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AstraZenec

l3ockcts  Management  Branch
WA-105
Food und Drug Administration
5630 Fishers T,ane
Pm. 1061
RockviIlc, MD 20852

Ke: bcket No. 99N-3088
RlN 091 o-Al333
Marketing  lhclusivity and Patent Provisions for Certain Antibiotic Drugs

Dear Sir or Madam:

Reference is made to the FDA’s proposed rule, published in the Fcdctal  ReEistecg  of
January 24, 2000, to eselnp marketing appIicnlions for cctiain  antibiotic chug products frown the
regulatory provisions governing marketing exclusivity, The  proposal applies to all mar!Ceting
applications for drug products conlaining  8n antibiotic reccivcd by the PDA before
November  2 1, 1997, the cf’eclive date of the Food and Drug Administration Modcmization  Act
of 1997.

Refeercncc is also made to our January 24, 2001 s~lb~Gssi~)I~  to the above referenced Docltel

zqporling  our posilion that MERRBM@ I.V. (melqencm for injection), NDA No. 50-706,
should bc clnssified  as an ‘“anti-infcctivc” and not an ,anCbiotic as defined previously by Section
507 [337](a) of Ihe Federal ITnod, Drug and Cowwtic  Act.

Fill&, refcrcnce is made to a Febsllary 14,2001 telephone conversation bctwcen the FDA’s
Ms. Frances TurPer and the undersignccl, during which MS, Turner notified AslruZencca that our
Jat~~ry  24, 2001 submission could not be rc1cascd  to the pubIic because of the confidentially
staterncnt  included in the cover letter,

The purpose of this submission is to ktiry the Doclccis  Management Brnnch that OIJZ Januky 24,
200 1 submission can be released to the public. An additional copy of this submission is attached
for your convenience.

US Regulatory Afl elm
AetraZensca  LP
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Reference is made to the FDA’s proposed rule published in the Federal Register of
January 24,2000,  to exempt marketing applications for certain antibiotic drug products from the
regulatory provisions governing marketing exclusivity. The proposal would apply to marketing
applications for drug products containing an antibiotic drug that was subject of a marketing
application received by the FDA before November 2 1, 1997, the effective date of the Food and
Drug Administration Modernization Act of 1997.

Reference is also made to a January 22,200l telephone conversation between the FDA’s
Mr. Wayne Mitchell and the undersigned regarding a submission that AstraZeneca made to the
FDA’s Division of Anti-Infective Drug Products on January 22, 1999. In that submission,
AstraZeneca Pharmaceuticals LP indicated that our drug product, MERREM@  I.V. (meropenem
for injection), NDA No. 50-706, should be classified as an “anti-infective” and not an antibiotic
as defined previously by Section 507 [357](a) of the Federal Food, Drug and Cosmetic Act.
Mr. Mitchell indicated that FDA is in the process of finalizing the proposed rule, and he
requested that AstraZeneca submit a copy of our January 22,1999 document to the
above-referenced Docket for consideration as soon as possible.

Accordingly, attached is a copy of our January 22, I999 submission to the FDA’s Division of
Anti-Infective Drug Products regarding the classification of MERREM@  IV. As noted in the
document cover letter, microorganisms do not produce the structural component of the active
ingredient of MERREM@  IV. that imparts the capacity to inhibit or destroy microorganisms.
The synthesis of meropenem, and all intermediates in the synthetic pathway, cannot be
manufactured by fermentation and is described in the MERREM’ I.V., NDA No. 50-706 and in
Sumitomo’s DMF #10322. The January 22, 1999 submission also provided a review article by
S. Coulton and E. Hunt (Progress in Medicinal Chemistry 1996; 33:99-145) that discusses the
chemistry and biology of carbapenems. In this article, meropenem is characterized as a totally
synthetic non-natural carbapenem, providing further evidence that MERREM@  I.V. does not
meet the strict definition of an antibiotic.
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US Regulatory Affairs
AstraZeneca Pharmaceuticals LP
1800 Concord Pike PO Box 8355 Wilmington DE 1985043355
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The confidentiality of this submission, and all information contained herein, is claimed by
AstraZeneca under all applicable laws and regulations. Disclosure of any such information is not
authorized without the prior written authorization of AstraZeneca.

I trust this information is helpful. If you have any questions or comments, please do not hesitate
to contact me, or in my absence, Ms. Darci Bertelsen at (302) 886-7355.

rely,
0.

BDS/DLB/mrsc
Enclosure

Barry D. Sickels
Director, Regulatory Affairs
(302) 886-5895
(302) 886-2822 (fax)



SENT VIA UNITED PARCEL SERVICE

1800 Concord Pike
PO 00x 15437
Wilmington, DE 19850-5437

Gary K. Chikami, M.D.
Director
Division of Anti-infective

Drug Products
Office of Drug Evaluation IV
Center for Drug Evaluation and Research
Food and Drug Administration
HFD No. 520, Document Control Room
920 1 Corporate Boulevard
RockviHe,  MD 20850

Dear Dr. Chikami:

Re: MERREM@ I.V. (meropenem for injection)
NDA SO-706
Reauest for Drug Classification

JAN 2 2 tF99

Zeneca is writing in regards to an unresolved issue from 1993. At the request of Zeneca
Pharmaceuticals (ZENECA), FDA pre-assigned an NDA number to the MERREM? I.V.
(meropenem for injection) NDA on May 7, 1993. The MERREM I.V. NDA was inadvertently
assigned a 50-series number (NDA 50-706). The original NDA for MERREM I.V. was
submitted on October 28,1993 by ZENECA under section 505(b) of the Federal Food,
Drug and Cosmetic Act.

During a conversation initiated by Dr. Kathleen A. Creedon, (Microbiologist, Division of
Anti-Infective Drug Products) on November 3, 1993, she noted that the NDA was submitted
under section 505. Dr. Creedon commented that the NDA number was incorrectly cited since
50-series  numbers are reserved for antibiotics, as defined by section 507.[357](a) of the Act, and
that drugs which are submitted under section 505 should be designated with 20-series NJJA
numbers. In the November 4, 1993 telephone conv?rsation  between Dr. Creedon and ZENECA,
Dr. Creedon stated if MERREM I.V. was submitted under section 505 it should be referred to as
an anti-infective, and that the NDA number for MERREM I.V. could be reassigned to the
20-series numbers upon the submission of documentation which proved that MERREM I.V. does
not fit the definition of an antibiotic.



Section 507,[357](a) of the Federal Food, Drug and Cosmetic Act defined an antibiotic as: “anv
drug (excepf dinrgs fur use in animals ofher fhan humans) composed wholly or partly of arry ki&?
of penicillin, streptomycin, chlorfetracyclne, chloramphenicol, bacitracin,  or any other drug
intendedfor use by man confaining  any quantify of any chemical subsfance  which is pro&& +
a micro-organism and which has fhe capaci&  to inhibit or destroy micro-organisms in dihlfe
solution (including the chemically synthesized equivalent of any such substance) or any
derivative there@.” ZENECA is aware that section 507 has been repealed; however, the repeal
of this section did not change the definition for antibiotic classification (see FDA Guidance for
Industry and Reviewers: Repeal of section 507 of the Federal Food, Drug and Cosmetic Act

[May 19981 referring to new section 201(j)(j) of the Act).

The structural component of the active ingredient of MERREM I.V. that imparts the capacity to
inhibit or destroy micro-organisms is not produced by micro-organisms. The synthesis of
meropenem, along with all intermediates in the synthetic pathway, cannot be manufactured by
fermentation and is described in the MERREM I.V. NDA 50-706 and in the Sumitomo
meropenem Drug Master File (DMF #10322). In addition, the attached review article written by
S. Coulton discusses the chemistry and biology of carbapenems. In this article meropenem is
characterized as a totally synthetic non-natural carbapenem. These documents provide evidence
that MERREM I.V. does not meet the strict definition to be classified as an antibiotic.

Correspondence to FDA, dated December 3, 1993 requested that the MERREM I.V. NDA

3
number be reassigned to a non 50-series NDA number, and the NDA be filed under
section 505(b). Subsequently, the NDA was filed by FDA under section 507, and no further
communication regarding this issue has been received.

By means of this correspondence, ZENECA again respecttilly  requests that the MERREM I.V.
NDA be re-assigned a 20-series  NDA number and be classified as an anti-infective drug.

We will be contacting the FDA Project Manager shortly to discuss this matter. If you have any
questions or comments, please do not hesitate to contact me.

Sin ely,+--?I

GLL/DLB/jr
Enclosure

Manager, Marketed Products Group
Drug Regulatory AfKairs  Department
(302) 886-8017
(302) 886-2822 (fax)

Desk Copy: Ms. Maureen P. Dillon-Parker, I-IFD No. 520

P:U.IMMFDA\MERRE~O-7~ACIIIKAMT  I-20.D0C

- .
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3 Recent Advahces  in the Chemistry  and
Biology of Carbapenem  Antibiotics

S.COULTON,Ph.D.,C.Chem.,ER.S.C.and
E. HUNT, Ph.D., C.Chcm., ER.S.C

Deparment of Mediciml Chemisrty.  StnirhWine Bee&m Pharmceuticuis,
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loo CHEMSTRY AND BIOLOGY OF CARBAPENEM  ANTIBIOTlCS

INTRODUCTION

The discovery of the antibacterial properties of a cufture  of the fungus
Peniciliium mtatum by Alexander Fleming in 1929 [I] was a m&stone in
modem medicine. However, it was not until 1940 that a research team at
Oxford University. kd by Abraham, Chain and Florcy, isolated penicillin G
(I) in pure form and identified its imtncnsc potential for the treatment of a
wide range of life threatening bacterial infections [2].

(1) R f PhCH$Q  Penlcll~tn 0 13) R = H,NCH(CO#X##.$Q
(2) R P H; 6-APA Cephabpodn  C

(4) R = H: ?-hCA

Antibacterial chemotherapy received a further impetus in S959, when
Bee&am scientists recognized 6-aminopenkillanic acid (2) (6-APA) as P
precursor of the bioauive penicillins during the fermentation of PenicUfium
chryjogcrtum (31. Thcsc results  prompted the production of 6-APA on a
large scale, principally by the emymatk deacylation of penicillin 0.
ChcmicaS reacylation of GAPA then led to the preparation of many new
penicillins and the clinica  use of compounds such as methici~n.  ampicillin,
amoxycillin,  carbcnicillin, ticarcilbn, and flucloxacillin [4].

