cyclization of the acyl sulfamate 24.22 

RNH H RNH t! trans-configuration of the P-lactam protons.2x 

0 XC' 'SO,-M+ 0 @' S03-M+ ""5 
H2N kO,H 

24 25 gN.""" COpBu' 

With the monobactams, however, it was found that 
non-naturally occurring C-4 substituted p-lactam 31 32 
derivatives showed some advantage in their biological 
properties compared to the natural products. Thus, 
cyclization of the threonine derived mesylate 26 and "p----c02H PhOCHpCONH H ! 
deprotection gave 3-amino-4-methylmonobactamic 

0 

acid 27 from which the highly potent antibiotic 
aztreonam 28 was obtained.23 0 COpBU' 

H 

28 

2.3 Formadicins 

Of the most recently discovered naturally occurring 
3-formamido substituted nocardicins of type 10, no 
syntheses have been reported, although formamido 
monobactam analogues 29 have been synthesized 
from the penicillin derived sulfone 30.24 A wide 
ranging review of the synthesis of many other 
analogues of the nocardicins and monobactam family 
has also been published.2s 

33 (diastereoisomers separated) 34 
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35 

However, a method for correcting this stereochemistry 
was developed by the Merck group and used in a total 
synthesis of Penicillin G.2y Thus, using the keten 
derived from azido-acetyl chloride and the chiral 
thiazoline 36 yielded (98%) the a-azido bicyclic 
system 37. Elaboration to the Schiff's base 38 allowed 
ready deprotonation at the C-6 position. Subsequent 
kinetic reprotonation provided a 2 : 1 ratio of cis: trans 
p-lactam isomers which could be progressed and 
separated to give synthetic penicillin G 39. 

The only highly stereoselective synthesis of the 
penicillin ring-system remains that described by 
Baldwin in 1976, using the peptide precursor 4 1 
obtained from the cysteine derived thiazolidine 40 and 
D-isodehydrovaline methyl ester.") Base-catalysed 
cyclization of the chloride 42 to 43 was followed by a 
multi-step conversion into the sulfoxide 44. 
Generation of the sulfenic acid 45 resulted in 
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ring-closure to the sulfoxide 46 which on 
deoxygenation gave the penicillin ester 47. 

3.2 Cephalosporins 

While a large number of nuclear analogues of the 
cephalosporin ring-system have been synthesized, 
approaches to the natural products have been 
limited, the major emphasis being focused on 
acylamino-derivatives of 7-amino-cephalosporanic 
acid (7-ACA). Both the Squibb3' and R o ~ s s e l ~ ~  groups 
used intermediates of type 48 to produce the 
amino-acid 49 which could be cyclized as in the 
Sheehan penicillin synthesis to provide the 
cephalosporin lactone ring-system 50. Deprotection 
and acylation of the amino-function provided 50 

(R = &co ) in which the lactone ring could be 
opened, giving dea~etylcephalothin.~~ Another 
approach to the lactone made use of the cycloaddition 

reaction between the thiazine 5 1 and the keten 
generated from azido-acetyl chloride.34 In a similar 
manner the Merck group used thiazine 52 to complete 
a total synthesis of racemic ~ephalothin.~~ 

48 49 50 

51 52 

In contrast to these approaches the earlier total 
synthesis of cephalosporin C described by Woodward 
in 1966 provides one of the classic examples of natural 
product synthesis.", 37 Protection of the nitrogen, 
sulfur, and carboxylic acid functions of L( + )-cysteine 
provided the cyclic intermediate 53 which was ideally 
suited for introduction of the amino-function-this in 
turn was to become the nitrogen atom of the key 
p-lactam intermediate 57. This was achieved in a 
stereocontrolled manner by introduction of the 
hydrazino-substituent 54 followed by oxidation and 
conversion into the trans-hydroxy ester 55. 
Conversion into the mesylate, inversion of the 
stereochemistry by displacement with azide, and 
reduction gave the p-amino-ester 56 which was 
cyclized to the p-lactam 57 using 
triisobutylaluminium, the stereochemistry being 
confirmed by X-ray crystallography. 

C02Me 

53 54 

55 56 57 

Addition of 57 in a Michael-like manner to the 
dialdehyde 58 to form 59 was followed by treatment 
with trifluoroacetic acid to remove both nitrogen and 
sulfur protecting groups and effect cyclization to the 
bicyclic cephalosporin precursor 60. The amino group 
was acylated with the protected D-a-amino adipic acid 
side-chain in forming 6 1. Reduction, acylation of the 
primary hydroxyl, and equilibrium provided the 
cephalosporin C ester 62. The then novel and 
subsequently much used trichloroethyl protecting 
groups were removed using zinc to give the free acid 
63 (identical with authenic natural cephalosporin C). 
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62 R' = CH2CCI3, R2 = C02CH2CC13 
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Although not directed specifically towards natural 
product synthesis, many subsequent outstanding 
contributions were made by the Woodward group to 
the area of p-lactam chemistry. None more so than the 
intramolecular phosphorane cyclization methodology 
initial developed for constructing novel cephalosporins 
65  from 64,3* and then the highly active hybrid 
penicillin-cephalosporin penem ring system 6 7 by way 
of 66.39 This mild, neutral, and high yielding method 
has been universally used for constructing an immense 
variety of bicyclic P-lactam ring-structures over the 
past twenty years. 

64 65 

C02H 

68 R=Me 
69 R=NH2 

the a-amino-adipic acid side-chain but vary in the 
substitution pattern at C-3. As a family they are 
intrinsically more resistant to degradation by 
P-lactamases compared to the unsubstituted 
compounds. As in the case of cephalosporins one of 
the main areas of chemistry has been concerned with 
the introduction of new acyl-amino side-chains. 
However, much effort has also been devoted to 
methods for synthesizing the 7(  a)-methoxy 
cephalosporin ring-system present in the natural 
products. 

Initial approaches were based on the displacement 
of halogen from intermediates such as the bromo-azide 
70 derived from the C-7-diazo Many 
other methods were subsequently developed for the 
stereoselective addition of methoxide to acylimine 
intermediates such as 7 1 ,J3 while addition to 
sulfenimines 72 is also possible.44 A common 
methodology is to use a Schiff's base 7 3  to facilitate 
C-7 anion formation, followed by reaction with an 
electrophile such as methyl methanethiosulfonate to 
provide 74. Introduction of the acylamino side-chain 
followed by solvolysis in methanol in the presence of a 
mercury salt gives the methoxycephem in good 
~ i e l d . ~ ~ - ~ *  Other methods of generating imines 
followed by addition of methanol make use of 7S4' and 
the quinonoid intermediate 76.50 In all cases, addition 
to the imine is from the less-hindered face of the 
bicyclic ring-system to provide the required 
a-orientation of the methoxy substituent. 
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3.3 Cephamycins 

In 197 1 the isolation and structural elucidation of two 
naturally occurring cephalosporins 68 and 69 
possessing a 7 a-methoxy group was r ep~r t ed .~"  
Further examples of this type of natural product were 
subsequently obtained from a variety of Streptomycete 
 strain^.^' Known as the cephamycins, they all possess 

