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Summary

The work presented in this thesis is divided into two parts.

Part one consists of the synthesis and chemical modification of B-lactams as
potential intermediates for carbapenem antibiotics.

Part two describes the synthesis of analogues of 3p-androst-5-ene-17-one
(DHEA) and 3B-hydroxyandrost-5-ene-7,17-dione (7-oxo-DHEA) as potential
therapeutic agents.

The carbapenems are a group of non-classical B-lactam compounds containing
a bicyclic carbapen-2-em-3-carboxylic acid nucleus. They possess potent antibacterial
activity together with an unprecendented level of stability to a wide variety of [3-
lactamases. =~ Thienamycin, the first known carbapenem was isolated from
Streptomyces cattleya in 1976. The C-2 aminoethylthio substituent or a derivative
thereof is accredited with the antipseudomonal activity demonstrated, while the
hydroxyethyl or substituted alkyl C-6 substituent is thought to be responsible for the
high degree of B-lactamase stability observed for these structures. Research to date
involving the development of synthetic carbapenems has concentrated on the
modification of the C-2 side chain. In this work the synthesis of monocyclic -
lactams containing a reactive C-3 vinyl side chain, which are suitably substituted to
facilitate conversion to novel carbapenem compounds is presented.

Chapter 1 consists of a literature survey. The synthesis of a series of 1,4-
diaryl-3-vinylazetidin-2-ones is reported in Chapter 2. Epoxidation of the vinyl group
of these compounds is examined, providing opportunities for further chemical
transformation. It is envisaged that the introduction of such side chains to the
carbapenem skeleton would result in the development of novel carbapenems. In
Chapter 3 the stereocontrolled synthesis of a series of 3-vinyl B-lactams and 3-
isopropenylazetidin-2-ones via two alternative synthetic routes is reported. The
vinylic side chain at the C-3 position of the B-lactam provides scope for chemical
transformations. The isomerisation of the double bond at C-3 with base provides the
alkylidene side chain which is present in the asparenomycin series of carbapenems,
whose members are regarded as the ene-carbapenems. The reduction of these 3-
alkylidene-4-formylazetidin-2-ones to the corresponding 4-hydroxymethyl B-lactams
is examined. Conversion of the alcohol to the corresponding mesylate facilates a
series of nucleophilic substitution reactions to provide carbapenem intermediates such

as the 4-iodomethyl B-lactams.



The introduction of an a,f-unsaturated ketone substituent at C-3 to yield a
series of azetidin-2-ones is outlined in Chapter 4. The addition of o,B-unsaturated
aldehydes to readily available C-3 unsubstituted B-lactams in the presence of LDA,
followed by oxidation of the resulting alcohol, allows the formation of these products.
The synthetic potential of these products is investigated further via epoxidation of the
double bond affording appropriate oxiranes. Radical oxidation of 4-unsubstituted -
lactams resulted in the unexpected isolation of 3,3-disubstituted azetidin-2-ones,
containing C-3 acyl and C-3 benzyl groups.

In Chapter 5, the stereocontrolled synthesis of a series of 3-alkyl-4-
formylazetidin-2-ones is reported. The formyl side chain at C-4 position of the -
lactam ring provides various opportunities for further chemical transformations.
Oxidation of the 4-formyl group to epoxides affords highly reactive oxiranes which
are themselves suited to further chemical manipulation. An unexpected novel ring
enlargement of 4-formyl-3-vinylazetidin-2-one to 4-methyl-1-(4-methoxyphenyl)-2-
pyrrolidinone is described. A reaction mechanism for this novel transformation is
proposed in Chapter 5. Extension of the research conducted in this part of the thesis
would be expected to contribute to the total synthesis of novel carbapenems.

In the past fifteen years, research on the biological role of DHEA has shown
that DHEA also has a number of diverse physiological roles in diseases such as
diabetes and cancer and plays a role in many conditions, for example obesity and the
process of ageing. However DHEA is not useful as a therapeutic agent because the
high dose rate necessary to achieve these desired characteristics may also stimulate the
production of sex hormones, which is associated with various undesired side effects.
7-Oxo-DHEA is reported to have therapeutic properties but without the undesired side
effects associated with DHEA. Because of the functionality of DHEA at C-3, C-5, C-
6 and C-17, a number of chemical modifications can be carried out. The principle
objective of this part of the thesis is the preparation of a number of analogues of
DHEA containing a ketone at C-7 and possessing the thermogenic properties of
DHEA but without the undesired side effects.