The successful development of semi-synthetic 6-APA derivatives also
prompted considerable effort in oephalosporin  research. Ccphalosporin  C
(3) had been isolated by Abraham and co1leaguc.s from a strain of
CepI&sporfum ucremmiwm suppkd by Professor Brotzu  [S). Prior to the
discovery of GAPA, Brotxu  had suggestad that from micro-organisms
associated with sewage outflows, one could cxpcct to obtain compounds
antagonistic to sewage bacteria; C.ephalosporium  acremoniwn was indeed
such an organism. Chemical dcacylation of cephalosporin C, followed by
reacylation of the ccphalosporin  nucleus, 7-AC4 (4), led to the Clinical
development of antibiotics such as aphalothin,  ccphaloridine and c&al-
cxin, the tiled first generation ccpbalosporins  [6,7J.

By the mid-1960’s,  with the wideoprtad  use of penicillins and oepha-
losporins, bacterial resistance boutme a major concern in fl-lactam
chemotherapy. During their early studies on the purifkation and evaluation

__ . _ -*.---  -- -----------  ----.- -...-- -- --..- .-. _-
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of penicillin, Abraham and Chain recognized that bacteria could produce an
enzyme that was capable of inactivating the antibiotic (81. This enzyme,
which they named pcnicillinase, is one of a class of hydrolytic enzymes now
referred to as jY-lactamases.

(5) R =Nf(z  , c=c+i ,-,
isMe

o-osop, (6)

The year 1971 proved to bc another landmark in p-lactam research when
the @-lactamasc-stable ccpbamycins  (5) were reported simultaneously by
Lilly [9] and Merck [IO] workers. This discovery was of particular
significance hecause these 7a-methoxy-ccphalospoorin  derivatives were
isolated from Streptomyces speck*; all naturally occurring /%ctam
antibiotics had previously been produced by fungi. Since then, extensive
scncning  of soil micro-organisms by many rescarchcrs kd to the discovery
of many new ‘non-classical’ #-lactams, diiering widely in structure from
penicillins and ccphalosporins.  These include a novel family of J?-lactam
antibiotics bawd upon the carbapcn-2-e~3-carboxylic  acid (6) nucleus*+
and are rcpresqted by the olivanic acids (7-13) (1 I-M] and the
thienamycins  (14-16) [15]. Their otructurcs 8re distinct from the dassical
/MU&W antibiotics in that (a) they have a highly strained 4, S-bicyclic ring
system consisting of an unsaturated five-membered ring in which a

l Srreptom~ arc Gram-poaitivc, aeobic bacterir  of the Aclinomyataks. They differ from
fungi in that they arc proaryotk, bwm bactwid-type  oell walls ‘ind are inhibitad by
UrtiM qnts.  The stfeptomyccta  fotm long d&a spore tauny rpeeia are pigmatcd
and 8re found io roil.

l * The numbering system in this review is bw⌧i Upon the �lfivi8P cPrhptncm  nomencl8ture.

The systematic nomcn&ture  de&w thii ring system as 7-ox~l-urbieyclo(3.2.0]hept-2-cne-Z-
arboxylic acid.

.
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Me
H H

Ho,so = =

+?-

P
N /

0
s‘R

=hH

ct) R- eNHk ,n=O;MMl3902

(8) R++- ,n=l;MM4550
( 1 0 )  R=O-w~Ac ;blM22~

(9) R=-- ,n=O;MM17880
( 1 1 )  R= eNHAc ;MM22382

*

mcthylenc replaces the sulphur atom at position 1. and (b) the C-6(7)
acylamino-substituent of the bicyclic  J?-lactam ring is replaced by a carbon
rubstituent,  which invariably is an a-hydroxyethyl group. The so-called
‘carbapenem’  family of antibiotics display potent activity against a broad
range of Gram-positive and Gram-negative bacteria, inch&&-lactamase-
produciog organisms. Furthertnon, several members of this class of
/I-lactam antibiotics are potent inhibitors of j%lactamase enzymes.

These developments prompted considerable effort directed towards the
chemical modification of these natural products, as well as their total
syntheses. Much of this work has been the subjact of numerous reviews
[N-19] and will be discussed only briefly on this occasion. The
present review focuses upon the development of the newer generation
of totally synthetic carbapencm derivatives with improved metabolic
stability.

- . - _ . - - _ - - __I _. - - - .--. -...---.  ---..- .--..  ._.- _... -..-_-  --- ---- _ --.-
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#?-LACTAM ANTlBlOTICS

MODE OF ACTION

The bacterial cell requires a rigid structure external to its CCIJ membrane in
order to maintain the integrity of the organism in hypotonic environments.
This framework is provided by pcptidoglycan,  which is synthcsizcd by all
bacteria. J?-Lactam antibiotics exert their lethal effect by inhibiting the
synthesis of the bacterial pcptidoglycan,  thereby disrupting the mprphology
of the 4) and eventually resulting in cell Iysis and cell death [20-231.

Peptidoglycan  is synthesized by all bacterial cells, but not by eukaryotic
cells. and it is this property which provides the B-la&am antibiotics with
their selective toxicity, i.e. their ability to kill bacterial eelts  without
damaging mammalian cells.

The cell wall pcptidoglycan  is a network structure and ail the
peptidoglycans  are built on the same general pattern 122, 24-27). Linear
glycan strands of alternative /?, l-4 linked N-acetylglucosaminc  (G) and
IV-acetylmuramic acid (M) Pyranoside residues arc substituted through the
D-lactyf group of N-aeetylmuramic  acid, by L-Ala-y-a-Glu-tXaa-Da
tetrapeptide units, where L-Xaa is most often a diamino acid, such a6
mcsodiamiaopimelic  acid in &M&c&u  coli (see Figure 3. I)+. Peptide units
substituting adjacent glycan strands are linked together by means of bridges
that extend from the C-terminal o-alanine  of one peptide  to the c&amino
group of the diamino residue of another peptidc.

Of the various discrete stages that have been identified for the
biosynthesis of the bacterial cell wall, the final stage conccms the
incorporation of newly formed disaccharide peptide  units into pre-cxisting
wall pcptidoglyoan;  new pcptide bonds must be made bctwccn  nascent
(uncross-linkad)  glycan strands and existing pcptidoglyean,  This reaction is
called transpcptidation and is c&cd out by swine proteases, known as
transpeptidases. Only when cross-links are formed does peptidoglyatn
become an insoluble matrix capable af maintaining the structural integrity
of the wall. The sequence of events kading to the formation of cross-h&s in
E CON has several distinct stages. The transpcptidascs operate by an
acyknxyme mechanism, involving a serine residue at the active site. Initial
formation of a noncovalent Michaelis complex betttwcen  the enzyme and the
terminal o-alanyl-r>-alanine unit of a pentapcptide  chain linked to muramic
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L-Ala-D-Glu
7L I-

%!P”
-1T -D-Ala +(oli)

L-Ah-D-Glu A2pm
yL -j-- -D-Ala -+(OH)

%pm

-+(OH)

acid an a nascent giycan strand is followed by the formation of a covalent
acylcnzymc and eliiatioo of the terminal ~&nine. Attqck at the
acyltnzytnc ester bond by a suitably positioned &amino group of a muo
diamino-pimclic  acid residue on an adjacent glycan strand provides the
cross-link between the nascent glycau and the existing peptidoglycan  of the
wall; similar trahpcptidaticms serve to cross-link the glycan strauds  at other
points and Grnly link the network together (Figuc 3.2).

In E coli, only 2WO% of the peptidoglycan  is cross-link4 the remaining
pcptidcs  which are not cross-linked ati all te$rapeptidcs, lacking the fifth
amino acid. An enzyme callad II, D-carboxypcptidasc  is responsible for
removing the temiaal malanine from the pentapeptides on nascent glycan
chains, The activity of this enzyme is similar to that of the transpeptidase,  in
that it bin& to the balanine+alauine  portion, cleaves the peptide  linkage

_ . - _ - - - _- - - _ - - __ - -_ _ . . ..-..- - -.-.- ---. -.-. -.- _-_-----  ---. ---- _.



S. COULTON  AND E. HUNT 10s

FIgwe  3.2. Dawpeptlrbtkm ami curbmypcpt&m  catalyzed  by D.D-pcpti&u  in E. COK
/24-27J

and relcascs the terminal D-alanine (F&we 3.2). H~wcwr, instead of
caqying out the tfaaspcptidation,  the carbox~tid8sc leaves the peptide
as an uncross-hid  tetmpeptide.  Organims such as &u$~yk~ococcus aweu.9
which have highly aoss-linked  p&do&can have vey low cuboxypcpti-

---  -v------  ---  -------  - --  --_-  _-  .-_..  - -.---  ---.--.---  -------  --
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Schtme 3. I. Interactim  betwren  a fllctam tvdiatic and a s&w tratuptpti&ase  124,381

dasc activity. It therefore  seems that the enzymes combine to control
cross-linking.

Another D, lpptptidasc  involved in pcptidoglycan  biosynthesis is the
D, D-cndopcptidasc  enzyme. This enzyme breaks the cross-links in the
pcptidoglycan strands; that is, it revcrscs the action of transpcptidascs. This
activity is Wicvcd to provide local sites for pcptidog!ycan  expansion and
wall extension, which may k important at the point of cell division.