Southgate: The synthesis of natural p-lactam antibiotics 421 



Cycloaddition using the previously described 
thiazine 52 and the keten from azido-acetyl chloride 
produced the azido-cephem 77, which was progressed 
to the thiomethyl derivative 78. This was ideally suited 
for conversion into 79 and ultimately to provide a total 
synthesis of ( f ) cefoxitin 80.35 

N3H 
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C02PMB 

77 

602R2 
78 R' = SMe, R2 = PMB (p -methoxybenzyl) 
79 R' = OMe, R2 = PMB 
80 R' = OMe, R2 = H 

The only other total synthesis of a methoxylated 
cephalosporin is that reported by Kishisl and mimics a 
possible biogenetic route for p-lactam synthesiss2 
N-Acetyl-bromodehydroalanine t-butyl ester was 
converted in five steps into the bromothioamide 8 1. 
This was successfully used in a double cyclization to 
give the p-lactam thiazoline 82. The allylic bromide 83 
could then by cyclized to 84 by merely allowing a 
methylene chloride solution of the bromide to 
evaporate to dryness at room temperature over three 
days. 

HN 
MeO- CHBr2 
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Although not discovered as natural products, 
considerable effort has also been devoted to the 
synthesis and development of 6( a)-methoxy 
substituted penicillins such as temocillin 85 and other 
variants,". 54 while mention must also be made of the 
methoxylated oxacephem moxalactam 86 developed 
by Shionogi and Lilly, using a multi-stage synthesis 
starting from the penicillin nucleus.55 
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3.4 Cephabacins 

In 1984 several groups reported on the isolation of 
naturally occurring 7( a)-formamido substituent 
cephalosporins 9 from bacterial sources.9* 56 .  57 

Interestingly, during the course of examining a range of 
6( a)-substituted penicillins and 7( a)-substituted 
cephalosporins, the Beecham group had already 
discovered that this substituent, with an appropriate 
side-chain, provided a series of highly active 
antibiotics.sx, sy Conversion of the unsubstituted 
cephalosporin ring-system into the formamido nucleus 
could conveniently be carried out starting from the 
readily available t-butyl7P-amino-7a- 
(methy1thio)cephalosporanate 87 used for 
methoxylated analogues?" Acylation provides 88 from 
which the methylthio group is readily displaced by 
ammonia in the presence of a mercury (11)  salt; 
subsequent formylation with acetic-formic anhydride 
provides 89. Alternatively, the formamido group can 
be introduced directly by treatment of 88 with N, 
N-bis( trimethylsily1)formamide in the presence of 
mercuric acetate. Removal of the acid protecting 
t-butyl group from 89 affords the appropriate 
7( a)-formamido cephalosporin acid. Other methods 
for introducing the formamido substituent have been 
described,h1vh2 together with a review of the structural 
variations prepared.63 

H 
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A highly convenient large scale preparation of the 
7( a)-formamido nucleus 90 was also developed to 
provide a readily available intermediate for 
semi-synthetic manip~lation.'~ Protection of 7-ACA 
9 1 as the trimethylsilyl ester was followed by 
conversion into the Schiff's base 92. Oxidation in situ 
with DDQ gave the quinone methide 93, which readily 
reacted with N, N-bis( trimethylsilyl)formamide, 
forming 94. Subsequent hydrolysis to remove the 
side-chain and silyl protecting group followed by 
crystallization gave the pure 7 a-formamido nucleus 
90. This 'one-pot' procedure provided an overall yield 
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93 

of 46% of 90 from 91 on a 1 kg scale, while the DDQ 
and aldehyde used for oxidation and Schiff's base 
formation are both recoverable. 

99 R=C02Me 
100 R = CH20H 
101 R=CH=CH2 

5 Carbapenems 

Discovered in the mid- 1970's the first compounds to 
be reported were thienamycin 6s from Streptomyces 
cattleya and a group of interrelated metabolites from S. 
olivaceus such as MM 13902 (7; R = SO,H)h and MM 
22382 (7; R = H)h9 known as the olivanic acids. 

HO 

6 

7 4 Clavulanic acid 

Streptomyces clavziligerzis produces a number of 
natural products containing the 
7-oxo-4-oxa- 1 -azabicyclo[ 3.2.0lheptane (clavam) ring 
system, the best known of these being the clinically 
important P-lactamase inhibitor clavulanic acid 
5.6,hs,66 Although many derivatives and synthetic 
analogues of this agent have been de~cribed,"~ 
syntheses directed towards the natural product itself 
have been minimal. Starting from the simple 
azetidinone 95, alkylation to provide the keto-ester 96 
was followed by conversion into the chloride 97 and 
base-catalysed cyclization to 98. The geometry of the 
double bond was corrected by ultra-violet irradiation 
and the resulting diester 99 selectively reduced with 
di-isobutylaluminium hydride to give a low yield of the 
racemic methyl ester 100 of clavulanic acid.h7 In a 
second approach the diene 10 1 was prepared by 
cyclization of the appropriate keto-ester. The terminal 
double bond was converted into the ozonide, which on 
hydrogenation also provided the racemic ester 1 OO.'# 
Since the methyl ester of the natural product can be 
readily hydrolysed to the parent compound both 
syntheses constitute a formal total synthesis of racemic 
5 .  

95 
96 R=SMe 
97 R=CI 

98 

Thienamycin has the 8R configuration of the hydroxy 
group with a trans- arrangement of p-lactam protons, 
whereas in the olivanic acids the stereochemistry is 8s 
with a cis-substituted p-lactam in the sulfated series 
and both cis- and trans-p-lactams in the hydroxy cases. 
Subsequently, several other structural variations 
represented by PS-5 102,70 carpetimycin A 103,7' 
asparenomycin C 104,72 and pluracidomycin C 105,73 
were reported. To date over forty variations of these 
natural products with differing C-2 and C-6 
substituents have been de~c r ibed .~  * The simplest 

102 

OH 

103 

OH 
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member of the series is the rather unstable parent 
nucleus 106, shown to occur in certain bacterial 
strains of Serratia and Erwinia. 74 Fermentation yields 
of these Streptomycete metabolites are low and total 
synthesis methodology has been extensively developed 
to provide both natural products and analogues. The 
most common strategy has been to construct an 
appropriately substituted monocyclic B-lactam with 
the correct stereochemistry, followed by cyclization to 
form the highly-strained bicyclic carbapenem 
ring-system in the last step of the synthesis. 