Chapter 6 consists of a literature survey. In Chapter 7 the halogenation and
tosylation of DHEA are examined. Synthesis of 7-oxo-DHEA via several alternative
synthetic routes is described. Epoxidation of A*’-androstadiene-7,17-dione, followed
by regioselective ring opening of the epoxide with alcohols catalysed with cerium
ammonium nitrate is investigated. Hydroxylation at C-4 of 7-oxo-DHEA is also

examined providing further functionality to the DHEA structure.
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Chapter 1
Carbapenems: Structure, Synthesis and

Antibacterial Activity



1.1 General Introduction

Throughout recorded history, bacterial infections have periodically extended
heavy tolls on the human population; for example the black death (bubonic plague)
episode of 1347-1351, when Yersinia pestis killed an estimated 25 million people in
Asia and Europe'. The discovery of penicillin in 1929 by Sir Alexander Fleming>® led
to one of the most successful endeavours in all infectious chemotherapy®. Since the
discovery of penicillin, pharmaceutical companies have produced more than one
hundred clinical antibacterial agents and antibiotics to combat a wide variety of
bacterial infections and many thousands of antibacterial compounds have been
produced for experimental evaluation. The major class of clincial antibacterial agents
are B-lactams (including penicillins, cephalosporins, monobactams and carbapenems)®.
However in the past several years, the rapid emergence of bacterial resistance to
antibiotics has been observed.

B-Lactam antibiotics are characterised structurally by the presence in the
molecule of a B-lactam, a cyclic amide forming a four atom ring. The integrity of this
ring is essential for activity. All B-lactam antibiotics have a common mechanism of
action: inhibition of bacterial cell wall synthesis by interacting in different ways with
the penicillin binding proteins (PBP), enzymes involved in the synthesis of
peptidoglycan. The B-lactam group includes two of the most important families of
clinical antibiotics; the penicillins, in which the B-lactam ring is fused with a
thiazolidine (a five-atom ring), and the cephalosporins, which are characterised by
fusion with a dihydrothiazine (a six-atom ring). In addition to these "‘classical’" j-
lactam antibiotics, several new and interesting B-lactam structures have been isolated
from microorganisms or obtained by semisynthesis. Collectively referred to as the
"non-classical" B-lactams, they include the cephamycins or 7-methoxycephalosporins,
the carbapenems, and the oxapenems, in which the five-atom ring contains a carbon or
an oxygen atom instead of sulphur. In the recently discovered monobactams, the [3-

lactam ring is not fused to the second ring system’.



1.2  Natural Penicillins and Cephalosporins

The era of extensive use of antibiotics in medicine began in 1942 when
penicillin G (1) was introduced into clinical practice. Penicillin G (benzyl penicillin)
(1)’ is active against gram positive bacteria including Nesseria spp., Treponema
pallidum, Streptococcus pyogenes, Enterococcus faecalis, Staphylococcus aureus,
Streptococcus pyogenes and Enterococcus faecalis. Its great efficacy in vivo and lack
of toxicity made it, for half a century, the antibiotic of choice in the treatment of
several infectious diseases. The pharmacokinetic properties of Penicillin G (1),
however were not satisfactory. It is absorbed only partially when adminstered orally
and most of it is inactivated by the acidic pH in the stomach. When injected, e.g. as
the soluble potassium salt, it is rapidly absorbed but also rapidly excreted in the urine
with a serum half-life of only 30 minutes. Penicillin G (1) was chosen for commercial
production among the natural penicillins produced by Penicillin notatum because its
fermentation yield could be substantially increased by the addition of the lateral chain
precursor phenylacetic acid. This revealed an important aspect of structure-activity
relationship in penicillins: when the lipophilicity of the side chain is increased, the
binding to serum proteins 1is also increased, normally resulting in lower therapeutic
efficacy. The following areas of modification of Penicillin G (1) were soon identified

from which useful clinically compounds were developed:

(a) Improvement of absorption after oral adminstration.
(b) Enlargement of the spectrum of activity to gram negative bacteria.
(c) Reduction of incidence of allergic reactions.

(d) Acquisition of activity against resistant Staphylococcal strains.

With the extensive use of penicillin G (1), Staphylococcus aureus resistant strains
soon emerged. This was the result of ability of these strains to produce enzymes

called B-lactamases or penicillinases that inactivate penicillin G (1) (Scheme 1).



0 :I;'/\)/ 3 B-Lactamase _
"'// enzyme
N—/ "CH, Y

O :
CO,H
1)
R
%N H,
¥ 1 J/”cm
O OH . OH
(3) CO H

Scheme 1

The B-lactamase enzyme hydrolyses the cyclic amide of the B-lactam molecule
(penicillin G (1)) resulting in the product (2) in which the ring opened penicillin is
linked covalently to the enzyme. Loss of the enzyme results in the formation of the
three products (3), (4) and (5). In gram negative bacteria these enzymes are localized
in the periplasmic region and inactivate the antibiotic as soon as it penetrates the outer
membrane. In gram positive bacteria they are excreted mainly in the culture medium.
The bacterial B-lactamases are extremely heterogenous, both in structure and in
substrate specificity.