@-La&am antibiotics exert their antibacterial activity by irreversibly
inhiiiting the swine tmnspcptidascq they simulate the D-Ala-wUa portion
of the pentapeptide  substrate and acylatc the secine hydroxyl group
thcmsclvcs. As in the interaction of the transpeptidasc  with the nascent
pcntapcptide,  the first stage is the formation of a non-oovalent  Michaelii
complex (S&MC 3.1; Step A). This is followed by the formation  of an
acylated enzyme (S&MC 3.1; Step B). Because the amide bond that is
cleaved is endocyck, there is no loss of a fragment corresponding to D-Ala.
The resulting oomplc~  is vary stable and resistant to attack by an external
nuckophile  (Ii,0 or RN&). Consequently, k, has a very small value and

. . . . - ._-._- -- --_
--l--.-l---..---- - . ..- _.__ .______._
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the reaction cffeetively stops at this stage. The net effect is that the
transpeptidase is prevented from exercising its normal function of
completing the peptide  cross-linkages in the cell wall. The cell wall weakens
as the cell grows and eventually bursts (lysis), resulting in cell death (24,251.

&L+actams bind not only with transpeptidases, but also with
D, t+carboxypeptidases and D, o-endopeptidases.  These enzymes are
therefore colkctivcly referred to as penicillin-binding  protiins (PM%). Each
bacterial species has its own specific assortment of PBPs, which are
numbered in order of decreasing molcc-ular mass. The several PBPs’present
in a single bacterial oell may fulfil distinct cellular functions; they do not
exhibit the same degree of essentiality and they show widely varying
sensitivity to /%Sactam antibiotics.

In E. co/i, the most studied bacterium, seven PBPs are consistently found
in the cytoplasmic membrane, ranging in molecular weights of 91,000 to
40,000 (PBP IA, PBP lB, PBPs 2-6). Two further PBPs with molecular
weights 32,000 (PBP-7) and 29,000 (PBP-8) are occasionally detected [25].
The higher molecular weight PBPs, PBP 1 A, 1B. 2 and 3 are believed to
function as transpeptidases and are vital to cell viability; hence they are
often referred to as essential PBPs. Each of these enzymes has a distinct role
in peptidoglycaa biosynthesis. PBR 1A and I B are believed to play vital
parts in maintaining the integrity of the cell and possibly controlling the
extension of the cell walls during growth. PBP 2 is involved in controlling
the shape of the cell and PBP 3 is involved in cell division. The most
abundant PBPs are-&ose  of lowest molecular weight, that is PBPs 4,5, and
6. They have D, mcarbox~ptidase activity and, whilst they possibly
control the degree of cross-linking of the’ peptidoglycan,  they are not
considered to be essential for the viability of the cells.

j%actam antibiotics dialer in their affinities for penicillin binding
proteins. Acylaminopenicillins and ccphalosporins  exert their antibactetial
effect on Gram-negative bacteria by biding to PBPs I and 3. Amidinopen-
Wins such as meeillinam (17) bind only to PBP 2; this results in the
formation of large spheroplasts which tyse at antibiotic concentrations that
are considerably higher than the minimuni  itihibitory  concentrations

- - - _-  _..---
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(MIW.  Thicnamycin  and imipcnem (N-formimidoylthicnamycin) mean-
while have been found to bind with highest affinity to PBP 2, and then to
PBP IA and 18 (28-%I]. This l&d; tii the formation of spheroplasts  which
rapidly lyse and bactericidaf concentrations arc similar to inhibitory
concentrations. In contrast to#Nactams which bind to PBP 3, no filaments
arc produced.

These differences in mode of action between the carbapcncrn, imipenem,
and other /Uactam antibiotics may explain the observation that irnipenem,
in contrast to penicillins and ccphalosporins,  has a post-antibiotic eff’t
(PAE) when used against Gram-negative bacteria [31,32].  This means that
when a bacterial culture is expose4 to imipenem, which is then removed,
growth will not resume until after a lag-period.  If clinically relevant, this
would permit the USC of longer dose intervals even if the drug concentration
at the site of infection falls below inhibitory levcIs.

BA’XERIAL  RESISTANCETO)?-LACTAM  ANTIBIOTICS

The discovery and development of penicillin revolutioniscd the therapy
and control of bacterial infections. Yet, even before penicillin was used in
the clinic, there was evidence that the potential value of the drug was under
threat from bacterial resistance. The existence of a major resistance
mechanism. inactivation by a bacterial enzyme, was described soon after the
first report of the successful isolation of penicillin [2]. Within a dccadc, the
majority of strains of St& QUWW isolated in hospitals were resistant to
penicillin CL

The discowry  of the penicillin nucleus,- which made possible the
preparation of the semi-synthetic penicillins and which also provided the
impetus  for cephalosporin  research, kd to the introduction into the clinic of
a variety of&lactam antibiotics with differing antibacterial and pharmaco-
logical proper&s.  Many of these agents were designed with the specific aim
of being tffcctive against bacteria whkh were resistant to existing penicillins
and ccphalosporins. The development of each new agent was however soon
foIlowed by the appearance of strains of bacteria possessing one or more
resistance mechanisms [33]. As a consequence, the development of
resistance seriously threatened the clinical uscfulncss of&lactam antibiotics
in both hospital and community practice.

Bactctia may exhibit resistance to #-[actam antibiotics by one or more
mechanisms f33). One mechanism is the production, by Gram-negative and
Granqosjtjve bacteria, of mod&d target  sites with reduced  a&i&s for
~-1~ antibiotics (modified PBPs). Another way by which bacteria may
display resistance is modification of the ~41 ~a.& resulting in the reduction

_. _ _ - -



S. COULMN  AND E. HUNT 109

in the rate of passage of the antibiotic into tbc cell and to the target site, This
is of importance in the case of Gram-negative bacteria only, as the cell wails
of Gram-positive bacteria lack the pcnmability barriers to &lactam
antibiotics. The major mechanism of bacterial mistance however is due to
the production of bacterial &lactamascr [34-361.

With the exception of one rather uncommon class of zinc-requiring
&lactamMts  (37J, initial non+xx&ttt  biidiig at the active site ftbquently
leads to acylation of a spine hydroxyl grip by the &lactem (Scheme 3.3,
step B) which, irrespective of the fate of the protein, results in destrution of
the @actam. A &!actam is a substrate for the j34actamasc  if acylation is
followed by hydrolysis of the scrine ester linkage (Sc/~ne3.2, step C), which
rcgcncratcs  the active enzyme and at the same time a ring-opened form of
the &tactam,  which is antibacterially inactive; hence the term J-lactamase.
Alternatively, formation of the acylatcd enzyme may be followed by

- -..-----_ .*.- --.---
“”  .,._ .___..,  ,_ ,_.  .^_l ;.
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chemical rearrangement co a permanently inactivated I-lactamasc (Sckeme
3.2, step D); in this situation the J-lactam agent acts a~ an inhibitor of the
&ctama~ In combination with fl-tactamasc-susceptible  antibiotics,
/?-lactamase inhibitors protect the antibiotic from inactivation by the
&lactamase  enzyme, thereby producing a synergistic efl’ect against J-
lactamasc producing bacteria [38].

NATURALLY OCCURRING CARBAPENEM ANTiBIOTtCS

Application of a screen, designed by Beecham scientists to discover
naturally occurring inhibitors of bacterial j?I-lactamasq resulted in the
isolation of a group of#&ct.amase  inhibitors named the olivank acids from
soil micro-organisms [I 11. This assay, which came to be known as the KAG
assay, invoIvcd sccding an agat plate containing penicillin G with a
p-lactamase-producing  strain of Kfebsiefla  amgenes. The test solution was
then introduced into wells in the agar and the plate was incubated overnight
at 37’C. Solutions containing a diffusible/3-lactamasc  inhibitor gave wncs
of inhibition around the wells, resulting from protection of the penicillin
present in the agar. in the absence of@-lactamasc inhibitor, bacterial growth
occurred as a result of the inactivation of the penicillin by the p-lactamasc.

The first &lactamaw inhibitors to be discovered using this assay were the
oM.nic acids, MM 13902 (7). MM 4S50 (8) and MM 17880 (9), so named
as they were produocd  by a strain of Srrepromyces olivuce~~  [I l-131. Not
onJy arc they potent &lactamaa inhibitors, but are also powerful
antibacterial agents. The discovery of these sulphate esters was soon
followed by the identification of the closely rclatcd hydroxy compounds,
MM 22380 (IO), MM 22382 (ll), MM 22381(12)  and MM 22383 (13) [IS].

At the same time, Merck rcscarchcrs isolated the thicnamycin* family of
antibiotics (16 16) from Sfreptomyces curflew, using #n assay designed to
detect inhibitors of peptidoglycan  synthesis [IS, 391. Subsequently, a whole
series of carbapcncm derivatives, rcpreseuted  by m-5 (18) [40),  carpetimy-
tin A (19) [4t], and asparcnomycin A (20) (421 have been isolated from
Streptcunyces spp. Many arc potent inhibitors of @-lactamascs,  as well as
antibacterial agents, Their occurrcncc  and biological properties have been
the subject of several recent reviews [l&19].

l so lumgd io deluuc the then llov&$-m chromophon.
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(18) f%-5 WI CafpeUmych A

BroL0GIcAL AcTWrY OF THE CAR~APENEM ANrfBlOTICS

The carbapeaems are a family of extremely potent naturally occurring
antibiotics, with thicnamycin  being the most active. They display potent
activity against a broad range of Gram-positive and Gram-negative
bacteria, including penicillin-resistant strains of S~&L uureu,s and Huemo-
phihs influenzae and organisms that are often resistant to other &lactam
antibiotics, such as indok-positive P~OMLS, Enterobacter  spp., Serraria
marcescenr and the anacrobe Bacieruides fragiiis. The antibactial
properties of the olivanic acids (7-t 3) are shown in Table 3. I, whilst those of
thknamycia  (14) and N-acetylthknamycin (15) are outlined in Tub/e 3.2.
The antibacterial activities of some othn representative carbapenems arc
given in Table 3.3.

The major structural diffcrencc between the otivanic  acids and the
thienamycins  is the absohte  stereodwdq of the chiral centre at C-8,
which is (s) for the olivanic acids and (A) for the thienamydns.  In the
otivank acid scrics, it is those compounds with the cis orientated /%ctam. _.n,-‘“.,. II .yI..,
(i.e. S&6& as in MM 13902 (?), MM ln8Olis); ‘h&f 22380 (IO) and MM
22382 (1 l), that arc most potent.* Whilst the corresponding (8s)
hydroxycthyl compounds with the f~~~~@actam  (Le. SR, 6.9, MM 22381
(12) and MM 22383 (t3), also have a broad spectrum of activity, they are
kss potent than the cXC compounds.