S03H 

C02H 
105 

0 q 
CO2H 

106 

The basic ring system 106 was synthesized in 
racemic form by several groups prior to the disclosure 
of the natural product. M e r ~ k ~ ~  made use of the 
azetidinone 107 derived from chlorosulfonyl 
isocyanate (CSI) and 1,4-acetoxybutadiene. After 
reduction of the double bond, progression was by way 
of the phosphorane 108 and 109. Oxidation and 
cyclization gave a good yield of the ester 110. 
Subsequent removal of the photolabile protecting 
group provided the unstable sodium salt of racemic 
106. Also, using phosphorane methodology, the CSI 
derived 4-allylazetidinone 1 1 1 76 was converted, via 
the p-nitrobenzyl or acetonyl ester 1 12, into the 
racemic natural product 106; in this case oxidation of 
the terminal methylene grouping by ozonolysis 
provided the aldehyde for the intramolecular Wittig 
rea~tion.~', 78 

0 JdR 
NO2 

108 R = A c  
109 R = H  

0 JQ 
C02R 

5.1 Thienamycin 

Since its discovery, the highly potent broad spectrum 
antibiotic thienamycin 6 has been the focal point for a 
multitude of synthetic studies in the carbapenem 
area.79y880 While several novel methods have been 
developed, many of the original contributions from 

Merck are still widely used. The first synthesis of 
racemic material made use of the previously described 
azetidinone 107.81,82 This was converted into the 
1,3-tetrahydrooxazine 11 3 and then by an aldol 
condensation to the appropriately substituted 
truns-/?-lactam 114. This was elaborated by a lengthy 
process to the dibromide 1 15, which on cyclization, 
decarboxylation, and elimination gave the ester 1 16; 
deprotection led to ( k )-thienamycin. 

113 R = H  
11 4 R = MeCH(0H) 

11 5 R = PNB (p -nitrobenzyl) 

116 R =  PNB 

A chiral synthesis soon followed, starting from the 
L-aspartate derived P-lactam 1 17.83 In this case 
introduction of the hydroxyethyl side-chain was via an 
acetyl substituent which was subsequently reduced, by 
a stereocontrolled manner using potassium 
SelectrideIM, to the alcohol. Homologation to the acid 
118 was followed by conversion into the keto-ester, 
silyl group removal, and diazo-exchange to form 119. 
C-3-N-4 cyclization using a catalytic amount of 
rhodium acetate proceeded extremely efficiently to 
produce the bicyclic keto-ester 120. Activation at C-2 
by conversion into the enol phosphate allowed the 
introduction of the cysteamine side-chain and final 
deprotection afforded ( + )-thienamycin. Another 

117 118 R' = R3 = H, R2 I SiMe2But 
129 R' = SiMe2But, @ c R3 = H 
130 R' 5 SiMe2But, @ E H, R3 = Me 

119 120 

approach to the intermediate 118 starts from the 
lactone 12 1 derived from acetone dicarboxylic acid.x4 
Conversion of the side-chain stereochemistry from S 
to R was required, but nevertheless the overall yield to 
final product was greater than 10% and offered a 
practical synthesis of ( f )-thienamycin. The method 
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was later modified to produce homochiral material.*5 
The synthesis of 12 1 from ( - )-carvone has also been 
reported.x6 

0 4 
Me'. G N H C H z P h  

6OpH 

121 

Further refinements using the 4-acetoxy or 4-chloro 
azetidinone 122 and the silyl enol ether 123 in the 
presence of Lewis acid provided a method for the 
direct incorporation of the diazo-ketone residue.87, 88 A 
convenient method for the synthesis of trimethylsilyl 
and t-butyldimethylsilyl enol ethers of various esters of 
a-diazoacetoacetic acid for use in this procedure has 
been reported.*' Azetidinones 1 18 and 122 
(X = OAc) have become universally recognized as 
being the key intermediate for the synthesis not only of 
thienamycin but also of many analogues. Methodology 
therefore has concentrated on developing routes to 
these versatile P-lactams. Two of the most 
conceptually appealing procedures make use of simple 
readily available chiral starting materials derived from 
3-hydroxybutyric or lactic acid. 

u OR 

N2 122 X=OAc,CI 
R = H, SiMe2Bu' 123 

Thus, using a dianion-imine cycloaddition 
approach, 122 (X = OAc, R = SiMe,But) was 
synthesized in an overall yield of 44% in eight steps 
from (S) - (  + )-ethyl-3-hydroxy-butyrate 124 and the 
N-arylaldimine 125.'" A comprehensive account of 
cyclo-addition procedures using R or S 
3-hydroxybutyric acid derivatives directed towards 
thienamycin synthesis has been published.Y1 The 
(S)-enantiomer of ethyl lactate 126 can be converted 
into (.~)-2-benzyloxypropanal which, with 
di-p-anisylmethylamine, gives a chiral imine 12 7 
suitable for a [2 + 2lcycloaddition reaction with 
diketen. This proceeds in a highly stereoselective 
manner to the 3,4-trans-3-acetyl P-lactam 128 which 
was elaborated in high yield to either 129 or 122 

Me XAOEL Ar-p -0Me N, 

124 125 

P" 
A 

Me"C02E 

126 -. .. ,. 
127 128 

(X = OAc, R = SiMe2But).92 Synthesis of the latter has 
advanced to a stage where it is readily available 
commerically for both carbapenem and penem 
~ynthesis.'~ Efficient syntheses of the 4-benzoyloxy 
analogue 122 (X = OCOPh, R = H) have made use of 
the intramolecular cyclization of a threonine derived 
N-protected epoxy amideY4 or keten-imine 
methodol~gy.~~ 

Approaches to non-naturally occurring 
carbapenems also make use of displacement reactions 
with 122 (X = OAc, R = SiMe,Bu'). Many of these 
have been particularly directed towards 1 P-methyl 
substituted compounds which show a decreased 
susceptibility to degradation by the renal 
dehydropeptidase-I (DHP-I) enzyme compared to 
thienamycin.96 Examples include the use of tin or 
boron enolates producing 130 in yields of 70-80% 
with a ratio of p: a isomers ranging from 24 : 1 to 
60: 1.97-99 

Other formal syntheses of thienamycin, using 
P-lactams derived from carbohdyrates,lo0-lo2 
arnino-acid~'~~, Io4  and isoxazolidines,105 have been 
reported. Alternative methods for bicyclic ring 
construction include the Dieckmann type cyclization, 
using the S-pyridylthioester 13 1 (60-65O/0)~~~ which 
gives the keto-ester directly, and an intramolecular 
Michael cyclization with 132 to form the saturated 
ring-system 133 (57%); the latter being elaborated to 
the bicyclic keto-ester via a nitrolefin and 
o z o n ~ l y s i s . ~ ~ ~ ~  Novel approaches making use of 
organo-iron or cobalt complexes have been described. 

Bu'Me2Si0 

Me 
NO2 

I 
C02PNB 

133 131 R' = Me, # =cos 

132 R' = PNB, R2 = CH=CHNOz 

Oxidation of the n-allyl-tricarbonyliron 
lactarn complex 134, derived from 
(S)-( - )-a-methylbenzylamine and the 
n-allyl-tricarbonyliron lactone, gave a 85% yield of the 
P-lactam 135 which could be converted into a known 
thienamycin intermediate.lo8 Most recently, Pattenden 
has shown that heating the carbamoylcobalt salophen 
136 in toluene affords a stereoselective cyclization 
with dehydrocobaltation to the racemic P-lactam 137; 
this has also been converted into a known thienamycin 
precursor.lDy 

0 

tie 
134 

135 
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PNBCO,? 