The synthesis of a number of penicillins with structural variations in the side
chain revealed that when the carbon atom « to the amide is included in an aromatic
ring carrying substituents in the ortho position, the resulting steric hindrance protects
the nearby B-lactam ring from the enzymatic attack®. Activity against penicillinase
producing Staphylococci and insensitivity to acids (and thus absorbtion after oral

adminstration) are two properties combined in isoxazolylpenicillins e. g. flucloxacillin

(6).



By comparing the activities of the many derivatives prepared it has been
possible to establish a correlation between some structural features and the property of

inhibiting the growth of gram negative strains:

(a) A moderate enhancement of activity is obtained by substitution of the phenyl
group of penicillin G (1) with certain heterocyclic rings.

(b) The effect of polar substituents on the C-6 amide chain in positions far from
the amide bond is positive but small. When the substituent is an amino group this
effect is more pronounced.

(©) The activity decreases when the carbon atom o to the amide is fully
substituted.

(d) The activity decreases when the lipophilic character of the chain is increased.

Among many derivatives prepared ampicillin (7) showed superior therapeutic
efficacy (Figure 1). It inhibits all bacteria susceptibile to Penicillin G (1) and most
strains of Escherichia coli, Proteus mirabilis and Haemophilus influenzae. However it
1s inactive against most strains of Klebsiella, Enterobacter, Proteus and totally
inactive against Pseudomonas. The lack of activity against these strains is related to
the presence of inducible B-lactamases. Ampicillin (7) is also sensitive to the action of
Staphylococcal penicillinase and thus inactive against Staphyloccus aureus strains that
produce this enzyme.

Because ampicillin (7) is fairly resistant to acid degradation, it is used orally.
However, its oral absorption is not entirely satisfactory and many derivatives have
been prepared to improve this aspect, e.g amoxycillin (8). A different approach
towards the improvement of oral absorption involves the preparation of lipophilic
derivatives inactive in vifro but easily hydrolysed in the body to give the active free
antibiotic. As simple esters are not easily hydrolysed by the serum esterases because
of the proximity of the bulky thiazole ring, double esters of the type -CO-O-CH,-O-
COR have been developed. The enzymatic hydrolysis of the second ester group
unmasks a hemiacetal group, which spontaneously hydrolyzes. Among these, the

most widely used is pivampicillin (9).
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Figure 1: Structural development of penicillins
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Amoxycillin (8) is almost completely orally absorbed and therefore, besides
showing higher efficacy, is responsible for a lower incidence of intestinal disorders.
The increased activity against E. coli obtained by introducing polar groups in the
position o to the amide chain led to the preparation of molecules with stronger polar
groups in this position for their potential activity against Pseudomonas or Proteus
strains. A ureido derivative of ampicillin e.g. piperacillin (10) proved to be active
against Pseudomonas and Proteus spp .

The discovery and development of the cephalosporins began with the
observation by Brotzu that a cephalosporium species produced antibiotic material that
was active against gram negative as well as gram positive organisms. This fungus was
later found by Oxford workers to produce at least six antibiotic substances. A major
hydrophilic component was identified as Penicillin N* whereas a minor component

was identified as Cephalosporin C (11)5’ R

. Cephalosporin C (11) was active against
penicillinase-producing Staphylococcus aureus. A feature shared by penicillins and
cephalosporins is the functionalised amino group on the C-3 opposite the nitrogen of
the B-lactam.

The first cephalosporin introduced into medical pratice was cephalothin (12).
Cephalothin (12) is active against Staphylococci which is both susceptible and
resistant to penicillin and against Neisseria spp. and most E. coli, Salmonella spp. and

Proteus mirabilis strains. The limitations to its clinical use, which have promoted

further research in the cephalosporin field, may be summarized as follows:



(a) It is not absorbed orally.
(b) It is inactive against Pseudomonas aeruginosa, Serratia marcescens,

Enterobacter and Bacteroides fragilis strains.

The phenylglycine side chain of ampicillin (7) was shown to be an excellent
moiety for cephalosporins also. The first orally active cephalosporin, cephaloglycine
(13) has the natural substituent acetoxymethyl at position 3. Its spectrum of
antibacterial activity is similar to that of cephalothin (12) which includes most gram
positive bacteria (with the exceptions common to most cephalosporins, of
Enterococcus faecalis and Neisseria spp., E. coli, and Proteus mirabilis).

Second and third generation cephalosporins are characterized by their
enhanced activity, obtained mainly by the choice of suitable substituents at the amide
chain combined with a substituent in position 3. The antibacterial spectra of
cefamandole (14) and cefuroxime (15) (second generation) include indole positive
Proteus and Enterobacter spp. and Haemophilus influenzae. Cefamandole (14)
maintains good activity against gram positive species, and is more active than first
generation cephalosporins against E. coli, and P. mirabilis.

