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1. A compound of the formula

R
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d R3
COOH

in which
Rl is hydrogen or C1-6 alkyl;
nis 0, 1 or 2;

3

R” is hydrogen or C,_g alkyl;
R2 is
]
Cl-6 alkyl,

phenyl optionally substituted with cyano, -CONH,,
-CH20H, -CHZNHZ, -CONHNI-I2 or with up to 5 halogen
atoms, Cl_6 alkyl or C1-6 alkyloxy groups,

phenyimethyl optionally subs-ituted with up to 5
nalogen atoms, C1-6 alkyl or C1~6 alkyloxy groups



(11) AU-B-85950/91 .
(10) 636249
on the phenyl
ring, or
a radical represented by the formula

~(CH2)p-X

in which p is 0 or 1; X is five-membered aromatic
heterocyclic ring containing up to 1 sulfur, 1
oxygen or 4 nitrogen atoms, optionally substituted

with a Cl-6 alkyl group,; or six-membered aromatic
heterocjlic ring containing up to 4 nitrogen atoms,

optionally substituted with a C alkyl group.

1-6

or a non-toxic pharmaceutically acceptable salt,
physiologically hydrelyzable ester or solvate thereof.
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BACKGROUND OF THE INVENTION

1. Field of the Invention

- The present invention relates to novel orally
bioavailable carbapenem antibiotics having a dithioacetal
moiety in the 3-position and non-toxic pharmaceutically
acceptable salts thereof. The carbapenems of the instant
invention have been found to have antimicrobial activity.
Therefore, the present carbapenem antibiotics and
pharmaceutical compositions thereof are useful in the
treatment of antibacterial infections in humans and other
animals, either alone or in combination with other
antibiotics.

Also disclosed herein are processes for the preparation of

said carbapenem antibiotics and to certain novel
intermediates.

2. Nomenclature

The terminology for compounds of this class may either
be based upon the root name "carbapenem" which employs a
trivial system of nomenclature or on the systematic name
according to Chemical Abstracts. In the present
application, the positions are numbered according to the
Chemical Abstract system, for example,
3-R3-4-R2-6-R1—7-oxo-1-azabicyclo(3.2‘Olhept-z-ene-z—
carbexylic acid as shown in the following formula



The term "carbapenem", as used herein as a class of
compounds, is intended to be used interchangeably with the
name 7-oxo-l-azabicyclo[3.2.0]hept-2-ene-2~carboxylic acid.
However, in all instances, the numbering system employed

will be the numbering system according to Chemical Abstracts
as illustrated above.

3. Disclosure Statement

A great number of carbapenem antibiotics are known in
the art. This class of antibiotics is typefied by
thienamycin (U.S. Pat. No. 3,950,357 issued April 13, 1976
to Kahan et al.) which was first isolated from fermentation
and exhibits a broad spectrum of antibiotic activity.
Imipenem (U.S. Pat. No. 4,194,047 issued March 18, 1980 to
Christensen et al.), a chemically more stable derivative of
thienamycin, was subsequently develcpeu.

//lmw thienamycin ; R =H

)~ —CHaCH,NHR

imipenem ; R = CH=NH



More recent developments include 3-(substituted
thio)-4-methylcarbapenems of formula II which is disclosed
in Shih et al., Heterocycles, 21, 29-40 (1984).

OH CHy

NH
.
7, \ .
/ s\/Lra(cu,)z

47r—N
COOH

II

U.S. Patent 4,683,301 issued on Jul. 28, 1987 to Choung
relates, inter alia, to carbapenems of formula III

OH
)’I/,I/ R'o
+
647 Nt
CooR?
ITI

0 1

and R1 each is substitued or unsubstitued

alkyl, cycloalkyl, phenyl or taken together constitute C
alkylidene.

in which R1

5-6

U.S. Patent No. 4,880,922, issued on Nov. 14, 1989 to
Dextraze, relates to carbapenems of the formula



OH R

+
6
L/ S-(CHe)nS—CN R
4

COQH

in which R is hydrogen or alkyvl, R6 is C alkyl;

1-6 n is 1 to
3 and

Cx

represents an aromatic 5- or 6- membered N-containing

heterocyclic ring containing 0-3 additional hetero atoms

selected from O, S or N, said aromatic ring being optionally

substituted at available ring carbon or nitrogen atoms by
01_4 substituents, and said ring being attached to S through
a ring carbon atoms and having a ring nitrogen which is
quaternized by the group R6.

European Patent Applications Nos. 169,410 and 168,707
both published on July 2, 1984 disclose a broad class of
carbapenems among which are compounds of the formula
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in which R is hydrogen or methyl.
Another relevant art of the instant invention can be
‘ found in Sato et al., in The Journal of Antibiotics, 40, 4,

pp 483-495 (1987) in which carbapenems of the following
structures are disclosed
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Despite general improvements in stability and spectrum
of antibiotic activity of carbapenems since imipenem and
thicnamycin, there is still no reports of carbapenems having
any significant oral bioavailability and oral activity. To
our great surprise, certain dithiocacetal and dithioketal
carbapenems of the invention have shown signifiéant oral
biocavailability and oral antibiotic activity. Thus, it is
the object of the present application to provide a novel
class of carbapenms which have been discovered to have the
unexpected properties in addition to potent in wvitro
antimicrobial activity. Thus, the compounds of the present
invention are greatly useful in the treatment of infectious
diseases in humans and other animals.



a0 @
r »

Yes ¢

LA ]
N
L J
-

L]
Voo
‘ *
[] )
L]
[ e ]
Sow
o 00
]
a9y 80
L] L]

SUMMARY OF THE INVENTION

The present invention provides novel 3-dithioacetal
substituted carbapenem antibiotics having the formula

OH Rl

//!%W <2>;
L__ S SR 1D
i

COOH

in which
R1 is hydrogen or C1-6 alkyl;

nis 0, 1 or 2;
R3 is hydrogen or 01_6 alkyl;
R2 is
Cl-s alkyl,
phenyl optionally substituted with cyano, =CONH

2!
-CHon, -CHZNHZ' -CONHNH2 or with up to 5 halogen

1-6 alkyl or Cl-s alkyloxy groups,
phenylmethyl optionally substituted with up to 5

atoms, C

halogen atoms, Cl-6 alkyl or C1-6 alkyloxy groups
on the phenyl ring, or

a radical represented by the formula

- (CH,) =X



in which p is O or 1; ¥ is five-membered

aromatic heterocyclic 1'ing containing up to 1
sulfur, 1 oxygen or 4 nitrogen atoms, optionally
substituted with a Cl-6 alkyl group,  or
six-membered aromatic heterocylic ring containing
up to 4 nitrogen atoms, optionally substituted
with a C1-6 alkyl group.

In another aspect, this invehtion relates to compounds
of formula I and their non-toxic pharmaceutically acceptable
salts, physiologically hydrolyzable esters or solvates.

Representativé carbapenems of this invention were
seleéted for testing and were shown to display potent
antimicrobial activity and unexpected oral bioavailability.
Thus, furtlier aspects of the invention are pharmaceutical
compositions'comprising said carbapenem antibiotics-and to
methods of treatment comprising administering said
carbapenem antibiotics or pharmaceutical compositions
thereof.

DETAILED DESCRIPTION OF THE INVENTION

The present invention provides novel 3-dithioacetal
substituted carbapenem antibiotics having the formula

R
//L%W <g>n
S

SR@ (1)




in which Rl, R2, R3 and n are as defined above.

More preferred compounds of formula I are those in

which R1 is hydrngen or methyl; n is O or 1; R3

is hydrogen
or 01_6 alkyl; R2 is C1-6 alkyl, phenyl optionally
substituted with cyano, -COZNHZ, -CHZOH, -CHzNHz, -CONHNH2
or with up to 5 halogen atoms or C1—6 alkyl groups,
phenylmethyl optionally substituted with up to 5 halogen
atoms or Cl_6 alkyl groups on the phenyl ring, or a radical

represented by the formula
-(CHZ)p-X

in which p is 0 or 1; X is pyridyl, furyl or a radical of
the formulae .

=y P
/k\’)\CHg and [\lj/
CH4

in which Y is sulfur or oxygen;

The present application also pro&ides useful
intermediates and processes for the preparation of compounds
«f formula I and their intermediates.

In the above definition of the compounds represented by
formula I, C1_6 alkyl refers to straight and branched chain
alkyl groups such as methyl, ethyl, n-propyl, isopropyl,
n-butyl, n-penptyl, n-hexyl, 3-methylpentyl, and like alkyl

- 10 -



groups; phenyl substituted with up to 5 halogen atoms or

C1-6 alkyl groups refers to groups such as
2,3,4,5,6-hexafluorophenyl, 2-fluoro-3-methylphenyl,
2-ethyl-3-methylphenyl, 4-methylphenyl,
4-bromo~3-chloro-5-methylphenyl, 4-t-butylphenyl,
3,5-dichlorophenyl, and like groupé, five-membered aromatic
heterocyclic ring containing up to 1 sulfur, 1 oxygen or 4
nitrogen atoms refers to groups such as thienyl, furyl,
pyrrolyl, imidazolyl, pyrazolyl, thiazolyl, isothiazolyl,

0... oxazolyl, isoxazolyl. triazolyl, thiadiazolyl, oxadiazolyl,

oot tetrazolyl, thiatriazolyl, oxatriazolyl, and like rings;

tes o six-membered { -omatic heterocyclic ring containing up to 4
‘:30: nitrogen atoms refers to such aromatic rings as pyridyl,
et pyrimidyl, pyrazinyl, pyridazinyl, triazinyl, tetrazinyl,
::-:. and like rings; halogen refers to iodo, chloro, fluoro, or
©t bromo.

The term "non-toxic pharmaceutically acceptable salt"
as used herein and in the claims is intended to include

non-toxic acid and base salts, and salts of zwitterionic

ceee species. Salts with a base is intended to include inorganic
feltl metallic salts such as sodium, potassium, calcium and

cees magnesium, the ammonium salt, and salts with non-toxic
ﬂ": amines such as trialkylamines, pyridine, picoline,

el dibenzyls .1ne, ethanolamine, N-methylmorpholine and other

. 5o amines which have been used to form salts of carboxylic

acids. Salts with an acid is intended to include inoxganic
¢ "% acid salts such as hydrochloride, hydrobromide, hydroiodide,
sulfate, phosphate, and the like, and organic acid salts
such as formate, acetate, maleate, citrate, succinate,
ascorbate, lactate, fumarate and tartrate which have been
used to form salts of basic amines.

The physiologically hydrolyzable esters serve as
prcdrugs by being hydrolyzed in the body to yield the

- 11 -
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antibiotic per se. They are preferably administered orally
since hydrolysis in many instances occurs principally under
the influence of the digestive enzymes. Parenteral
administration may be used where the ester per se is active,
or in those instances where hydrolysis occurs in the blood.
Examples of physiologically hydrolyzable esters of
compounds of formula I include cl—6 alkyl, benzyl,
4-methoxybenzyl, indanyl, phthalidyl, methoxymethyl, C1-6
alkanoyloxy(cl_s)alkyl, e.g. acetoxymethyl,
pivaloyloxymethyl or propionyloxymethyl, C1-6
alkoxycarbonylbxy(cl_é)alkyl, e.g. methoxycarbonyloxymethyl
or ethoxycarbonyloxymethyl, glycyloxymethyl,
phenylglycyloxymethyl, (5-methyl-2-
-0oxo-1,3-dioxolen-4-yl)methyl and other physiologically
hydrolyzable esters known and used in the penicillin and
cephalosporin arts. Such esters are prepared by
conventional techniques known in the art.

The compounds of the present invention have several
asymmetric carbon atoms and can thus exist in several
stereochemical forms. The invention incliides the mixture of
isomers and the individual stereoisomers. The most
preferred compounds of formula I have the 4R, 5S, 6S
configuration on the l-azabicyclo{3.2.0]heptane ring
structure. In addition, the 3-substituents may contain an
asymmetric carbon atom and/or sulfinyl group which exists in
either the R or S configuration. It is intended that both
the R and S isomers of the 3-substituents are included in
the present invention, for example, the R and S isomers of
3-([[(p-chlorophenyl)sulfinyl]lmethyl]}thio],
3-[[{{{(pyridin-3-yl)methyl}sulfinyllmethyl]thio],
3-{[(methylsulfinyl)methyl]lthiol and
3-[[1l-(methylthio)ethyl]thio] substituents.

The novel carbapenem derivatives of general formula I

- 12 -



or the pharmaceutically acc ptable salts thereof, are potent
antibiotics active against various gram-positive and
gram-negative bacteria and they may be used, for example,
as animal feed additives for promotion of growth, as
preservatives in food, as bactericides in industrial
applications, for example in waterbased paint and in the
white water of paper mills to inhibit the growth of harmful
bacteria and as disinfectants for destroying or inhibiting
the growth of harmful bacteria on medical and dental
eguipment. They are especially useful, however, .n the
treatment of infectious disease in humans and other animals
caused by gram-positive or gram-negative bacteria.

The phrimaceutically active compounds of this invention
may be used alone or formulated as pharmaceutical
compositions comprising, in addition to the active
carbapenem ingredient, a pharmacgutically acceptable carrier
or diluent. The compounds may be administered by a variety
of means; those of principal interest include orally,
topically or.parenterally (intravenous or intramuscrhilar
injection). The pharmaceutical compositions may be in solid
form such as capsules, tablets, powders, etc. or in liquid
form such as solutions, suspensions or emulsions.
Compositions for injection, the preferred route of delivery,
may be prepared in unit dose form in ampules or in multidose
containers and may contain formulatory agents such as
suspending, stabilizing and dispersing agents. The
compositions may be in ready to use form or in powder form
for reconstitution at the time of delivery with a suitable
vehicle such as sterile water.

The dosage to be administered depends to a large extent
on the particular compound being used, the particular
composition formulated, the route of administration, the
nature and condition of the host and the particular situs

- 13 -



and organism being treated. Selection of the particular
preferred dosage and route of application, then, is left to
the discretion of the physician. In general, however, the
compounds may be administered parenterally or orally to
mammalian hosts in an amount of from about 5 to 200
mg/kg/day. Administration is generally carried out in
divided doses, e.g. three to four times a day.

The carbapenem compounds of formula I may be prepared
by alkylating an intermediate represented by formula IV with
an alkyating agent V, as shown in Scheme A.

Scheme A
/i” RY OH R:
st RE-S ’ PN
+
{/ 7 Ra}—ﬂ &7
CQOR Step 1 QgoR R
IV v 2!
oH Rl
OH Rl /J 0
", (@)"‘
[ —— h,,, 2 / S Sna
R
Step 2 L) s — Vi \T/
d// Step 3 gor? R?
oor? RI

I))
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2, R3 and n represent groups as

In the scheme, R, R
previcusly defined. M+ is a metal cation or hydrogen, a
preferred metal cation being silver. When M is hydrogen,
Step 1 can be effected in the presence of an amine base; a
preferred amine base being tri(Cl_6)alkyl amine, a more
préferred base being diisopropylethyl amine. In formula V, Q
represents a leaving groups such as iodo, bromo or chloro.

In formulas IV and VI, R7 is a conventional carboxy
protecting group. Conventional carboxy-protecting groups
which can be employed in the present invention to block or
proﬁect the carboxylic acid function are well-known to those
skilled in the art and, preferably, said groups can be
removed, if desired, by methods which do not result in any
appreciable destruction of the remaining portion of the
molecule, for example, by chemical or enzymatic hydrolysis,
treatment with chemical reducing agents under mild
conditions, irradiation with ultraviolet light or catalytic
hydrogenation. Examples of such readily removable
carboxy-protecting groups include moieties such as C1-6
alkyl, 2-naphthylmethyl, 4-pyridylmethyl, phenacyl,
acetonyl, 2,2,2-trichloroethyl, silyl such as trimethylsilyl
and t-butyldimethylsilyl, phenyl, ring substituted phenyl,
e.g., 4-chlorophenyl, tolyl, and t-butylphenyl,
phenyl(cl_s)alkyl, ring substituted phenyl(Cl_e)alkyl, e.g.,
benzyl, 4-methoxybenzyl, 4-nitrobenzyl (p-nitrobenzyl),
2~nitrobenzyl, benzyhydryl and trityl, methoxymethyl,
2,2,2-trichloroethoxycarbonyl, benzyloxymethyl, C1—6
alkanoyloxy(cl_e)alkyl such as acetoxymethyl,
propionyloxymethyl, 02-6 alkenyl such as vinyl and allyl.
Particularly advantageous carboxy protecting groups are
benzyl, 4-nitrobenzyl, 2-nitrobenzyl, 2,4-dimethoxybenzyl,

- 15 -
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4-methoxybenzyl, allyl and substituted allyl. Other
suitable carboxy protecting groups are disclosed in
"Protective Groups in Organic Synthesis", Theodora W. Greene
(John Wiley & Sons, 1981), Chapter 5.

In formlas V and VI, R8 is C1—6 alkyl; phenylmethyl
optionally substituted with up to 5 halogen atoms, cl~6
alkyloxy or Cl-6 alkyl groups on the phenyl ring; phenyl
optionally substituted with cyano, -CONHZ or with up to 5
halogen atoms, c1—6 alkyl or 01_6 alkyloxy groups; a radical

of the formula

B

"in which B represents a functional group which can be

converted into -CHZOH, -CH2NH2 or -CONHNHZ; or a radical of
the formula

-(CHz)p-X

wherein p and X are as defined above.
The conversion of a group B into the desired radicals
is preferably effected concurrently with the removal of a
carboxy protecting group R7 in Step 2. For example, when R7
is p-nitrobenzyl radical, the removal can be achieved by
catalytic hydrogenolysis. Particularly convenient precursors
to the groups -CHZOH, -CHZNH2 and -CONHNF' which can be
converted during the hydrogenolysis are -CHZOCOZPNB, ~-CH,N

273
and —CONHNHCOzPNB, respectively.

- 16 -
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In formulas I' and 1", R? is hydrogen or a cation of

base salt. For example when the removal of a protecting
group R7 is done in the presence of sodium or potassium
cation, R9 becomes sodium or potassium, respectively. If
desired, a sulfur atom can be oxidized to a sulfinyl or
sulfonyl group in Step 3 by a well developped technique‘in
the art.

The common intermediates represented by formula IV in
Scheme A in which M+ is Ag+ and hydrogen can be prepared by
reaction sequences shown in Scheme B and Scheme C,

respectively.

- 17 -



Scheme B
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In Schemes B and C, R1 and R9 are as defined previously. The

conversion of a compound of formula VII to a compound of
furmula VIII can be conveniently carried out with ClPO(OPh)2
and DIPEA. The radical -OPO(OPh)z, which is a leaving
group, is displaced with tetrahydropyran-2-yl mercaptan or
TrSH in the presence of base such as DIPEA. Alternatively,
the radical -OPO(OPh)2 is displaced with LiSH. The
sulfur-carbon bonds in compounds of formulas X and IX are
cleaved with AgNO3.

The specific examples which follow illustrate the
synthetic steps shown in Schemes A, B and C and are not to
be construed as limiting the invention in sphere or scope.
The methods disclosed may be adopted to variations in order
to produce compounds embraced by this invention but not
specifically disclosed. Furthermore, variations of the
methods to produce the same compounds in somewhat different
fashion will also be evident to one skilled in the art.

The abbreviations used herein are conventional
abbreviations well-known to those in the art. Some which are
included below.

- 19 -
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Abbreviations

min : minute(s)

h : hour(s)

DIPEA : N,N-diisopropylethylamine (or more
commonly as diisopropylethylamine)

THF : tetrahydrofuran

Ph or ¢ : phenyl

THP : tetrahydropyran

PNB : p-nitrobenzyl

Pd/C : palladium on carbon

ether : diethyl &ather

DMF : dimethylformamide

trityl or Tr : triphenylmethyl

DMAP : 4~-dimethylaminopyridine

psi : pounds per square inch

eq. : equivalent(s)

Ar : aryl

R.T. or rt : room temperature

Description of Specific Embodiments

All temperatures are understood to be in Centigrade
(C) when not specified. The nuclear maynetic resonance
(NMR) spectral characteristics refer to chemical shifts (6)
expressed in parts per million (ppm) versus
tetramethylsilane (TMS) as reference standard. The relative
area reported for the various shifts in the proton NMR
spectral data corresponds to the number of hydrogen atoms of
a particular functional type in the molecuie. The nature of
the shifts as to multiplicity is reportr . s broad singlet
(bs), kroad doublet (bd), broad triple: .}, broad quartet

- 20 -
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(bg), singlet (s), multiplet (m), doublet (d), quartet (q),
triplet (t), doublet of doublet (dd), doublet of triplet
(dt), and doublet of quartet (dg). The solvents employed for
taking NMR spectra are DMSO-d6 (perdeuterodimethysulfoxide),
D20 (deuterated water), CDCl3 (deuterochloroform) and other
conventional deuterated solvents. The iufrared (IR)
spectral description include only absorption wave numbers
(cm-l) having functional group identification wvalue.

Celite is a registered trademark of the Johns-Manville

Products Corporation for diatomaceous earth.
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Example 1

p-Nitrobenzyl (4R,55,65)-6-[1'(R,-hydroxyethyl]-4-
methyl-3-silver mercapto-7-oxo-l-azabicyclo[3.2.0]lhept-2-

ene-2-carboxylate

s Method I

* o.\o Step A.

p-Nitroberizyl (4R,5S,6S)=-6-[1'(R)-hydroxyethyl]-4-
methyl-3-[ (tetrahydropyran-2-yl)thio]-7-oxo-1l-azabicyclo-
[3.2.0]hept~-2-ene-2-carboxylate

OH CHy

et /] )
A
Ve v,
2o 0 ////"/ i S
ll‘_; — 0 ————i N /) 0

4

0

e
o
ol

0, PNE CO, PNB

A cold (ice-MeOH bath) solution of p-nitrobenzyl (2R,
4R,55,6S)-6-[1' (R)=-hydroxyethyl]-4-methyl-3,7-dioxo-1~
azabicyclo([3.2.0lheptan-2-carboxylate (41.33 g, 114.2 mmol)
in dry CH3CN (300 mL) was treated dropwise with ClPO(OgZ)2
(27.4 mL, 131 mmol) and with DIPEA (24.0 mL, 137 mmol). The
mixture was stirred for 30 min to allow the formation of
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enol phosphate, which was then treated dropwise with
tetrahydropyran-2-yl mercaptan (15 mL, 137 mmol) and with
DIPEA (25 mL, 143 mmol). The mixture was then stirred for
1.5 h (-5°C-0°C), treated again with more thiol (3.7 mL, 34
mmol) and DIPEA (6 mL, 34 mmol), and left at -20°C for 18 h.
It was diluted with ice cold HZO (600 mL) and extracted with
EtOAc (3 x 400 mL). The ethyl acetate extracts were
combined, washed with cold 1IN HCl (400 mL), cold HZO (400
mL), cold 1M aqueous NaHCO:3 (400 mL), cold brine (400 mL),
dried (MgSOQ), and treated with neutral activated charcoal.
The residue obtained upon solvent evaporation was diluted
with EtOAc (70 mL) and with petroleum ether (750 mL) to
allow the precipitation of the title material. This process
was repeated twice to give the pure desired material (54.:
g, 100%).