. .. 
Ph 

136 [Co] = Co(sa1ophen) 137 

5.2 Olivanic acids 

The discovery that thiol esters could participate in the 
intramolecular Wittig cyclization to form the 
carbapenem ring-system provided a basis for the total 
synthesis of the olivanic acid derivative MM 22383 
146."0, Tetrahydrooxazine 138 was converted into 
the diazo-intermediate 139 by reaction with diketen 
and then tosyl azide. Rhodium acetate catalysed 
cyclization provided the more thermodynamically 
favoured trans-substituted P-lactam 140. Borohydride 
reduction gave a 1 : 1 mixture of hydroxy epimers. 

n 

140 ::: :::ek 
Protection of the hydroxy group and removal of the 
nitrogen-oxygen blocking group gave the P-lactam 14  1 
in which the primary hydroxyl was oxidized and 
converted into the Wittig product 142. This was 
progressed to the phosphorane 143, and, after 
oxidation to the acid, to the thio-ester 144 possessing 
the required ( E)-acetamidoethenylthio side-chain. 
Heating in boiling toluene gave the two epimers of the 
cyclic product 145 (23%) which were separated and 
deprotected to afford ( +_ )-MM 22383 146 and 
( k )-N-acetyldehydrothienamycin 147."' Later, the 
use of a 1,3-tetrahydroxazine derived from an optically 
active cyclohexanone or  aminopropanol provided the 
opportunity for the chiral synthesis of other 
analogues.113s114 

PNBC020 PNBC020 

Me Hw?7 Me H w f i C 0 2 M e  

k N H  OH 
0 

141 142 R = H  

143 R = yPPh3 
PNBC020 C02PNB 

I 

COZPNB 
144 

C02PNB 

145 
H H  

Me 
146 R =  ,,:A (S) 

OH 
147 R =  ( R )  

One other reported synthesis in the olivanic acid 
series was of the benzyl ester of racemic MM 22381 
148 by way of thiol addition of the appropriate 
C-( 2)-side-chain to the unsubstituted nucleus 
149.110."s This gave, in high yield, the saturated 
carbapenam isomers 150, which by a process of 
oxidation (PhIC1,) and double bond isomerization, 
could be converted into 148. 

C02CH2Ph C02CH2Ph 
148 149 

S/\ /NHA~ 

COzCH2Ph 
150 

5.3 PS-5 

PS-5 lO2"and other members of this group (PS-6, 
PS-7, and PS-8)41 differ from thienamycin and the 
olivanic acids in having an unsubstituted ethyl or 
isopropyl group at C-6 in combination with the 
acetamidoethylthio or acetamidoethenylthio- 
substituent at C-2. Synthesis has been 
primarily directed towards PS-5. One of the 
earliest successes made use of the thiol addition 
procedure described for MM 2238 1 .I 1 6 ,  I ' 
Allylazetidinone 11 1 was alkylated a-to the p-lactam 
carbonyl and the trans-P-lactam 15 1 converted into 
the phosphorane 152 and then cyclized to 153. 
Addition of acetamidoethanethiol gave a 70% yield of 
isomers of 154, which on reintroduction of the double 
bond and deprotection, afforded ( f )-PS-5. 
Most other methods have concentrated on using the 
C-2 to N-4 carbene insertion procedure after the 
synthesis of an appropriately substituted monocyclic 
p-lactam. One early synthesis which illustrates this was 
by Kametani' Ix using the 4-acetoxy substituted 
P-lactam 155 derived from the vinyl acetate 156 and 
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" 0 w 
151 R = H  

152 R =  ypPb 
COPNB 

CO2PNB 

153 

C02PNB 

154 

Et 

w : O 2 R  0 

Et -0Ac 

U 
155 156 157 

CSI. Enolate displacement of the acetate to 157 was 
followed by cyclization and conversion into ( k )-PS-5. 
A variety of ester-imine condensations have also been 
used to provide 155 in racemic or chiral form. Thus, a 
Reformatsky-type reaction with a bromo-ester and 
imine gave racemic 158,''y while a lithium 
enolate-imine condenstion using a chiral ester gave a 
92% e.e. of 159;120 both were converted by oxidative 
procedures into 155. Similarly, using the lithium 
enolate of t-butyl butanoate and the silylimine 160 
from S-lactic aldehyde provided trans-P-lactam 16 1 
(96 : 4 trans:cis) which after deprotection, conversion 
into the ketone and Baeyer-Villiger oxidation again 
gave the acetoxy azetidinone 155.12' Alternatively, 
ester enolate additions to imines can give 
P-amino-acids such as 162 or 163 suitable for 
elaboration to either racemic or chiral PS-5.'22-1 24 

Boron or tin( 11) enolate-imine condensations also 
provide suitable P-lactam precursors.l 2s. 2h 

E t g  OSiMe2Bu' 

0 

Me 

OMe 

158 R =  Me 160 
159 R = H  

161 

E t w O S i P h 2 B u '  H H  Et+C02E1 

ROpC NHBoc H0pC NH2 
163 162 

An elegant and novel approach which uses a 
3-substituted anisole as a masked P-keto ester synthon 
has been used by Evans127 in an enantioselective 
synthesis. Reaction of the chiral boron enolate 164 
with the aldehyde 165 established the correct 
stereochemistry in 166 required for the P-lactam ring 
168. This was achieved after conversion into the 
hydroxamate 167 and cyclization using the Miller 

164 165 

b 4 0  
167 R = MeONH 

methodology. In the next step, a dissolving metal 
reduction effected both N - 0  bond cleavage and 
aromatic ring reduction. The dihydroanisole derivative 
169 was subjected to ozonolysis to give, after 
reductive work-up, the P-keto-ester 170. This was 
converted by the standard procedure into 17 1, and the 
synthesis completed by introduction of the 
N-acetyl-cysteamine side-chain and deprotection to 
the acid. The route provides enantiomerically pure 
( + )-PS-5 in 13% overall yield from 
3 -me thox ymet h y Ip hen ylacet aldehyde. 