The prototype of third generation cephalosporins is cefotaxime (16),
characterized by an acyl chain, which bears in an a-position a methoxyimino group
(the syn isomer) and in the B-position an aminothiazole. The presence of the
substituent in an o-position protects the molecule from attack of B-lactamases and thus
cefotaxime (16) combines an excellent activity against Enterobacteria with an
acceptable activity against gram positives (with the exception of Enterococci) and a

fair activity against Pseudomonas spp. *°.
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1.3 B-Lactamase Inhibitors and Monobactams

The emergence of resistant strains of pathogenic microorganisms has hindered
advances in chemotherapy of bacterial infections'®. The major causes of resistance to
antibiotic therapy is the production of B-lactamase enzymes by pathogenic bacteria.
Their hydrolytic destruction of the B-lactam amide unit can however be overcome by
structured alteration of the PB-lactam rendering it insensitive to hydrolysis of the -
lactamases or by the use of B-lactamase inhibitors, such as clavulanic acid (17)"",
isolated from Streptomyces clavuligerus. This oxapenam molecule consists of a -
lactam ring condensed with an oxazoline giving rise to a penicillin type nucleus with
an oxygen substituting for the sulphur atom. It combines covalently with various -
lactamases inactivating them. Clavulanic acid (17) has an antibacterial spectrum
which is quite broad but with marginal activity. It can be considered an inhibitor of -
lactamases of Staphylococci spp. and of several gram negative [B-lactamases such as
those produced by Proteus, Escherichia and Haemophilus spp., but not of
Pseudomonas or Enterobacter. It is used in combination with amoxycillin (8) (the
combination is marketed as "*Augmentin'’) to treat infections from bacteria resistant
to amoxycillin (8).

Another inhibitor of B-lactamases is sulbactam (18)’. It shows an activity
similar to that of clavulanic acid (17) but is used in combination with ampicillin (7).
6B-Bromopenicillanic acid'? (19) is an inhibitor of B-lactamases of Staphylococcus
aureus, Escherichia coli (strain 3310), Bacillus licheniformis and Pseudomonas

aeruginosa.
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In 1978 a soil sample collected in the Pine Barrens of southern New Jersey was
screened for the presence of -lactam producing bacteria by the Squibb Institute'’. A
novel product identified as SQ26180 (20) was produced by strains of a gram negative
bacterium Chromobacterium violaceum and classified as a monobactam. All
monobactams are characterised by the 3-acylamino-2-oxoazetidine-1-sulphonic acid
moiety. This unique structural feature is the sulphonic acid moiety directly attached to
the B-lactam nitrogen atom. Among the numerous products synthesized, aztreonam’
(21) has found clinical use. It is insensitive to f—lactamases and is particularly active
against gram negative aerobes, including some strains of Pseudomonas aeruginosa.

Its use is mainly justified by its lower toxicity with respect to other antibiotics

possessing the same spectrum of action.
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1.4 Carbapenems

The carbapenems are a naturally occuring family of broad spectrum B-lactam
antibiotics which possess B-lactamase properties. In 1976, almost five decades after
the discovery of penicillin and two decades after cephalosporins were reported, Kahan
et al at the Merck, Sharp and Dohme Research Laboratories isolated the B-lactam

thienamycin (22) from Streptomyces cattleya'® '°

. Other naturally occuring members
of the carbapenem group include the olivanic acids, epithienamycins, carpetimycins,

asparenomycins, pluracidomycins and the PS group.
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S(CH,),NH,

(22)

The non-classical B-lactams differ structurally from the classical B-lactams
e.g. penicillins and cephalosporins in a number of features® (Table 1). The most
obvious structural difference between the classical B-lactam antibiotics and the
carbapenem products is the absence of a ring sulphur atom and a more strained
pyrroline-azetidinone ring system. The amide bond of the ring system is highly
reactive. The side chain at C-6 can be either cis or frans orientated with respect to the
substituents about the azetidin-2-one ring. The configuration of the hydroxy bearing

C-8 can be either R or S.

Table 1:General structural features of f—lactam type antibiotics.

(1II) av)
Cephalosporins and Oxapenems
(I): X=S: cephem,; X=0: oxacephem
(I1): X=S: penem; X=0: oxapenem

Carbapenems and Penams

(III): X=CH,: carbapenems
(IV): Penam

12



The carbapenems are named as 7-oxo-1-azabicyclo[3.2.0.]hept-2-ene-2-
carboxylic acids in the Chemical Abstracts. The penems are structurally related
analogues that possess a sulphur atom at the position adjacent to the ring fusion (Table
1). They offer good potency against Pseudomonas aeruginosa. They are not
accesible from natural sources unlike the carbapenems. They have an important
stereocenter adjacent to the C-6 center which is usually a hydroxyalkyl substituent
bearing the R designation.