IR (CH,Cl,) v L
(C=0);

1H NM2 (CDCla, 200 MHé) 6: 8.22, 8.15 (ZH, m, PNB-H),
7.67-7.6 (2H, m, PNB-E), 5.5, 5.45, 5,25, 5,17 (2H, ABRg, J =
14 Hz, CHZ-PNB),_4.3-4.2 (1, m, H-1'), 4.2 (1H, dd, J = 2.7
Hz, J = 6.2 Hz, H-5), 4.15-3.9 (1H, m, H-2 THP), 3.75-3.4
(3H, m, H-4 and CHZO), 3.05 (1H, dd, J§ = 2.7 Hz, H-6),
2.0-1.5 (7H, m, OH, (CH,);), 1.37 (3H, 4, J = 6.3 Hz, CH,),
1.29 ppm (3H, 4, J = 7.3 Hz, CH3).

ayx! 3600-3400 (OH), 1770 and 1715 cm’

Step B.
p-Nitrobenzyl (4R,5S,6S)-6-[1'(R)~hydroxyethyl]-4-

methyl-3-silver mercapto-7-oxo-l-azabicyclo{3.2.0)hept-2-
ene-2-carboxylate

_23-



A cold (ice bath) solution of p-nitrobenzyl (4R,5S,6S)-
6-[1'(R)-hydroxyethyl]-4-methyl-3-( (tetrahydropyran-
2-yl)thio]-7-oxo-1l-azabicyclo(3.2.0Jhept-2-ene-2-carboxylate
(52.7 g, 114 mmol) in dry CH3CN (250 mL) was treated with a
cold solution of AgNO3 (29.3 g, 171 mmol) in MeOH (250 mL)
and pyridine (13.8 mL, 171 mmol). The resulting mixture was
stirred for 30 min and then poured into a vigorously stirred
ice water (500 mL). The solid was filtered and triturated
with cold Hzo‘(SOO mL). This solid was agajn collected by
filtration, washed with cold water (500 mL), ether (2 x 500
mL), and dried to give the title material as a solid (S5 g,

99.5%) .

IR (NMujol) v
1520 cm * (NO,) .

max 3700-3200 (OH), 1775, 1670 (C=0) and

Method II
St.p A.
p-Nitrobenzyl (4R,5S,6S)-6-[1'(R)-hydroxyethyl]-4~

methyl-3-[ (triphenylmethyl)thio]-7~oxo-1l~azakicyclo-
(3.2.0]hept-2-ene-2-carboxylate
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0
3 oK CHy

4 CH
//I//,( /!/,’/I//
L/ QPO(0Ph), . / STr
4 He
¢ 174

704PNB Co,PNB

A cold (ice bath) solution of p;nitrobenzyl (4R,5S8,6S8) -
3-diphenoxophosphorousoxy-6-(1'(R)-hydroxyethyl]-4-
methyl«7-oxo-1l-azabicyclo(3.2.0hept-2-ene-2-carboxylate
(4.8 g, 9.6 mmol) in DMF (50 mL) was treated with TrSH (7.96

*% g, 28.8 mmol) and dropwise with DIPEA (5.1 mL, 29.0 mmol)

o oo 1nd stirred for 30 min. The ice bath was removed, and the

mixture was stirred ifor 48 h after which it was diluted with

e ice water (50 mL). The aqueous mixture was extracted with a
vee o 1/1 mixture of Etdhc/ether (4 x 20 mL). The organic layers
f-::- were combii.ed, washed with cold H20 (3 x 50 mL) and dried

(MgSO4). The residue was passed through a pad'or silica gel
125 ¢ of silica; firsc eluted with CH,Cl, followed
succegsively by 5%, 10% and 15% EtOAc/CHZClz) to give the

teeens title material (1.15 g, 19%).

IR (CR)CL,) vyg,: 3600, 3300 (OR), 1775, 1730 (c=0)
-'":. and 1520 cm (NOZ);
9. 'H MMR (CDC1,, 200 MHz) 6: 8.27-8.02 (2H, m, PNB-H),

7.60-7.4 (2H, m, ®NB-H), 7.4-7.1 (15H, m, trityl H), 5.52,
. 5.35, 5.18, 5.00 (2H, ABq, J = 13.8 Hz, CH,), 4.25-3.9 (1H,

m, 4-1'), 3.57 (1H, dd, J = 2.5 Hz, J = 8.9 Hz, H-5), 3.07
(1H, dd, J = 2.5 Hz, J = 7.2 dz, H-6), 2.7-2.25 (1H, m,
H-4), 1.70 (1§, bs, OH), 1.26 (3H, d, J = 6.2 Hz, CH,), 0.98
ppm (3%, d, J = 7.1 Hz, CH,).

.
Csoave
° L]

Step B.

p-Nitrobenzyl (4R,5S,6S)-6-(1'(R)-hydroxyethyl]-
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4-methyl-3-silver mercapto-7-oxo-l-azabicyclo[3.2.0]hept-
2-ene-2-carboxylate

OH CHy oK CHy
/] K2 /] "y,
L/ STt ——> / SAg
7 v
0 0
CO,PNB CO,PN3

A cold (ice bath) solution of p-nitrobenzyl
(4R,5S,6S)-6-[1' (R)-hydroxyethyl]-4-methyl-3-[ (triphenyl-
methyl)thio]-7-oxo-1-azabicyclo[3.2.0}hept-2-ene-
2-carboxylate (842 mg, 1.36 mmol) in anhydrous CHBCN (5 mL)
was treated dropwise with AqNO3 (345 mg, 2.03 mmol) in MeOH
(5 mL) and pyridine (0.16 mL, 2.03 mmol). After the
addition, the mixture was stirred for 1.5 h at 5°C and then
diluted with cold HZO (10 mL) and stirred for 5 more min.
The solid was collected by filtration, washed with cold HZO
(2 ®x 20 mL), ether (2 x 20 mL), and dried under high vacuum
to give the title material (604 mg, 92%) as a pale brown
solid.

IR (Nujol) Vnax’ 3650~3200 (OH), 1760, 1670 (C=0) and
1520 cn™t (NO,) .

Example 2

Allyl (4R,5S,6S)-6-[1'(R)-hydroxiethyl]-4-methyl-3-silver
mercapto-7-oxo-l-azabicyclo[3.2.0]lhept-2-ene-2-carboxylate
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Step A.

Allyl (4R,5S,6S)-6-[1"'(R)~hydroxyethyl]-4-methyl-3-
[ (tetrahydropyran-2-yl)thio]-7-oxo~l-azabicyclo[3.2.0]~-

hept-2-ene-Z-carboxylate

0OH CHS

OH CHy //J
/)
/',/I// " . ////// f
> —_— S
| , \/ .

-
- 7

<

0

ol

5

€O A

A cold (ice-MeOH bath) solution of allyl (2R,
4R,5S,6S)-6-{1'(R)-hydroxyethyl]-4-methyl-3,7-dioxo-1-
azabicyclo[3.2.0]heptane-2-carboxylate (13.6 g, 50.8 mmol)
in CH3CN (200 mL) was treated dropwise with ClPO(OQ))2 (11.8
mL, 57.1 mmol), DIPEA (10.3 mL, 58.7 mmol), and a trace
amount of DMAP (15 mg) and stirred Zor 1 h at -10°C-0°C.

The resulting enol phosphate solution was purged with argon
gas (15 min) and treated dropwise successively with
tetrahydropyran-2-yl mercaptan (6.6 g, 56 mmol) in CH3CN (25
mL) and DIPEA (10.7 mL, 61.0 mmol). The m!xture was stirred
for 1 h at 5°C and for 20 h at c.a. 22°C. The mixture was
cooled with an ice bath, treated with additional thiol (1.5
g, 12.7 mmol) in CHBCN (5 mL) and DIPEA (2.28 mL, 13.0
mmol), and stirred for 8 h at 22°C and then at 5°C for
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18 h. The mixture was diluted with ice cold HZO (250 mL)
and extracted with EtOAc (3 x 200 mL). The ethyl acetate
extracts were combined, washed with cold 0.5N agueous HCl (1
X 200 mL), water (1 x 200 mL), O0.5M aqueous NaHCO3 (1 x 200
mL), water (1 x 200 mL), brine (200 mL), and dried (MgSO4).
The residue was passed through a pad of silica gel (200 g of
silica; eluted first with CH2C12 and then successively with
2%, 5%, 10% and 25% EtOAc/CHZClZ) to give the title material
(13.9 g, 75%), contaminated with some of the enol phosphate,
as a mixture of diastereomers.

3600-3200 (OH), 1770 and 1720 cm™ +

IR (neat) v
(C=0);

1H NMR (CDCla, 200 MHz) 6: 6.1-5.7 (1H, m, vinylic H),
5.5-5.1 (2H, m, vinylic H), 4.9-4.5 (2H, m, CH-vinyl),
4.3-3.9 (4H, m, H-1', H-5, THP-H2,6), 3.7-3.4 (2H, m,
THP-H6, H-4), 3.3-3.2 (1H, m, H-6), 2-1.5 (7H, 1 m, (CHZ)B

and OH), 1.3-1.1 ppm (B6H, m, CH3).

max’

Step B.

Allyl (4R,5S8,6S)-6-[1'(R)-hydroxyethyl]-4-methyl-3-silver
mercapto-7-oxo-l-azabicyclo[3.2.0]hept-2-ene-2-carboxylate

OH CHy oH CH,
)//// / " /!//// 7 "
S  ——— SAg
/L_L / , //‘ L/
0 0
O coﬁ\\/Qb

A solution of AgNO3 (442 mg, 2.6 mmol) in HZO (9 mL)
was purged with N2 for 10 min followed by addition of
pyridine (0.08 mL, 1.0 mmol) in ether (4 mL). To this now
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deboes

vigorously stirred mixture was added a usolution of allyl
(4R,5S,6S8)-6-[1' (R)-hydroxyethyl]-4-metkyl-3-[ (tetrahydro-
pyran-2-yl)thio]-7-oxo-1l-azabicyclo[3.2.0]lhept-2-ene-2-car-
boxylate (190 mg, 0.52 mmol) in ether (3 mL), and stirring
was continued for 30 more min in the dark. The precipitate
was collected by filtration, washed with water (10 mL),
ether (2 x 10 mL), and dried to give the title material (186

mg, 92%) as a brown solid.

IR (Nujol) vw__ : 3700-3200 (OH), 1760 and 1670 em™t

(C=0).

Example 3

p-Nitrobenzvyl (5R,6S)-6-[1'(R)-hydroxyethyl]-3-silver
mercapto-7-oxo-l-azabicyclo[3.2.0]hept~-2-ene-2-carboxylate

Step A.

p-Nitrobenzyl (5R,6S8)-6-[1'(R)-hydroxyethyl]-3-[(triphenyl-
methyl)thio]-7-oxo-1-azabicyclo[3.2.0]hept-2-ene-2-

carboxylate
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Co, PNB

A cold (ice bath) solution of pfnitrobehzyl (2R,
5R,68)-6-[{1'R)-1'-hydroxyethyl]-3,7-dioxo-1-
azabicyclo[3.2.0]heptane-2-carboxylate (3.48 g, 10 mmol) in
CH3CN (40 mL) was first treated with ClPO(O¢)2 (2.33 mL,
11.0 mmol) and then with DIPEA (1.96 mL, 11 mmol) and
stirred for 1 hour. To the resulting enol phosphate
solution was added TrSH (8.3 g, 30 mmol) followed by DIPEA
(5.3 mL, 30 mmol) dropwise. The resulting mixture was
stirred for 21 h at ¢c.a. 22°C, diluted with EtOAc (300 mL),
washed with HZO (4 x 200 mL), brine, and dried (MgSO4). The
residue was thén passed through a pad of silica gel (125 ¢
of silica gel, eluted with CH2012 to EtOAc) to give the

title material (4.87 g, 80%).

IR (CHZClZ) Vmax' 3600 (OF), 1770, 1720 (C=0) and 1527
em™ (MNO,);

1H NMR (CDC13, 80 MHz) &§: 8.28-8.02 (2H, m, PNB-H),
7.77-7.51 (2H, m, PNB-H), 7.46-7.23 (15H, m, aromatic H),
5.63, 5.45, 5.29, 5.11 (2H, ABqg, J = 14 Hz, CHZPNB), 4-3.5
(2H, m, H-1' and H-5), 2.84 (1lH, dd, J = 2.5 Hz, J = 7.0 Hz,
H-6), 2.71, 2.59, 2.48, 2.36, 2.19, 2.07, 1.96, 1.84 (2H, m,
CHZ), 1.5 (1H, bs, OH), 1.25 ppm (3H, 4, J = 6.3 Hz, CH3).
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Step B.

p-Nitrobenzyl (5R,6S)-6-[1'(R)-hydroxyethyl]-3-

silver mercapto-7-oxo-l-azabicyclo[3.2.0]hept-2-ene-2-

carboxylate
OH OH
//le //lww
// : / STr —mmm // \ / S Ag
0 a
CO,PNB co,PNB

A cold (ice bath) solution of p-nitrobenzyl (SR,
6S)=-6-[1'(R)-hydroxyethyl]-3-[ (triphenylmethyl)thio]-7~
oxo-l-azabicyclo[3.2.0]hept-2-ene-2-carboxylate (225 mg,
0.37 mmol) in CH3CN (1 mL) was treated with a 0.15M solution -
of AgNOd in MeOH (2.7 mL, 0.41 mmol) and pyridine (34 ul,
0.41 mmol) and then stirred for 25 min. The mixture was
diluted with ice cold Hzo (5 mL), and the precipitate was
removed by filtration. The solid was washed with HZO (1 x5
mL), ether (4 x 10 mL) and dried under high vacuum for 18 h
to give the title material (155 mg, 89%) as a yellow solid.

IR (Nujol) v__ : 3600-3200 (OH), 1775, 1670 (C=0) and
1520 cm * (NO,) .

Example 4

Potassium or sodium (5R,6S8)-6-[1'(R)~-hydroxyethyl]-3-
[ [ (methylthio)methyl]thio]-7-oxo=1-azabicyclo[3.2.0]hept-
2-ene-2~-carboxylate (Ia)
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Step A.

p-Mitrobenzyl (5R,6S)-6-[1'(R)-hydroxyethyl]-3-[[(methyl-
thio)methyl]thio}-7-oxo~-1l-azabicyclo(3.2.0}lhept-2-ene-

2-carboxylate
OH OH
//lww ) //l%%
SAg —m——> S SMe
S~ Va2
0 0
Co,PNB CO,PNB

An acetonitrile (10 mL) solution of p-nitrobenzyl
(5R,6S)=-6-[1'(R)-hydroxyethyl]-3-silver
mercapto-7-uxo-l-azabicyclo(3.2.0lhept-2-ene-2~-carboxylate
(422 mg, 0.900 mmol) was treated with ClCHZSCH3 (87 ul, 0.99
mmol) and stirred for 3 h. The mixture was then
concentrated under vacuum and passed through a silica gel
flash column (20 g of silica, eluted with CHacN) to give the

title material (140 mg, 37%).

IR (CHZClz) Voax® 3680, 3600-3400 (OH), 1780, 1700
(C=0) and 1525 cm ~ (NO,);

1H NMR (CDCl3, 200 MHz) 6: 8.22-8.18 (2H, bd, J=8.7 Hz,
PNB-H), 7.65, 7.61 (2H, bd, J=8.7 Hz, PNB-H), 5.53, 5.486,
5.26, 5.19 (2H, ABg, J=13.9Y Hz, CHZPNB), 4.3-4.1 (2H, m,

BH-1' and H-5), 3.93, 3.855, 3.846, 3.776 (2H, ABg, J=14.0
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L)
(L1 Y XY

Hz, SCHZS), 3.52, 3.47, 3.43, 3.38, 3.28, 3.24, 3.20, 3.15

.(2H, m, CH,-4), 3.21 (1H, dd, J=2.4 Hz, J=6.7 Hz, H-6), 2.22

(3H, s, SCH,), 1.67 (1H, bd, J=4.8 Hz, OH), 1.35 ppm (3H, d,
J=6.2 Hz, CH,).
Step B.

Potassium or Sodium (5R,6S)-6-[1'(R)-hydroxyethyl]-3-
([ (methylthio)methyl]thio]-7-oxo-1-azabicyclo(3.2.0]hept-

2-ene-2-carboxylate (Ia)

OH OH
/! //////, )’/// "
% / S\/SMO —_— L / S\/SCHS
Z 7z
0 0
CO,PNB ‘ CO,K/Na

A solution of p-nitrobenzyl (5R,6S)-6-[1'(R)-hydroxy-
ethylj-3-[[(methylthio)methyl]lthio]-7-0oxo0-1-
azabicyclo[3.2.0)hept-2-ene-2-carboxylate (300 mg, 0.700
mmol) in THF (25 mL), ether (25 mL) and a 0.05M pH 7.0
NaH2P04/NaOH or KH2P04/KOH buffer solution (25 mL) was
subjected to hydrogenolysis at 45 psi H2 for 1 h at 15°C to
20°C using 10% P4/C as catalyst. The catalyst was removed
by filtration and washed with HZO (S mL). The organic layer
was extracted with the pH 7.0 buffer (2 x 5 mL). The
agueous fractions were combined, washed with ether (2 x 20
mL) and passed through reversed rhase C18 #BondaPak column
(30 g of the reversed phase C18 pBon“aPak column material,
first eluted with HZO and then with 2% CH3CN/H20) to give
the title material (180 mg, 78%), as an off-white solid.

uv xiig 302 (8,900);

T4=20 h (pH 7.4);

IR (Nujol) v

nax 3600-3200 (OH), 1750 and 1590 cm™ L
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(C=0);
1H NMR (D,0, 200 MHz) 6: 4.3-4.17 (2H, m, H-1' and
H-5), 4.05, 3.S3, 3.94, 3.87 (2H, ABg, J=13.7 Hz, SCH,S),
3.46, 3.40, 3.37, 3.33, 3.27, 3.23, 3.19, 3.14 (ZH, m,
CH,-4), 3.42 (1H, dd, J=2.6 Hz, J=5.9 Hz, H-6), 2.23 (3H, s,

SCHB), 1.29 ppm (3H, 4, J=6.4 Hz, CH3).

Example 5

Sodium or Potassium
(4R,55,68)-6-[1"'(R)-hydroxyethyl]-4-methyl-3-[ [ (methylthio)-
methyl]thiol-7-oxo-1l-azabicyclo(3.2.0]hept-2-ene-2-
carboxylate (Ib)

Step A.
p-Nitrobenzyl (4R,5S,6S)-6-[1'(R)-hydroxyethyl]-4-

methyl-3-( [ (methylthio)methyl]thio]-7-0oxo-~1-azabicyclo-
[3.2.0]hept-2-ene-2-carboxylate
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OH CHy

//—_L / SAg

CO,PNB

A cold (ice bath) solution of p-nitrobenzyl
(4R,5S,68)-6-(1' (R)-hydroxyethyl]-4-methyl-3-silver
mercapto~7-oxo-l-azabicyclo[3.2.0]hept-2-ene-2-carboxylate
(4.85 g, 10.0 mmol) in DMF (40 mL) was slowly treated with a
solution of iodomethyl methyl sulfide (1.04 mL, 12.5 mmol)
in DMF (5 mL) and LiI (2.0 g, 15 mmol). The mixture was
stirred for 1 h at 5°C, diluted with ice water (100 mL) and
cold EtOAc (100 mL) and filtered through a pad of Celite.
The pad was washed with EtOAc (4 x 100 mL) and the two
solution phases were separated. The aqueous phase was then
extracted with EtOAc (2 x 50 mL). The organic phases were
combined, successively washed with cold water (2 x 150 mL),
cold 0.1N agueous HCl (150 mL), water (150 mL), 0.1M aqueous
NaHCO3 (150 mL), water (150 mL) and brine and dried (MgSO4).
The residue was loaded onto a pad of silica gel (35 g) and
successively eluted with the following solvents, chilled at
0°%: first with CH2C12 followed by 5, 10% and 20%
EtOAC/CHzclz. After this purification step, 2.4 g (55%) of
the title material was obtained.

IR (CH2C12) v 3680-3600 (OH), 1775, 1710 (C=0) and
1520 cm™ T (No,) ;

1H NMR (CDCl,, 200 MHz) 6: 8.23-8.18 (2H, m, PNB-H),
7.67, 7,62 (2H, bd, J=7.7 Hz, PNB-H), 5.54, 5.47, 5.23, 5.18
(2H, ABg, J=12.8 Hz, CHZ)' 4.26 (1H, dd, J=2.6 Hz, J=9.2 Hz,
H-S5) 4.32-4.19 (1H, m, H-1"), 4.02, 3.95, 3.78, 3.71 (2H,
ABg, J=13.7 Hz, CHZ)' 3.63-3.47 (1H, m, H-4), 3.26 (1H, dd,
J=2.6 Hz, J=7.8 Hz, H-6), 2.21 (3H, s, CH3), 1.357 (3H, d,
J=6.3 Hz, CH3), 1.26 prm (3H, d, J=7.3 Hz, CHB)'

max’
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Step B.

Sodium
(4R,5S,6S)-3~[1'(R)-hydroxyethyl]-4-methyl-3-[[ (methylthio)-
methyl]thio]-7-0xo-1-azabicyclo(3.2.0]hept-2-ene-2-
carboxylate (Ib')

OH CH, oH CHy
/!f//,,, , /! ’////// SCH
/ ! / S \/S CH y ——> /-—-—N / S % .3
0// 0//
CO,PNB co,Na

A solution of p-nitrobenzyl :
(4R,5S,6S)-6-[1'(R)-hydroxyethyl]-4-methyl-3-[[ (methylthio)-
methyl]thio]-7-oxo~1l-azabicyclo[3.2.0]-
hept-2-en>-2-carboxylate (6.00 g, 13.7 mmol) ia THF (70 mL),
ether (70 mL) and a G.1M NaH2P04/NaOH pPH 7.0 buffer
solution (255 mL, 25.5 mmol) was subjected to hydroger.olysis
over 10% Pd/C catalyst (6 g) at 45-50 psi for 3.5 h at room
temperature (c.a. 22°C). The catalyst was removed by
filtration and washed with the 0.1M phosphate pH 7.0 kuifer
solution (2 x 15 mL). The two solution phases were
separated and the ofganic layer was extracted with the pH
7.0 buffer solution (2 x 15 mL). The agqueous layers were
combined, washed with ether (3 x 100 mL) and passed thrcugh
a partisil reversed phase column (275 g of the partisil
reversed phase material, first eluted with H,O followd by

2
10¥% CH3CN/H20) to give the title material (3.37 g, 76%) as a

white solid.
uv 2320 304 (10208);
IR (Mujol) v__ : 1740 and 1580 cm™* (C=0);

5 NMR (D,0, 200 MHz) &: ¢.32-4.19 (1H, m, H-1'), 4.22
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(1H, ¢4, J5=2.5 Hz, J=9.2 Hz, H-5), 4.11, 4.04, 3.87, 3.81
(2, ABg, J=13.7 Hz, SCHZS), 3.6-3.48 (1H, m, H-4), 3.44
(1H, dd, J=2.6 Bz, J=6.2 Hz, H-6), 2.22 (3H, s, CH3), 1.30
(3H, d, J=6.4 Hz, CH3) and 1.21 ppm (3H, d, J=7.3 Hz, CH.)