0 'OMe Etm 0 
OCH20Me bCH20Me 

1 68 169 

&H20Me C02CH20Me 

170 171 

One of the most recent routes makes use of a 
stereoselective addition of thiophenol to the double 
bond of the chiral imide 172.12x The desired 2S, 3s 
adduct 173 was then converted into the hydroxamate 
174. Formation of the p-lactam 175 was accomplished 
in this case through S-alkylation and base-catalysed 
cyclization (83%). Further elaboration provided 176 in 

1 72 

175 R' = OMe, R2 = CH2Ph 
176 R' = R2 = SiMepBu' 

fl' 
K 173 R = O  N, 

0 
174 R =  MeONH 
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42% overall yield from the acid precursor of 172. A An alternative synthesis which introduces chiralilty 
photochemical synthesis of the cis-B-lactam 177 from 
the pyrazolidin-3-one 178 has also been described.129 
Since this can be epimerized to the trans-isomer it also 
affords another route to PS-5. An extensive review of 
synthetic procedures directed towards PS-5 and PS-6 
has been pub1i~hed.l~~ 

SiMe3 
177 178 

5.4 Carpetimycins 

Several syntheses of the naturally occurring sulfoxide 
carpetimycin A 103 have been reported. In contrast to 
the synthesis of thienamycin, a major problem in this 
series is the establishment of the cis stereochemistry 
of the p-lactam ring. In one approach131 
mono-sulfenylation of the tetrahydrooxazine 1 13 to 
179 was followed by an aldol reaction with acetone 
giving a mixture of cis- and trans-products 180. 
Reductive desulfurization using tri-n-butyltin hydride 
in the presence of a radical initiator gave 
predominantly the cis-azetidinone 18 1 (7 1% cis:22% 
trans). The same ratio of isomers was obtained 
irrespective of the stereochemistry of 180, indicating 
that the same radical intermediate is formed and that 
hydrogen transfer from the bulky hydride reagent 
takes place from the less-hindered a-face. A sequence 
of protection and oxidation reactions to the acid 182 
was followed by conversion into 183. Cyclization to 
the bicyclic keto-ester, introduction of the 
C-2-side-chain, oxidation to the sulfoxide, and 
deprotection then gave ( f )-carpetimycin A 103. Two 
other approaches to the cis-substituted intermediate 
18 1 also utilize radical reduction methods. One uses 
the isonitrile 1 84'32 obtained from a penicillin-derived 
/?-lactam, the second uses the bromohydrin 185 which 
originates from a /?-lactam obtained by reaction of an 
allenyl sulfide with CSI.133 

phsQo :ko 
0 

179 

181 

180 R=SPh 
184 R=NC 
185 R=Br  

182 R = COpH 
183 R = COCHpCOpPNB 

into the sequence makes use of the enzymic hydrolysis 
of the prochiral ester 186 to the acid 187 (98% e.e.). 
Borohydride reduction resulted in formation of the 
lactone 188. Stereocontrolled incorporation of the 
hydroxyisopropyl substituent giving 189 was followed 
by ring-opening and conversion into the amino-acid 
190. This could be cyclized using the Grignard reagent 
to the p-lactam and then by known procedures to 
( - )-carpetimycin A.134 

M e O 2 C V 2 M e  H 0 2 C T p M e  
NHCOzCH2Ph NHCOpCHpPh 

186 1 87 

188 R = H  190 
189 R = Me2C(OH) 

A neat example of a directed aldol condensation 
has also been used starting from the optically pure 
methoxyethoxymethoxy (MEM) protected 
azetidinone 191.135 These authors reasoned that on 
formation of the P-lactam enolate, metal-ion chelation 
with the neighbouring MEM group on the /?-face of 
the molecule would allow for predominant formation 
of the cis-p-lactam. Thus, condensation with acetone 
using the titanium enolate and bulky silyl group on 
nitrogen gave 59% of the cis- product 192 and only 
22% of trans-isomer. 

0 4-Y SiPh2But 

191 R = H  
192 R = Me2C(OH) 

5.5 Asparenomycins 

The asparenomycin natural products have an 
alkylidene substituent at the C-6 position. Synthesis 
has followed the familiar carbapenem approach by 
way of a bicyclic keto-ester (e.g. 195) derived from an 
appropriately functionalized monocyclic azetidinone. 
The first synthesis of ( - )-asparenomycin C utilized 
193. This underwent an aldol condensation with 
methylthiomethoxyacetone followed by elimination to 
the desired (E)-double bond isomer 194 ( 9 8 O / 0 ) . ~ ~ ~  
This was readily progressed to 195. Introduction of 
the (E)-acetamidoethenylthio side-chain and 
deprotection led to ( - )-asparenomycin C (104). 

Using the allylazetidinone 196 the aldol product 
from hydroxyacetone, as a mixture of isomers, was 
readily converted into the carbonate 197, and 
ultimately the bicyclic analogues 198.13', 13x Treatment 
with DBU gave a single (E)-isomer and removal of the 
p-methoxybenzyl group with aluminium 
trichloride-anisole gave the various racemic 
asparenomycin natural products. A slightly different 
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H 

193 R = CH20SiMe2But 
196 R=CH=CH;! 

/OCOZPNB 

195 

OCHfiMe W.L. Parker, P.A. Principe, M.L. Rathnum, W.A. 
Slusarchyk, W.H. Trejo, and J.S. Wells, Nature, 198 1, 

OSiMe2Bu' 291,489. 
9 S. Tsubotani, T. Hida, F. Kasahara, Y. Wada, and S. 

Harada, J. Antibiot., 1984,37, 1546. 

194 Harada, J. Antibiot., 1985,38,1128. 

b4*+ 

OZO+ Me 1101. 

N'siMe2But 
10 T. Hida, S. Tsubotani, N. Katayama, H. Okazaki, and S. 

11 T. Kamiya, 'Recent Advances in the Chemistry of 
j3-Lactam Antibiotics' ed. J. Elks, Special Publication 
No. 28, The Royal Society of Chemistry, 1977, 
pp. 281-294. 

12 M. Foglio, G. Franceshi, P. Lombardi, C. Scarafile, and 
F. Arcamone, J. Chem. SOC., Chem. Commun., 1978, 

13 T. Kamiya, M. Hashimoto, 0. Nakaguchi, and T. Oku, 

14 G.A. Koppel, L. McShane, F. Jose, and R.D.G. Cooper, 

15 M.J.Miller,Acc. Chem. Res., 1986,19,49-56. 
16 M.J. Miller, P.G. Mattingley, M.A. Morrison, and J.F. 

Tetrahedron, 1979,35,323. 

J. Am. Chem. SOC., 1978,100,3933. 
197 

Kervin, J. Am. Chem. SOC., 1980,102,7026. 

1 99 200 R = Br 
201 R=OC02PNB 

approach uses the acetoxy azetidinone 199 derived 
from l-acetoxy-3-methylbuta- 1,2-diene and CSI.' 35, 

This was converted by way of the allylic bromide 200 
into the azetidinone 20 1, and then progressed by the 
diazo-route to ( k )-asparenomycin C. 