A wide variety of structurally varied carbapenems have been isolated from
Streptomyces species. A general outline of the structural types of carbapenems
isolated to date follows in Table 2. In general the C-2 group is a cysteamine or a
derivative thereof. The amino group may be acylated, the sulphur can be present as a
sulphoxide or the ethylene functional group may be unsaturated. Streptomyces
cattleya produces four carbapenems, e.g. thienamycin (22), 9-northienamycin (23), N-
acetylthienamycin (24), N-acetyldehydrothienamycin (25). Streptomyces olivaceus
produces the olivanic acids e.g. MM17780 (26), MM13902 (27), MM22380 (28),
MM2382 (29), MM22381 (30) and MM 22383 (31). Streptomyces cremus subsp.
auratilis produces the PS compounds e.g. PS5 (32) and PS6 (33).

The carpetimycins are obtained from Streptomyces griseus e.g. carpetimycin A
(34), carpetimycin B (35).  Streptomyces pluracidomyceticus produces the
pluracidomycins e.g. pluracidomycin B (36), pluracidomycin C1 (37), pluracidomycin
C2 (38), pluracidomycin C3 (39), pluracidomycin D (40), pluracidomycin A2 (42) and
Streptomyces sulfonfaciens produces pluracidomycin Al (41). The epithiemamycins
e.g. epithienamycin B sulfoxide (43) is produced by Streptomyces pluracidomyceticus
while epithienamycin F (26), epithienamycin E (27), epithienamycin A (28),
epithienamycin B (29), epithienamycin C (30) and epithienamycin D (31) are
produced by Streptomyces olivaceus. Asparenomycin A (44), asparenomycin B (45),
asparenomycin C (46) and 6643-X (47) are all produced by Streptomyces tokunonensis

and Streptomyces argenteolus.
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Table 2:Naturally occuring Carbapenems
No Name Producing R' R? Cc-8 | C56
Organism
22 Thienamycin S. cattleya CH(CH3)OH SCH,CH,NH, R trans
23 9-Nor-thienamycin S. cattleya CH,0OH SCH,CH,NH, - trans
24 N-Acetylthienamycin S. cattleya CH(CH;)OH SCH,CH,NHCOCH; R trans
25 N- S. cattleya CH(CH3)OH SCH=CHNHCHCH; R trans
Acetyldehydrothienamycin
26 MM 17880/ S.olivaceus CH(CH;)OSO;Na | SCH,CH,NHCOCH; S cis
Epithienamycin F 1
27 MM 13902/ S.olivaceus CH(CH3)OSO;H SCH=CHNHCOCH; S cis
Epithienamycin E
28 MM 22380/ S.olivaceus CH(CH;)OH SCH,CH,;NHCOCH; S cis
Epithienamycin A 1
29 MM 22382/ S.olivaceus CH(CH;)OH SCH=CHNHCOCH; S cis
Epithienamycin B
30 MM 22381/ S.olivaceus CH(CH;)OH SCH,CH,NHCOCH; S trans
Epithienamycin C
31 MM 22383/ S.olivaceus CH(CH;)OH SCH=CHNHCOCH; S trans
Epithienamycin D
32 PS-5 S. cremus sub sp. CH,CH; SCH,CH,NHCOCH; - trans
auratilis
33 PS-6 S. cremus sub sp. CH(CH,)CH,4 SCH,CH,;NHCOCH;, - trans
auratilis
34 Carpetimycin A S. griseus (cryophilus) C(CH;)CH;0H SOCH=CHNHCOCH; | - cis
35 Carpetimycin B S. griseus (cryophilus) C(CH3)CH;SOsH | SOCH=CHNHCOCH; | - cis
36 Pluracidomycin B S. pluracidomyceticus CH(CH3)OSO;H SOCH,COOH S cis
37 Pluracidomycin C1 S. pluracidomyceticus CH(CH;)OSO;H SOCH(OH), S cis
38 Pluracidomycin C2 S. pluracidomyceticus CH(CH;)OSO;H S(O)CH,CH,OH S cis
39 Pluracidomycin C3 S. pluracidomyceticus CH(CH3)OSOsH S(O)CH,CH,NHAc S cis
40 Pluracidomycin D S. pluracidomyceticus CH(OH)CHj; SO;H R cis
41 Pluracidomycin Al S. sulfonofaciens CH(CH3)OSOsH SO;H S cis
42 Pluracidomycin A2 S. pluracidomyceticus CH(CH,;)OSO;H SO,H S cis
43 Epithienamycin-B S. pluracidomyceticus CH(OH)CHj; SOCH=CHNHCOCH; | R trans
sulfoxide
44 Asparenomycin A S.tokunonensis and CH3CCH,OH SOCH=CHNHCOCH;
S.argenteolus
45 Asparenomycin B S.tokunonensis and CH;CCH,0OH SOCH,CH,NHCOCH;
S.argenteolus
46 Asparenomycin C S.tokunonensis and CH;CCH,OH SCH,CH,NHCOCH; - -
S.argenteolus.
47 6643-X S.tokunonensis and CH;CCH,0OH SCH=CHNHCOCH; - -