2o

Step A.

Allyl

(4R,5S,6S)-6~-(1' (R)-hydroxyethyl]-4-methyl-3-( [ (methylthio)-~
methyl]thio]~7-oxo-1-azabicyclo(3.2.0]hept-2-ene-2-
carboxylate

A cold {ice-MeOH bath) solution of allyl (4R,5S,6S)-6-
[1'(R)-hydroxyethyl]-4-methyl-3~[ (tetrahydropyran-2-yl)-
thio]-7-oxo-l-azabicyclo[3.2.0]hept-2-ene-2-carboxylate (104
mg, 0.280 mmol) in MeOH (1 mL) was treated dropwise with a
solution of AgNo3 (145 mg, 0.85 mmol) in MeOH (3 mL) and
pyridine (0.045 mL, 0.560 mmol) and stirred for $§ min at
-15°C. Ether (15 mL) was added in order to precipitate the
silver salt formed. The solven:c was decanted and the solid
was triturated with ether (2 x 10 mL). The silver salt was.
then dried under vacuum and <taken up in CHSCN (2 mL). The
acetonitrile solution was cooled to -20°C (ice-MeOH bath)
and treated with ClCHZSCH3 (0.10 mL, 1.2 mmol). The
resulting mixture was stirred for 1 h at -15°C to 0°C,
passed through a pad of silica gel (2.5 g of silica, eluted
with EtOAc) and concentrated to give a residue that was
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applied on preparative TLC plates (eluted with
CHZCIZ/EtOAc:l/l). The title material was isolated in low
yield as an oil.

IR (neat) v
(C=0);

14 NMR (CDCl,, 200 MHz) §: 6.02-5.84 (1H, m,
vinylic-H), 5.47-5.20 (2H, m, vinylic-H), 487-4.61 (2H, m,
CHy-vinyl), 4.3-4.15 (1H, m, H-1'), 4:21 (1H, dd, J=2.4 Hz,
J=8,8 Hz, H-5), 3.99, 3.92, 3.76, 3.69 (2H, ABg, J=13.7 Hz,
SCH,S), 3.6-3.4 (1H, m, H-4), 3.225 (1H, dd, J=2.4 Hz, J=6.9
Hz, H-6), 2.21 (3H, s, SCH3), 1.335 (3H, d, J=6.2 Hz, CH3),

-1
max’ 3600-3300 (OH), 1770 and 1710 cm

. 1.24 ppm (3H, d, J=7.3 Hz, CH,).

Step B.

':L: Potassium

TR (4R,5S,65)-6-[1' (R)-hydroxyethyl]-4-methyl-3-[[ (methyl-
E.f:' thio)methyl]thio]-7-oxo-1-azabicyclo(3.2.0]hept-2-ene-2-

carboxylate (Ib'')

OH CHJ OH CH3 OH CHS
T'?%wa //lmw //l”w
XX 5—@ —_— S SMe s S SMe
. 0] 0 Q
*eens’ O PGPS €0, K
AL The silver salt obtained from allyl

(4R,58,6S)-6-[1' (R)-hydroxyethyl]-4-methyl-3-

[ (tetrahydropyran-2-yl)thio]-7-oxo-1l-azabicyclo(3.2.0]-
hept-2-ene-2-carboxylate (2.0 g, 5.45 mmol) was treated as
described above with ClCstCH3 to give the zllyl
(4R,5S,6S5)-6-(1' (R)-hydroxyethyl]-4-methyl-3-[ [ (methylthio)~-
methyl]thio]-7-oxo-1l-azabicyclo(3.2.0]hept~2-ene-2-
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bath) and treated with Pd(P¢3)4 (381 mg, 0.33 mmol), P®
(372 mg, 1.42 mmol) 4nd a sclution of potassium
ethylhexanoate (3.6 g, 19 mmol) in EtOAc (20 mL). The
precipitate formed was redissolved by adding CH\CN (20 mL)

carboxylate which without isolation was cooled to 5°C (ice

3

and the solution was continued to be stirred for 2 h at room
temperature (c.a. 22°C). The mixture was dissolved with
ether (50 mL) and extracted with a 0.05M .+ 7.4 phosphate
buffer solution (3 x 10 mL). The basic aqueous ¢ .tracts
were washed with ether (2 x 25 mL) and passed through a
reversed phase C18 column (80 g of the reversed phase
material; the column eluted first with HZO foliowrd by 2%,
5% and 10% CH3CN/H20) to give the impure title material.

The material was lyophilized and the resulting powder was
repurified on a 018 reversed pnase column (50 g of the C18
material; %the column eluted first with HZO and then
successively with 2% and 5% CHBCN/HZO) to give the pure
title material (135 mg, 7%) whose physical data ware
identical to the svdium salt described above; Purity: 99.94%

(HPLC), T, 7% h (pH 7.4):; T. 18.8 mn (pH 2).
3 4
Example 6
Potassium or sodium (5R,6S)=~6«[1'(R)Y-hvydroxyethyl]=3-

[([[(pyridin-4-yl)thio]methyl]thio]-7-cxo-1l-azabicyclo-
[(3.2.0]hept=-2-ene-2-carboxylate {Ic)

OH
/I//// W —
/ gﬁ\ﬁ \ /N
7
0
COZK/NG
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Step A.

p-Nitrobenzyl
(5R,6S)-6-[1'(R)-hydroxyethyl]=-3-[[[(pyridin-4-yl)-
thio]methyl]lthic]: 7-oxo-l-azabicyclo{3.2.0]lhept-2-ene-2-
carboxy" .le

QH OH

e “ty Wy /! 7 ity

2N -
/) —SAe s s—@u
647 " 6§£:]::;>—_

ca,rH8 Co,PNB

A cold (ice bath) zuspension of p-nitrobenzyl
(S5R,65)~6-[1'(R)-hydroxyethyl]-3-silver mercapto-7-oxo-1-
azabicyclo[3.2.0Jhept-2-ene~2-carboxylate (2.5 ¢, 5.3 mmol)
in DMF (20 mL) was treated dropwise with
4-{ (chloromethyl)thio]lpyridine (1.00 g, 6.36 mmol) in DMF (5
mL) followed by the addition of LiI (1.42 g, 10.6 mmol) and
DIPEA (1.1 mL, 6.36 mmol). The mixture was stirred for 24 h
at c.a. 22°C, then diluted with H,0 (25 mL) and EtOAc, and
filtered. The two solution phases were separaized, and the
agueous layer was extracted with EtOAc (2 x 40 mL). The
organic phases were combined, washed with ice cold HZO (5 x
50 mL) and brine (50 mL) and dried (Mgso4). The solid
residue recovered after evaporation of the solvent was
triturated with a cold (5°C) 1/1 mixture of CH,Cl,-ether (25
mL) to give the title material &s a solid which was washed
with the same solvent mixture (2 x 10 mL) and dried (1.47
g). The oily residue obtained upon evaporation of the
mother liquor was applied on preparative TLC plates (eluted
with EtOAc/CHBCN:9/1), also to give the title material
(total yield 1.56 g, 60%).



IR (Cﬁzglz) Vinax'

and 1520 cm ~ (NO,);

1H NMR (DMSO, 200 MHz) 6: 8.43-8.39 (2H, m,
pyridine-H2 and H-6), 8.22-8.14 (2H, m, PNB-H), 7.67-7.63
(2H, 4, J = 8.8 Hz, PNB-H), 7.38-7.34 (2H, m, pyridine-H3
and H-5), 5.44, 5.37, 5.28, 5.21 (2H, ABg, J = 14.1 Hz,
CHZ—PNB), 5.085 (1H, 4, J = 5.0 Hz, OH), 4£.72 (2H, SCst),
4.18 (1H, dt, 37 = 2.7 Hz, J 9.8 Hz, H-S5), 3.99-3.85 (1H,
ri, H-1'), 3.48-3.3 (2H, m, CH2—4), 3.35 (1H, dd, J = 2.8 iz,
J = 6.1 Hz, H-6), 1.12 ppm (3H, d, J = 6.3 Hz, CH3).

3600-3100 (9H), 1800, 1690 (C=0),

1]

Step B.
Potassium »r sodium (5R,6S)-6-{1'(Kk)-hydroxyethyl]=-3-

[[[(pyridin-4-yl)thio]methyl]thio]-7-cxo-1l-azabicyclo-
[(3.2.0)hept-2~ene-2-carboxylate (Ic)

OH OH

/!I/,, m e /!/l/, " —
A AN\
0 0
TO,PNB Co,K/Na

A solution of p-nitrobenzyl (5R,6S)-6~[1'(R)=-
hydroxyethyl]-3-{ ([ (pyridin-4-yl)thio]methyl]thio]-
7-oxo-l-azabicyclo{3.2.0]hept~2-ene-2-carboxylate (750 mg,
1.54 mmol) in THF (40 mL), ether (40 mL), and a 0.05 M pE
7.0 NaHzPOQ/NaOH or KH2P04/KOH buffer solution (40 mL, 2.0
mmol) was subjected to hydrogenolysis for 1 h at 40 psi H2
using 10% Pd/C (750 mg) as catalyst. The catalyst was
removed and washed with HZO (5 mL). The filtrate was
diluted with ether (50 mL), and the organic phase was
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extracted with HZO (2 x 5 mL). The agueous phases were
combined, washed with ether (2 x 50 mL), and passed through

a C pBondaPak reversed phase column (40 g of the reversed
18 . O and then successively with 5%

phase; eluted first with H °

10% and 15Y% CH3CN/H20) to Give the title material (217 mg,

37%); purity 97.9% (as checked by HPLC); T1/7 15 h (pH 7.4).

uv 2229 300 (13250), 270 (12,000);
IR (Nujol) v__ : 3600-3200 (OH), 1750 and 1690 cm™ *
(C = 0);

1H NMR (D20, 200 MHz) 6: 8.37-8.33 (2H, m, pyridine
H-2 and H-6), 7.41-7.38 (2H, m, pyridine H-3 and H-5), 4.55,
4.481, 4.477, 4.41 (2H, ABg, J = 14.1 Hz, SCst), 4.29-4.16
(1, m, H-1'), 4.20 (1H, dt, J = 2.5 Hz, J = 6.7 Hz, H-5),
3.40 (1H, dd, J = 2.5 Hz, J = 8.0 Hz, H-6), 3.46, 3.38,
3.33, 3.29, 3.25, 3.21, 3.17 (2H, m, CH2-4), 1.28 ppm (3H,
d, J = 6.4 Hz, CH3).

Example 7

Potassium or sodium
(4R,55,6S8)-6-[1'(R)-hydroxyethyl]-4-methyl-

[ [ (phenylthio)methyl]thio]=-7-oxo-1-azabicyclo[3.2.0}hept~
2-ene-2-carboxylate (Id)

OH CHS

//—N % SVS—Q

CO,K/Na
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p-Nitrobenzyl (4R,5S,6S)-6-{1'(R)-hydroxyethyl]|-4-methyl-3-
{{ (phenylthio)methyl|thio]|-7-oxo-1-azabicyclo(3.2.0}hept-2-~
ene-2-~carboxylate

A cold (ice bath) solution of p-nitrobenzyl
(4R,5S,65)-6=[1' (R)-hydroxyethyl]-4-methyl-3-silver
mercapto-7-oxo-1l-azabicyclo(3.2.0]lhept-2-ene-2-carboxylate
(760 mg, 1.57 mmol) in C33CN (25 mL) was treated with
chloromethylphenyl sulfide (0.255 mL, 1.9 mmol) and the
mixture was stirred for 30 min. Addition of

chloromethylphenyl sulfide (0.5 mL, 3.8 mmol) was repeated
twice followed by stirring periods of 30 and 45 min,
respectively. The cold mixture was passed through a pad of
silica ael (5 g) and the pad was washed with cold EtOAc (20
mL). The filtrate was diluted with EtOAc (50 mL), washed
with an ice cold 0.05M pH 7.4 agueous phosphate buffer
solution (2 x 50 mL), water (1 x 50 mL) and brine (50 mL),
dried (MgSO4) and concentrated. The residue was passed _
through a silica gel (25 g) column by eluting successively
with hexane, CHZClz/hexane (1/1), CH2C12, 10% EtOAc/CHZCl
and 25% EtOAc/C32C12 to give the title material (300 mg,
38%) .

2

IR (CH,Cl,) v __ : 3600 (OH), 1775, 1710 (C=0) and 1525
-1 max
cm™T (NO,);
g R (CDCl,, 200 MHz) §: 8.15-8.11 (2H, m, PNB-H),
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7.57, 7.53 (2H, bd, J=8.7 Hz, PNB-H), 7.39-7.18 (5H, m,
aromatic-H), 5.46, 5.39, 5.18, 5.11 (2H, ABq, J=14.8 Hz,
CH,), 4.24, 4.17, 4.11, 4.05 (2H, ABq, J=13.4 Hz, SCH,S),
4.24-4.11 (2H, hidden H-1' and H-5), 4.00-3.32 (1H, m, H-4),
3.195 (1H, dd, J=2.6 Hz, J=6.8 Hz, H-6), 1.64-1.62 (1H, bd,
J=4.5 Hz, OH), 1.297 (3H, d, J=6.2 Hz, CH,), 1.17 ppm (3H,
d, J=7.3 Hz, CHy).

Step B.

Potassium or sodium

(4R,58,68)-6-[1' (R)-hydroxyethyl]-4~methyl-
3-[{(phenylthio)methyl]thio]-7-oxo~1l-azabicyclo(3.2.0]-
hept-?-ene-2-carboxylate (Id)

OZK/Na

A solution of p-nitrobenzyl (4R,5S,6S8)-6-[1'(R)-
hydroxyethyl]-4-methyl-3-([ (phenylthio)methyl]-
thio]-7-oxo-1l-azabicyclo[3.2.2]hept-2-ene-2~carboxylate (230
mg, 0.46 mmol) in THF (10 mL), ether (10 mL) and a 0.05M pH
7.0 phosphate buffer solution (10 mL) was subjected to ‘
aydrogenolysis over 10% Pd/C catalyst (230 ﬁg) for 1 h at 40
psi HZ' The catalyst was filtered off. The organic phase
was separated and subjected to further hydrogenolysis for 1
h at 40 psi using the pH 7.0 buffer solution (10 mL) over
the 10% Pd/C catdlyst (230 mg). The same process was
repeated and at the end of the hydrogenclysis the three
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aqueous phases were combined, washed with ether (2 x 10 mL)
and passed through a C18 uBondaPak reversed phase column (23
g of the packing material; the column eluted first with HZO
followed successively by 5%, 10% and 20% CH3CN/H20) to give
the title material (120 mg, 66%); T%=1oo h (pH 7.4), T%=18.8
min (pH2); purity: 99.9% (as checked by HPLC).

uv XE%Q: 306 (10,050), 254 (6440);

IR (Nujol) v 3600-3200 (OH), 1755 and 1600 cm-1

(C=0);
1

max’

# NMR (D,0, 200 MHz) §: 7.63, 7.36 (5H, m, aromatic
H), 4.45, 4.38, 4.22, 4.15 (2H, ABg, J=14.0 Hz, SCH,S),
4.27-4.15 (1H, m, H-1'), 3.915 (1H, dd, J=2.5 Hz, J=9.2 Hz,
H-5), 3.360 (1H, dd, J=2.5 Hz, J=6.1 Hz, H-6), 3.34-3.17
(1H, m, H-4), 1.27 (3H, d, J=6.4 Hz, CH;), 1.108 ppm (3H, 4,
J=7.3 Hz, CHj).

Example 8

Sodium

(5R,65)=-6-[1' (R)-hydroxyethyl]=-3-[[{[(pyridin-2-yl)thio]-
methyl]thio]~7-o%o-1l-azabicyclo[3.2.0]hept-2-ene-2-
carboxylate (Ie)

OH
//l%W [ —
Wy
pRY =\
0

COlNo
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Step A.

p-Nitrobenzyl

(5R,6S)-{1'(R)-hydroxyethyl]-3-[[[ (pyridin-2-yl)-
thio]methyl]thio]-7—oxo-1—azabicyclot3.2.0]hept-2—ene-
2-carboxylate

OH
/‘//// 7 " —
- S S
/ N \ N/
647 " N

A cold (ice bath) solution of p-nitrobenzyl
(5R,6S)-6~[1'(R)-hydroxyethyl]-3-silver mercapto-7-oxo-
l-azabicyclo[3.2.0]lhept-2-ene-2-carboxylate (235 mg, 0.500
mmol) in DMF (2 mL) was treated with a solution of
2-[(chloromethyl)thio]lpyridine (96 mg, 0.60 mmol) in DMF
(0.5 mL) followed by addition of LilI (134 mg, 1.00 mmol) and
DIPEA (0.10 mL, 0.60 mmol). The mixture was stirred at room
temperature ¢c.a. 22°C for 25 h, diluted with ice cold HZO
(2.5 mL) and EtOAc (2.5 mL) and filtered. The filtrate was
diluted with Hzo (5 mL) and EtOAc (5 mL) and the aguecus
layer was extracted EtOAc (4 x 10 mL). The organic layers
(extracts) were combined, washed with cold HZO (5 x 10 mL)
and brine (1 x 10 mL) and dried (MgSOQ). The residue was
triturated with CClQ to give a dark beige solid that was
purified on preparative TLC plates (eluted with
EtOAc/CHZClzzl/l) to give the title material (160 mg, 66%).

IR (CHZCIZ) v 3600 {OH), 1780, 1700 (C=0) and 1525
em™? (NO,);

1H NMR (CDClg,, 200 MHz) 6: 8.47-8.44 (1H, m,
pyridine-H), 8.21-8.17 (2H, d, J=9.8 Hz, PNB-H), 7.64-7.60
(2, d, J=9.8 Hz, PNB-H), 7.58-7.49 (1H, m, pyridine H),

max
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7.20-7.16 (1H, bd, J=8.1 Hz, pyridine-H), 7.09-7.03 (1H, m,
pyridine-H), 5.51, 5.45, 5.25, 5.18 (2H, ABg, J=13.8 Hz,
CH,-PNB), 4.69, 4.62, 4.55 (2H, ABg, J=14 Hz, SCH,S),
4.4-4.15 (2H, m, H-1' and H-5), 3.59, 3.54,3.50, 3.45, 3.37,
3.32, 3.28, 3.23 (2H, m, CHy), 3.24 (1H, dd, J=2.7 Hz, J=6.8
Hz, H-6), 1.74 (1H, d, J=4.8 Hz, OH), 1.375 ppm (3H, d,
J=6.3 Hz, CH,).

Step B.

Sodium (5R,68)-6~[1'(R)-1-hydroxyethyl]-3-[[[(pyridin-2-yl)-
thio]methyl]thio]-7-oxo-1-azabicyclo{3.2.0]hept~2-ene-
2-carboxylate (Ie)

oR oH
/!II//I/, . . —_— /!’/////, ) —
NN Y T / 's\/s_@
Vam N V/an - N
d d
CO,PNB €O Na

A solution of p-nitrobenzyl (5R,6S)-6-[1'(R)-hydroxy-
ethyl]-3-([[(pyridin-2-yl)thio]methyl]thio]-7-oxo-1-
azabicyclo[3.2.0]hept-2-ene~-2~carboxylate (880 mg, 1.82
mmol) in THF (50 mL), ether (50 mL) and a 0.05M, pH 7.0
NaHLPO4/NaOH buffer solution (80 mL, 4 mmol) was subjected
to hydrogenolysis at 45 psi H2 for 1 h at 15°C, using 10%
Pd/C (880 mg) as catalyst. The catalyst was removed by
filtration and washed with HZO (25 mL). The organic phase
was extracted with HZO (2 x 20 mL). The agueous phases were
combined, washed with ether (2 x 25 mL) and passed through a
C18 uBondaPak reversed phase column (75 g of the packing
material; the column eluted first with H,.O followed

2
successively by 2%, 5% and 8% CHBCN/HZO) to give the title
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material (320 mg, 47%):; purity: 99.9% (as checked by HPLC);
T, 19 h (pH 7.4). ) )
>

H20
uv Xmax 298 (16,100), 246 (9,950);

IR (Nujol) v 3600-3400 (OH); 1760 and 1595 cm™ *
(C=0);
1y NMR (D,0, 200 MHz) 6: 8.46-8.42 (1H, m, pyridine-H),

7.81-7.73 (1lH, m, pyridine-H), 7.50, 7.46 (1H, 4, J=8.1 Hz,

max’

"pyridine H), 7.32-7.25 (1H, m, pyridine H), 4.59, 4.52,

4.50, 4.43 (2H, ABq, J=13.9 Hz, SCHZS), 4.25-4.12 (2H, m,
H-1' and H-5), 3.39 (1H, dd, J=2.6 Hz, J=5.9 Hz, H-6), 3.43,
3.38, 3.34, 3.29, 3.25, 3.21, 3.16, 3.12 (2H, m, CH2-4),
1.285 ppm (3H, 4, J=6.4 Hz, CH3).

Example 9
Sodium (4R,55,6S)-6-[1'(R)-hydroxyethyl]=-4-methyl=-

3-[[[(pyridin-2-vl)thio]lmethyl]thio]~7-0ox0-1-
azabicyclo[3.2.0]lhept-2-ene-2-carboxylate (If)

OH CH,
/‘/////,, t o~
/ S \/S ry
649 N N
CO,Na

Step A.

p-Nitrobenzyl (4R,5S,6S)-6-[1'(R)-hydroxyethyl]-4-methyl-
3-[[[(pyridin-2-yl)thio]lmethyl]thio]-7-0xo-1-
azabicyclo[3.2.0]hept-2-ene-2-carboxylate
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A solution of p-nitrobenzyl '

(4R,5S,6S)-6-[1' (R)-hydroxyethyl]-4-methyvl-3~-silver
mercapto-7-oxo~l-azabicyclo[3.2.0)hept-2-ene-2-carboxylate
(788 mg, 1.62 mmol) in DMF (7 mL) was treated at 5°C (ice
bath) with 2-[(chloromethyl)thio]pyridine (311 mg, 1.95
mmol) in DMF (1 mL) followed by addition of LiI (434 mg,
3.24 mmol) and DIPEA (0.32 mL, 1.95 mmol). The mixture was
stirred for 24 h at c.a. 22°C, diluted with ethyl acetate
(25 mL) and ice cold H,0 (25 mL). The salts were removed by
filtration and washed with EtOAc (10 mL). The two solution
phases were separated and the aquenus layer was extracted
ethyl acetate (3 x 10 mL). The organic extracts were
combined, washed with 1ce cold HZO (5 x 20 mL) and brine (1
X 20 mL) and dried (Mgso4). The residue was passed through
a silica gel (15 g) column (first eluted with CH2C12
followed successively by 5%, 10%, 15% and 25% EtOAc/CHZClz)
to give the title material which was repurified on
preparative TLC plates (eluted with CH2C12/EtOAc: 1/1) to
afford 440 mg (54%) of the pure product.