6 References 

'Cephalosporins and Penicillins' ed. E.H. Flynn, 
Academic Press., London and New York, 1972. 
R. Nagarajan, L.D. Boeck, M. Gorman, R.L. Hamill, 
C.E. Higgens, M.M. Hoehn, W.M. Stark, and J.G. 
Whitney, J.Am. Chem. SOC., 1971,93,2308. 
H. Aoki, H. Sakai, M. Kohsaka, T. Konami, J. Hosoda, 
Y. Kubochi, E. Iguchi, and H. Imanaka, J.  Antibiot., 
1976,29,890. 
T.T. Howarth, A.G. Brown, T.J. King, J. Chem. SOC., 
Chem. Commun., 1976,267. 
G. Albers-Schonberg, B.H. Arison, T.O. Hensens, K. 
Hirshfield, E. Hoogsteen, A. Kaczka, R.E. Rhodes, J.S. 
Kahan, R.W. Ratcliffe, E. Walton, L.J. Ruswinkle, R.B. 
Morin, and B.G. Christensen, J. Am. Chem. SOC., 1978, 
100,6491. 
A.G. Brown, D.F. Corbett, A.J. Eglington, and T.T. 
Howarth, J. Chem. SOC., Chem. Commun., 1977,523; 
1979,953. 
A. Imada, K. Kitano, K. Kintaka, M. Muroi, and M. 
Asai, Nature, 1981,289,590. 
R.B. Sykes, C.M. Cimarusti, D.P. Bonner, K. Bush, D.M. 
Floyd, N.H. Georgopapadakou, W.H. Koster, W.C. Liu, 

17 P.G. Mattingley and M.J. Miller, J. Org. Chem., 1980, 
45,410. 

18 P.G. Mattingley and M.J. Miller, J. Org. Chem., 1981, 
46,1557. 

19 G.M. Salituro and C.A. Townsend, J.  Am. Chem. SOC., 
1990,112,760. 

20 S. Hanessian, C. Coutrive, and H. Wyss, Can. J. Chem., 
1985,63,3613. 

2 1 C.M.Cimarusti, H.E. Applegate, H.W. Chang, D.M. 
Floyd, W.H. Koster, W.A. Slusarchyk, and M.G. Young, 
J.  Org. Chem., 1982,47,179. 

22 D.M. Floyd, A.W. Fritz, and C.M. Cimarusti, J. Org. 
Chem., 1982,47,176. 

23 C.M. Cimarusti, D.P. Bonner, H. Breuer, H.W. Chang, 
A.W. Fritz, D.M. Floyd,T.P. Kissick, W.H. Koster, D. 
Knonenthal, F. Massa, R.H. Mueller, J. Pluscec, W.A. 
Slusarchyk, R.B. Sykes, M. Taylor, and E.R. Weaver, 
Tetrahedron, 1983,39,2577. 

24 C.L. Branch, S.C. Finch, and M.J. Pearson, Tetrahedron 
Lett., 1989,30,3219. 

25 R.C. Thomas, 'Recent Progress in the Chemical 
Synthesis of Antibiotics', ed. G. Lukacs and M. Ohno, 
Springer-Verlag, 1990, pp. 534-564. 

26 J.C. Sheehan and K.R. Henery-Logan, J. Am. Chem. 
SOC., 1957,79,1262; 1959,81,3089. 

27 J.C. Sheehan and K.R. Henery-Logan, J. Am. Chem. 
SOC., 1959,81,5836; 1962,84,2983. 

28 A.J. Bose, G. Spiegelman, and M.S. Manhas, J.  Am. 
Chem. SOC., 1968,90,4506. 

29 R.A. Firestone, N.S. Maciejewicz, R.W. Ratcliffe, and 
B.G. Christensen, J. Org. Chem., 1974,39,437. 

30 J.E. Baldwin, M.A. Christie, S.B. Maker, and L.I. Kruse, 
J. Am. Chem., 1976,98,3045. 

31 J.E. Dolfini, J. Schwartz, and F. Weisenborn, J. Org. 
Chem., 1969,34,1582. 

32 R. Heymes, G. Amiard, and G. Nomine, Bull. Soc. 
Chim. Fr., 1974,563. 

33 S.L. Neidleman, S.C. Pan, L.A. Last, and J.E. Dolfini, J. 
Med. Chem., 1970,13,386. 

34 J.A. Edwards, A. Guzman, R. Johnson, P.J. Beeby, and 
J.H. Fried, Tetrahedron Lett., 1974,203 1. 

35 R.W. Ratcliffe and B.G. Christensen, Tetrahedron Lett., 
1973,4649. 

36 R.B. Woodward, Science, 1966,153,487. 
37 R.B. Woodward, K. Heusler, J. Gostelli, P. Naegeli, 

W. Oppolzer, R. Ramage, S. Ranganathan, and 
H. Vorbriiggen, J.  Am. Chem. Soc., 1966,88,852. 

38 R. Scartazzini, H. Peter, H. Bicknell, K. Heusler, and 
R.B. Woodward, Helv. Chim. Acta, 1972,55,408. 

Southgate: The synthesis of natural p-lactam antibiotics 429 



39 I. Ernest, ‘The Penems’ in ‘Chemistry and Biology of 
8-Lactam Antibiotics’, ed. R.B. Morin and M. Gorman, 
Academic Press, NY, 1982. 

40 R. Nagarajan, L.D. Boeck, M. Gorman, R.L. Hamill, 
C.E. Higgens, M.M. Hoehn, W.M. Stark, and J.G. 
Whitney, J. Am. Chem. SOC., 1971,93,2308. 

41 R. Southgate and S. Elson, ‘Progress in the Chemistry of 
Organic Natural Products’, Springer-Verlag, 1985,47, 
1-89. 

42 L.D. Cama, W.J. Leanza,T.R. Beattie,and B.G. 
Christensen, J. Am.  Chem. SOC., 1972,94,1408. 

43 G.A. Koppel and R.E. Koehler, J. Am.  Chem. SOC., 
1973,95,2403. 

44 E.W. Gordon, H.W. Chang, C.M. Cimarusti, B. Toeplitz, 
and J.Z. Gougoutas, J .  Am. Chem. SOC., 1980,102, 
1690. 

Koster, M.S. Puar, M. Young, and J.E. Dolfini, J. Org. 
Chem., 1973,38,943. 

Slusarchyk, and B. Toeplitz, J. Org. Chem., 1974,39, 
2794. 

Funke, W.H. Koster, M.S. Puar, W.A. Slusarchyk, and 
M.G.Young, J .  Org. Chem., 1979,44,811. 

48 T. Jen, T. Frazee, and J.R.E. Hoover, J .  Org. Chem., 
1973,38,2857. 

49 Y. Sugimura, K. Iino, Y. Iwano, T. Saito, and T. Hiraoka, 
Tetrahedron Lett., 1976, 1 3 10. 

50 W. Yanagisawa, M. Fukushima, A. Ando, and H. Nakao, 
Tetrahedron Lett., 1975,2705. 

51 S. Nakatsuka, H. Tanino, and Y. Kishi, J. Am. Chem. 
SOC., 1975,97,5008. 

52 R.D.G.Cooper, J. Am. Chem. Soc., 1972,94,1018. 
53 G. Burton, M.J. Basker, P.H. Bentley, D.J. Best, R.A. 

Dixon, F.P. Harrington, R.F. Kenyon, A.G. Lashford, 
and A.W. Taylor, J .  Antibiot., 1985,38,721. 

54 G. Burton, D.J. Best, R.A. Dixon, R.F. Kenyon, and 
A.G. Lashford, J.  Antibiot., 1986,39, 1419. 

55 H. Otsuka, W. Nagata, M. Toshioka, M. Narisada, T. 
Yashida, Y. Harada, and H. Yamada, Medicinal 
Research Reviews, 198 1, 1 , 2  17, John Wiley & Sons 
Inc. 