S.argenteolus.
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1.4.1 Olivanic acids

Streptomyces olivaceus has been found to produce a class of compounds
structurally related to thienamycin (22) which exhibits broad spectrum antibacterial
activity and posess B-lactamase inhibitory properties. The Beecham group has termed
these compounds olivanic acids*>. All the olivanic acids have two common structural
features that set them apart from thienamycin. The aminoethylthio side chain, whether
saturated or unsaturated, is invariably N-acetylated, and the chiral centre of the
hydroxy ethyl side-chain always has the S-configuration'® whereas C-6 is in the R-
configuration. Whereas thienamycin (22) is trans substituted about the azetidinone
ring, olivanic acids MM 17880 (26), MM13902 (27), MM22380 (28), and MM22382
(29) are cis substituted. Olivanic acids MM22381 (30) and MM22383 (31) are
differentiated from the other members of the olivanic acids by their trans
stereochemistry. Olivanic acids MM17880 (26) and MM13902 (27) are sulphate
esters of MM22380 (28) and MM?22382 (29). Their longwave uv absorption near

300nm is useful for their identification.

NNHCOCH3
27) COOH
MM 13902
R=-SO3H

1.4.2 Carpetimycins

Since the discovery of the thienamycin (22) and olivanic acid families of
carbapenems in the mid 1970"s a number of other carbapenem families have emerged.
The carpetimycins were isolated from Streptomyces species KC-6643. They display
similar B-lactamase inhibitory properties to those of the olivanic acids'’. These
compounds provide examples of the C-6-isopropyl substituent, but now also include
the C-8 hydroxy group. The configuration at the C-5 and C-6 of the carpetimycins are
the same as those of the sulphated olivanic acids. Carpetimycin B (35) is 8-methyl-
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MM 4550 if one assumes the same R-sulphoxide chirality for both compounds,
i,

Carpetimycin A (34) is the corresponding C-8 alcoho

1.4.3 Asparenomycins

Asparenomycins containing a characteristic 1-(hydroxymethyl)ethylidene side
chain at C-6 have been isolated from both Streptomyces tokunonesis and Streptomyces

1820 They are structurally unique

argenteolus and are known as the ene carbapenems
because the common side chain at C-6 is a 1-(hydroxymethyl)ethylidene group in the
E-form and they have only one asymmetric carbon which is at the C-5 with R
configuration. Asparenomycin A (44) is ring substituted at the 2-position by an
aminoethenylthio group and the sulphur is oxidised to the corresponding sulphoxide®'.
It exhibits potent broad spectrum antibacterial activity and B-lactamase inhibitory
activity. Asparenomycin A (44) was obtained as the major isolated product while
asparenomycins B (45) and C (46) were obtained in minute quantites. Isolation of
6643-X (47) added a fourth member to the class. They are effective against the group
la, 1b, and Ic B-lactamase enzymes (Richmond and Sykes classification). However

they appear to be chemically unstable and thus far have not been developed for clinical

use.

1.4.4 PS-Series

Other natural carbapenems include the PS series. These N-protected
cysteamine type side chain compounds show a decrease in antipseudomonal activity.
At high concentrations in aqueous solution, the amino group of the cysteaminyl side
chain is cleaved'®. PS-5 (32), a carbapenem antibiotic isolated from fermentations of
S. cremus subsp. auratilis is active against a variety of gram positive and gram

negative bacteria and shows inhibitory activity against B-lactamases produced by
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various bacteria. The structure of PS-5 differs most noticibly from that of thienamycin
(22) and the olivanic acids by the lack of an oxygen functionality in the 6-ethyl side
chain. Derivatisation of the PS-5 is therefore limited to modification of the carboxy
group and the acetamidoethyl thio side chain. Esters of PS-5 were prepared by

reacting the parent antibiotic as its sodium salt, with an alkyl halide in DMF.

1.4.5 Epithienamycins

The epithienamycins have been isolated from Streptomyces flavogriseus™ and
are variants of the olivanic acids while the unsubstituted carbapenem structure i.e.
SQ27860 (43) has been obtained from Erwinna spp. and Serratia spp.>. The
epithienamycins consist of the sulphated -lactamase inhibitors e.g. epithienamycin F
(26), epithienamycin E (27), and the non-sulphated antibiotics epithienamycin A (28),
epithienamycin B (29), epithienamycin C (30) epithienamycin D (31). The pB-
lactamase inhibitors epithienamycin E (27) and epithienamycin F (26) are sulphate
esters of the C-8 hydroxy group and have 5R, 6R, and 8S configurations. The non-
sulphated epithienamycins, epithienamycin A (28), epithienamycin B (29),
epithienamycin C (30) and epithienamycin D (31) have, 5R, 6S and 8S configuration

respectively'®.
1.4.6 Pluracidomycins

The pluracidomycins exhibit both B-lactamase inhibitory properties and are
active against both gram negative and gram positive bacteria. The pluracidomycins

are isolated  from  Streptomyces  sulfonofaciens  and  Streptomyces

4a

pluracidomyceticus® Compounds with residues R? of the type —SOsH, -

SOCH,CO,H, -SOCH(OH), on C-2 have been isolated in this series of compounds

e.g. pluracidomycin D (40). All compounds within this group are cis substituted**".