*The  daxuscd activity of the clr carbapenem rulphoridc, MM 45% (8) hu been attrhtcd to
its chemical inrt8bilily [43l.

__-_  _-_--- -me- ww. - _.- __- .._---- -
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Table 3. I. AN’IWACTERIAL SPECXRUM  OF SEVEN OLIVANIC  ACJD
DERIVATIVES; MEAN MIC (mJI) 143)

O?p&Uf MM MA4 MM MM MM MM MM
lstl NIlOf 17880 22380 22381 22382 22383

Estkrichia coli t2.5 0.2 0.2 0.2 6.2 0.2 12.5
Ehetichh coii l 2s 1.6 1.6 25 6.2 25 12.5
Kkbsidla  12.5actogenu 0.4
Klebstd,% l 50actogtna 3.1 9:: St8

6.2 0.4 6.2
6.2 IO0 12.5

Promu mIrubu& 12.5
ProItw  mbabUis  l 12.5

t: 04
014

::8” 12.5 0.2 12.5
12.5 0.2 12.5

Ptoteals mwgal!II 25 0.4 0.8 12.5 25Proteus tt1tgeti  25 0.4

Proteus M&ztis 12.5
;:

ii

:f 125 0.j

1:6 6’2 ::8”
12 5

612
6:2

ffittmbocicr  awegenes 2s
l3lredacttr  ckacat 100 12.5 it: 3 12.5 if 2
Satada  nmrctxens 25 3.1 3.1 3.1 12.5 3:t 12.5
Pae#&wms  6etngilkNu >I00 25-so l o o  >lal >I00 ,100 >loo
Hacmtyhihu it@mrru 6.2 0 2

i:: 0’2
0.2 6.2 0.1 6.2

Huenroplilcv i#v&muoc l 6.2

0.4 0:s ;I:

6.2 0.5 6.2

Bact#oidssJhguk  2:-Istuphylococcus uuteu.t
Stqphykocw aun?ui l 50

!*f 1.6 0.4 ::: 8:: i::
1.6

1215  12.5
0 8
i2 IO?

0.4
srup?Y&coc~ uurai.l  l * loo 6.2 de2
sfrepracwwpJv$tJle$  6.2 0.2 0.1 0.1 0.8 0.05 1.6
Sl?eplocwcus  f~Cali#  so 4.2 6.2 1.6 25 1.6 50

*jammase  produdag  stldns
‘*mthlllin-ruistt strdns

Table 3 .2 .  AM’IBACTERML  AClWlllES OF NACETYLTHIENAMYCIN  AND
-fHIENAMYClN; MIC VALUES (f&l) [43j

OrpJliStW N-Actty!f&4wnyck TlrhnrrmyeL!

Eschcrichb a?& (0111) 0.2
Esckrtchia  di m9 (KTErbf) :: a.4
Klbbrklb  Aowvguu 0:4 0.4

.- hYtbs#du  VA2 (RTEM)octupses 0.8
Pt01M mitubuit  977 3-t fr:
Protms  rtstgeti W I6

ti
3.1

J!hterobac~er  domxw T753
stwasia mur- us20 3:1

3.1
1.6

P-oltugim,tu  Ncrc 10662 u 3.1
Bacterokksfi&tis BC16 NT 0.4
Staph- uurctu Rudl 0.2 0.09
StreptocwxwJii  I 1.6
SttepteaBfaup~atucNlO 0.01

- - . - .-. _-_. . _
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Thienamycia (14) and N-acstylthienamycin  (15) have the same fruns
p-lactam orientation as MM 22381 (12) and MM 22383 (13) but have the
(A) configuration at C8. They have much improved antibacterial potency
compared to MM 22381 and MM 22383, being similar to the c&-isomer,
whilst Ktaining the stability of the (SR, 6S, 8s) compound8 towards R-TEM
/&tactarnascs. Furthermore, thicnamyoin (14) displays exceptional activity
against Psedmonas  aerug&wsa  and this is attributed to the basic amino
group of the C-2 cystcaminyl side-chain. This combines  to make
thicnamycin  one of the most potent, broad spectrum antibacterial agents to
be isolated from natural SOLUCH. Thicnamycin  was shown to have
pronouncod  activity against E wli, Prorcw: mirablhs, Klebsie~ia pneum~-
n&e, Setrat& marcescens. Streptococcus pyogene~  penicillin G sensitive
and penicillin G resistant Staph.  aureus ad Bttirobacter spp., as well as Ps.
aeruginosu  [47j. A number of studies have shown it to bc superior to other
semi-synthetic, as well as naturally occurring penicillins and ccphalosporinr,
in&ding amoxycillin,  carbenicilhn,  ticarciliin, &alcittn, mezlociUin,
azlocilfin,  pipcracillin,  cephalothin,  ccfoxitin and cefotaSme‘[4tlii], ’

T~blc  3.3. IN VITRO ACTIVITiFiS (MC. m&l) OF PS-5 (18) W]. CARPETIMYCIN A
(19) 1451 AND ASPARENOMYCIN  A (201146)

Ewherkhb  coli
bdwkhb  cdl l
Kitbsidla )!twmak

Kkbsielhp- *

Prateku mtabldlr
Ptotew alitabuis  *
RoIeau  mwgoaii
Proteuf rcttprl
Ptolens  vu(gatt
Plvteusnclgmir* -
&ttuobactcr  cbsacue
E4uet&trdoacae’
Sewarh  matcesuw
Swath  ma- *
Pstdmoewatryhosa
stuphy-rauau
S1~y~autnrr l

K-12

K2

P-6

P-7

E
4s
E l 6
S-18

NC3
2o9P
Rd

sweptff- pjvgtnes UYS

3.13

6.25

625
12.5
625
625
3.13
3.13

,100
0.02
0.20
0.08

SC-2 0.05

E&o2 ::
25 0:78
2 1 1 0 0  1.56
TN265 2 . 5
IF0 3168 0.39

IID 874 0.39
69 0.78
ItD 977 0.78

L itI’
4 3.13
10490 6.25
209P 0.39

JC-2 1.56
377 0.39
SRL-I 0.78
363 0.78
PR-4 3.13

CN-329 12.5

233 1.56

131180 12.5

25619 25
JC-1 156
Cl4 1.56
C203  1 . 5 6
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INTERCONVERSION  OF THE OLIVANIC ACWAND THE THtENAMYClNS

Structure-activity studies reveatcd that the stereochemical configuration
required for optimum antibacterial activity was that found in the
thicnamycin series, that is (SR, 6S, 8R). The olivanic acids, MM 22381 (12)
and MM 22383 (13) differ from Wacetytthicnamycin  (15) and N-
acctyldehydrothieaamycin (16) respectively by virtue of the stereochemical
configuration at C-8. In order to inter-relate the two series, the configura-
lion of the a-hydroxyethyl side-chain of MM 22381 and MM 22383 was
inverted by way of a Mitsunobu  reaction sequence 153). Thus, treatment of
the p-nitrobenzyl  esters (21) and (22) of MM 22381 and MM 22383 with
diethyl azodicarboxylate, triphenylphosphine and formic acid provided the
formate esters (23) and (24), respectively. Alkaline hydrolysis of the formatc
esters, followed by hydrogenolysis  provided N-acctytthienamycia (15) and
N-acctyldchydrothienamycin  (16) (S&me 3.3). The combination of this
inversion process with a procedure  developed for the variation of the C-2
atkylthio side-chain in the olivanic acids f54J provided a preparation of
thicnamycin (14) from MM 22383 (13). Addition of hypobromous  acid to
the double bond of the C-2 acctamidocthenylthio  substituent in MM 22383,
as well as MM 22382, resulted in the formation of a bromohydrin, which
fragmented to provide the C-2 thiol(25); subsequent alkylation or addition
Lo propidatc  esters provided a wide range of C-2 rubstituents  with either the
(SR, 6S, 8S9, (5R, 6R, 859 or (SR, 6S, 8R) stercochcmistry,  depending on
Hhcthcr MM 22383, MM 22382 or N-accty!dchydrothienamycin  was
chosen as starting material [SS, 56J. Thus. thienamycin was prepared from
MM 22383 by elaboration to the thiol(25) and alkylation with I-N-p-nitro-
benzyloxycarbonylaminocthyl  bromide, followed by hydrogcnolysis of the
resulting titer (26).

TOTAL  SYNTHESlS OF (+kTHIENAMYCIN

Owing to the chemical instability of the carbapenem antibiotics at high
conccntratioas,  fermentation proczduree  failed to provide sufficient quanti-
ties of natural products for clinical evaluation and production. For Merck
scientists, Ihe solution to this probiem was to devise an efficie.nt, high
yielding and oost-eff&tive synthetic route to thienamycin and related
clinically important compounds. Initial dT0rt.s were directed towards the
synthesis of raoemic thicnamycin il6, 181. In their first chiral synthesis of
(+)-thienamy+n,  which proceeded from taspartic  acid (271, the pivotal
reaction was the carbent insertion reaotion  to provide the bicyclic ring
system by formation of the C3-N-4 bond (53 (Scheme  3.4.
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Sodium borohydridc rcductian of the azetidinonc  ester (30). obtained by
f-butyl magnesium ehIoride-mcdiatcd  cyelization of the N-trimelhyhilyl
derivative of dibcnzyf aspartatc  (29), provided alcohol (31), which ww
elaborated to the iodomcthyl  derivative (33). VAT the mcsylatc (32).
N-Silylation of (33). followcd by rcaetion  with 2-ti&io-2-trimcthy~i[yl-
1,3-dithianc gave the substituted dithiane (35). Coadensatio’n  of the lithium
cndate derived from (3s) with acetaldehydc  gave a I:1 mixture of rrarrj-(R)
and ~ratu-(S,J  alcohols (36). Oxidation of the diastcreoisomeric  mixture of
alcohols to the Irans-acetyl dcrivativc  (37), followed by potassium selectride
rcduclion  gave predominantly t h e  #ans-(Rj aJcoho1 (38 ) .  Dithianc
hydrolysis provided  the trimcthylsilyl ketone (39), which underwent
Baeycr-Villigcr oxidation CO the acid (40). The requisite ketoester intcrmcdi-
ate (42) was then obtained by condensing the imidazole derivative (41) with
the mrgncsium salt ofmono+nitrobcnzyl malonatc. Removal ofthe N-silyi
protecting group foIIowcd by diazo exchange from p-carboxybenzene-
sulphonyl  azide provided the cydization precursor (44). Thtrmolysis  of (44)
in the presence of rhodium acetate then provided the bicyclic ketocstcr (45).
Introduction of the eystcamine sidc-ehain was accomplished by converting
ketocster (445)  to the enol phosphate (46) and reaction with A+
nitrobcnzyloxycarbclnyl)-cysteaminc, Finally, hydrogenolytic  removal of
thcp-nitrobcnzyl  protecting groups of (26) provided (+)-thienamycin (14).