56 P.D. Singh, M.G. Young, J.H. Johnson, C.M. Cimarusti, 
and R.B. Sykes, J. Antibiot., 1984,37, 773. 

57 J. Shoji, T.Kato, R. Sakazaki, W. Nagata, Y. Terui, Y. 
Nakagawa, M. Shiro, K. Matsumoto, T. Hattori, T. 
Yoshida, and E. Kondo, J.  Antibiot., 1984,37, 1486. 

58 P.H. Milner, A.W. Guest, F.P. Harrington, R.J. Ponsford, 
T.C. Smale, and A.V. Stachulski, J. Chem. SOC., Chem. 
Comrnun., 1984,1335. 

59 R.J. Ponsford, M.J. Basker, G. Burton, A.W. Guest, F.P. 
Harrington, P.H. Milner, M.J. Pearson, T.C. Smale, A.V. 
Stachulski, in ‘Recent Advances in the Chemistry of p- 
Lactam Antibiotics’, ed. A.G. Brown and S.M. Roberts, 
Special Publication No. 52, The Royal Society of 
Chemistry, 1985, p.p. 32-57. 

60 A.W. Guest, C.L. Branch, S.C. Finch, A.C.Kaura, P.H. 
Milner, M.J. Pearson, R.J. Ponsford, and T.C. Smale, J. 
Chem. SOC., Perkin Trans. 1, 1987,45. 

6 1 C.L. Branch, M.J. Pearson, and T.C. Smale, J .  Chem. 
SOC., Perkin Trans. I ,  1988, 2865. 

62 A.C. Kaura and M.J. Pearson, Tetrahedron Lett., 1985, 
26, 2597. 

63 R. Southgate, C. Branch, S. Coulton, and E. Hunt, in 
‘Recent Progress in the Chemical Synthesis of 
Antibiotics’, ed. G. Lukacs and M. Ohno, Springer- 
Verlag, 1993, p.p. 622-675. 

64 P.D. Berry, A.C. Brown, J.C. Hanson, A.C. Kaura, P.H. 
Milner, C.J. Moores, J.K. Quick, R.N. Saunders, R. 

45 W.A. Slusarchyk, M.E. Applegate, P. Funke, W.H. 

46 H.E. Applegate, J.E. Dolfini, M.S. Puar, W.A. 

47 H.E. Applegate, C.M. Cimarusti, J.E. Dolfini, P.T. 

Southgate, and N. Whittall, Tetrahedron Lett., 199 1,32, 
2683. 

65 A.G. Brown, D. Buttenvorth, M. Cole, G. Hanscomb, 
J.D. Hood, C. Reading, and G.N. Rolinson, J. Antibiot., 
1976,29,668. 

66 P.A. Hunter, K. Coleman, J. Fisher, and D. Taylor, J. 
Antimicrob., Agents Chemother., 1980,6,455. 

67 P.H. Bentley, P.D. Berry, G. Brooks, M.L. Gilpin, E. 
Hunt, and I. Zomaya, J. Chem. SOC., Chem. Commun., 
1977,748. 

Tetrahedron Lett., 1979, 1889. 

Howarth, J. Antibiot., 1979,32,96 1. 

Okamura, Y. Shimauchi, and T. Ishikura, J. Antibiot., 
1980,32,796. 

7 1 Y. Nakayama, S. Kimura, S. Tanabe, T. Mizoguchi, 
I. Watanabe, T. Mori, K. Mori, K. Miyahara, and 
T. Kawasaki, J. Antibiot., 198 1 ,34 ,8  18. 

72 N. Tsuji, K. Nagashima, M. Kobayashi, J .  Shoji, T. Kato, 
Y. Terui, H. Nakai, and M. Shiro, J. Antibiot., 1982,35, 
24. 

73 N. Tsuji, K. Nagashima, M. Kobayashi, Y. Terui, K. 
Matsumoto, and E. Kondo, J. Antibiot., 1982,35, 
1255. 

74 W.L. Parker, M.L. Rathnum, J.S. Wells, W.H. Trejo, P.A. 
Principe, and R.B. Sykes, J. Antibiot., 1982,35,653. 

75 L.D. Camaand B.G. Christensen, J. Am. Chem. SOC., 
1978,100,8006. 

76 A.J.G. Baxter, K.H. Dickinson, P.M. Roberts,T.C. 
Smale, and R. Southgate, J. Chem. Soc., Chem. 
Commun., 1979,236. 

and R. Southgate, J. Chem. SOC., Perkin Trans. 1, 198 1, 
3242. 

78 H.R. Pfaendler, J. Gosteli, R.B. Woodward, and G. Rihs, 
J. Am. Chem. Soc., 198 1,103,4526. 

79 R.W. Ratcliffe and G. Albers-Schioberg, in ‘Chemistry 
and Biology of P-Lactam Antibiotics’, ed. R.B. Morin 
and M. Gorman, Vol. 2, Academic Press, 1982, 

68 P.H. Bentley, G. Brooks, M.L. Gilpin, and E. Hunt, 

69 A.G. Brown, D.F. Corbett, A.J.E. Eglington, and T.T. 

70 K. Yamamoto, T. Yoshioda, Y. Kato, N. Shibamoto, K. 

77 J.H. Bateson, A.J.G. Baxter, P.M. Roberts, T.C. Smale, 

P.P. 227-3 13. 
80 T. Nagahara and T. Kametani, Heterocycles, 1987, 25, 

729. 
81 D.B.R. Johnston, S.M. Schmitt, F.A. Bouffard, and B.G. 

Christensen, J.Am. Chem. SOC., 1978,100,313. 
82 S.M. Schmitt, D.B.R. Johnston, and B.G. Christensen, J .  

Org. Chem., 1980,45, 1142. 
83 T.N. Salzmann, R.W. Ratcliffe, B.G. Christensen, and 

F.A. Bouffard, J. Am. Chem. SOC., 1980,102, 
6161. 

84  D.G. Melillo, I. Shinkai, T. Liu, K. Ryan, and M. 
Sletzinger, Tetrahedron Lett., 1980,21,2783. 

85 D.G. Melillo, R.J. Cuetovich, K.M. Ryan, and M. 
Sletzinger, J .  Org. Chem., 1986,51, 1498. 

86 T. Kametani, T. Honda, H. Ishizone, K. Kanada, N. 
Naito, and Y. Suzuki, J.  Chem. SOC., Chem. Comrniin., 
1989,646. 

87 S. Karady, J.S.Amato, R.A. Reamer, and L.M. 
Weinstock, J .  Am. Chem. SOC., 198 1, 103,6765. 

88 P.J. Reider and E.J.J. Grabowski, Tetrahedron Lett., 
1982,23,2293. 

89 Y. Ueda, G. Roberge, and V. Vinet, Can. J. Chem., 
1984,68,2936. 

90 G.I. Georg, J. Kant, and H.S. Gill, J .  Am. Chem. SOC., 
1987,109, I 129. 

91 G.I. Georg, ‘Studies in Natural Product Chemistry’, ed. 
Atta-ur-Rahman, Elsevier, 1989, p.p. 43 1-487. 

92 Y. Ito, Y. Kobayashi, T. Kawabata, M. Takase, and 
S. Terashima, Tetrahedron, 1989,45,5767. 

430 Contemporary Organic Synthesis 



93 Nippon Soda Co. Ltd, 2-2- 1 Ohtemachi, Chiyoda-Ku, 
Tokyo 100, Japan. 

94 A. Afonso, S. Chackalamannil, N. Fett, A.K. Ganguly, 
and M. Kirkup, ‘Recent Advances in the Chemistry of 
P-Lactam Antibiotics’, ed. P.H. Bentley and R. 
Southgate, Special Publication No. 70, The Royal 
Society of Chemistry, 1989, pp. 295-303. 