IR (CH,Cl,) v__.: 3600 (OH), 1775, 1710 em™? (C=0) and
1525 cm™t (No,) ;

'H NMR (CDCl,, 200 MHz) 6: 8 45-8.42 (1H, m, pyridine
H-6), 8.19-8.13 (2H, m, PNB-H), 7.63, 7.58 (1H, d, J=8.7 Hz,
PNB-H), 7.57-7.48 (1H, m, pyridine H), 7.19-7.15 (1H, d,
J=8.1 Hz, pyridine H), 7.08-7.01 (1H, m, pyridine H), 5.51,
5.44, 5.72, 5.1% (2H, ABg, J=13.8 Hz, CHZ-PNB), 4.74, 4.68,
4.60, «.54 (2H, ABqg, J=13.2 Hz, SCHZS), 4.25 (1H, dd4, J=2.5
Hz, J=9.1 Hz, H-5), 4.3-4.2 (1lH, hidden m, H-1'), 3.68-3.53

ax’
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(1H, m, H-4), 3.28 (1H, dd, J=2.5 Hz, J=6.8 Hz, H-6), 1.37
(3H, 4, J=6.2 Hz, CH;), 1.34.ppm (3H, d, J=7.3 Hz, CH,).

Step B.
Sodium (4R,5S,6S)=-6-[1'(R)-hydroxyethyl]-4-methyl-3-

({{(pyridin-2-yl)thiolmethyl]thio]-7-oxo-1~azabicyclo-"
[(3.2.0]hept-2-ene-2~-carboxylate (If)

oH CHy OH CHy
/!///, 0 l ~N )///, y | N
—s s ) — § s ~
V. 7 N " e 4 N §
q 0
CO,PNB CO,Na

A solution of p-nitrobenzyl
(4R,553,681-6-[1' (R)-1-hydroxyethyl]-4-methyl-3-
[{{(pyridin-2-y1l)thio]methyl]thio]-7-oxo-1-
azabicyclo[3.2.0]hept-2-ene-2-carboxylate (435 mg, 0.868
mmol) in THF (35 mL), ether (35 mL) and a pH 7.0 phosphat:
buffer (0.05M, 35 mL) solution was subjected to
hydrogenolysis at 45 psi H, for 1 h at 15°C to 22°C using
104 Pd/C (435 mg) as catalyst. The mixture was diluted with
ether (20 mL), and the catalyst was removed by filtration
and washed with HZO (10 mL). The two solution phases were
separated and the ether layer was exXtracted with HZO (2 x5
mL). The aqueous layers were combined, wacshed with ether (3
x 20 mL) and paswsed through a ClepBondaPak reversed phase
column (30 g of the CleuBondaPak reversed phase material;
the column first eluted with HZO followed successivaly by
2%, 5%, &% and 10Y% CH3CN/H20) to give the title material
contaminated with charcoal. The product was lyophilized and



the resulting powder was taken up in HZO and passed again
through a small pad of reversed phase ClBuBondaPak (5 g of
the reversed phase ClauBondaPak material; first eluted with
HZO followed successively by 2%, 5% and 10¥% CH3CN/H20) to
give the pure title material (85 mg, 25%); T%: 79 h (pH
7.4); T%: 36 min (pH 2); purity: 99.2% (as checked by HPLC
at 298 nm).

U.v. *ﬁii 298 (13,500), 246 (8990);

IR (Nujol) Vmax' 3600-3200 (OH),.17SO and 1600 c;m-l
(C=0);

'H NMR (D,0, 200 MHz) 6: 8.48-8.39 (1H, m, pyridine
H-6), 7.82-7.73 (1H, m, pyridine-H), 7.53, 7.49 (1H, 4,
J=8.0 Hz, pyridine H), 7.34~7.27 (1H, m, pyridine-H), 4.60,
4,83, 4.47, 4.40 (2H, ABg, J=13.9 Hz, SCHZS), 4.30, 4.27,
4.24, 4.21, 4.17 (1H, 5 lines, H-1'), 4,10 (1¥F, dd, J=2.6
Hz, J=9.2 Hz, H-5), 3.51-3.36 (1H, m, H-4), 3.42 (1H, dd,
J=2.6 Hz, J=6.4 Hz, H-6), 1.29 (3H, d, J=6.4 Hz, CH3) and
1.19 ppm (3H, 4, J=7.1 Hz, CH3).

Example 10

Potassium or sodium
(4R,55,68)-6-[1'(R)-hydroxyethyl]-4-methyl-3-[{[(pyri-
din-4-yl)thio]methyl]lthio}-7-0oxo~-1-azabicyclo[3.2.0]-
hept-2-ene-2-carboxylate (Iqg)

///! CH,
/////
‘ ' S S / \N
N / S —
174
COZK/NG
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Step A.

4-[ (Chloromethyl)thio]pyridine

SCH, SCH,C I

A N
—_—

- -~

N N

A solution of 4-methylthiopyridine (2.28 g, 18.2 mmol),
N-chlorosuccinimide (3.0 g, 23 mmol) and pyridine (2.9 mL,
3.0 mmol) in benzene (40 mL) wzs heated at 50-60°C for 3 h.
The mixture was allowed to cool to room temperature. The
solvent was decanted and the residue wis rinsed with benzene
(2 x 10 mL). The organiw phaseé were combined and
evaporated. The residue was passed through a pad of silica
gel (40 g) to give fthe title material (1.35 ¢) contaminated
with the starting material. The impure product was
repurified on silica gel preparative plates (eluted with
CHZClz/CHacN: 1/1) to give the pure title material (926 mg,
32%) as a yellow oil.

IR (neat) v__ : 1570, 1540 em™! (aromatic);
H MR (CDCI2Y 80 MHz) §: 8.55-8.47 (2H, m, aromatic-H

7.33-7.25 (2H, m, aromatic-H), 5.04 ppm (2H, s, CHZ)‘

Step B.
p-Nitrobenzyl (4R,5S,6S)-6-[1'(R)-hydroxyethyl]-4-methyl-3-

[[[(pyridin-4-yl)thio]lmethyl]thio]=-7~0%0~1~
azabicyclo(3.,2.0]-hept-2-ene-2-carboxylate
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A solution c¢f p-nitrobenzyl
(4R,SS,68)—6—[1'(R)-hydroxyethyl]—4-méthyl-3—silver
mercapto-7-oxo-l-azabicyclo[3.2.0}hept~2-ene-2-carboxylate
(794 mg, 1.00 mmol), 4-[(chloromethyl)thio]mnyridine (314 mg,
1.97 mmol), Lil (440 mg, 3.28 mmol) and DIPEA (0.345 mL, 4.0
mmol) in DMF (8 mL) was stirred for 20 h at c.a. 22°C. The
mixture was diluted with ethyl acetate (10 mL) and water (5
mL) and filtered. The aqueous phase was extiacted with
ethyl acetate (2 x 5 mL). The organic extracts were
combined, washed with cold HZO (4 x 10 mL) and brine (1 x 10
mL),dried (MgSO4) and concentrated. Purification of the
residue on preparative TLC plate (eluted with 10%
CH3CN/EtOAc) afforded the title material (430 mg, 52%).

IR (CH,Cl,) v__ : 3600 (OH), 1775 and 1615 em™t (C=0);

'H NWR (CDGL,, 200 MHz) 8: 8.48-8.44 (2H, m,

H-2,6-pyridine), 8.23-8.18 (2H, m, PNB-H), 7.64-7.60 (2H, m,
PNB-H), 7.19-7.15 (2H, m, H-3,5'pyridine), 5.51, 5.44, 5.24,
5.17 (2B, ABgq, J=13.8 Hz, CH2~PNB), 4.31 (2H, s, SCHZS),
4 '0-4.17 (1H, m, H-1'), 4.27, 4.26 (1lH, part of dd, J=2.7
Hz, part of H5), 3.6-3.4 (1H, «n, H~-4), 3.29 (1H, dd4, J=2.7
Hz. J=6.8 Hz, H-6), 1.7 (1H, bd, OH), 1.366 (3H, d, J=6.3
Hz, CH3), 1.29 ppu (3H, d, J=7.3 Hz, CH3).
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Step C.

Potassium or sodium

(4R, 5S,65)~-6~[1' (R)-hydroxyethyl]-4-methyl-3-[[[(pyri-
din-4-yl)thio]methyl]thio]-7-0oxo-1-azabicyclo[3.2.0]hept-2-~
ene-2-carboxylate (Iqg)

oH CH OH CHy

/!’ ’///,, /!’ iy

3
g Y s\v/s—{f;:>u _— p= SN /__\N

0 0
CO,PNB CO,K/Na

A solution of p-nitrobenzyl (4R,5S,6S)-6-[1'(R)-
hydroxyethyl]-4-methyl-3-([[ (pyridin-4~-yl)thio]methyl]-
thio]-7-oxo-1l-azabicyclo(3.2.0]hept-2~ene-2-carboxylate (663
mg, 1.32 mmol) in THF (30 mL), ether (30 mL) and a pH 7.0
NaH2P04/NaOH or KH2P04/K0H buffer solution (0.05M, 30 mL)
was subiected to hydrogenolysis over 10Y% Pd/C catalyst (663
mg) for 1 h at 40 psi HZ' The mixture was diluted with
ether (50 mL) and filtered. The catalyst was washed with
the pH 7.0 buffer solution (0.05M, 5 mL) and water (5 mL).
The aqueous layer was washed with ether (3 x 20 mL) and
passed through a C18 p-Bondapak reversed phase column (55 g
of the C18 u-Bondapak reversed phase material) to give 282
mg (54%) of the title compound as a yellow solid; T%=34 min
(pH 2); purity 99.9% as measured by HPLC (retention time,
9.63 min, J13% CH3CN/pH 7 buffer).

uv 3320 1300 (13,100), 270 (11,750);

IR (Mujol) v__.: 1750 and 1600 em™t

.
/

H NMR (Dzo,miﬁo MHz) 6: 8.385-8.35 (2H, m, H-2,
6-pyridine), 7.45-7.41 (2H, m, HB-3, S-pyridine), 4.55, 4.48,
4.47, 4.40 (2H, ABq, J=13.8 Hz, SCH,S), 4.3-4.2 (1H, m,
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H-1'), 4.173 (1H, dd, J=2.6 Hz, J=9.2 Hz, H-5), 3.55-3.4
(1H, m, H-4), 3.44 (1H, dd, J=2.6 Hz, J=6.2 Hz, H-6), 1.29
(38, d, J=6.3 Hz, CH;) and 1.21 ppm (3H, d, J=7.21 Hz, CHj).

Example 11

Sodium
(5R,68)-6=[1'(R)=1-hydroxyethyl]-3-[[[(pyridin-3-vl)thio]-
methy;]thio}-7-oxo-l-azabicvclo[3.2.0}hept-2-

ene-2-carboxylate (Ih)

OH

//1%%7 . \ h

N
7

C02Na

Step A.

p-Nitrobenzyl
(5R,6S)~6-[1'(R)-hydroxyethyl]-3-[[[(pyridin-3-yl)-
thio]methyl]thio]-7-oxo-1-azabicyclo(3.2.0]~
hept-2-ene-2-caboxylate

OH QH
/,/////, 2 /!/I//,// l NS
647 N — & i
CO,PNB CO,PNB
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To a cold (ice bath) suspension of p-nitrobenzyl
(SR, HAS)-6-{1'(R)-hydroxyethyl]-3-silver mercapto-7-oxo-
l-azabicyclo(3.2.0lhept-2-ene-2-carboxylate (3.0 g, 6.37
mmol) in DMF (30 mL) was added 3-[ (chloromethyl)thio]-
pyridine (1.22 g, 7.65 mmol) in DMF (10 mL), LiI (1.7 g,
12.74 mmol) and DIPEA (1.27 mL, 7.65 mmol). The mixture was
stirred for 24 h at c.a. 22°C, then diluted with ice cold
water (500 mL) and EtOAc (250 mL) and filtered through a pad °
of Celite. The pad was rinsed with EtOAc (5 x 200 mL) and
the phases were separarated. The aqueous layer was
extracted with EtOAc (2 x 50 mL). The organic layers were
combined, washed with cold HZO (4 x 250 mL) and cold brine
(250 mL), treated with activated charcoal (neutral) and
dried (MgSO4). The solid residue obtained upon evaporation
of the solvent was triturated with CHZClz/ether (9.5/0.5,
40 mL), collected by filtration and rinsed with ether (10
mL) to give 1.17 (55%) of the title material.

IR (CHZClZ) BTaX: 3600, 3300-3100 (OH), 1790, 1685
(C=0) and 1518 cm (NOZ);

'H NMR (acetone D, 200 MHz) §: 8.64 (1H, d, J=2.2,
pyridine H-2), 8.48 (1H, dd, J=1.5 Hz, J=4.8 Hz,, pyridine
H-6), 8.25-8.20 (2H, m, PNB-H), 7.93-7.87 (1H, m, pyridine
H-4), 7.79-7.74 (2H, 4, J=8.8 Hz, PNB-H), 7.39-7.33 (1H, m,
pyridine H-5), 5.53, 5.46, 5.30, 5.23 (2H, ABg, J=14.2 Hz,
CHZ-PNB), 4.56, 4.55 (2H, part of ABqg, SCHZS), 4.34-4.23
(1, m, H-5), 4.2-4.0 (1H, m, H-1'), 3.65, 3.61, 3.56, 3.52,
3.47, 3.43, 3.38 (2H, 7 lines out of 8, H-4), 3.34 (1H, dd,
J=2.8 Hz, J=6.6 Hz, H-6), 2.86 (s, OH), 1.26 ppm (3H, d,
J=6.3 Hz, CH3).

Step B.
Sodium (5R,6S)=-6-[1'(R)-hydroxyethyl]-3-[[[(pyridin-3-

vl)thio]methyl]thio]-7-oxo-1l-azabicyclo[3.2.0]hept-2-ene-
2-carboxylate (Ih)
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A solution of p-nitrobenzyl (5R,6S)-6-[1'(R)-hydroxy-
ethyl]=3-[[[ (pyridin-3-yl)thio])methyl]thio]-7-oxo-1-
azabicyclo[3.2.0)hept-2~ene-2-carboxylate (400 mg, 0.82
mmole) in THF (30 mL), ether (30 mL) and a 0.05M pH 7.0
agueous NaH2P04/NaOH buffer solution (30 mL, 1.5 mmol) was
shaken in a Parr hydrogenator for 1 h at 45 psi of H2 at
10°C to c.a. 22°C using 10% Pd/C (400 mg) as catalyst. The
mixture was diluted with ether (30 mL) and the catalyst was
removed by filtration. It was rinsed with the pH 7.0 buffer
solution (2 x 5 mL). The organic layer was separated and
extracted with the buffer solution (2 x 25 mL). The agueous
phases were combined, washed with ether (2 x 25 mL) and
passed through a ClsuBondaPak reversed phase column (30 g of
the ClsuBondaPak reversed phase material; eluted first with
H20 followed successively by 2%, 5%, 8% and 12% CH3CN/H20)
to give the title material (120 mg, 39%) as a lyophilized
powder; purity 99.3% (as checked by HPLC); '21?1/2 22h (pH 7.4),
T, 2 min (pH 2).

“1

uv xiig 302 (10,500);
IR (Nujol) v__ : 3600-3100 (OH), 1745 and 1690 cm

(C=0);

1H NMR (Dzo, 200 MHz) 6: 8.64-8.62 (1lH, m, pyridine
H-2), 8.5-8.46 (1H, m, pyridine H-2), 8.06-7.99 (1lH, m,
pyridine H-4), 7.48-7.41 (1lH, m, pyridine H-5); 4.43, 4.36,
4.30, 4.21 (2H, ABg, J=14.0 Hz, SCHZS), 4.27-4.15 (1H, m,
H-1'), 4.08 (1H, dt, J=2.6 Hz, J=9.0 Hz, H-5), 3.32 (1H, dd,
J=2.6 Hz, J=6.0 Hz, H-6), 3.28, 3.23, 3.19, 3.15, 3.07,
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3.03, 2.98, 2.94 (2H, 8 lines, CH2-4),

1.27 ppm (3H, d,
J=6.4 Hz, CH3).

Example 12

Sodium

(4R,55,65)-6-[1'(R)~hydroxyethyl]-4-methyl-3-[[[(pyridin=-

3-yl)thio]methyl]thio]-7-0oxo-1-azabicyclo[3.2.0]hept-2-
ene-2-carboxvylate (Ii)

co No

Step A.

p-Nitrobenzyl (4R,5S,6S)-6-[1'(R)-hydroxyethyl]-4-methyl-3-
[[[(pyridin-3—yl)thio]methyl]thip]-7-oxo-1—azabicyclo-
[3.2.0]hept-2-ene-2-carboxylate

OH CHy OH CH,
/!//// n /1//// I, l ~N
4;——N / Shq —_— 4;——N /) S\\/S ZN
0 0
CO,PNB co,PNB

To a cold (ice bath) solution of p-nitrobenzyl
(4R,55,6S)-4-methyl-3-~silver

mercapto-7-oxo-l-azabicyclo[3.2.0]hept-2-ene-2-carboxylate

(1.7 g, 3.5 mmol) in DMF (15 mL) was added a solution of
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3-[(chloromethyl)thio]pyridine (670 mg, 4.2 mmol) followed
by LiI (940 mg, 7.0 mmol) and DIPEA (0.69 mL, 4.2 mmol).

The mixture was stirred for 22 h at c.a. 22°C then diluted
with ice cold HZO and EtOAc and filtered through a pad of
Celite. The pad was rinsed with EtOAc (4 x 20 mL) and the
agueous layer was extracted with EtOAC (2 x 40 mL). The
organic extracts were combined, washed with cold HZO (4 x 25
mL) and brine, dried '(MgSO4) and concentrated. The residue
was then passed through a silica gel flash column (30 g of
silica; the column eluted successively with CHZClz' 10%, 25%
and 50%. CH,Cl,/EtOAc, EtOAc, 10% and 20 CH,CN/EtOAc) to
give the title material (804 mg, 46%).

IR (CH,CL,) v : 3600-3200 (OH), 1775, 1710 et (C=0)
24 2 max
and 1520 cm (NOZ);

1H NMR (CDClB, 200 MHz) 6: 8.66-8.63 (1H, m, pyridine

H-2), 8.55-8.49 (1H, m, pyridine H-6), 8.23-8.17 (2H, m,
PNB-H), 7.80-7.71 (1H, m, pyridine H-4), 7.65-7.61 (2H, d,
J=8.8 Hz,.PNB-H), 7.28-7.22 (1H, m, pyridine H-4), 5.52,
5.45, 5.25, 5.18 (2H, ABgq, J=13.8 Hz, CHZ-PNB), 4.30, 4.22,
4.15, 4.08 (2H, ABg, J=13.5 Hz, SCHZS), 4.3-4.22 (2H, m,
H-1' and H-5), 3.54-3.39 (lH, m, H-4), 3.27 (1H, dd, J=2.6
Hz, J=6.7 Hz, H-6), 1.84 (1lH, 6s, OH), 1.36 (3H, d, J=6.3
Hz, CH3) 1.24 ppm (3H, 4, J=7.4 Hz, CH3).

Step B.

Sodium

(4R,5S,68)-6-[1' (R)-hydroxyethyl] -4-methyl-3-[[[(pyridin-
3-yl)thio]methyl]lthio]=7-oxo-l-azabicyclo[3.2.0]hept-2~
ene-2-carboxylate (Ii)
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A solution of p-nitrobenzyl )
(4R,5S,6S)-6-[1'(R)-hydroxyethyl]-4-methyl-3-
[[{(pyridin-3~yl)thio)methyl]thio]-7-<oxo-1~azabicyclo-
(3.2.0]hept-2~ene-2-carboxylate (725 mg, 1.44 mmol) in
THE (45 mL), ether (45 mL) and a 0.05M pH 7.0 agueous
NaH2P04/NaOH buffer solution (50 mL, 2.5 mmol) was shaken
in a Parr hydrogenator at 45 psi H2 for 1 h at 15° to 22°C
using 10% P4d/C (725 mg) as catalyst. The mixture was
diluted with ether (50 mL). The catalyst was removed by
filtration and rinsed with the pH 7.0 buffer solution (2 x
10 mL). The two solution phases were separated and the
organic layer was extracted with the pH 7.0 aqueous buffer
solution (1 x 10 mL). The aqueous layers were combined,
washed with ether (2 x 25 mL) and passed through a reversed
phase C18 uBondaPak column (75 g of the reversed phase C
yBondaPak material; the column eluted first with HZO
followed successively by 2%, 5%, 10% and 15Y% CHscN/HZO) to
give the title material (220 mg, 39%); purity 99.6% (as
checked by HPLC): T, 74 h (pH 7.4); T, 35 min (pH 2.0).

wv 2529 302 (9350), 258 (6000);

IR (Nujol) Voax® 3600~3200 (OH), 1740 and 1695 cm"1
(C=0);

lH NMR (Dzo, 200 MHz) &6: 8.65, 8.64 (1H, d, J=2.0 Hz,
pyridine (H-2), 8.49 (1lH, dd, J=1.2 Hz, J=3.9 Hz, pyridine
H-6), 3.05-8.0 (1H, m, pyridine H-5), 7.48-7.41 (1H, m,
pyridine H-4), 4.46, 4.39, 4.22, 4.15 (2H, ABqg, J=14.1 Hz,
SCHZS), 4.28-4.15 (1H, m, H-1"'), 3.96 (1lH, dd4, J=2.5 Hz,
J=9.2 Hz, H-5), 3.38 (1lH, 44, J=2.5 Hz, J=6.1 Hz, H-6),

18
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3.36-3.2 (1H, m, H-4), 1.28 (3H, d, J=6.3 Hz, CH3), 1.12 ppm
(3H, 4, J=7.2 Hz, CH3).

Example 13
Sodium
(5R,6S)-6-[1'(R)-hydroxyethyl]-3-[[[(p-chlorophenyl)thio]-
methyl]thio]-7-oxo-1l-azabicyclo[3.2.0]lhept-2-ene-
2-carboxvlate (Ij)

C02No

Step A.

p-Nitrobenzyl
(5R,6S)=-6-[1'(R)-hydroxyethyl]~-3-[[[(p-chlorophenyl)-
thio]lmethyl]thio]-7-oxo-1l-azabicyclo[3.2.0lhept-2-ene-
2-carboxylate ‘

g )

CO,PNB CO,PNB -

To a cold (ice bath) suspension of p-nitrobenzyl
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(5R,6S)-6-[1"'(R)-hydroxyethyl]-3-silver mercapto-7-oxo-
l-azabicyclo[3.2.0lhept-2-ene-2-carboxylate (471 mg, 1 mmol)
in DMF (6 mL) was added chloromethyl 4-chlorophenyl sulfide
(0.18 mL, 1.3 mmol), LiI (267 mg, 2 mmol) and DIPEA (0.20
mL, 1.2 mmol). The resulting mixture was stirred for 18 h,
then diluted with cold HZO (12 mL) and EtOAc (12 mL) and
filtered through a pad of Celite. The pad was washed with
EtOAc (6 x 15 mL) and thie two solution’ phases were
separated. The agueous phase was extracted with EtOAc (3 x
15 mL). The organic extracts were combined, washed with
cold HZO (2 x 25 mL) and brine (25 mL) and dried (MgSO4).
The solid residue obtained upon solvent evaporation was
triturated with an ether/CH2012 mixture (9/11, 20 mL) to
give the title material (355 mg, 68%) as a pale brown solid.