A commcreially  viable, enantios&ctivc  route was subsqucntly  dtvcl-
opcd by the Merck Process Research group [58,59].  This approach, which
is also based upon the carbene  insertion reaction,  & characterizcd by the
early introduction of the hydroxycthyl  group through the formation of a
highly f~tionalized acycfie derivative with three contiguous ssymmctric
wntres  (Sdretne 3.5).

Condensation of dimethyl I ,3-aectoncdicarboxylate  (47) with (@-(+)a-
methyl- bcnzyhuninc provided an quilibrium mixture of ectamincs (48) and
(49) in nearly quantitative  yield, without the need for puritication.  Acylatioa
of this quilibrium mixture using kctene then furnished the enamino ketone
(SU) in excess of 95% yield. This product (SO) displayed a rigid strueturc  by
virtue of an intctil  hydrogen bond, thus setting the stage for a
stereoseketiw  reduuion.  Hydrogenation of (SO) in acetic acid containing
2 molar qtivalcnts  of phosphoric acid and 5% platinum-on-carbon
catalyst, followed by laetonization  of alcohol (51) gave the ttiply
asymmctrio, ehiral Iactone (52) in 80-9046 yield, as the hydrochloride salt.
The relative atercoehcmistry of (52) had already been established by
conversion of raecmic intcnncdiatcs  to model azetidinonca  @O] and was
confitmcd  by X-ray cmlography. Unfortunately, the relative stereo-
chemistry at the methyl substituted  carbon was incorrect  and nus&tcd
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on inversion step at a iater stage in the synthetic route. Hydrolysis of (52) to
the carboxylic acid (53), followed by hydrogenolysis  of the a-methylbcnzyl
group and methanolysis of the lactonc ring then provided the highly
functionakcd, chiral amino acid (54) in high yield [>9096  from (52); 50%
overall yield] and cxceIlcnt purity with the need for only one purification
stage. Amino acid (54) was then cyclizcd in high yield to azctidinonc  (55)
using dicyclohexylcarbodi-imiie.  Saponifuzttion  provided the sodium salt
of acid (56), which was converted to ketoester  (57) by the previously
described method. Inversion of the I-hydroxycthyl group was then achieved
by treating azetidinonc  (57) with formic acid in the presence of tipheny-
lphosphine and diethyl azodicarboxylate;  hydrolysis of the psulting
inverted fonnatc  ester provided (43). Diazo transfer from pdodecylbcn-
zenesulphonyl  azide yielded the diazo ketoestcr (441, which was converted to
(+)-thienamycin by the previously described methodology.

Numerous asymmetric syntheses of thienamycin and structurally related
carbapcnems have since been reported. Most strategies have focusscd upon
the elaboration of the correct stereochemistry al the three chiral centrcs of
a monocyclic precursor (al]. Subsequent progression has usually been by
way of the diazo-ketone  approach and the hydroxycthyl side-chain has
often been introduced by way of a stereos&ctivc  aldol  condensation [62].  In
other cases. the substituent has been incorporated before construction of the
@actam ring using chiral building blocks derived from o-glucose [63],
t-thrconine  [64, 65). D-allothreonine [66J and (S)-(-)-hydroxyethylbutyrate
[67, 681. Functionala  /Mactams derived from the penicillin nucleus have
also been elaborated to (+)-thienamycin  and related compounds [69-711.

A particularly versatile and much used intermediate for asymmetric
carbapcncm syntheses is (3R. 4R)4acctoxy-3-((R)l-(r-butyldimethyl-
silyloxy)ethyl]-2-aretidinone  (70). A practical synthesis of this key intcrme-
diate has been reported by Ito and co-workers (Schemc3.6) [72]. The [2 + 4
cycloaddition  rcaclion of diketene with the chiral imine (62), derived from
the inexpensive (s)cthyI lactate (Sg), proceeded in a highly stereoselective
manner to provide the desired 3, 4-rronr-3-aoetylatetidinont  (63) as the
major product (dias!erc.os&ctivity  7 - I&I). Potassium triethyfborohydride
reduction of the crude diastercoisometic  mixture of azetidinqnes (63) and
(64) gave the pure 3-[(1R)-hydrox~t~l]azetidin-26ne  (65) in good yield
after rccrystaltization  from isopropanol.  The alcohol (65) was converted to
the ketone (aS) by way of the silyl ether (66) and the alcohol (67). Removal
of the di-p-anisylmethyl group ia ketone (68) was cl&ML effected by
treatment with sodium ptroxydisulphate  in the presence of disodium
hydrogen phosphate buffer; oxidation of (69) with m-chloropcrbcnzoic acid
furnished the chiral dacctoxy azctidinone  derivative (70). The elaboration

- - - - - _ _ _ _ -- - - . . __
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of this versatile intemxdiatc  to a variety of optically active carbapcncm
derivatives  is dimmed in later soctionr of this review.
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WIPENEM  (N-FORMlMI~YtnllENAMYCIN, MK 0787)

The unique structure and exceptional antibacterial potency, particularly
against Pse~onos spp., created considerable interest in thienamycin.
Unfortunately, its novel, highly strained carbapcncm nuclcuq together with
the basic asninocthyhhio  sidechain contributed to its chemical instability. It
is behcved that this concentration-dependent instability, which made
thicnamycin kss attractive as a parentcrally administered drug, is due to the
intermolecular aminolysis of the&lactam ring by the cystcamine  side-chain.
Merck scientists therefore invcstigatcd the derivatization of the amino
group of thicnamycin and found that the N-formimidoyl  d&vative (71)
(imipcncm, MK ON), prepared by the reaction of thienamycin with methyl
formimidatc in aqueous solution at pH 8.2, was S-fold more stable than
thienamycin in concentrated aqueous solution [73]. Furthermore, the
crystalline N-formimidoylthienamycin  (71) retained the antibacterial spcc-
trum of thienamycin and exhibited enhanced potency against 2% oerugi-
twsa

FRlMAXIN(lMIPENEM  IN COMBINATION WITH C!Si.AsfATtN)

In view of the improved chemical stability, excellent antimicrobial activity,
stability to bacterial j%lactunases and acctssibity in large quantities by
total synthesis, N-formimidoy1thicnamycin (771) was s&&d for clinical
cvahlatioa. Mowevw, as in the case of other aatmay occurring carha-
antibiotics, only a Low recovery of imipcnem was evident in the urine after
parcnteral administration in animal models, as well as man [7rl. Subs&
qucntly,  detaikd studies revealad that this class of antibiotics is cx.tcnAvcIy
degraded by the renal dipcptidasc  enzyme @HP-l) (‘l&76) located in the
brush borders of the kidney [7fJ (Tkb& 3.4. Enzymatic turnover  of
imipcncm in viva therefore posed a serious threat to its clinical efficacy and
inhibitors of this ainc-contoining  hydrolytic enzyme were therefore sought.
Xndccd, coadministratioo of imipenem with a potent, competitive inhibitor
of the INIP-1 enzyme, ciiastatin (MK 0791, 72) (78, 791,  in a 1:l ratio

--w-s-..  .-..- --_- -- _-_ ---. - - - _
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resulted in a lO-fold improvement in the urinary recovery of imipcnem in
chimpanzees and humans [77,80].  Furthermore, the ncphrotoxic  potential
of the antibiotic was significantly reduced. ‘Ws led to an intensive
evaluation of the imipenem-cilutatia  combination [81, 821, which was
ultimately mwkcted as Primaxin, an injectrbb  product for the treatment of
lower respiratory tract, intra-abdominal,  g&to-urinary, gynaccological,
bone and joint and skin and soft tissue infections, scptkacmia and
prophyiaxis of post-operrtivc  infections.

(72) Cilastatin

Most of the research since the discovery of Rimaxin has concentrated
upon the development  of a single compound that posscsscs a& or most of
the properties of the imipenemlcilastatin combinstion.  This work is the
subject of the following sections of the present review.

Tabk3.4. RELATIVESUSCEF'TI~~~~ITYM  DHP-~OFNATURALLYOCCURRING
CARBAPENEMAPMBI‘OT~~  AND I-ISCO~REWT~ON W I T H  L o w  URINARY

RECOVERY(77j

hlU?iOtk ‘A he rrcowred
In urine (mice)

TbiuumHn Ix, 25
N-FodZIlidOyl~h* 0.9 28
N-htylthiydn 4.2 Il.4
MM 22380 1.0
MM22381 ii ND
MM22383

G
ND

MM 13902 <I.0
MM I7880 8.3 NO
Pss 43 ND.

ND - Not cktmnid
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TOTALLY SYNTHETIC NON-NATURAL CARBAPENEMS

By the time that imipcntm was under development, the scope for
semi-synthetic modification of natural carbapenems  appeared to have been
practically exhausted. The next phase ofcarbapmcm research was therefore
directed at the total synthc&  of non-natural carbapcncm structures, laqeiy
based on systanstic variations of the thitnamycin nucleus. Over the past
dazdc 8 wnsiderabk effort has been devoted to this task. A major object&
of this research was the discovery of a carbapenem with the antimicrobial
spectrum and potency of imipcncm, but with significantly ‘enhanced
chemical and metabolic stability.