95 D.M. Tschaen, L.M. Fuentes, J.E. Lynch, W.L. Laswell, 
R.P. Volante, and I. Shinkai, Tetrahedron Lett., 1988, 
29,2779. 

Heterocycles, 1984,2 1,29. 

5687. 

96 D.H. Shih, F. Baker, L.D. Cama, and B.G. Christensen, 

97 R. Deziel and D. Faureau, Tetrahedron Lett., 1986,47, 

98 F. Shirai and T. Nakai, J. Org. Chem., 1987,52, 5491. 
99 T. Shibata and Y. Sugimura, J. Antibiot., 1989,42,374. 

100 M. Miyashita, M.N. Chida, and A. Yoshikoshi, J. Chem. 
SOC., Chem. Commun., 1982,1354. 

10 1 N. Ikota, 0. Yashimo, and K. Koga, Chem. Pharm. 
Bull., 1982,30, 1929; 1991,39,2201. 

102 A. Knierzinger and A. Vasella, J. Chem. SOC., Chem. 
Commun., 1985,9. 

103 H. Maruyama, M. Shiozaki, and T. Hiraoka, Bull. Chem. 
SOC. Jpn., 1985,58,3264. 

104 M. Shiozaki, N. Ishida, H. Maruyama, and T. Hiraoka, 
Tetrahedron, 1983,39,2399. 

105 T. Kameta, T. Nagahara, and T. Honda, J. Org. Chem., 
1985,50,2327. 

106 A.I. Meyers, T.J. Sowin, S. Scholz, and Y. Ueda, 
Tetrahedron Lett., 1987,28,5103. 

107 S. Hanessian, D. Desilets, and Y.L. Bennani, J. Org. 
Chem., 1990,55,3098. 

108 S.T. Hodgson, D.M. Hollinshead, and S.V. Ley, 
Tetrahedron, 1985,41,587 1. 

109 G. Pattenden and S.J. Reynolds, J .  Chem. SOC., Perkin 
Trans. I ,  1994,379. 

110 J.H. Bateson, A.J.G. Baxter, K.H. Dickinson, R.I. 
Hickling, R.J. Ponsford, P.M. Roberts, T.C. Smale, and 
R. Southgate, ‘Recent Advances in the Chemistry of 
B-Lactam Antibiotics’, ed. G.I. Gregory, Special 
Publication, No. 38, The Royal Society of Chemistry 

1 1 1 R.J. Ponsford and R. Southgate, J. Chem. Soc., Chem. 
Commun., 1980,1085. 

11 2 J.S. Kahan, U.S. Patent 4 162 323, 1979. 
1 1 3 T.C. Smale, Tetrahedron Lett.. 1984,25, 29 1 3. 
114 P. Brown and R. Southgate, Tetrahedron Lett., 1986, 

27,247. 
1 15 J.H. Bateson, P.M. Roberts, T.C. Smale, and R. 

Southgate, J. Chem. SOC., Perkin Trans. I ,  1990,1541. 

1981,pp. 291-313. 

116 J.H. Bateson, R.I. Hickling, P.M. Roberts, T.C. Smale, 
and R. Southgate, J. Chem. SOC. Chem. Commun., 
1980,1084. 

117 J.H. Bateson, R.I. Hickling, T.C. Smale, and R. 
Southgate, J. Chem. SOC., Perkin Trans. I ,  1990, 1793. 

11 8 T. Kametani, T. Honda, A. Nakayama, and K. 
Fukumoto, Heterocycles, 1980,14,1967. 

119 J.M. Odriozola, F.P. Cossio, and C. Paloma, J. Chem. 
SOC., Chem. Commun., 1988,809. 

120 D.J. Hart and Chin-Shone Lee, J. Am. Chem. SOC., 
1986,106,6054. 

121 G. Cainelli and M. Panunzio, J.  Am. Chem. Soc., 1988, 
110,6879. 

122 T. Shono, N. Kise, F. Sanda, S. Ohi, and K. Yoshioka, 
Tetrahedron Lett., 1989,30, 1253. 

123 C. Gennari, G. Schimperna, and I. Venturini, 
Tetrahedron, 1988,44,4221. 

124 K. Hattori, M. Miyata, and H. Yamamoto, J. Am.  Chem. 
SOC., 1993,115,1151. 

125 M. Shibasaki, Y. Ishida, G. Iwasaki, and T. Imori, J. Org. 
Chem., 1987,52,3488. 

126 T. Yamada, H. Suzuki, and T. Mukaiyama, Chem. Lett., 
1987,293. 

127 D.A. Evans and E.B. Sjogren, Tetrahedron Lett., 1986, 
27,3119. 

128 0. Miyata, Y. Fujiwara, I. Ninomiya, and T. Naito, 
J. Chem. SOC., Perkin Trans. I ,  1993,2861. 

129 J.D. White and S.G. Toste, Tetrahedron Lett., 1993,34, 
207. 

130 C. Palomo in reference 25 pp. 565-6 12. 
13 1 H. Natsugari, Y. Matsushita, N. Tamura, K. Yoshioka, 

and M. Ochiai, J. Chem. Soc., Perkin Trans. I ,  1983, 
403. 

132 M. Aratani, H. Hirai, K. Sawada, A. Yamada, and M. 
Hashimoto, Tetrahedron Lett., 1985,26,223. 

133 J.D. Buynak and M.N. Rao, J. Org. Chem., 1986,51, 
1571. 

134 T. Iimori, Y. Takahashi, T. Izawa, S. Kabayashi, and M. 
Ohno, J. Am. Chem. SOC., 1983,105,1659. 

135 M. Shibasaki, Y. Ishida, and N. Okabe, Tetrahedron 
Lett., 1985,26,2217. 

136 K. Okano, Y. Kyotani H., Ishihama, S. Kobayashi, and 
M.Ohno, J.Am. Chem. SOC., 1983,105,7186. 

137 H. Ona and S. Uyeo, Tetrahedron Lett., 1984,25, 
2237. 

138 H. Ona, S. Uyeo, K. Motakawa, and T. Yoshida, Chem. 
Pharm. Bull., 1985,33,4346. 

139 J.D. Buynak, M.N. Rao, H. Pajouhesh, R.Y. 
Chandrasekaran, K. Finn, P. de Meester, and S.C. Chu, 
J. Org. Chem., 1985,50,4245. 

Southgate: The synthesis of natural B-lactam antibiotics 4 3  1 