IR (CHZClZ) v 3600-3200 (OH), 1780, 1700 (C=0) and
1520 cm™* (NO,);

1H NMR (CDCl3, 200 MHz) 6: 8.23-8.18 (2H, m, PNB-H),
7.64, 7.60 (2H, bd, J=8.8 Hz, PNB-H), 7.39-7.25 (4H, m,
aromatic H), 5.52, 5.45, 5.25, 5.18 (2H, ABg, J=13.9 Hz,
CHZ-PNB), 4.3-4.16 (2H, m, H-1' and H-5), 4.16, 4.15 (2H,
part of ABgq, SCHZS), 3.47, 3.42, 3.38, 3.33, 3.22, 3.18,
3.13, 3.09 (2H, m, CH2-4), 3.20 (1H, dd, J=2.4 Hz, J=6.8 Hz,
H-6), 1.73 (1H, bd, J=4.5 Hz, OH), 1.36 ppm (3H, 4, J=6.3
Hz, CHS)'

max

Step B.

Sodium

(5R,6S)=-6-[1'(R)-hydroxyethyl]-2-[[[ (p-chlorophenyl)thio]-
methyl]thio]-7-oxo-1-azabicyclo(3.2.0]hept-2~ene-2-
carboxylate (I7)
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A solution of p-nitrobenzyl (5R,6S)-6-[1'(R)-hydroxy-
ethyl]-3-[[[(P-chlorophenyl)thio]methéllthio]-7-oxo-1-
azabicyclo[3.2.0]hept-2-ene-2-carboxylate (900 mg, 1.73
mmol) in THF (40 mL), ether (40 mL) and a 0.05M phosphate
buffer solution (pH 7.0, 64 mL, 3.2 mmol) was shaken on a
Parr hydrogenator for 3 h at 45-50 psi H2' using 10y% Pd/C (2
X 900 mg) as catalyst. The catalyst was removed by
filtration and washed with the pH 7.0 solution (2 x 10 mL).
The organic phase was extracted with the pH 7.0 solution (2
x 10 mL). The aqueous extracts were combined, washed with
ether (2 x 50 mL) and passed through a C18 uBondaPak
reversed phase column (90 g of the C18 uBondaPak reversed
phase material; the column eluted first with Hzo and then
successively with 5%, 10% and 20% CH3CN/H20) to give the
title material that was repurified on the same type of
column (20 g of the reversed phase material) to finally
afford the pure material in good yield (212 mg, 30%);
purity: 99.4% (as checked by HPLC); Tl/2 26 h (pH 7.4). .

IR (Nujol) Vi 3600-3200 (OH), 1760 and 1690 cm
(C=0);

1H NMR (DZO’ 200 MHz) 6: 7.57-7.39 (4H, m, aromatic-H),
4.39, 4.32, 4.27, 4.20 (2H, ABg, J=1l4.1 Hz, SCHZS),
4.27-4,13 (1H, m, H-1'), 4.04 (1lH, dt, J=2.4 Hz, J=9.2 Hz,
H-5), 3.22 (1lH, dd, J=2.6 Hz, J=6.1 Hz, H-4), 3.19, 3.14,
3.10, 3.05, 2.87, 2.83, 2.79, 2.74 (2H, m, CH2-4), and 1.28
ppm (3H, d, J=6.4 Hz, CH3).

ax’
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Example 14

Sodium

(4R,55,68)-6-[1"' (R)-hydroxyethyl]-4-methyl-3=[[[ (p-chloro-
phervyl)thio]lmethyl]thio]=7-oxo-1l-azabicyclo[3.2.0]hept-

2-ene-2-carboxvlate (Ik)

OH

J///////
L\ /' S\\V,S C
74
0
COyNa

Step A.

p-Nitrobenzyl (4R,5S,6S)-6-[1'(R)-hydroxyethyl]-4-methyl-3-
[[[(p-chlorophenyl)thio]lmethyl]thio]-7-oxo-1-
azabicyclo[3.2.0]hept-2-ene-2~-carboxylate

oH OH CHy
//lmw //!%W
5\/5 Cl
LN/ <: >
&7 &
CO,PN8 Co,PNE

A cold (ice bath) suspension of p-nitrobenzyl
(4R,5S,6S)-6-[1'(R)-hydroxyethyl]-4-methyl-3-silver
mercapto-7-oxo-l-azabicyclo[3.2.0]hept-2-ene-2-~
carboxylate (1.5 g, 3.1 mmol) in DMF (15 mL) was treated
with chloromethyl 4-chlorophenyl sulfide (0.56 mL, 3.9 mmol)
followed by addition of LiI (422 mg, 6.2 mmol) and DIPEA
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(0.62 mL, 3.72 mmol). The resulting mixture was stirred for
23 h at c.a. 22°C, then diluted with cold H,0 +(50 mL) and
EtOAc (50 mL) and filtered to remove the solid. This solid
was rinsed with EtOAc (2 x 20 mL). The aqueous phase was
separated and extracted with EtOAc (2 x 20 mLi). The organic
phases were combined, washed with cold Hzo‘(z X 50 mL) and
brine (1 x 50 mL), dried (MgSO4) and concentrated. The
residue was passed through a silica gel flash column (30 g
of silica gel; the column eluted first with CHZCl2 followed
successively by 10%, 20% and 30% EtOAc/CHzciz) to give the
title material (819 mg, 497%) as an amorphous pale yellow
solid.

IR (CHZClz) Vo
1520 om™* (NO,);

'H NMR (CDCL,, 200 MHz) 6: 8.24-8.17 (2H, m, PNB-H),
7.66-7.58 (2H, m, PNB-H), 7.38-7.24 (4H, m, aromatic-:4),
5.51, 5.44, 5.24, 5.17 (2H, ABgq, J=13.8 Hz, CHZ-PNB), 4,23
(1B, dd, J=2.6 Hz, J=9.9 Hz, H-5), 4.35-4.0 (1H, m, H-1'),
4.26, 4.20, 4.13, 4.06 (2H, ABg, J=13.4 Hz, SCHZS),
3.55-3.35 (1H, m, H-4), 3.267 (1lH, dd, J=2.6 Hz, J=6.8 Hz,
H-6), 1.77 (1H, d, J=4.4 Hz, OH), 1.36 (3H, d, J=6.3 Hz,
CH3), 1.24 ppm (3H, d, J=7.3 Hz, CH3).

ax' 3600-3200 (OH), 1775, 1710 (C=0), and

Sﬁep B.

Sodium

(4R,55,65)-6=(1' (R)~hydroxyethyl]~-4-methyl-3-( ([ (p-chloro-
phenyl)thio]methyl]thio]-7-oxo~1l-azabicyclo[3.2.0]~
hept-2-ene-2-carboxylate (IK)
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CO,PNB CozKa

A solution of p-nitrobenzyl (4R,SSL68)-6-[1'(R)-
hydroxyethyl]-4-methyl-3-[[((p-chlorophenyl)thio]methyl]-
thio]-7-dxo-l-azabicylo[3.2.0]hept-z-ene-z-carboxylate (800
mg, 1.49 mmol) in THF (40 mL), ether (40 mL) and a pH 7.0
NaHZPO4/NaOH buffer solution (0.05M, 56 mL, 2.8 mmol) was
shaken on a Parr hydrogenolysis apparatus for 3 h at 45 psi -
H, using 10% Pd/C (800 mg) as catalyst. The catalyst was
r;mOVed by filtration through a cake of Celite and the cake
was rinsed with the pH 7.0 buffer solution (2 x 20 mL). The
organic phase was separated and extracted with the 0.05M pH
7.0 phosphate buffer sc_ution (2 x 20 mL). The aqueous
layers were combined, washed with ether (2 x 50 mL) and
passed through a C18 uBondaPak reversed phase column (40 ¢
of the 018 uBondaPak reversed phase material; the column
eluted first with HZO followed successivley by 5%, 10% and
20%. CH3CN/H20) to give the title material (315 mg, 50%);
purity 99.4% (as checked by HPLC); T% 97 h (pH 7.4).

uv 2829 306 (10,100), 262 (8050);

IR (Nujol) Vnax® 3600-3200 (OH), 1750 and 1695 cm"1
(C=0):

4 MR (D,0, 200 MHz) 6: 7.56, 7.52 (2H, d, J=8.3 Hz,
aromatic -H), 7.44, 7.39 (2H, d, J=8.3 Hz, aromatic-H),
4,43, 4.36, 4.19, 4.12 (2H, ABg, J=14.0 Hz, SCHZS), 4.3-4.15
(1H, m, H-1'), 3.89 (1H, dd, J=8.9 Hz, H-5), 3.45 (1lH, dd,
J=2.4 Hz, J=6.0 Hz, H-6), 3.30-3.1% (1H, m, H-4), 1.28 (3H,
d, J=6.3 Hz, CH3), 1.10 ppm i3H2, 4, J=7.2 Hz, CH3).



Example 15

Sodiw

(4R,55,65)-6-{1'(R)-hvdroxyethyl]-4-mthyl-3-[[ (methylsul-

finvi)methyl]thio]-7~oxo-1-azabicyclo[3.2.0]hept-2-

-ene-2-carboxylate (Im)

OH

A cold (ice bath) solution of sodium
(4R,55,6S)-6-[1'(R)-1'-hydroxyethyl}~-4-methyl-3-
[ ( (methylthio)methyl)thio]-7-0oxo0-1-azabicyclo[3.2.0])hept-~
2-ene-2-carboxylate (Ib') (100 mg, 0.31 mmol) in HZO (10 mL)
was treated dropwise with a 309 aqueous solution of HZOZ
(0.03 mL, 0.31 mmol) and stirred for 8.5 h at 5°C (ice
bath). The solution was then passed through a ClauSondaPak
reversed phase column (10 g of the ClBuBondaPak reversed
phase material, the column eluted with HZO) to give the
title material as a mixture of diasteraomeric sulfoxides,
some as a pure product (78 mg, 74%, purity 99.54% (as
checked by HPLC)] and some as an impure product [20 mg, 19%,
purity 97.6% (as checked by HPLC)]; diastereomeric ratio:
6/4; 'r,/) 4:23 (pH 7.4). '

uv xmax 296 (9600); .

IR (Nujol) Vmax' 3600-3100 (OH), 1740 and 1600 cm
(C=0);
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1H NMR (DZO' 200 MHz) 6: 4.56, 4.49, 3.92, 3.99 (ABg,

J=14.5 Hz, SCH,S), 4.36, 4.29, 4.17, 4.09 (ABq, J=14.2 Hz,
SCH,S), 4.29-4.16 (2H, m, H-1' and H-5), 3.62-3.44 (2H, m,
H-4 and H-6), 2.81 (1.8H, s, CH,S0), 2.76 (1.2H, s, CH;50),
1.24 (3H, d, J=7.3 Hz, CH,) and 1.22-1.19 ppm (3H, m, CH,).

Example 1€

Sodium )

(4R, 55,68)=3-[[[(p-chlorophenyl)sulfinyl]methyl]thio]=-
6-[1' (R)-hydroxyvethyl]-4-methyl-7-oxo-1l-azabicyclo-
[3.2.0]hept-2-2ene-2-carboxylate (In)

A cold (ice bath) solution of sodium
(4R,5S,6S)-3~[ ([ (p-chlorophenyl)thio]methyl]thio] -6~
[1'(R)-hydroxyethyl]-4-methyl-7-oxo-l-azabicyclo[3.2.0]-
hept-2-ene-2-carboxylate (Ik) (324 mg, 0.77 mmol) in HZO (15

mL) was treated dropwise with a 30% aqueous H,O, solution

(0.087 mL, 0.77 mmol) and was stirred at 5°C %oi two days.
The cold aqueous solution was poured over a C18 vBondapak
reversed phase column (30 g the C18 uBondapak reversed phase
material; the column first eluted with HZO followed
successivley by 2%, 5% and 1Y% CH3CN/H20) to give the title
material (158 mg, 47%) as a 26/74 mixture of diastereomsars;

T, 106 h (pH 7.4, 37°C).
=
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v 252° 304 (8500);
max

IR (Nujol) v 3600-3200 (OH), 1750 and 1595 cm™ !
(C=0);

1y NMR (D,0, 200 MHz) 6: 7.81-7.75 (2H, m, aromatic-H),
7.7-7.58 (2H, m, aromatic H), 4.50, 4.43, 4.32, 4.26 (0.7 H,
ABg, J=13.6 Hz, SCH,S), 4.41 (0.3H, s, SCH,S), 4.18 (1H,
center of 5 liues, J=6.2 Hz, H=1'), 3.57 (1H, dd4, J=2.5 Hz,
J:9.4 Hz, H-5), 3.33-3.28 (1H, m, H-6), 3.0-2.7 (1H, m,
H-4), 1.25 (3H, d, J=6.3 Hz, CH;), 1.02 ppm (3H, d, J=7.2
Hz, CH

max’

3)-

Example 17

¢ eeSodium
" (4R, 55,6S5)=6=[1' (R)-hydroxyethyl]-4-methyl-3-[[[[(pyridin-
** 3-vl)methyl]thio]methyl]thio]=-7-oxo~-1-azabicyclo(3.2.0]-

ses Jlept-2-ene-2-carboxylate (Io)

~ OH
CH,
N
X -. ///////. l
e:':': LN / S\/S A
@’ 4
0

.t.ol. COZNG

.'."Step A.

p-Nitrobenzyl(4R,5S,6S)-6-[1'(R)-hydroxyethyl]-4-methyl-
3-[[[{(pyridin-3-yl)methyl]thio]methyl]thio]=-7-ox0-1-
azabicyclo[3.2.0]hept-2-ene-2-carboxylate
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co,PNB co,PNB

To a cold (ice bath) solution of p-nitrobenzyl
{4R,55,6S)-6-{1'(R)-hydroxryethyl|-4-methyl-3-silver
mercapto-7-oxo-l-azabicyclo(3.2.0]hept-2-ene-2-carboxylate
(1.0 g, 2.06 mmol) in DMF (6 mL) was added a solution of
freshly prepared 3-({(chloromethyl)thio|methyl]pyridine
(from 1.24 g, 10 mmol of 3-picolyl mercaptan) in DME (4 ml)
followed by Lil (280 mg, 4.12 mmol) and DIPEA (0.41 mL, 2.47
mmol). The resulting mixture was stirred for 18 h at c.a.
22°C, then diluted with cold H,O (25 mL) and cold EtOAc (25
mL), and passed through a pad of Celite. The pad was washed
with EtOAc (4 % 10 mL) and th. two solution layers were
separated. The aqueous phase was extracted with EtOAc (2 x
10 mL) and the craanic fractions were combined.. They were
washed with cold Hzo (2 ®x 25 mL) and brine (25 mL) and dried
(MgSO4). The residue obtained upon evaporation of the
solvent was passed through a silica gel column (20 g of
silica; the column first eluted with CHZCL2 followed
successivley by 10%, 20%, 40% and 60% EtOAc/CHZCl2 and
finally with EtOAc) to give the title material (413 mg, 41%)
as a yellow solid.

IR_;CHZClZ) Vnax®
1520 cm (NOZ);

1H NMR (CDC13, 200 MHz) 6: 8.54-8.48 (2H, m,
aromatic-H). 8.24, 8.19 (2H, d, J=8.7 Hz, INB-H), 7.68-7.62
(5H, m, arcmatic H and PNB-H), 7.28-7.21 (1lH, m, aromatic

3600-3200 (OH), 1775, 1710 (C=0) and
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H), 5.56, 5.49, 5.27, 5.20 (2H, ABq, J¥l3.8 Hz, CHZPNB),
4.27 (1H, dd, J=2.0 Hz,-J=9.4 Hz, H-5), 3.85-3.7 (4H, m,
H-1", SCHZS, CH, pyridine), 3.65, 3.58 (1H, d, part of ABq,
J=13.6 Hz, SCHZS), 3.5-3.3 (1H, m, H-4), 3.25 (1H, 44, J=2.4
Hz, J=6.7 Hz, H-6), 1.68 (1lH, bs, OH), 1.35 (3H, d, J=6.2
Hz, CHj), 1.20 ppm (3H, d, J=7.3 Hz, CH,).

Step B.

Sodium

(4R,55,65)-6-[1' (R)-hydroxyethyl]-4-methyl-3-[[[[(pyridin-~
3-yl)methyl]thio]lmethyl]thio]-7-oxo-1l-azabicyclo-
[3.2.0Jhept-2-ene-2-carboxylate (I0)

OH oH
//1 CHy //J CHy
N —
\ / NS b / SN\US ~N
Y 7
0
Co,PNB Co,Na

A solution of p-nitrobenzyl (4R,5S,65)-6-[1'(R)-
hydroxyethyl]-4-methyl-3-[[[[(pyridin-3-yl,-
metayl]thio]methyl]thio]-7-oxo-1-azabicyclo[3.2.0]hept~-
2-ene-2-carboxylate (718 mg, 1.39 mmol) in THF (40 mL),
ether (40 mL) and a O0.05M pH 7.0 NaH2P04/NaOH buffer

solution (50 mL, 2.5 mmol) was shaken in a Parr hydrogenator
at 45 psi H, for 3 h at c.a. 22°C using 10% P4/C (700 mg) as
catalyst. The catalyst was removed by filtration and rinsed
with the 0.05M pH 7.0 phosphate buffer solution (2 x 10 mL).
The solution layers were separated and the organic layer was
extracted with the 0.05M pH 7.0 phosphate buffer solution.
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The agqueous layers were combined, washed with ether (2 x 50
mL) and passed through a reversed phase 018 uBondaPak column
(40 g of the reversed phase C18 uBondaPak material; the
column first eluted with HZO followed successively by 2%,
5%, 10% and 15% CH3CN/H20) to give a grey solid after
lyophilization (267 mg, 48%). This solid was passed again
through a C18 pBondaPak column (7.5 g of the C18 nrBondaPak
material; the column-eluted successively with Hzo and 2%
and 59 CH3CN/H20) to give the title compound (2.33 mg, 42%)
as a white lyophilized solid; T% 77 h (pH 7.4, 37°C), purity
99.9% (as checked by HPLC).

ov AH20. 266 (6,003), 304(9790);

IR (Nujol) v__ : 3600-3200 (OH), 1750 and 1600 cm™*
(C=0);

1H NMR (Dzo 200 MHz) 6: 8.53 (1lH, bs, pyridine-H),
8.45, 8.42 (1H, bd, J=5.0 Hz, pyridine-H), 7.93, 7.88 (1H,
bd, J=7.9 Hz pyridine-H), 7.48, 7.45, 7.44, 7.41 (1H, dd,
J=5.1 Hz, J=7.8 Hz, pyridine-H), 4.30, 4.27, 4.24, 4.21,
4.18 (1H, 5 lines, H-1'), 4.11 (1¥, dd4,J=2.2 Hz, J=9.2 Hz,
H-5), 3.95 (2H, s, CHz-pyridine), 3.92, 3.85, 3.81, 3.74
(2H, ABg, J=13.8 Hz, SCHZS), 3.39 (1H, dd, J=2.2 Hz, J=6.0
Hz, H-6), 3.30, 3.26, 3.22, 3.18, 3.14 (1H, 5 lines, H-4),
1.29 (3H, 4, J=6.3 Hz, CH3), 1.11 ppm (3K, 4, J=7.3 Hz,
CH3).

Example 18

Sodium

(4R,55,6S)-6-[1' (R)-hydroxyethyl]-4-methyl-3-[[[[(pyridin-

3-vl)methyl]sulfinyl]methyl]thio]=-7-0oxo0=-1-

azabicyclo[3.2.0]hept-2-ene-2-carboxylate (Ip)
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A cold (ice bath) solution of sodium
(4R,5S,6S)-6-(1' (R)-hydroxyethyl]«4-methyl-3-
({[{(pyridin-3-yl)methyl]thiolmethyl]thiol-7-0ox0-1=~
azabizyclo{3.2.0]-hept-2-ene-2-carboxylate (Io) (390 mg,
0.97 mmol) in HZO (20 mL) was treated with a cold solution
of Na104 (229 mg, 1.07 mmol) in HZO (5 mL). The mixture was
stirred for 2 h at 5°C, and then passed through a Cig
uBondaPak reversed phase Folumn (50 g of the C18 uBondaPak
reversed phase material; the column eluted first with HZO
followed by 2% and 5%, CH3CN/H20) to give after
lyophilization a yellow solid (210 mg, 52%) and a less polar
material (90 mg). This satter material was {reated with
NaHCO3 (3 eg.) in cold Hzo (5 mL) and again passed through a
reversed phase column (10 g of the reversed phase material,
the column eluted with HZO and then with 2% CH3CN/H20) to
give the title material (73 mg). The two fractions thus
obtained were combined and rechromatographed through the C18
yBondaPak column (30 g of the reversed phase material; the
column successively eluted with HZO, 2% and 5Y% CH3CN/H20) to
afford the pure product (169 mg, 32%) as a 71/29 mixture of

diastereomers; purity 99.2% (as checked by HPLC); Ty 43 h
2
(7.4, 37°C).

uv xgig 266 (7,610), 272 (7,787), 298 (11,876);

IR (Mujol) v 3600-3200 (OH), 1745 and 1600 cm ™

(C=0);
1

max’

H MMR (D,0, 200 MHz) §: 8.57-8.52 (2H, m, pyridine-H),
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7.91-7.85 (1H, m, pyridine-H), 7.56-7.49 (1H, m,
pyridine-H), 4.56-3.90 (6H, m, H-1',6 H-5, CHz-pyridine,
SCH,S), 3.45 (lH, dd, J=2.5 Hz, J=6.1 Hz, H-6), 3.37, 3.34,
3.36, 3.29, 3.26, 3.2 (1H, m, H-4), 1.28 (3H, 4, J=6.3 Hz,
CcHy), 1.17 (d, J=7.1 Hz, CHy), 1.16 ppm (d, J=7.2 Hz, CH,).