MODlFICATlONS  AT C-3, C.5. AND C-6

Analogucs of thienamycin in which the 3carboxy group has been replaced
by a 3-(S-tetrazolyl)  (831 or a 3-(methylphosphonyl)  group [84] have much
improved stability to DNP-1, but greatly diminished antibacterial activity;
the S-tetraxolyl compound has about one-tenth of the potency of
thienamycin, and the mcthytphosphonyl  derivative is even less a&e.

Racetic 5-mcthylthienamycin  and a number of C-2 modified analogucs
were prepared and, in comparison with the S-unsubstitutcd  oarbapcnems,
were found to have improved chemical stability and much greater stability
to mouse kidney homogenate ($51. Unfortunately, the improved stability
had been gaincd at the cost of significantly rcduocd  antibacterial activity.
For raccmic N-acetyl-S-methylthienamycin,  the various cpimcrs at C-6 and
C-8 were also prepared, and the same order of activity relative to
stcreuchanisty  was observed as in the S-uasubstitutcd series: 8R, 6s > 8S,
6Rs 8S,6S>8R,6R.

A variety of small alkyl groups, sometimes substituted by a hydroxy
group or sulphatcd hydroxy group, arc found at C-6 in natural
carbapcncms, with both 6R and 6s stereochqmistrics b&g knowq
introduction of larger or more functionahscd  6-alkyl rubstitucnts  generally
resulted in rcduocd potency [8&92].  (6R)-r(R)-I-Fluolpcthyl) carbapcncms
have improved water rolubility  over their 6-O -hydroxycthyl) couterparts,
but similar antibacterial activity and stability to DHP-1 (93, 94).
64minomcthyl- and 6-c(R)-l-aminocthyl)J- l#I-mcthykarbapcnctns show
good activity against Gram-negative organisms i# vitro, but have relatively
poor chemical stability [87]. 6Acylmin0- 195,  96) and 64~ubamoyl-l@-
mcthylcarbapcncms (971 also have poor chanical  stability, and consc-
qucntly showed rather weak activity in MIC testing. Disubstitution at C-6.
as for example in 6-hydroxy and dmethoxy e~Wg-5 [98).  rccultcd in

- _ -- _ __ _ _ _.
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increased chemical and metabolic stability, but at the expense of drastically
rcduccd antibacterial activity.

In conclusion, modifications at C-3, C-5, and C6 have so far failed to
give any ovcra!l improvement on the properties  of the natural carbapcnems
in terms of stability and antibacterial activity. At these positions, the
thicnamycin  structure is thcrcforc rcgardcd as being optimaf.  Modifications
at the remaining positions, C-l and C-Z, arc discussed in the following
sections. .

@METHYL AND OTHER I-SUBSTITUTED CARBAPENEMS

The Merck group dcscribcd the first cynthcsis of a Ij%methylcarbapcncrn,
starting with the optically active cstcr (73), an intermediate in the chirsl
synthesis of imipcncm (Sc&e~~e 3.7) f99j. The resulting l&ucthylcarba-
pcnem (811, which also contains the novel 2-dimcthylamino-24minocth.
ylthio side-chain at C-2, is che&ally stable, resistant to DHP-I , and ret&s
the potent antibacterial activity of imipcnem (Tobfe 3.5). IIre introduction
of la-methyl, I/jr-ethyl, la- and I/3-hydroxy, and la- and l#I-mcthoxy
groups also increased stability to DHP-I over that of the i-unsubstitutcd
carbapcnems, but ant&act&al activity was diminished [86].

The improved  stability imparted to the carbapcncm nucleus by iatrocluc-
tion of a l&methyl group aroused considerable interest. Consequently, the
stereoselective synthesis of the later-stage intermcdiatcs  (76) - (79) in the

Table 3.5. REUTIVE IN VITRO ANTIBACI-ERIAL  POTENCY ANlb, ‘atip-I’
SUSCEPTlBILITY  OF IMIPENEM  (11) ‘AND ljJ-METH%%k~~ki~Pf$ki,j (81) INII ..x”,.“,.

COMPARISON WZTH THIENAMYCIN (14)I99)

SWyl- aumw (5) 0.04---f-(21 3.80
Edcdch& call (7)
k%tero&ucter  #pp. (6) E
Kkbdb  (5)spp. 1:77
-b (2)SQP- 2.50
Roteus ( 6 )rpp. 7.08
PIIvrlbmMa  acrutJnow  (5) 9.13
DHP-I cwccptibility’ 1.0

‘Antibetehl pokmcy ml&k to thiiydn = I
‘Itdative #iuc&bUty  to hog renal  DXP-I m

1.21.3 F*
1.6 3:s
2.1 S.0
1.2
2.6 ::i
1.5 4 .6

S.3
::iO 0.026
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sdvmc 3.8. stfft&&tliVt  J@&  @f  tk &fed  CdUbOX$fC  tXid  (761  [lm],

Rcagaw:  (r) Sa(OSO,CF,),  N4y#dpeW,  THE -WC: (ii) axddinoat (71): (iii) IM
NaOH.  TN!

Merck synthesis (Sck~e 3.7) became an important goal in carbapenem
research. s

AldoLtypc coadcnsatjons between the chiral acctoxy-azetidinone (70)
and enolatcs  of propionic acid derivatives have been used by several
mearch groups seeking ttercosclcctivc syntheses of the acid (76). Nagao cl
uL (100, 101) used the tin enolatt of the chiral IV-propionylthiaxolidinthione
(82) to give the 4-substituted  azetidinone  (83) which was hydrolyscd to the

(84)-, fVa+QQ (85) -) B/a=24 (88)- @la=60
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carboxylic  acid (76) (Sclicmc  3.4. The Merck group [ 1021 similarly used the
boron enohtte  of the chiral oxazolidinone  (84) (givingjWa > 99). A number
of achiral derivatives have been used to cqualiy good cffcct, providing
ttercosckotive  rynthtscs  of intermcdiatcs  which arc convcrtabk into the
acid (76): Bristol-Myers researchers used the tin cnolatc of the oxazolid-
inthione (85) [103, KM] and xirconium enolatcs  of various S-alky1 and S-aryl
thiopropionatcs  [IO& 1061;  Sankyo scicntirts used the boron eno!ate of the
oxaxolidinone  (86) l!O7]; and Shirai and Nakai used tk tin cnolatc of the
a-silyloxy-ketone (87) [log]. In a similar vein, stcreosclcctivc Rcformatsky-
type reactions  have been used: Ito CI al. used the a-bromopropionatc  (88)
[lO9];  and Mori and Oida used the all& bromide (89) [I lo]. Thiolesters  of
the acid (76) have been prepared by Lewis acid-mcdiatcd condensation of
(70) with 0-silyl enol cthcrs of thiopropionatcs [ 11 l-l 131, and in this respect
the ether (90). which gave a high yielding (90%) and stcrcosclcotive @a r
49) condensation, proved particularly useful [112].

Stcrcosckctivc aldol-type  reactions  have also been used to convert the
axctidinone  (70) directly tojILketocstcr intermediates analogous to (77) and
(78). Metal salt-mediated condensations bcwccn (70) and the dianion or
bi~s-silyl enol ether of methyl 3axopcntanoate gave the methyl ester
corresponding to (77) [I 141. Although the yield and stcrcoohcmical outcome
in these reactions could be indcpcndwtly  optimiscd by varying the metal
salt, no method emerged from this study in which both were high. Better
results were obtaincd using the tin enolatc  derived from (91). which gave,
after Odesilylation,  the ally1 ester corresponding to (78) (> 98% pure; 4S%
overall yield) [ 114.

Using the aldol condensation, a number of practical, stereoselcctive
methods have been dtvelopcd for the routine preparation of l/3-methykar-
bapenems.  The literature contains many more exoclltnt  routes to these
compounds (1 l&-139],  but not all of thcsc will bc described in detail; a few
examples will be given by way of illustrating the variety of methods that are
now available.

Ihara ef 4L [i 161 used the (RJ-2-methylhydroxypropionate  (92) to
coastruot  the nitronc  (93) which undenvcnt 8 compktcly  sterospccific,
intramolacular oycloaddition to give the isoxaxolidinc (94) (Scheme 3.9).
Compound (94) was convcrtcd  into the alcohol (951, which could  bc
oxidized to tbc acid (76). The alcohol (95) has also been prcparcd from the
aztidinone  (70). by way of stcrcosclcct~vc hydrogenation of the olefin (96)
over a ruthenium catalyst [!17J, and by stercosckctivc hydroboration-
oxidation of the oldin  (97) [118].  ‘I\rvo high-yielding and stercosckctive
sy&cscs of (76) from (70) have been dcvclopcd using maionic  acid
derivatives: the diacid (98) was dccarboxylatcd to (76) in refluxing formic

_ . - __ _I- - - -. .------------ ------- ^^-----
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Scheww  3.9. Nirrone cyckdii~ion  route to I$-methyicdapcnma  f I II).

Reugents: (t) refix In I-umyl  aIdol.  Bn = bm:yl.

acid/ethyl acetate [119, t2OJ; and the diallyl ester (99) was converted into
(76) in a palladium mediated deallylation-ckarboxylation  reaction [121].

Although for the most part, the methods outlined in Scheme 3.7 have been
used to complete the synthesis of l@ethykarbapenems from intctmcdi-
atts such as (76), some studies have been dcscrikd on alternative
proccdurcs for carrying out thcsc later synthetic steps, For cxampk, the
Sumitomo group prepared the thiolester  (100) and used this in a Die&nann
cyckation to prepare the /hkctotster (79) [MO]; and the Tanabe group
converted the acid (76) into the thiazinonc  (101) and used the Eschcnmoser

WY (97) (00)  A-H
(00) R = cH2cH=cH,
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sulphide contraction to convert this into various I&methykarbapcnem ally]
esters [141].