1.5. Thienamycin

Thienamycin (22) was the first member of the carbapenem class to be isolated.
It is a zwitterionic compound carrying an aminoethylthio substituent in the 2-position
and a 1-hydroxyethyl substituent in the 6-position of the carbapenem nucleus. The
absolute stereochemistry at the three chiral centres and has been determined as 5R, 6S

and 8R'S.

S(CH,),NH,

(22)

Only carbapenem compounds with the absolute configuration R at C-5 have
been reported to occur naturally and are likely to have biological activity®.
Thienamycin possess a frans orientated R-1-hydroxyethyl side chain. Thienamycin
(22) and northienamycin (23) remain the only two natural products bearing a non-
acylated aminoethylthio side chain. This C-2 side chain is known to play a significant
role in extending antibacterial activity, especially antipseudomonal activity®’.

Comparison of thienamycin (22) with other natural carbapenem products have
revealed that this configuration of the C-6 side chain provides B-lactamase stability
and antibacterial potency. The aminoethylthio group has been implicated in the high
concentration instability of thienamycin presumably caused by the intramolecular
aminolysis of the PB-lactam amide. Derivatisation of this amino group to impart
chemical stability and also with an aim to increasing resistance to [-lactamase has

become an objective. The biological activity shown by this B-lactam structure was
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unique, being active against both gram positive and gram negative bacteria, even
against Pseudomonas aeruginosa, which is resistant to the majority of clinically used
antibiotics. The carbapenems offer several novel functional group targets for chemical
manipulation. The most obvious of these are at the C-6 hydroxyethyl and C-2
aminoethyl thio group.

The carbapenems are sufficiently stable only in a limited pH range around
neutrality'®. Thus, in addition to the difficulty experienced in increasing fermentation
yields e.g. by strain optimization, this instability has made their isolation in large
quantities from culture filtrates difficult. Therefore, derivatisation of naturally
occuring carbapenems, e.g. thienamycin (22) and synthetic investigation of novel
carbapenem structures are aimed at increasing the chemical stability of these
compounds while retaining the [-lactamase inhibitory properties and the broad

spectrum activity associated with carbapenems.

1.6 Structure Determinations

The structural eludication of thienamycin (22) which is well documented in the
literature, was first disclosed in detail by Albers-Schonberg and co-workers in 1976
and 1978%*". Quantitative energy-dispersive X-ray fluorescence analysis (EDAX)
confirmed one sulphur atom per molecule, and the ultra-violet absorption maximum

' similar to that of

was found at 297nm. Infra-red absorption at v1765cm
cephalosporin C (11) was regarded as strong evidence in favour of the presence of a j3-
lactam ring system despite the much higher inherent ring strain. Field-desorption
mass spectrum of pure thienamycin (22), showed a molecular ion peak at m/z 273.
The *C-NMR spectrum showed a total of 11 carbon atoms and the 'H-NMR spectrum
showed 12 non-exchangeable protons and confirmed that H-5 and H-6 are trans to
each other. The absolute configuration was confirmed by chemical transformations

and X-ray crystallographic analysis®®2®,

1.7  Synthesis of Thienamycin
The low yields of thienamycin (22) obtained from the fermentation broth of
Streptomyces cattleya, prompted researchers to develop synthetic routes to it. The first

total synthesis of (+)-thienamycin was communciated by Johnston and co-workers in
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1978 using a C,-C; bond formation’®. The basic scheme followed three major

strategic elements:

(1) Elaboration of a monocyclic B-lactam into an intermediate containing the
peripheral functionality of thienamycin (22).
(ii)  Cyclization to a carbapenem ring system by forming the C,-C; bond.

(i)  Final transformation into the fully functionalized carbapenem system.

Schmitt er aP’* had shown that the azetidinone (48) could be cyclized to the
carbapenem (49) by succesive bromination and base induced malonic ester type
alkylation (Scheme 2). Subsequent decarboalkoxylation and double bond

isomerization yielded the prototype carbapen-2-em (50).