Example 19

Sodium .
(4R,5S8,6S)-3-[[[(3 ,4-dichlorophenyl)thiolmethyl]thio]-6-

[1'(R)-hydroxyethyl]-4-methyl-7-oxo-1l-azabicyclo[3.2.0]-~
hept-2-ene-2-=carboxylate (Iqg)

OH
CHy
// /////
5 Cl
) // 3\\//
74
0
Co,Na ¢l

Step A.

p-Nitrobenzyl (4R,5S,6S)-3-[[[(3,4~-dichlorophenyl)thio]-
methyl]jthio]-6-[1'(R)-hydroxyethyl]-4-methyl-7-oxo-1-
azabicyclo[3.2.0]lhept-2-ene-2~-carboxylate
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To a cold (ice bath) solution of'p~nitrobenzyl
(4R,5S,6S)-6-[1' (R)-hydroxyethyl]-3-silver mercapto-4-
methyl-7-0xo-l-azabicyclo(3.2.0lhept-2-ene~-2-carboxylate
(1.00 ¢g. 2.06 mmol) in DMF (6 mL) was added a solution of
freshly prepared l-chloromethylthio-3,4-dichlorobenzene
(prepared from 3,4-dichlorophenyl mercaptan 1.27 mL, 10.0
mmol) in DMEF (4 mL), followed by addition of LiI (280 mg,
4.12 mmo.) and DIPEA (0.41 mL, 2.47 mmol). The resulting

_mixture was stirred for 18 h at c.a. 22°C, then diluted with

cold EtOAc (2C mL) and cold HZO (20 mL) and passed through a
pad of Celite to remove the solid. The pad was washed with
EtOAc (2 x 20 mL) and the two solution phases werve
separated. The agqueous phase was extracted with EtOAc (1 x
20 mL) and the organic fractions were combined, washed with
HZO (3 x 25 mL) and brine (7 x 25 mL), dried (Mgso4) and
concentrated. The residue was passed through a flash silica
gel column (20 g of silica; the column eluted first with
CH2012 followed successively by 5Y%, 10%, 15% and 20%
EtOAc/CHZClz) to give the title material (462 mg, 40%)._1

IR (CHZClz) Vmax® 3600-3200 (OH), 1775 and 1710 cm
(C=0);

1H NMR (CDC13, 200 MHz) 6: 8.22-8.16 (2H, m, PNB-H),
7.64, 7.59 (2H, bd, J=8.7 Hz, PNB-H), 7.48, 7.478 (1H, d,
J=2.1 Hz, aromatic-H), 7.38, 7.34 (1H, 4, J=8.3 Hz,
aromatic-H), 7.25, 7.24, 7.21, 7.20 (1H, dd, J=2.1 Hz, J-8.3
Hz, aromatic H), 5.51, 5.44, 5.25, 1.78 (2H, ABq, J=13.7 Hz,
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CH,-PNB), 4.32-4.14 (1H, m, H-1'), 4.25 (1H, dd, J=2.5 Hz,
J=9.4 Hz, H-5), 4.27, 4.20, 4.14, 4.07 (2H, ABq, J=13.4 Hz,
SCH,S), 3.53-3.38 (1H, m, H-4), 3.27 (1H, dd, J=2.6 Hz,
J=6.7 Hz, H-6), 1.61 (1H, bs, OH), 1.36 (3H, d, J=7.2 Hz,
CH;), 1.24 ppm (3H, d, J=6.3 Hz, CH;).

Step B.

Sodium
(4R,5S,6S)-3=[[ [ (3,4-dichlorophenyl)thio]methyl]thio]-
6-[1'(R)-hydroxyethyl]-4-methyl-7-o0oxo-1l-azabicyclo-
(3.2.0]hept-2-ene-2~-carboxylate (1qg)

A solution of p-nitrobenzyl (4R,5S,6S)-3-[[[(3,4-
dichlorophenyl)thio]methyl]thio]=-6-[1'(R)-hydroxyethyl]-
4-methyl-7-oxo-1l-azabicyclo[3.2.0)hept-2-ene-2-carboxylate
(447 mg, v. +«= . 21) in THF (15 mL), ether (15 mL) and a
0.10 M pH 7.0 NaH2P04/NaOH buffer solution (14.5 mL, 1.45
mmol) was shaken in a Parr hydrogenator at 40-45 psi Hz for
2 h, using 10% Pd/C (447 mg) as catalyst. The catalyst was
removed by filtration and washed with the buffer solution (2
x 10 mL). The two solution phases ware separated and the
organic phase was extracted with the buffer solution (2 x 10

mL). The aqueous phases were combined, washed with ether (3
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X 20 mL) and passed twice through a C18 pBondaPak reversed
phase column (first elution: 27 g the C18 uBondaPak reversed
phase material; first eluted with HZO followed successively
by 2%, 5%, 10% and 20% CHBCN/HZO ; second elution: 7.5 g of
the reversed phase material; eluted successively with HZO
and 5%, 10% and 20% CH3CN/H20) to give the title material
(102 mg, 29%) as a lyophilized powder; T%=99 h (pH 7.4,
37°C), purity 99.3% (as checked by HPLC),

uv 2220 304 (9120), 266 (7800);

IR (Nujol) v 3600-3200 (OH), 1750 and 1600 cm"l
(C=0);

i NWR (D,0, 200 MHz) 6: 7.75, 7.74 (1H, d, J=2.0 Hz,
aromatic H), 7.55, 7.51 (1H, d, J=8.4 Hz, aromatic H), 7.47,
7.46, 7.43, 7.42 (1H, dd, J=2.0 Hz, J=8.4 Hz, aromatic H),
4.46, 4.59, 4.21, 4.14 (2H, ABg, J=14.1 Hz, SCHZS),
4.25-4,14 (1H, wm, H-1'), 3.88 (1H, dd, J=2.5 Hz, J=9.1 Hz,
H-5), 3.36 (1H, dd, J=2.5 Hz, J=6.0 Hz, H-6), 3.34-3.1 (1H,
m, H-4), 1.28 (3H, d, J=6.3 Hz, CH3), 1.11 ppm (3H, d, J=7.2

Hz, cna)'

max’

Example 20

Sodium (4R,55,6S)=-6-[1'(R)-hydroxyethyl]=-4-methyl-3-

[[[(2,3,4,5,6-pentafluorophenvyl)thio]methyl]lthio]-7-0oxo=-1-

azabicyclo[3.2.0]hept-2-ene-2-carboxylate (Ir)

OH cH, F F
/!///////
S F
- /)TN
J 7
CO,Na F F
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Step A.

p-Nitrobenzyl (4R,5S,6S)-6-[1'(R)-hydroxyethyl]-4-
methyl-3-([((2,3,4,5,6-pentafluorophenyl)thio]Jmethyl]-
thio]-7-oxo-1l-azabicyclo[3.2.0]hept-2-ene-2-carboxylate

OH CH, OH CHy F F
//l@w //lﬂw :
L —— Ly /NS i
a e
’ CO,PNB ° Co,PNB F F

A cold (ice bath) solution of p-nitrobenzyl (4R,5S,6S)-
6-(1'(R)-hydroxyethyl]-4-methyl-3-silver mercapto-7-~oxo-
l-azabicyclo(3.2.0]hept-2-ene-2-carboxylate (2.0 g, 4.12
mmol)‘in DMEF (12 mL) was treated with a solution of freshly
prepared l-chloromethylthio-2,3,4,5,6-pentafluorobenzene
(prepared from l-mercapto-2,3,4,5,6-pentafluorobenzene; 1.33
mL, 100 mmol) in DMF (8 mL), LiI (560 mg, 8.24 mmol) and
DIPEA (0.8#2 mL, 4.94 mmol). The mixture was stirred for 18
h at c.a. 22°C, then diluted with ice cold HZO (40 mL) and
EtOAc (40 mL) and filtered over a pad of Celite. The pad
was rinsed with EtOAc (3 x 10 mL) and the two solution
phases were separated. The agqueous layer was extracted with
EtOAc (2 x 20 mL). The organic phases were then combined,
washed with ice cold HZO (3 x 50 mL) and brine (50 mL),
dried (MgSO4) and concentrated. The residue was passed
through a silica gel column (40 g of silica; the column
successively eluted with CH2C12 and 2%, 5%, 8% and 10%
EtOAc/CHZCIZ) to give the titie material (820 mg, 34%).
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IR_§0H2C12) Vi
1520 cm (NOZ);

1H NMR‘(CDCl3, 200 MHz) 6: 8.25-8.21 (2H, m, PNB-H),
7.68, 7.63 (2H, bd, J=8.7 Hz, PNB-H), 5.58, 5.52, 5.31, 5.24
(2H, ABg, J=13.6 Hz, CHZ—PNB), 4.88 (2H, s, SCst), 4.26
(14, 44, J=2.7 Hz, J=9.4 Hz, H-5), 4.29-4.2 (1lH, m, H-1'"),
3.26 (1H, dd4, J=2.7 Hz, J=6.8 Hz, H-6), 3.0-2.8 (1lH, m,
H-4), 1.65 (1H, 4, J=4.% Hz, OH), 1.33 (3H, 4, J=6.2 Hz,
CH3), 1.04 ppm (3H, 4, J=7.3 Hz, CH3).

oy ! 3600-3400 (OHj, 1780, 1715 (C=0) and

Step B.

Sodium

(4R,5S,68)=-6-[1' (R)-hydroxyethyl]-4~-methyl-3-[[((2,3,4,5,6-
pentafluorophenyl)thio]methyl]thio]~-7-0oxo0~1~azabicyclo-
(3.2.0]hept-2-ene-2~carboxylate (Ir)

OH CH,y F F OH CH,y F F
II,,/” //1/, " —
S F 3 ] F
I R / A\
N Z2mlLa A
7 i /
CO,FNB F F CO,Ha F F

A solution of p-nitrobenzyl (4R,5S,6S)-6-[1'(R)-
hydroxyethyl]-4-methyl-3-([[(2,3,4,5,6~-pentafluorophenyl)-
thio}lmethyl]thio]=7-oxo=]~azabicyclo[3.2.0hept-2-ene-
2-carboxylate (200 mg, 0.34 mmol) in THF (10 mL), ether (10
mL) and a 0.10M pH 7.0 NaH2P04/NaOH buffer solution (6.3
mL, 0.63 mmol) was shaken in a Parr hydrogenator for 3 h at
40-45 psi H2 using 10% Pd/C (200 mg) as catalyst. The
catalyst was removed by filtration and rinsed with the pH
7.0 buffer solution (2 x 5 mL) and ether (1 x 10 mL). The
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two solution layers were separated, and the organic layer
was extracted with the pH 7.0 buffer solution (2 x 5 mL).
The aqueous phases were frozen until furfther manipulation
was required. The organic layer was treated again in a Parr
Shaker with 10% Pd/C catalyst (130 mg) for 2 h at 40-45 psi
H2 and was subjected to the similar extraction process
déscribed above. Finally, all the aqueous layers were
combined and passed through a C18 pBondaPak re ‘ersed phase
column (30 g of the C18 pBondaPak reversed phase material;
the column first eluted with HZO followed by 2%, 5% and 10%
CH3CN/H20) to give the'title material (45 mg, 28%); purity
100% (as checked by HPLC); T%=41 h (pH 7.4, 37°C).

uv: xiig 304 (13,600);
IR (Nujol) v__ :3600-3200 (OH), 1750 and 1600 cm™*
(C=0);

'H MR (D,0, 200 MHz) 6: 4.82 (2H, s, SCH,S), 4.28-4.15
(1H, m, H-1'), 4.18 (1H, dd, J=2.6 Hz, J=9.3 Hz, H-5), 3.42
(1H, dd, J=2.6 Hz, J=6.2 Hz, H-6), 3.01, 2.98, 2.94, 2.89,
2.80 (18, 5 lines, H-4), 1.26 (3H, d, J=6.4 Hz, CH,) and
1.02 ppm (3H, 4, J=7.3 Hz, CH3).

Example 21

Sodium

(4R,55,68)-6=-[1' (R)-hyc ;oxyethyl]-3-[[ (isopropylthio)-

methvl]thio]-4-metliyl-7-oxo-1l-azabicyclo[3.2.0]hept=-2-

ene-2-carboxylate (Is)

OH CH,
/l /CHJ
"y,
HSC N /, S\/S“'CH
649 \CHs
PRIV
Cd, Na
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Step A.

p-Nitrobenzyl (4R,5S,6S)-6-[1'(R)-hydroxyethyl]-3-
[ [ (isopropylthio)methyllthio]-4-methyl-7-oxo-1-
azabicyclo[3.2.0Jhept~2~-ene-2-carboxylate

OH CH, QH CHy
HqC c/l
U N : . ",
Hzf/l >—sAg HC/cuswacx L HCT T ds s
3 CaHgh ¢ 7
CO,PNS 8 0.PNB

A cold (2°C) solution of p-nitrobenzyl
(4R,5S,6S)-6-{1' (R)~hydroxyethyl]-4-methyl-3-silver
mercapto-7-oxo-l-azabicyclo{3.2.0]hept-2-ene-2~carboxylate
(7.279 g, 15.0 mmol) in 60 mL of dried dimethylformamide was
treated with a solution of 2-[(chloromethyl)thiolpropane
(2.805 g, 22.5 mmol) in 15 mL of dried dimethylformamide,
lithium iodide (6.023 g. 45.0 mmol) and
N,N=-diisopropylethylamine (2.908 g, 3.92 mL, 22.5 mmol).
After stirring for 1 h at 5°C and 18 h at 20°C, the solution
was diluted with ethyl acetate (150 mL) and cold (2°C) water
(150 mL) and filtered through a pad of Celite. The organic
phase was separated from the aqueous phase, and the aqueous
phase was extracted with ethyl acetate (3 x 150 mL). The
organic layers were combined, washed with water (3 x 100 mL)
and brine (200 mL), dried (MgSO4), filtered and evaporated.
The crude product (4.87 g) was purified by silica gel
chromatography (250 g of silica; eluted with
dichloromethane/ethyl acetate, 3/1) to afford 2.483 g (35%)
of thg title product as a yellow foam.

'a MMR (cDCly; 200 MHz) 6§ 1.24-2.37 (12H, m, 1'-CH,,
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4-CH3, CH3's of isopropyl), 3.15 (1H, m, CH of isopropyl),
3.26 (1H, dd, J=2.58 Hz, 6.80 Hz, H-6), 3.56 (1H, m, H-4),
3.91 (2H, ABg, -SCH,S-), 4.22-4.29 (2H, m, H-5, H-1'), 5.36

(2H, ABg, CO,CH,), 7.92 ppm (4H, ABg, aromatic H's).

Step B.

Sodium

(4R,5S,6S)-6-[1' (R)-hydroxyethyl]-3~-([(isopropylthio)-
methyl]thio]-4-methyl-7-oxe-l-azabicyclo[3.2.0]hept-2-
ene-2-carboxylate (Is)

— W CH, Mo o,

: c‘.é /!’/Il/// H 2 J’ ///I/,

.'._' Hsc g Hsc

.OO:D. N / < \/S Pd/ C N / S\/S—<
ot 7 7

tet e GO,PNB C0,Na

A solution of p-nitrobenzyl (4R,5S,6S)-6-[1'(R)-
hydroxyethyl]-3-[[ (isopropylthio)]methyl]thio]-4-
methyl-7-oxo-1l-azabicyclo[3.2.0]hept-2-ene-2-carboxylate

e
sUpe e
[} ®

2ese (1.399 g, 3.0 mmol) in a mixture of ether (30 mL) and
’ ) tetrahydrofuran (30 mL) was added to 60 mL of a pH 7.0, 0.1M
'K:? NaH,PO,/NaOH buffer. The resulting mixture was subjected to
vesaet hydrogenolysis over 10% Pd/C catalyst (1.399 g) at 42 psi
vl hydrogen for 3 h. The catalyst was removed by filtration
Vet over a pad of Celite and washed with:ether (30 mLj; and the
.;::: pH 7.0 buffer solution (30 mL). The agqueous phase was

separated and chromatographed on reversed phase silica gel,
eluted with 5-15% acetonitrile in water. The pertinent

fractions were pooled and lyophilized. The solid obtained
was rechromatographed on reversed phase silica gel, eluted

-82..



LR L]
L3

eoy”~

[ XY R
L)

L4

with acetonitrile/water (12/88). Once again, the pertinent

fractions were pooled and lyophilized to afford 0.357 g
(33%) ~f the title product as a slightly beige solid.

IR (KBr) v__ : 1599 (-CO,-), 1750 cn™l (B-lactam);
UV (water) lmax: 304 nm (e 11046);
1

H NMR (D,0; 200 MHz) &: 1.20-1.31 (12H, m, 1'-CHj,
4-CH3, CH3's oy isopropyl) 3.42-3.59 (2H, m, H-4, H-6), 4.01
(2H, ABg, -SCH,S-), 4.20-4.32 ppm {2H, m, H-1', H-5).

Example 22

Sodium

(4R,55,65)-6-[1'(R)-hydroxyethyl]-3-[[[ (phenylmethyl)-
thio]methyl]thio]-4-methyl-7-0oXo-l-azabicyclo[3.2.0]lhept-
2-ene-2-carboxylate (It)

CH,

OH
H C//l%%
e SO G
V4

0
CO, Naf

Step A.

p-Nitrobenzyl (4R,5S,6S)-6-[1'(R)-hydroxyethyl]-3-
[ { [ (phenylmethyl)thio]methyl]thio]-4-methyl-7-oxo-
l-azabicyclo[3.2.0]hept-2~-ene-2-carboxylate
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CHy OH CH,

oH’
Hat/] NH—SAg  + @—cuescuem —Lil W

/) S\ S~ CHaCyHy
Cata (), i

0,PNB 02PNB

A cold (2°C) solution of p-nitrobenzyl (4R,5S,6S)-
6-[1'(R)-hydroxyethyl]-4-methyl-3-silver
mercapto-7-oxo-l-azabicyclo(3.2.0]hept-2-ene-2~-carboxylate
(7.279 g, 15.0 mmol) in 60 mL of dried dimethylformamide was
treated with a solution of chloromethylthiomethylbenzene
(3.885 g, 22.5 mmol) in 15 mL of dried dimethylformamide,
lithium iodide (6.023 g, 45.0 mmol) and
NM,N-diisScpropylethylamine (2.908 g, 3.92 mL, 22.5 mmol).
After stirring for 1 h at 5°C and 18 h at 20°C, the solution
was diluted with ethyl acetate (150 mL) and cold (2°C) water
(150 mL) and filtered through a pad of Celite. The organic
phase was separated from the agqueous phase. The aqueous
phase was extracted with ethyl acetate (3 x 150 mL). The
organic phases were combined and washed with water (3 x 100
mL) and brine (200 mL), dried (MgSO4), filtered and evapora-
ted. The crude product (5.18 g) was purified by silica gel
chromatography (250 g of silica; eluted with
dichloromethane/ethyl acetate, 3/1) to afford 2.772 g (36%)

of the title product as a yellow foam.

'H MR (CDCL,; 200 MHz) § 1.17 (3H, d, J=7.33 Hz,

4-CH3), 1.35 (3H, d, J=6.26 Hz, 1'-CH3), 3.24 (1H, dd, J=2.5
Hz, 6.72 Hz, H-6), 3.39 (1H, m, H-4), 3.68 (2H, ABq,
-SCHZS-), 3.83 (2H, ABq, -SCHZCGHS), 4.18-4.28 (2H, m, H-5,
H-1'), %.38 (2H, ABq, COZCHZ)’ 7.24-7.31 (5H, m, -SCHZCGHS),
7.93 ppm (4H, ABq, COZCH2C634N02).
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Step B.

Sodium

(4R,55,6S)-[1'(R)-hydroxyethyl]-3-[[[ (phenylmethyl)thio]-
methyllthio)~-4-methyl-7-oxo-1-azabicyclo[3.2.0)}hept-
2-ene-2-carboxylate (It)

H3 ‘OH CH3
/!///II/ H C/,///Il/,
N/ TSNS TCH, Gyl —F§7E* : N /) SN\ S-CH,CHy
4
CO,PNB CO,Na

A solutiion of p-nitrobenzyl (“R,5S,6S)-6-[1'(R)-
hydroxyethyl]-3-[[[ (phenylmethyl)thio]methyl]thio]-
4-methyl-7-oxo-1l-azabicyclo{3.2.0]hept-2-ene-2-carboxylate
(1.544 g, 3.0 mmol) in a mixture of ether (30 mL) and
tetrahydrofuran (30 mL) was added to 60 mL of a pH 7.0, 0.1M
NaH2P04/NaOH buffer solution. The resulting mixture was
subjected to hydrogenolysis over 10Y% Pd4/C catalyst (1.544 g)
at 42 psi H2 for 3 h. The catalyst was removed by
filtration over a pad of Celite and was washed with ether
(30 mL) and the pH 7.0 buffer solution (30 mL). The aqueous
phase was separated from the organic phase and chromatogra-
phed on reversed phase silica gel, eluved with 5-20%
acetonitrile in water; the pertinent fractions were pooled
and lyophilized. The solid thus obtained was
rechromatographed on reversed phase silica gel, eluted with
acetonitrile/water (15/85); the pertinent fractions were
once again pooled and lyophilized to afford 0.390 g (32%) of
the title compound as a white powder.
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1599 (-CO,-), 1750 cm”(p-lactam);

., 304 nm (& 11019);

H NMR (D,0; 200 MHz) &: 1.09 (3H, d, J=7.26 Hz,
4-CH;), 1.29 (3H, d, J=6.35 Hz, 1'-CH,), 3.15 (1H, m, H-4),
3.38 (1H, dd, J=2.47 Hz, 6.03 Ez, H-6), 3.81 (2H, ABq,
-SCH,S-), 3.92 (2H, s, -SCH,C/H.), 4.10 (1H, dd, J=2.36 Hz,
9.13 Hz, H-5), 4.23 (1H, m, H-1'), 7.33-7.43 ppm (5H, m,

—SCHZCSHS).

IR (KBr) Voax!

UV (water) A
1

Example 23

Sodium (4R,5S,65)-6~[1'(R)-hydroxyethyl]-3-[[[[ ((furan-
2-yl)-methyllthiolmethyllthio}=4-methyl-7-oxo-1-
azabicyclo=[3.2.0]hept-2-ene-2-carhoxvylate (Iu)

OH CH3
' /!//////
L \/@
S-S
Va2
0//
COz'Na+

Step A.
p-Nitrobenzyl (4R,5S,6S)-6-[1'(R)-hydroxyethyl]-3-

{[{[((furan-2-yl)methyl]thio]lmethyl]lthio]-4-methyl-7-oxo-
l-azabicyclo[3.2.0]hept-2-ene-2-carboxylate
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A cold (2°C) solution of p-nitrobenzyl (4R,5S,6S)-
6-[1'(R)~-hydroxyethyl]-4-methyl-3-silver
mercapto-7-oxo-l-azabicyclo(3.2.0]hept-2-ene-2-carboxylate
(7.279 g, 15.0 mmol) in 60 mL of dried dimethylformamide was

."". treated with a solution of
:.Zt' 2-[[(chloromethyl)thio]methyl]furan (3.659 g, 22.5 mmol) in
-:::': 15 mL of dried dimethylformamide, lithium iodide (6.023 g,
ML 45.0 mmol) and N,N-diisopropylethylamine (2.908 g, 3.92 mL,
t..: 22.5 mmol). After stirring for 1 h at 5°C and 18 h at 20°C,
Tetelt the solution was diluted with ethyl acetate (150 mL) and
cold (2°C) water (150 mL) and filtered over a pad of Celite.
The organic phase separated from the aqueous phase; the
. . aqueous‘phase was extracted with ethyl acetate (3 x 150 mL).
3:::: The organic phases were combined, washed with water (3 x 100
oot o mL) and brine (200 mL), dried (MgSO4), filtered and
coes evaporated. The crude product (3.80 g) was purified by
oo’ silica gel chromatcgraphy (250 g of silica; eluted with
'?"E dichloromethane/ethyl acetate, 3/1) to afford 2.471 g (33%)
. oo of the title product as a yellow foam.
et lH NMR (CDC13; 200 MHz) 6 1.23 (3H, 4, J=7.31 Hz,

sgeees 4-CH;), 1.34 (3H, d, J=6.25 Hz, 1'-CH;), 3.26 (1H, dd,
J=2.57 Hz, 6.74 Hz, H-6), 3.47 (1H, m, H~4), 3.79 (ZH, ABg,
furanyl -SHZ), 3.88 (2H, ABgq, -SCHZS-), 4.21-4.28 (213, m,
H-5, H-1'), 5.36 (2H, ABqg, COZCHZ)' 6.19, 6.29 and 7.35 (1H,
1§, 1H, m, m, m, furanyl H's), 7.92 ppm (4H, ABq,

CO,CH,CgH,NO, ) .
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Step B.