In addition to the considerable cfforts devoted to I&methylcarbapcncms,
a few studies have been described on I-substituted-akyl carbapenems, with
the object of obtaining compounds that possess the favourable stability
properties of the l-methyl derivative but improved antibacterial properties.
The Shionogi group prepared ltz- and I&-substituted (fluoro, cyano,
hydroxy, and acetoxy)-methyl  carbapcnans [ 1421.  The IJMuoromethyt
derivatives showed the best antibacterial activity, but overall offered littk
improvement over their I/?-methyl coutcrparts. The Bristol-Meyers Squibb
group undertook a more detailed study of l&substituted-alkyl  carbapcncms
[143-1471. Incorporation of larger hydrocarbon groups (ethyl, n-propyl,
vinyi, aIly1) in place of the I&methyl group in (102) had a detrimental effect
on antibacterial activity. In an attempt to overcome the loss of activity
associated with increased stcric bulk, alkyl groups carrying various polar
substituents were introduced. Hydroxy, ether, thiocther,  azido, cyano,
forrnyl (and derivatives), and carboxy (and derivatives) substitucnts had
little effect on antimicrobial activity; however, amino substituents, as in
(103),  did restore activity against Gram-negative organisms to the level seen
in the l/l-methyl  analogue and showed particularly good anti-pseudomonal
activity [143]. This activity was even more pronounced in analogucs

yF+Y JjY+

*tH
Eyoi?) R-Me (104
WW R - &&12NH2

carxying an aminoalkylthio substitucnt  at C-2; compound (104), for
exampIe, showed good activity against C3ram-positive  and Gram-negative
organisms and better  activity than imipencm against Ps. ~e~gS!oscI.
Although these compounds have useful antibacterial activity and stability to
DHP- 1, they have only limited ch&nical stability in solution at physiologLzal
p&i. In order to overcome this poor stability, various mono- and di-peptidc.” _. ,,_ . ,s., I ‘._ .-I
derivatives of the I/Laminoethyi cornpoiurd  (105) were prepared 1[145].
These showed much &reascd &q&al stability, but reduced activity in
vilro. However, in viva the peptide  derivatives showed similar or slightly
improved activity compared with the parent amine (S 03). suggesting that
they were acting aa prodrugs of (103) (145).  7Ilc 1gaminoalky1 carbapul-

___._.--.-  ---  -*.  --.- .__  _.__.____  -.*--.-  _-I---  --.-- _  ___-_ ____--  -e---e--  -----
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ems are an interesting development, although it still remains to be seen
whether their weakness in terms of chemical instability can be overcome,

Introduction of the l&methyl group into the carbapenem nucleus gave
the dtsimd improvements in chemical and metabolic stability, and a number
of practical syntheses of this class of compound have been developed. The
uart stage ia finding an improvement on the imipeaem-cilastatin combina-
tion was the optimisation  of the C-2 rubstituent for antibacterial potency.

MOD1FfCXTK)N  AT C-2

The availability of the k&esters (45)  and (79) has enabled che’syntbesis of
a wide variety of carbapenems  with thio-linked  substituentr  at C-2. Early
structure-activity studies had indicated that for potent, broad spectrum
activity, and especiatly for activity against Ps. aeruginosa, a basic or
positively charged group was rquircd in the C-2 substituent, and
consquently many of the compounds described in the literature are of this
tYPe*

Compounds containing an amidinoalkyltbio group in place of the
cysteamine side-chain of thienamycin have cxccllcnt antibacterial activity,
comparable to that of imipcnem [86. i48]; compound (81) (Scheme 3.7).
which also contains a @net.hyl group, is an example of this type.
Compounds in which the amidino group is incorporated in a five- or
six-membered ring, as in (MS), also have excctlent activity [149].

N H R

The Bristol:Mycrs group [HO] investigated the efl&t of replacing the
flexible ethyl chain in the cysteamine moiety by a more rigid cyclopencyl or
cylohexyl rin& as in (106). Overall, the introduction of a rigid ring ntruct~
between the au&us and the basic ftiorkality &i n&t digni&antly change
the antibacterial potency. The Sankyo group (LSl] have also iDvestigatc.d the
eff&t of using a ring system between tbc amino group and the nucleus, but
in this case the amino function w8s incorporated in a five-membered ring;
the amino compound (107) and its amidino derivative (10s~ ~tr: more dive

______-  - -- - - - -. _._.
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than thicnamycin  against many Gram-ncgativc organisms, including Ps.
aeruginosa. Compound (IO%), known as panipenem,  has recently been
launched in Japan as a broad spectrum, injectable antibiotic. Although
panipcnem  has better stability than imipcnem towards renal DHP-I, it is
trill extensively metabolized by this enzyme in vivu, and is therefore uacd in
a I:1 combination with N$enzoyl  fi-alanine (betamipron), an inhibitor of
renal tubular uptake which prevents nephrotoxicity [152].

(107) R - H 11091 R1 =H; R*and R3=wious  11531

(108) R = CM&W; Panipenem 13101 Rr I R2 = R3 -Me: t@rwrn

The 2pyrrolidinothiocarbapenem  series was developed further by the
Sumitomo &toup. who investigated the effects of”addiog an aminocarbonyl
group at the pyrrohdine  S’-position  [Ml. Compounds (109, R’ = R3 = H
andR’= R’ = Me) and their {3’R, S’s), (3’R, S’R), and (3’S, 5’R) isomers
were studied to determine the tf!%ct of stereochcmigtry on activity. AU were
highly active antibacterials, but the cis compounds had the better
anti-pseudomonai  activity, with the (3’S, S’s) isomer (109) being the most
active, Activity in the (3% 5’S) series was al@ dependent on the nature of
the &minocarbonyl substituent, with the dimcthyl compound b&g one of
the most active. Finally, the effect of a I&mcthyl group was invest&at@  in
comparison with (109, R’ = R’ = Me), compound (1 IO} has improved
activity against Gram-negative bacteria and-gttatly improved ratability to
DHP-1 (half-life in the presence of hog renal DHP-I was increased f’rom 16
to 310 minutes) [i53). Compound (110). known as mcropenem, is an
txtremcly potent, broad spectrum antibacterial [WJ; activity against
Gram-negative organisms is better than- that of imipencm,  whereas that
8gaiast Gram-positive organisms is slightIy worse (T&& 3.6). Meropencm
was developed jointly by Sumitomo and ICI, and has recently been
launched as a parenttral antibiotic for treatment of severe ,ba~erial
infections; unlike hnipenem,  meropencm  has sufficient stability to DHP-1 to
be us4d without co-administration of a DHP-1 inhibitor.

C-2 Hetcrocyclyi-alkylthio  carbapenems carrying a highly basic [ 1551  or
quatcruIacd  nitrogen or sulphur IlS6J are also potent antibacterial%  Studies
on these series revealed a correlation between the basicity of the C-2

.-- _ - _ ..-. . _ -- --.- -.-.- .-_e_.
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side-chain and activity against certain organisms, especially Ps. uenrginosu.
Likewise, compounds containing a quaterniscd  nitrogen or sulph,ur have
much better anti-pscudomonal  activity than the corresponding unquater-
niscd derivatives. One notable compound of this type is the triazolium
derivative (111) [lOI, 157, 158). known as biapcnem, which is currently
being dcvclopcd  by Ledtrle as a broad spectrum. DHP-I stable carbe-
pcncm. Biapcncm has better stability to DHP-I than either imipenem  or
meropenem [i59], and appears to fall bcwecn  these two antibiotics in terms
of antibacterial activity (Table 3.6).

To date, panipcncm,  meropenem, and biapcnem represent the ultimate
developments in terms of C-2 thio-substituted carbapcnems;  the latter two

T&It 3.6. COMPARATIVE 1N VITRO ANTIBACTERIAL ACTIyIT1ES FOR
tMlPENEM (71). MEROPENEM (I 10). AND BIAPENEM  (1 I I) (157)

Ulao (l&i)
.,. ,,, -_

&gani.m  In)

hni~tn Meropenem Bhpenem

-SlUph~OCOCCUl  amu(19) 0.03 0.12 0.06
(mcthicillhdtin)

Stqhykocasawcu~(27) 16 8 8
(mcth~ilio reeiant)

C.o@ae-negativc rtaphybcd(26) 0.5 2 2
Srrepl~cKlrp (20) so.008 s0.008 ~0.008
smm wJ= (20) 0.03 0.06 0.03
&wu~~/~ad&(20) L5 4 4
&ckr&hb di (241 0.03 0.25
wcbrlclkr Qp(24) 0.25 0.06 0.25
Ellk?ro&c1errpp.(24) 1 0.12 0.25
smltkal?nu~ns(22) I 0.12 2
Promia mimbll*(24) 2 0.12 2
Morgaudhl nwganff (26)

f
0.12 2

Psrrdomrrrru  aacgiMIl mxmmotta mrrlropliilh ( 13) ,128 128s
4

,128
HacmophirUr~(M)

e 2 0.12
Morardkcawwhd&(25) 0.06 s o.aM A.03
8aclerioder  /a&l& (31) 0.5 I 0.5
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derivatives also incorporating the I/?-methyl modification. Interestingly, all
these compounds contain the S-C-C-N arrangement in the G2 group, in
Common with the natural carbapcncm thicnamycin and its derivative
imipcncm.

Although thio-linked substitucnts have been the major area of study in
terms of C-2 mod&d carbapcncms,  carbon-linked substituents have also
attracted some attention. The Merck group [ 160- 162) prcparcd a number of
2-aryl carbapcncms, such as (I 12). These compounds have good anti-
bacterial activity (except against PA oeruginosa), and, more importantly,

they ohowed  better stability to DHP-1 than thicnamycin (Table 3.7). the
antibacterial potency and stability to DHP-1 were increased by addition of
a basic or quatcmiscd nitrogen substitutnt, as in (113) (7’uMe  3.7), but
anti+scudomonal  activity was still less than that of thienamycin 11631.  The
c&cts of 1& and f/3-methyl substitucnts  in thcsc 2-aryl derivatives were also
studiai 11641,  but, counter to cxpcctations,  these modifications resulted in a
reduction in both antimicrobial activity and stability to DHP-I.