H
H
 \—SCH;
J;;I’/\/ L, 3steps [ ] SCH
o YCOZBZI NaH N/ ’
o)
CO,Bz CO,Bz
(48) (49) (50)
Bzl=benzyl

This method of ring closure became a key feature in the synthesis of (%)-
thienamycin and was utilised by Johnston ef al in his reported synthesis of compound
(52) (Scheme 3)3 ba2 Compound (51) was ring cyclised to (52) with bromine and
base. The bromine of compound (52) was displaced with silver flouride yielding the
alkene product (53). Compound (53) was monodecarboxylated to carbapen-1-em (54)
with lithium iodide in collidine at 120°C. Exposure of (54) with base in DMSO gave

(55). Final removal of the p-nitrobenzyl protecting groups gave (+)-thienamycin.
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(22) COOH

Scheme 3

The most practical route to the synthesis of the azetidin-2-one (59)* (a key
intermediate in the synthesis of (+)-thienamycin), involved silylation of the readily
available 4-vinylazetidinone to give the N-protected derivative (56) (Scheme 4).
Hydroxyethylation of (56) via the aldol procedure provided a mixture of diastereomers

(57) which could be seperated into trans and cis forms.
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Acylation of the frans mixture gave the desired isomer (58). Compound (58)
was converted to the intermediate (59) by the reaction of the double bond with N-(p-

nitrobenzyloxycarbonyl)ethanesulfenyl bromide and base.

\ H =
/];V/\ _LbA_ E
N
) CH,CHO N

choa
OH H H CH3C 9

S +
2.BrSCH,CH,NHR

N
Si(CH;,),tBu 3 DBU
(59)
R:
COzC Hz@NOZ
Scheme 4

(+)-Thienamycin was found to have only half the potency of natural (+)-
thienamycin (22). Merck chemists® developed a stereospecific synthesis of (+)-
thienamycin. The pivotal reaction in this sequence involves a novel and highly
efficient carbene insertion reaction which produces the bicyclic nucleus by forming
the C3-N4y bond (Scheme 5). This involved the carbene insertion of a diazo-p-
ketoester (60) in the presence of a catalytic amount of rhodium (II) acetate to produce
the bicyclic keto ester (61) by C3-N4 bond formation. Introduction of the protected
cysteamine side chain was performed via the addition of N-(p-
nitrobenzylcarbonyl)cysteamine to the vinyl tosylate (62) or the enol phosphate to give
(63). Removal of the protecting group by hydrogenation afforded (+)-thienamycin
(22)*'3*3% The early introduction of the hydroxyethyl side chain in the synthetic route
with the correct relative configurations at C-5 and C-6, paved the way for the key step

to the reaction. From a strategic viewpoint, the carbene insertion reaction allows the
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construction of most of the structure and all of the stereochemistry prior to the

formation of the strained and reactive bicyclic ring system.

H,C

(61) Co,PNB

(i) Ts,0/CIP(O)(OPh),
(i) HSCH,CH,NHCO,PNB

(22) (62) R=OTs
(63) R=OPO(OPh),
(64) R=SCH,CH,NHCO,PNB

PNB=4-CH2C6H4N02

Scheme 5

1.8 Biological Activity of Chemical Derivatives of Thienamycin

Biological comparsion of thienamycin (22) with other carbapenem natural
products has revealed that this configuration of the 6-side chain, trans-R, provides
maximum B-lactamase stability and antibacterial potency’. To improve the chemical
stability of the basic amine further modification was necessary. In 1979 Leanza et al
noted the presence of the basic cysteamine side chain of thienamycin (22) appeared to
extend its bioactivity to include the Pseudomonas strains®’. Hence the substitution of
the amino group to render it more basic, with for example an N-imidoyl derivative
which would result in a compound retaining its antipseudomonal activity but with

increased high concentration stability. The most successful derivative of thienamycin
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(22) is prepared by the coupling reaction of thienamycin (22) and the methyl imidate
(65) to give the corresponding N-formimidoyl derivative (66)'® (Scheme 6). This N-
formimidoylthienamycin (66) was sufficiently stable chemically yet its antimicrobial
spectrum is equivalent to thienamycin (22). Indeed, it's potency against pseudomonal

7

strains is greater’ . This derivative was selected for clinical trials and has the generic

name imipenem (MKO0787) (66).

CH;0_ NH

SCH,CH,NH, + NaO
H

22) COOH (65)

Scheme 6
1.8.1 Mode of action of imipenem (66)

As do other B-lactam antibiotics, imipenem (66) inhibits bacterial cell wall
synthesis. However, its morphological effects are different, in that it induces
conversion of gram negative rods directly to small spheres without the formation of
the elongated filaments commonly seen with penicillins and cephalosporins. This
suggests that imipenem (66) acts at a different site in the biosynthetic pathway of

bacterial cell wall synthesis compared with existing p-lactam antibiotics®®.
1.8.2 Antibacterial spectrum

Imipenem (66) possesses high activity against staphylococci and shows no
trace of cross-resistance with penicillins against penicillin resistant strains. It shows

good affinity for penicillin bindin<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>