Sodium (4R,5S,6S)-6-[1'(R)~-hydroxyethyl]-3~[[[[(furan-2-yl)-
methyl]thio]lmethyl]thio]-4-methyl-7-oxo-1l-azabicyclo-
[3.2.0]hept-2~ene~-2-carboxylate (Iu)

0H CH, OH CH,y
. ‘, By
/ 5\/5\/<:i> /TSNS
0// N 0 Pd/C o// N 0
CO,PN8B CO,Na

A solution of p-nitrobenzyl (4R,5S,6S)-6-[1'(R)-
hydroxyethyl]-3-([[[(furan-2-yl)methyl]thio]methyl]thio]-
4-methyl-7-oxo~-1-azabicyclo[3.2.0]kept-2~ene-2-carboxylate
(1.512 g, 3.0 mmol) in a mixture of ether (30 mL) and
tetrahydrofuran (30 mL) was added to-60 mL of pH 7.0, 0.1M
NaH2P04/NaOH buffer solution. The resulting mixture was
subjected to hydrogenolysis over 10% Pd4d/C catalyst (1.512 gq)
at 42 psi H2 for 3 h. The catalyst was removed by
filtration over a pad of Celite and washed with ether (30
mL) and the pH 7.0 buffer solution (30 mL). The agqueous
phase was separated from the organic phase and
chromatographed on reversed phase silica gel, eluted with
5-20% acetonitrile in water; the pertinent fractions were
pooled and lyophilized. The solid thus cktained was
rechromatographed on reversed phase silica gel, eluted

...88..



with acetonitrile/water (12/88); the pertinent fractions
were once again pooled and lyophilized to afford 0.339 g
(29%) of the title product as a white powder.

IR (KBr) v__.: 1599 (-CO,-), 1750 em” ' (B-lactam);
UV (water) xmax’ 304 nm (& 10989);

1y NMR (D,0; 200 MHz) & 1.17 (3H, d, J=7.24 Hz, 4-CH,),
1.30 (3H, 4, J=6.36 Hz, 1’—CH3), 3.32 (1H, m, H-4), 3.42
(1H, dd, J=2.44 Hz, 5.93 Hz, H-6), 3.89 (2H, ABg, -SCH,S),
3.95 (2H, ABq, furanyl -SCH,), 4.15-4:28 (2, m, H-5, H-1'),
6.37, 6.43 and 6.50 ppm (1H, 1H, 1H, m, m, m, furanyl H's).

Example 24

Sodium (4R,5S5,6S)-6-[1'(R)-hydroxyethyl]-4-methyl=-3-[[1(R
and S)-
(methylthio)ethyl]thio]-7-0oxo-1-azabicyclo[3.2.0lhept-2-
ene-2-carboxylate (Iv)

O H

CHy

//L_N / S\(SCH:,)

COzNa

p-Nitrobenzyl (4R,5S,6S)-6-{1'(R)-hydroxyethyl]-4-methyl-3-
([1-(methylthio)ethyl]thio]=-7-oxo~-1l-azabicyclo[3.2.0]hept-2~
ene-2-carboxylate
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A cold (ice bath) solution of p-nitrobenzyl
(4R,58,65)-6-[1' (R)~-hydroxyethyl]-4-méthyl-3-silver
mercapto-7-oxo-l-azabicyclo{3.2.0)hept-2-ene-2~carboxylxte
(242 mg, 0.5 mmol) in DMF (2 mL) was treated dropwise with a
solution of l-chloroethyl methyl sulfide (69 mg, 0.625 mmol)
in DMF (1 mL), LiI (68 mg, 1.0 mmol) and DIPEA (0.1 mL, 0.6
mmol). The resulting mixture was stirred at 5°C for 30 min,
then treated again with 0.5 eg. of the previous reagents
(CH3CHClSCH3, LiI and DIPEA). The mixture was stirred for
an additional 30 min, then diluted with ice cold EtOAc (20
mL) and Hzo (20 mL) and filtered over a pad of.Celite. The
pad was rinsed with EtOAc (3 x 10 mL) and the two solution
layers were separated. The agueous layer was extracted with
EtOAc (3 x 10 mL). The organic phases were combined and
washed with ice cold H20 (4 x 20 mL) and brine (20 mL),
dried (MgSO,), and concentrated. The residue was purified
on preparative TLC (eluted with CHZClz/EtOAc, 1/1) to give
the title compound (73 mg, 32%) as a mixture of
diastereomers. Each diastereomers were separated by
preparative TLC (eluted with ether) and were characterized
separately.

Isomer A, the less polar isomer:

IR (CH,Cl,) vp. .
1520 cm™ > (NO,);

lg NMR (CDCl,, 200 MHz) &: 8.25-8.19 (2H, m, PNB-H),
7.68-7.64 (2H, m, PNB-H), 5.56, 5.49, 5.27, 5.20 (2H, ABq,

J=13.8 Hz, CHZ-PNB), 4.37, 4.34, 4.30 (1H, part of g, J=7.0

3600-3300 (OH), 1770-1710 (C=0) and
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Hz, SCHS), 4.28 (1H, dd, J=2.4 Hz, J=9.4 Hz, H-5), 4.34-4.23
(1, m, H-1'), 4.8-4.6 (1H, m, H-4), 3.28 (1H, dd, J=2.6 Hz,
J=6.8 Hz, H-6), 2.13 (3H, s, SCH;), 1.65 (3H, d, J=7.0 Hz,
CHCH,), 1.37 (3H, d, J=6.3 Hz, CH,), 1.28 ppm (3H, d, J=7.4
Hz, CH3)«

Isomer B, the more polar isomer:

IR-§CH2C12) Vnax' 3600-3320 (OH), 1770, 1710 (C=0) and
1520 cm (NOZ);

1H NMR (CDCla, 200 MHz) 6: 8.25-8.19 (2H, m, PNB-H),
7.69-7.64 (2H, d, J=8.9 Hz, PNB-H), 5.56, 5.49, 5.27, 5.20
(2H, ABg, J=13.8 Hz, CHZPNB), 4.3-4.2 (1H, m, hidden H-1'),
4.26 (1lH, dd, J=2.5 Hz, J=9.3 dz, H-§), 4.24, 4.21, 4.17
(1H, part of q, J=6.8 Hz, SCHS), 3.7-3.35 (1H, m, H-4), 3.28
(14, dd, J=2.6 Hz, J=6.8 Hz, H-6), 2.28 (3H, s, SCH3), 1.76
(1H, bs, OH), 1.65 (3H, 4, J=6.8 Hz, CHCH3), 1.38 (3H, d,
J=6.3 Hz, CHa), 1.28 ppm (3H, 4, J=7.3 Hz, CHB)'

Step B.

Sodium (4R,5S,6S)=~6-[1' (R)-hydroxyethyi]-4-methyl-3-[[(1-
methylthio)ethyl]thigl-7-oxo~1-azabicyclo[3.2.0]hept~-2~
ene-2-carboxylate (lv)

OH OH
SHs ey //J Ry oy
%% /i\ ‘ @w /i\
7 Y
Q 0

co,PNB CO,Na

A solution of p-nitrobenzyl (4R,5S,65)-6-(1'(R)-
hydroxyethyl]-4-methyl-3-([1-(methylthio)ethyl]thio]=-7-0oxo-
l-azabicyclo(3.2.0]hept-2~ene-2-carboxylate (isomer A, 120
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mg, 0.26 mmol) in THF (10 mL), ether (10 mL) and a 0.10M
NaH2P04/NaOH buffer solution (4.7 mL, 0.47 mmol) was shaken
on a Parr hydrogenator for 1.5 h at 40-45 psi H2 using 10%
Pd/C as catalyst (120 mg;. The catalyst was removed by
filtration and the ocrganic phase was separated from the
agqueous phase anu treated again with H2 at 40-45 psi in the
Parr shaker in the presence of 10% Pd/C catalyst (120 mg)
and the pH 7.0 NaH2P04/NaOH buffer solution. The mixture
was shaken for 1.5 h after which the catalyst was removed by
filtration. The agueous phases from the two hydrogeno ysis
steps were combined, washed with ether (3 x 20 mL) and then
passed through a 018 uBondaPak column (30 g of the 018
pBondaPak column material; the column eluted first with HZO
followed successively by 2%, 5% and 10% CHBCN/Hzo) to give
the title material as a grey solid. The solid was
repurified on the 018 pBondaPak column (7 g of the 018
nBondaPak materail; successively eluted with Hzo, 5% and 10%
CHSCN/HZO) to give one pure isomer Iv-A (35 mg, 40%); purity
96.9% (as checked by HPLC); Tl/2 20 min (pH 2, 37°C).

H20
UV A A0 302 (7045);

IR (Nujol) Ymax’ 3600-3200 (OH), 1745 and 1600 cm-'1
(C=0);

1H NMR (DZO' 200 MHz) 6: 4.47, 4.44, 4.40, 4.37 (1H, q,
J=7.0 Hz, SCHS), 4.31-4.18 (1H, m, H-1'), 4.23 (1lH, dd,
J=2.5 Hz, H-5), 3.65, 3.62, 3.58, 3.57, 3.53, 3.50 (1H, 6
lines, H-4), 3.44 (1H, dd, J=2.5 Hz, J=6.1 Hz, H-6), 2.15
(3H, s, CH3), 1.60 (3H, 4, J=7.0 Hz, CH3), 1.29 (3H, d,
J=6.4 Hz, CH3), 1.21 ppm (3H, d, J=7.3 Hz, CH3).

The similar steps with the isomer B of p-nitrobenzyl
(4R,58,6S5)-6-[1' (R)-hydroxyethyl]-4-methyl-3-{[1-(methyl-
thio)ethyl]thio]-7-oxo-1-azabicyclo(3.2.0]hept-2-ene-
2-carboxylate gave another isomer Iv-B.
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(37 mg, 42%); purity 97.0% (as checked by HPLC); ‘1"1/2 56 n (pH
7.4, 37°C), 20 min (pH 2.0, 37°c).

uv xgig 302 (9831);

IR (Nujol) v __ : 3600-3200 (GH), 1750 and 1600 —
(C=0);

1

E NMR (DZO' 200 MHz) 6: 4.36, 4.33, 4.29, 4.26 (1H, q,
J=6.8 Hz, SCHS), 4.21 (part of dd, J=2.4 Hz, part of H-5),
4.29-4.21 (1B, m, hidden H-1'); 3.44 (1H, dd, J=2.4 Hz,
J=6.1 Hz, H-6), 3.50-3.34 (1H, m, hidden H-4), 2.29 (3H, s,
CH3), 1.60 (3H, d, J=6.8 Hz, CH-CH3),‘1.29 (3H, d, J=6.4 Hz,
CH3), 1.21 ppm (3H, 4, J=7.3 Hz, CH3).

Example 25

Sodium

(4R,55,65)=-3-[ [ [ (p-cyanophenvl)thio]methyl]thio)-6-[1'(R)~
hydroxyethyl]-4-methyl-7-oxo-1l-azabicyclo[3.2.0]hept-
2-ene-2-carboxylate (Iw)

HO CHy

HsC l —
//——-N
0// CO,Na

Step B.

4-( (Bromomethyl)thio]lbenzonitrile
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CN CN

SCH; SCH,BT

A solution of 4-(methylthio)benzonitrile (0.300 g, 2
mmcl) and N-bromosucciraimide (0.445 g, 2.5 mmol) in benzene
was refluxed for 26 h. Then the mirture was cooled and
filtered. The filtrate wus evaporated, taken up in cold
CCl4 (10 mL) and filtered again. This operation was
rep ated another time. Finally, evaporation of the solvant
left 0.32 g (70%) of the title product as a yellow oil which
solidified.

iR (CH,CL,) v

-1
— 2223 cm (=CN) ;

H NMK (CDCl,, 200 MHz) &: 7.65 (2H, d, aromatic-E,
J=8.59), 7.51 (2H, d, aromatic-H, J=8.59 Hz), 4.88 ppm (2H,
s, S-CH,-).

Step B.
p-Nitrobenzyl (4R,5S,6S)-3-([[(p-cyanophenyl)thio]-

methyl]thio]-6-[1'(R)-hydroxyethyl]-4-methyl-7~oxo-
l-azabicyclo(3.2.0]hept=-2-ene~2-carkoxylate

- 94 -



L]

L X RR XY
L] [ ]
AL

v
&6 ~

@

¢ v
L]
* a0

*
Seveoo

CH,

HO HO CH,
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CO,PHB 0 .

0 CO,PHB

To 2 cold (5°C) solution of p-nitrobenzyl (4K,5S,6S)-6-
[1'{R)-hydroxyethyl]|-4-methyl-3-silver
mercaptc-7-oxo-l-azabicyclo[3.2.0}hept-2-ene-2~-carboxylate
(0.606 g, 1.25 mmol) in dimethylformamide (5 mL) was acded
dropwise a salution of 4-{(bromomethyl)thio]benzonitrile
(0.328 g, 1.4=- 2mol) in dimethylformamide (1 mL), followed
by LiI (0.255 g, 3.75 mmol) and N,N-diisopropylethylamine
(0.37 mL, 2.19 mmol). 'The reaction mixture was stirred at
room temperature for 18 h, then diluted with ethyl acetate
(25 mL; and water (25 mL) and filtered. The two layers were
separated; the agueous phase extracted with ethyl acetate (3
x 10 mL). The organic phases were combined and washe. with
cold water and brine. Then the organic solution was dried
(MgSO4) and evaporated. The crude compound was purified by
silica gel chromatography (eluted with 0% to 20% ethyl
acctatn/CHZClz) to afford 0.298 g (45%) of the title product
as a yellow solid.

. IR (CHZCIZ) v
cm (ECOZ-);

H NMMR (CDCl.,, 200 MHz) §: 8.22 (2H, d, aromatic-H),

/.64 (2H, d, arométic-H), 7.59 (2H, d, aromatic-~H), 7.42
(2H, d, aromatic-H), 5.29 (2H, ABgq, CHZ-Bz), 4,23~4.30 (4H,
m, -CHZS, H~1', H~S), 3.50 (1H, m. H-4), 3.30 (1H, dd, J =
2.56, 6.74 Hz), 1.38 (31, 4, J = 6.25 Hz, 1’-CH3), 1.28 ppm
(34, d, J = 7.27, 4-C33).

max’ 2223 (-CN), 1775 (B=lactam), 1710
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Step C.

Sodium

(4R,5S,68)-3-[ [ [ (p-cyanophenyl)thio]lmethyl]thio]-6-[1'(R)~
hydroxyethyl]-4-methyl-7-oxo-l-azabicyclo(3.2.0]hept-
2-ene-2-carboxylate (1Iw)

HO CHy HO CHy
S 5—(: :>—‘CN S 5—(: :}—CN
HyC ~ HyC ~
| — |
i

CO,PNB 0 CO,Na

A solution of p-nitrobenzyl (4R,5S,6S)-3-[[[(p-
cyanophenyl)thiolmethyl]thio]-6-[1'(R)-hydroxyethyl]-4-
methyl-7-oxo-l-azabicyclo[3.2.0]hept-2-ene-2-carboxylate ‘
(0.168 g, 0.32 mmol) in tetrahydrofuran (12 mL) was added to
a mixture of EtZO (12 mL) and 0.1M NaH2P04/NaOH buffer
solution (pH: 7.0, 6 mL) solution. The mixture was
subjected to hydrogenolysis over 10% Pd/C catalyst (0.168 g)
at 45 psi H2 for 2.75 h. Then the catalyst was filtered off
and the filtrate extracted with EtZO. The aqueous phase was
chromatographed on reversed phase silica gel, eluted with
0-10Y% CHBCN/water. The pertinent fractions were combined
and lyophilized to afford 0.30 g (22.7%) of the title
compound.

IR (Nujol) v__ : 1750 (8-lactam), 1590 cm ' (-CO

'H NMR (D,0, 200 MHz), &: 7.44 (2H, d, aromatic-H),
7.61 (2H, d, aromatic-H), 4.44 (2H, ABq, -CHZ-), 4.25 (1H,
m, H-1'), 4.10 (1H, dd, J = 2.36, 9.27 Hz, H-5), 3.28-3.45
(2H, m, H-4, H-5), 1.30 (3H, d, J 6.29 Kz, l’-CH3), 1.10
ppm (3H, d, J = 7.21 Hz, 4-CH3).

2 )
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Example 26

Sodium (4R,5S,6S)-3-[[[(p-carbamoylphenyl)thio]-
methyl])thio]=6-[1'(R)-hydroxyethyl]-4-methyl-7-0xo-1-
azabicyclo[3.2.0]hept-2-ene-2-carboxylate (Ix)

CONH,
HyC
Step A.
4-[ (Chloromethyl)thio]benzamide
3 SCHy SCH,CI SCH,CI
N .
— || — _—
~
CO,H cocl coc! CONH,

A solution of 4-(methylthio)benzoic acid (1.68 g, 10
mmol) in SOCl2 (S mL) was refluxed for 1 h. Then the
solvent was evaporated to leave a solid. The crude acid
chloride formed was dissolved in CH2C12 (10 mL), cooled in
an ice bath and treated slowly (45 min) with a solution of
SOZCl2 (1.48 g, 11 mmol) in CH2012 (S mL). After the
mixture was stirred for 2 h at 5°C, the solvent was evapora-

ted. The crude product was dissolved in C6H6 (50 mL) and
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the solution was saturated, at 20°C, with NH5. The
precipitate formed immediately. After allowed to be stirred
for 15 min, the white solid was collected and
chromatographed on silica gel (eluted with CH3CN) to afford
1.74 g (86.2%) of the title amide; m.p. 140-42°C.

IR (CH,Cl,) v__ : 1680 (-CO”), 1595 cm ' (aromatic).

lH NMR (CDCls, 200 MHz) 6: 7.80 (2H, 6, aromatic-H),
7.54 (2H, 6, aromatic-H), 5.03 ppm (2H, S, -CHZ).

Step B.

p-Nitrobenzyl (4R,5S,6S)-3-[[[(p-carbamoylphenyl)-
thiolmethyl]thio]-6-[1'(R)-hydroxyethyl]-4-methyl-
7-oxo-1l-azabicyclo[3.2.0]lhept-2-ene-2-carboxylate

HO CHy HO CHy

A cold (5°C) solution of p-nitrobenzyl (4R,5S,6S)-6-
[1'(R)-hydroxyethyl]-4-methyl-3-silver
mercapto-7-oxo-l-azabicyclo[3.2.0]hept-2-ene-2-carboxylate
(500 mg, 1.03 mmol) in dimethylformamide (10 mL) was treated
with 4-[(chloromethyl)thio]lbenzamide {0.239 g, 1.19 mmol),
LiI (0.414 g, 3.09 mmol) and N,N-diisopropylethylamine
(0.233 g, 1.8 mmol) dropwise. The mixture was stirred at
5°C for 2 h and 20°C for 16 h, diluted with ethyl acetate,
shaken vigorously with cold diluted HCl and filtered. The
two solution phases were separated, and t..e aqueous solution
was extracted with ethyl acetate. The combined organic
extracts were washed with brine, dried (MgSO4) and
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evaporated. The crude product was purified by silica gel
chromatography (eluted first with ethyl acetate and then
with CH3CN) to afford 0.322 g, (57.5%) of the title product
as a brownish foam.

N IR (CH2C12) Vna
cm (CONHZ).

'H NMR (CDCl,, 200 MHz), &: 8.19 (2H, d, aromatic-H),

7.73 (2H, d, aromatic-H), 7.62 (2H, 4, aromatic-H), 7.43
(2H, d, aromatic-H), 5.34 (2H, ABq, CHZ-B;), 4.40-4.10 [4H,
H-1', 4.28 (2H, ABgq, CHZS, 4.17 (1H, dd, J = 2.53, 9.25Hz,
H-5)], 3.39 (1H, m, H-4), 3.25 (1H, d4d, J = 2.54, 6.70Hz,
H-6), 1.35 (3H, 4, J = 6.26Hz, 1'-CH3), 1.24 ppm (3H, 4, J
7 .28Hz, 4-CH3).

. 1772 (B~lactam), 1710 (~C02PNB), 1875

I

Step C.

. Sodium (4R,5S,6S)-3-[[[p~carbamoylphenyl)thio]lmethyl]thio]-~

6-[1'(R)-hydroxyethyl]-4-methyl-7-oxo-1l-azabicyclo-
[3.2.0)hept-2-ene-2~-carboxylate (Ix)

HO CH, Ho CH,
e S CONH s s—@—couu
e "‘“”eré(v |
N— N
&7 N 74 COo,Na

CO,PNE g

A solution of p-nitrobenzyl (4R,5S,6S)-3-{[[(p-
carbamoylphenyl)thio]methyl]thio]]-6~[1'(R)-hydroxyethyl]-
4-methyl-7-oxo-l-azabicyclo[3.2.0]hept-2-ene-2-carboxylate
(0.543 g, 1 mmol) in tetrahydrofuran (40 mL) was added to a
mixture of Etzo (40 mL) and O0.1M NaH2P04/NaOH buffer
solution (pH:7.0, 20 mL). The mixture was subjected to
hydrogenolys:s over 10% Pd/C catalyst (0.543 g¢g) at 40 psi H
for 3 h. Then the catalyst was filtered off and the

2
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filtrate extracted with EtZO. The agueous phase was
chromatographed on reversed phase silica gel being, eluted
with 0-10% CH3CN/water. The pertinent fractions were
combined and lyophilized to afford 0.130 g (30.2%) of the
title compound.