T&k 3.7. %ElATfVE IN VITRO  ANTIBACTERIAL POTENCY AND DtiP-1
SUSClWTlBlUTY OF 2-ARYL+RBAPENEMS  (112) AND (I 13) IN COMPARISON

WITH ~IENAMYCIN (14) 1164) ,-
orlcvrknr  04 7h&nmn~in

Mum XIC
cJlwwnmi (02)  czkmpad (lI3)
Potenc)r

(WI
Porencv’

1.5 1.5

9” 2
20 I I

287
3.2

17 :*:
0.05 0;
0.4 0.02
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Variously substituted 20t&y1 carbapenems  have also been investigated.
Fujimoto et al. [16q prepared dcthiathienamycin and found it to be about
half as potent as thienamycin. Merck workers (1661 prepared a number of
2-(O-functionaliz.cd methyl)-l/I-methyl- carbapenems; the earbamate (I 14)
is the most active of these and exceeds the activity of thienamycin against
most organisms, except Ps. uerggi~osu.  Tbc Shionogi group [167, 1681
prepared a series of 2-(S-functional&d methyl) derivatives, and ICI
Pharma [169] prepared a series of2+!-functionalised methyl) carbapenuns;
the 4-pyridinium  compounds (115) and (116) were the best antibacterials  in
these series, although, like the CLfimctionalizcd-methyl compounds, they
had weaker anti-pseudomonal  activity than imipeaem. Scientists at
Shionogi [170] also prepared 2-(N-functionaliscd  methyl)- and Z-(N-
functionalised vinyl)-carbapenems  containing a quaternised nitrogen rub-
stituent. Compounds (117) and (I 18) have the best activity, being similar to
imipenem. including activity against Ps. oemginosu.

(114) (116)  XPS
(116) X - N H

Carbapenems with carbon-linked substituents  at C-2 have not rcc&ved
the same attention as those with a C-2 sulphur-linked substituent.
Nevcttheless, work in this series has resulted in compoun& with.
broad-spectrum activity cornparable  to sulphur-linked derivatives such as
imipenem. An advance over the sulphur-finked  compounds is provided by
the 2-aryl carbapenems  which bave good atability to DHP-I without the
addition of a I/-methyl group.

__  . _ ..----  --  ___--__-  ---w-w-  .- -__  -..
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TRI- AND TETRACYCLIC  CARBAPENEMS

A natural progression from carbapcncms  carrying carbon-linked substitu-
ents at C-1 and C-2 was to join these 8tOUpS together so as to form a further
ring structure. Glaxo scientisis [I 711 have described  a series of such tricydic
carbapcncm structure, known as tribactams. Compound (119),  GV 104326,

(121)  GV 11881B

w3) x=s

was found to be substantially mom active than its C-4 and C-8
sbrcuisomcrs,  and, in tetms of its overaIl antibacterial activity and stability
to DHP-1, WBB  also preferred to its analogues (120) [J72]. This tibaum
has broad-spectrum activity (cxcludin8 Ps. czm@rmm) (Table 3.8) and is
completely stable to DHP-1; its hcxetil prodrug  c&r (1211,  GV 118819, is
orally absorbed in mice (bioavailability of C3V 104326 = 77%) and shows
good efficacy in murine infaction mod& (1741. Recently, the pharmaooki-
nctks of GV 104326 have been dctennioed following  single intcavenow  and
oral (as its prodrug GV 118819)administration  inman [175].  The kincticoof
C3V 104326 were linear up to doses of I g (ix) and 0.5 g @.o.), on1
bioavailability was about #t, and the compound was weI! tolerated in both
studies.

Scientists at Hmhst  [I 76] and Bayer 1177)  prepared a number of
tetracyclic carbapenems, and found that, as in the tribactams,  the
/?-stcrcochanistry is required at the carbapencm C-l position for optimal
a.ntibauerid adivity.  Compounda  (122) and (123) arc two of the more

___._______....__  -__  _._._..  -__-  ---  _I-------A-  -__.  _
--  . - -_  _ -
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active members of this series, and show good activity against Gram-positive
bacteria, but only moderate activity against Gram-negative organisms and
no activity against Ps. uenrginosa.  3%~ pivaloyloxymethyl ester of (123) was
oratly absobcd  in mice 1177).

Tti- and tetra-cyclic structures are an interesting development in the area
of non-natural carbapenemc. These compounds have good stability to
DHP-I, but to date have not shown the potent, truly broad-spectrum
activity that distinguishes carbapcnems such as imipeaem and mcropenem.
However, the demonstration of good oral absorption by way of-pro-drug
esters is a notable advance.

CLINICAL AND COMMERCIAL ASPECTS

Sina its introduction into clinical use in 1985, the imipenem-cilastatin
combination (Primaxin) has largely lived up lo its initial promise. Imipenem
has the broadest spectrum of antibacterial activity of all antibiotics

Table 3.8. COMPARATIVE IN VITRO ANTIBACTERIAL ACXlVITlES  FOR
lMIPENEM(7l)AND~~I~~~~M~V~tM326(IiP)[l73)

organism iu)

StcyhyJwm  aureus (27)
(0WhkiNin  seositive)

Sl&ybaocdu weut (15)
(m#hidlin  mdmnf}

SfnpIJ~ epiriermid~ (12)
stteptaccccut  pyotmu (9)
slrept~~pruumanbe (1 I )
&ter~int/arcdir (10)
Ederkhia coJt (10)
KfebdetIu~e (11)
IhterdMuter  clorwr (IO)
Strati0 nwtcuceus (I 0)
Prcrelu  mfrdulr (1 I)
Prarau w&wit (9)
Morgaeda morgonli (11)
HacmqhhTly%rrrwr(l1)
U&iIm para&.tIwnzuc (7)

MJG0 hdU

Jmipem (711

SO.015

4

50.015
0.003
0.003

:25
015
1

~32
4
8
4
I
I

GY 104326 (I JP)

0.12

16

mm
0.015
0.007
4
0.5
2
2

16
2
I
4
0.25
I

-I__---.  ----e-v  - . . . . --_ .-
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available for systemic use in humans. It is used as initial monotherapy of a
variety of moderate to severe inf&ionsq  with a clear rck in empirical
treatment of mixed infection. Administration is generaliy in MOmg to
75CJmg  intravenous doses every 6 hours. The daily cost of idpcncm is 0~
of the highest of the currently availabk parentcral antibiotics, although this
is approximately the same us that of most double-antibiotic regimens and
less than that of most conventional triple-antibiotic regimens. In 1993,
Primaxin was the tOth best selling antibiotic worldwide and the total
audited saks excetdcd &277 million [l78].

lmipcncm is not, however, without its drawbacks. The most common
adverse eRizcts arc nausea and vomiting, which are often associated with
over-rapid intravenous infusion, and seizures, the incidence of which is
unacaptably high for patients with underlying neurological disease or
impaired renal function. lmipem is not recommended for therapy of
meningitis. Another shortcoming of imipencm is in the treatment of
infections involving PJ. ueruginosa, where din&l failures have occurred as
a result of development of resistance (Le. selection of insensitive strains)
during therapy.

Meropenan  addresses at least some of these deficicncics,  It is reported to
be less epileptogenic  than imipcnem and has better activity against Ps-
actuginusa [154]. Imipencm is a powerful inducer of cbromosomal
&actamase, and moderate level resistance in Ps. uen@osu has been
attributed to slow hydrolysis by /i-lactamasc combined with reduced
permeability; the overall result of this being that, at therapeutic concentra-
tions, insticient  number of mokcules reach the target PBR 11791.
Mcropcmm, being a poorer inducer of #-lactamasc, is subject to less
hydrolysis in strains with reduced pcrmcabihty.  and is thus bcttcr able to
combat moderately imipencm-resistant  pseudomonas. Highly imipcncm-
resistant Ps. aert@o.ta, however, are also highly resistant to mcropcnem.

Although imipcncm and meropcnem  are resistant to most scrinc
B-lactamases, they arc subject to rapid hydrolysis by a number of badcrial
zinc metallo-&la&mast cnxymw. Such enzymes have been found in
Xitnrhamanus malrophilo, Aeromunas hydrophifa, and Btzcteroidcj  jirug~fis
(1 So]. All strains of Xanthomonas maltophikl produce a metsho-&lactamase.
and arc CQDSCqUCDtiy resistant to carbapcncms.  The possible emergeace  of
further strains which produce carbapcnem-hydrolysing enqmes rcprcscnts
a potentiaf threat to the future use of these otherwise extremely potent
atltibiotics.

_ . _ _ . . _. ..^.. __
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SUMMARY

The discovery of the divanic acids and thienamycin aroused considerable
interest amongst medicinal chemists and microbiologists around the world,
The rusceptibility  of these agents to metabolic degradation has, however,
been a major obstacle in their development. For many years the only
notabk success from such intensive rescaroh was the combination of
imipcncm with +statin, an inhibitor of thu renal dipcptidase enzyme
DHP-1. The enormous cucr%s Of Primaxin for the treatment of a range of
IifGthreatening bacterial infections provided  the impetus for the discovery
of totally synthetic, non-natural carbapenem derivatives that combine the
broad spectrum of antimicrobial activity with stability to enzymatic
degradation. This has indeed been realised in the development of
mcropeaem; it possesses the broad spectrum of activity and resistance to
fl-lactamascs that arc embodied in imipencm as welt as displaying increased
stability to human dchydropeptidascs.

Most recent research has focused upon the development of carbapenem
antibiotics which combine broad spectrum antimicrobial activity and
metabolic stability with oral absorption, for the treatment of eommunity-
acquired infections. Indeed, the pro-drug esters of the trkyclic  carbapencms
represent the first significanl advance in this respect.

However, the increased use of carbapcncm antibiotics would undoubt-
edly aooeleratc the erncrge~x  of oarbapenem-hydrolysing eozyrnes. 7%~
ultimate challenge could therefore IX the design and synthesis of
oarbapcnem d&vat&s that are resistant to these met&o-&lactamascs.

Due to the taormous probkms encountered in the development of tbc
carbapcnem antibiotics, this arca of research has, in the past, been described
as a battlefield that did not bode well for the future [lSl]. Primaxin  and
meropenem proved however that these problems were not insurmountable,
and are therefore a testimony to the persistence and dedication of those
scientists in their war against bacterial infeotion.
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