IR (nujol) v
em™t (-CO,-);

1H NMR (DZO, 200 MHz) 6: 7.77 (2H, d., aromatic-H), 7.61
(ZzH, d, aromatic-H), 4.37 (2H, ABgq, -CHZS-), 4.19 (1H, m,
H-1'), 3.87 (1H, dd, J = 2.35Hz, 9.19, H-5), 3.36 (1H, dd, J
= 2.46, 6.07Hz, H-6), 3.56 (1H, m, H-4), 1.26 (3H, d, J =

6.33Hz, 1'-CH3), 1.12 ppm (3H, d, J = 7.24Hz, 4-CH3).

nax’ 1740 (p-lactam), 1660 (-CONH,), 1590

Example 27

Sodium
(4R,55,65)-3-[[[[(p-aminomethyl)phenyl]thio]|methyl]thio]-
6-[1'(R)-hydroxyethyl]-4-methyl-7-oxo-1-
azabicyclo[3.2.0]hept-2-ene-2-carboxylate (Iy)

Ho CH,y

S-S CH, NH,

Step A.

4-(Methylthio)benzylazide
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SCH, SCH,4 SCHq

OH OMs N

A cold (5°C) solution of 4-methylthiobenzyl alcohol
(3.0 g, 19.45 mmol) in CH,Cl, (60 mL) was treated with
triethylamine (2.17 g, 21.4 mmol) and methanesulfonyl
oo chloride (2.45 g, 21.4 mmol). The mixture was stirred for 1
) h, then diluted with Etzo and filtered. The filtrate was

.:L: evaporated to dryness, redissolved in CH3CN and treated with
* et ¢ NaN3 (1.52 g, 23.34 mmol) and (Bu)4NCl (0.150 g). The

i:‘:a mixture was stirred at room temperature for 18 h, then

I diluted with ethyl acetate and washed successively with

water, dilute NaI—'[CO3 and brine, dried (Mgso4), and finally
evaporated. The crude compound was purified by silica gel

chromatography (eluted with petroleum ether and CHZClZ) to
afford 2.79 g (80.0%) of the title product as a mobile oil.

. . -1

R iR (CHZClz) Vmax® 2200 cm (—N3);

e o H NMR (CDC13, 200 MHz) 6: 7.25 (4H, s, aromatic-H),
cees 4.29 (2H, s, CHZ-), 2.49 ppm (3H, s, -CH3).

et Step B.

ot 4-[ (Chloromethyl)thio]benzylazide
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SCH, SCH,C

N3 N3

A soluticn of 4-(methylthio)benzylazide (0.359 g, 2
mmol) in CH2012 was cooled in ice and treated slowly with
502012 (0.297 g, 2.2 mmol). The reaction mixture was
stirred at 5°C for 1.5 h and then evarorated to dryness.

The crude compound was obtained as a yellow oil.

IR (neat) v : 2200 cm“1 (-N,).

1 max 3 .

H NMR (CDC13, 200 MHz) 6: 7.53 (2H, d, aromatic-H),
7.33 (2H, d, aromatic-H) 4.98 (2H, s, -SCH2-), 4.36 ppm (2H,
s, -CH2N3).

Step C.

p-Nitrobenzyl (4R,5S,6S8)-3-(([[(p-azidomethyl)phenyl]thio]-
methyl]thio]-6-[1'(R)~hydroxyethyl]-4-methyl-7-oxo-1-
azabicyclo(3.2.0]hept-2-ene-2-carboxylate

HO CHy Ko CHy

0 CO,PNB
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A cold (5°C) solution of p-nitrobenzyl (4R,S5S,6S)-6=
(1'(R)~-hydroxyethyl]-4-methyl-3-silver
mercapto-7-oxo-l-azabicyclo{3.2.0}hept-2~ene-2-carboxylate
(849 mg, 1.75 mmol) in DMF (15 mL) was treated with
4-{ (chloromethyl)thio]benzylazide (0.417 g, 2 mmol), Lil
(0.703 g, 5.25 mmol) and N,N-diisopropylethylamine (0.396 g,
3 mmol). After stirring for 20 h at 5°7, the solution was
diluted with ethyl acetate and shaken virorously with cold
diluted aqueous HCl. The mixture was filtered and the
organic phase separated. The aqueoué solution was extracted
with ethyl acetate. The organic phases were combined,
washed with brine, dried (MgSO4) and evaporated. The crude
product was purified by silica gel chromatography (eluted
with 0-10% CH3CN/CH2C12) to afford 0.485 g (49.9%) of the
title product.

IR (CH,Cl,) v, .. :2200 (-Nj), 1772 (B-lactam), 1710 cm™
(-CO,x=);

' NMR (CDCL,, 200 MHz) &: 8.20 (2H, d, aromatic-H),
7.63 (2H, d, aromatic-H), 7.44 (2H, d, aromatic-H), 7.27
(2H, d, aromatic-H), 5.36 (2H, ABq, -CHsz), 4.45-4.12 [ (6H,
m, -CH2N3 (4.34, s8), -CHZS (4.22, ABq), H-5, H-1')], 3.45
(1H, m, H-4), 3.27 (1H, dd, J = 2.55, 6.77 Hz, H-6), 1.36
(3H, d, J = 6.27 Hz, 1'-CH3), 1.24 ppm (3H, 4, J = 7.31 Hz,
4-CH,) . '

Step D.
Sodium
(4R,55,6S)~3~-([[( (p-aminomethyl)phenyl]thio]methyl]thio]-6-

[1'(R)-hydroxyethyl]~4-methyl-7-oxo-1-azabicyclo(3.2.0]-
hept-2~ens-2-carbsoxylate (ly)
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KO CH, Ho CH,
S S CH N S S CH,LHH
J\Eéiv & “_J*J\Eé(v Eall
N N
0// 0// COIN

A solution of p-nitrobenzyl (4R;SS,68)-3-
([ ([ (p-aziiomethyl)phenyl]thio]lmethyl]thio]l-6-[1'(R)-
hydroxyethyl]=4-methyl-7-oxo-1-azabicyclo[3.2.0]hept-
2-ene-2-carboxylate (0.470 g, 0.846 mmol) in tetrahydrofuran
was added to a mixture of EtZO (32 mL) and a 0.1M
NaH2P04/NaOH buffer solution (pH: 7.0, 16 mL). The mixture
was subjected to hydrogenolysis over 10Y% Pd/C catalyst
(0.420 g) at 40 psi H2 for 3.75 h. The catalyst was then
filtered off and the filtrate extracted with Etzo. The
agqueous phase was chromatographed -on reversed phase silica
gel, eluted with 10-25% CH3CN/water. The pertinent
fractions were combined and lyophilized to afford 0.065 ¢
(19.5%) of the title compound.

IR (Nujol) v__.: 1753 (B-lactam), 1580 cm™* (-Cco,”).

'H NMR (D,0, 200 MHz) &: 7.62 (2H, d, aromatic-H), 7.43
(2H, d, aromatic-H), 4.31 (2H, ABg, SCHZ-), 4.20 (2H, s,
-CHZN ), 4.25 (1H, m, H-1'), 3.99 (1H, dd, J = 2.51, 9.56
Hz, H-5), 3.41 (1lH, dd, J = 5.52, 2.81 Hz, H-6), 3.36 (1H,
m, H-4), 1.28 (3H, d, J = 6.38Hz, 1'-CH3), 1.12 ppm (3H, d,
J = 7.25Hz, 4-CH3).
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Example 28

Sodium
(4R,55,68)=-3-[[[[(p~-hydroxymethyl)phenyl]thio]methyl]-
thio]-6-[1'(R)~-hydrexyethyl]-4-methyl-7-oxo0-1-
azabicyclo[3.2.0]lhept-2~ene-2-carboxylate (Iz)

HO CH,4 :
/Y\ S S CH,O0H
p ~_" 2
HyC ——1/ |
//——

0 COyNa

p~(Methylthio)benzyl p-nitrobenzyl carbonate

SCH, SCH4
\\
E\) — [E'
/J

OH

0C0,PNB

A solution of p-(methylthio)benzyl alcohol (1.0 g, 6.48
mmol), carbonyl diimidazole (1.16 g, 7.13 mmol) and sodium
imidazole (0.010 g) in CH,CN (25 mL) was stirred at 20°C for
30 min, followed by addition of p-nitroberzyl alcohol (1.09
g, 7.13 mmol). Stirring was continued for an additional 24
h and then the reaction mixture was svaporated tc¢ dryness.
The crude carbonate was purified by silica gel
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chromatography (eluted with CH,Cl,) to afford 2.13 g (98.6%)
of the title compound as a white solid, melting at 84-86°C.
IR (CH,CL,) v__ : 1753 cm™* (-CO-); |
H NMR (CDCl3, 200 MHz) 6: 8.22 (2H, d, nitrobenzyl-H),
7.52 (2H, d, nitrobenzyl-H), 7.27 (4H, ABq,
methylthiobenzyl-H), 5.25 (2H, s, -CHZ), 5.14 (2H, s,
-CH,-), 2.48 (3H, s, -SCH,).

Step B.

. p-[ (Chloromethyl)thio]benzyl p-nitrobenzyl carbonate
el o SCH, SCH,C
JOCIF
AR ~N
oo o |
R -

CH,0C0,PNB CH,0CQ,PNB

Q:.O.:
coee A cold (5°C) solution of p-(methylthio)benzyl
e p-nitrobenzyl carbonate (1.0 g, 3 mmol) in CHZCl2 (S0 mL)
seve, was treated dropwise (2 min) with SOZCl2 (0.425 g, 3.15

'x mmol). After stirring the resulting solution for 30 min at
S 5°C, the solvent was evaporated o leave the title compound
Lo as a= 0il which solidified (1.1C g yield, 99.7%). The solid
"t wa! used without purification in the next step.
eecco e ‘ -1
¢ IR (CHZCLZ) Vhax® 1752 ¢cm ~.(=CO-);

'y NMR (CDCl,, 200 MHz) §: 8.25 (2H, d, nitrobenzyl-H),
7.54 (2H, d, nitrobenzyl-H), 7.27 (4H, ABqg, methylthio
benzyl-H), 5.26 2H, s, -CHZ-), 5.18 (2H, s, -CHZ-), 4.97 ppm
(2H, s, -CH,C1).
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Step C.

p-Nitrobenzyl (4R,5S,6S)-3-[[[[4-[([[(p-nitrobenzyl)oxy]-
carbonyl]oxy]methyl]phenyl] thio]lmethyl]thio]-6-
(1'(R)-hydroxyethyl]-4-methyl-7-oxo-1l-azabicyclo[3.2.0]-
hept~2-ene-2-carboxylate

HO CHy HO CHy .
Shg /L s s—@—cu 0C0,PNB
HyC I i H;C . | S 2 2
N ) [:d
0// CO,PHNB 0 Co,PNB

A cold (5°C) szlution of p-nitrobenzyl (4R,5S,6S)-6-
(1'(R)-hydr»xyethyl]-4-methyl-3-silver
mercapto-7-oxo-l-azabicyclo[3.2.0]hept-2-ene~2-c.rboxylate
.2.849 g, 1.75 mmol) i. dimethylformamide (15 mL) was

reated with p-[(chloromethyl)thiolbenzyl p-nitrobenzyl
carbonate [0.736 g, 2 mmol), LiI (0.703 g, 5.25 mmol) and
N,N-diisopropylethylamine (0.396 g, 3 mmol). The reaction
mixture was stiured at 5°C for 18 h, then diluted with ethyl
acetate and shaken vigorously with cold dilute HCl. The
mixtlre was filtered, the orwanic phase separated and the
aquegus layer extracted with ethyl acetate. The organic
extracts were combined, washed with brine, dried (MgSO4) and
evarrorated. The crude product was purified by silica gel
chromatogrzphy {esluted with 0-10% CH3CN/CH2012). The
pertinent fractions were combined and evaporated to leave
0.6.3g (51.4%) of the title compound as a foam.

IR (CHZClz) tTax: 3610 (-OH), 1775 (B-lactam), 1755
%-),

(-0CO 1710 cm (-coz‘).

"H NMR (CDC13, 200 MHz) ¢. 8.253 (2H, d, nitrobenzyl-H),
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8.20 (2H, d, nitrobenzyl-H), 7.63 (2H, d, nitrobenzyl-H),
7.53 (24, d, nitrobenzyl-H), 7.38 (4H, ABg,
methylthiobenzyl-H), 5.36 (2H, A3q, nitrobenzyl—CHz), 5.26
(2H, S, -CH,-), 5.17 (2H, S, -CH,-), 4.35-4.05 (4H, m, H-5,
H-1', 4.22 (2H, ABg, S-CH,-), 3.43 (1H, m, H-4), 3.26 (1H,
dd, J = 6.88, 2.60Hz, H-6), 1.36 (3H, d, J = 6.27Hz,
1'-CH3), 1.28 ppm (3H, d, J = 6.34Hz, 4—CH3).

Step D

ae Sodium
S (4R, 5S,6S)-3-[[ [ [ (p~hydroxymethyl)phenyl Jmethyl]thio] -6~
et W' [1'(R)-hydroxyethyl]-4-methyl-7-oxo-1l-azabicyclo-
oiits (3.2.0]hept-2~¢ne-2-carboxylate (Iz)
ot

/'j;é( —@—cu,oco PNB J\L E , —@—cu,oa

cescas CO,PHB co,la

". A solution of p-nitrobenzyl (4R,5S,8S)-3-[{[[{(4-([[[(p-
e nitrobenzyl)oxylcarbonyl]oxylmethyl]phenyl]thio]lmethyl]-
. ae thio]-6-{1'(R)-hydroxyethyl]-4-methyl-7-oxo-1-
b azabicyclo(3.2.0])-hept-2-ene-2-carboxylate (0.635 g, 0.895

[\
eqee oo
L] .

mmol) in tetrahydrofuran (35 mL) was added to a mixture of
EtZO (35 mL) and a 0.1M NaH2P04/NaOH buffer solution (17.8
mL, pH:7.0). The mixture was subjected to hydrogenolysis
over 10% Pd/C catalyst (0.60 g) at 40 psi H2 for 3 h. Then
the catalyst was filtered off and the filtrate extracted
with Et,0. The aqueous phase was chromatographed on
reversea rhase silica gel (partisil), eluted with 0-10%
CH3CN/water.
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The pertinent fractions were lyophilized to yield 0.08 g
(21.4%)of the title product as a white foam.

IR (Nujol) v __ : 1745 (B-lactam), 1590 em™! (-co,-).

'H MR (D,0, 200 MHz) &: 7.58 (2H, d, aromatic-H), 7.38
(2H, d, aromatic-H), 4.65 (2H, s, -CH,-), 4.46-4.12 (3H, m,
H-1', 4.20: 2H, ABq, -Cst), 3.81 (1H, unresolved dd, H-5),
3.34 (1H, unresolved dd, H-6), 3.19 (1H, m, H-4), 1.26 (3H,

d, J = 6.29Hz, 1'-CH3), 1.08 ppm (3H, 4, J = 7.17Hz, 4-CH3).
Example 29
.- Sodium (4R,5S,6S5)-6-[1'(R)-hydroxyethyl]-4-methyl-3-
S [{[(1-methyltetrazol-5-yl)thio]methyl]thio]-7-oxo-1-
el e’ azabicyclo[3.2.0]hept-2~-ene-2-carboxy_ate {Ilaa)
L] :..
s ., HO CH4
e AN
.o.o-. 1/ S/\S / ||
///// N
H;C I N
Vi ‘
. 0// Co,Na  CHj
':.tn:
[ XX K]
D..o :
sene Step A.
0....:
* . 5-[ (Chloromethyl)thio]-1-methyl-tetrazole
Ve SNa SCH,C |
n:.":
e
N "N-CHj4 > N“" "N-CHy
\ \
N—N N—N
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A solution of sodium 5-mercapto-l-methyltetrazole
hydrate (1.38 g, 10.0 mmol) in CHscN (50 mL) - was cooled in -
ice and treated in one portion with bromochloromethane (6.47
g, 50 mmol). The ice-bath was removed and the reaction
mixture stirred at R.T. for 18 h. Then the solvent was
evaporated and the‘cxlde product purified by chromatography
on silica gel (eluted with CH Cl ) to afford 1.27 ¢ (77/) of
the title compound, m.p.: 55- 57 C

"B NMR (CDCl;) 6: 5.26 (2H, S, -CH,), 4.01 ppm (3H, S,
-CH,4) .

Step B.

p-Nitrobenzyl (4R,5S,6S)-6-[1'(R)-hydroxyethyl]-4-
methyl-3-[[[(l-methyltetrazol-5-yl)thio]methyl]thio]-

7-oxo-l-azabicyclo[3.2.0]hept-2-ene-2-carboxylate

HO cH, My
/!I//,, SAg ///,, s s ! |
Hye™ \ —_ " r’"
/ N
72 CO,PNB CO,PNB CH;

A cold solution (5°C) of p-nitrobenzyl
(4R,5S,6S)-6-[1' (R)~hydroxyethyl]-4~methyl-3-silver
mercapto-7-oxo-l-azabicyclo=-[3.2.0]hept-2-ene-2-carboxylate
(970 mg, 2 mmol) in DMF (20 mL) was treated with
5-[ (chloromethyl)thio]-l1-methyl-tetrazole (362 mg, 2.2
mmol), lithium iodide (803 mg, 6 mmol) and DIPEA (427 mg,
3.3 mmol). The reaction mixture was stirred at 5°C for 20
h, then diluted with EtOAc, shaken vigorously with cold
dilute HCl and filtered. The organic phase was separated

and washed three times with brine. After drying (Mgso4),
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purified by chromatography on silica gel [eluted with CH

the solvent was evaporated and the crude dithioacetal was

3CN

(0-15%)/CH,CL,] to afford 275 mg (27.1%) of the title

product.

IR (CH,CLl,) v : 3600 (-CH), 1778 (B-lactam), 1720

2772 -jmax
(ester), 1525 cm (-NOZ); '
lg NvR (CDCly) &§: 8.23 (2H, d, J = 8.8Hz, Ar) 7.64 (2H,

d, J = 8.8Hz, Ar), 5.36 (2H, ABg, H-benzyl), 9.70 (2H, 2Bq,

-SCH,-), 4.29 (1H, dd, J = 2.66, 9.41Hz, H-5), 3.93 (3H, s,

N-CH;), 3.60 (1H, dg, H-1'), 3.31 (1H, dd, J = 2.68, 6.64Hz,

H-6), 1.36 (3H, d, J = 6.28Hz, 1'-CH;), 1.30 ppm (3H, d, J
7.29Hz, 4-CHy).

Step C.

Sodium (4R,55,6S)-6-([1'(R)-hydroxyethyl]-4-methyl-3-
[{[(1l-methyltetrazol-5-yl)thio]lmethyl]thio]-7-oxo-1-
azabicyclo[3.2.0]lhept~-2-ene-2~-carboxylate (laa)

Hy Chy

s N _</ e N __</
l//,, s f,,,,, S 1
——
CO,PNB CH CH,

CO,Na

A solution of p-nitrobenzyl (4R,5S,6S)-€-[1'(R)-
hydroxyethyl]-4-methyl-3-([{[(l-methyltetrazol-5-yl)-
thio]lmethyl]lthio]-7~0oxo~-1l-azabicyclo(3.2.0}hept-2-ene-
2-carboxylate (270 mg, 0.53 mmol) in THF (20 mL) was added
to a mixture of'EtZO (20 mL) and a 0.1M NaH2P04/ NaOH buffer
solution (pH: 7.0, 10 mL). This mixture was subjected to
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hydrogenolysis over 10% Pd/C (270 mg) catalyst at 40 psi H
for 4 h. Then the catalyst was filtered off and the

2

filtrate extracted with EtZO. The agueous phase was
chromatographed on reversed phase silica gel, eluted first
with Hzo and then with 5% CH3CN in HZO‘ The pertinent
fractions were combined and lyophilized to afford 52 mg
(24.8%) of the title product.

IR (Mujol) vy, 1750 (8-lactam), 1595 em™ (-co,7).

H NMR (Dzo) 6: 4.59 (2H, ABq, SQHZ—), 4.27 (1H, dq,
H-1'), 4.17 (JH, dd, J = 2.62, 9.36Hz, H-5), 4.05 (3H, s,
-N-CH3), 3.45 (2H, m, H-6, H-4), 1.32 (3H, 4, J = 6.38Hz,

1'—CH3), 1.20 ppm (3H, d, J = 7.26Hz, 4—CH3).
Example 30

Sodium
(4R,55,68)-3=[[[[(p-hydrazinocarbonvyl)phenyl]thio]methyl]-
thio]-6-[1'(R)-hydroxyethyl]-4-methyl-7-oxo-l-azabicyclo-
[3.2.0]hept-2~ene-2-carboxylate (Ibb)

HO CHjy
< -
/J\\ Se C-NHNH,
HyC | A
/._
Step A.

4-[ (Cloromethyl)thio]benzoic acid hydrazide
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SCH,CI SCH,C I

L o~
0~ el 07" NHNH,

To a solution of hydrazine (0.64 g, 20 mmol) in CH3CN
(15 mL) was added dropwise at room temperature a solution of
4-[ (chloromethyl)thio]benzoyl chloride (2.0 g, 9.11 mmol) in
CH3CN (10 mL). An exothermic reaction took place resulting
in the formation of a white solid. The mixture was stirred
for 30 min and then evaporated to dryness. The crude
product was purified by silica gel chromatography (eluted
with EtOAc) to afford 0.758g (38.4Y%) of the title hydrazide
as a white solid.

IR (CHZClz) Yma

.t 1673 (-CO”) 1600 cm™® (aromatic).

1y mur (cpcrs’ 200 MHz) &: 7.63 (4H, ABq, aromatic-H),
5.02 ppm (2H, s, -SCH,-).

Step B.

p-Nitrobenzyl 2-[p~-[(chloromethyl)thio]benzoyl]lhydrazine-
carboxylate

SCH,CI SCH,CI

- =
0~ NHNH, ' NHNHCO,PNB

To a cold (5°C) suspension of 4-[(chloromethyl)thio]-

- 113 -



benzoic acid hydrazide (0.433 g, 2 mmol) and
p-nitrobenzylchloroformate (0.475 g, 2.2 mmol) in CH3CN (25
mL) was added N,N-diisopropylethylamine (0.285 g, 2.2 mmol)
dropwise. The reaction mixture was stirred at 5°C for 15
min and at 20°C for another 15 min. Then the solvent was
evaporated and the resulting crude product was purified by
silica gel chromatography (eluted with 0-10% CHSCN/CHZClz).
The pertinent fractions were combined and evaporated ‘o give
0.34 g (42.9%) of the title product as a yellow solid.

IR (CH,CL,) v . : 3510 (-NH). 1760 -CO,PNB), 1695 cm”
(=CON ).

'H NMR (CDCl,, 200 MHz) §: 8.21 (2H, d, nitrobenzyl-H),
7.79 (2H, d, aromatic-H), 7.59 (4H, 2d, nitrobenzyl-H,
aromatic-H), 5.30 (2H, s, -CHZ—), 5.03 (2K, s, -CHZ-).

. 1
ax’

Step C.

p-Nitrobenzyl
(4R,55,85)=-3-([(4-(2-([[(p-nitrobenzyl)oxy]carbonyl]-
hydrazino]phenyl]thiolmethyl]thio]-6-[1'(R)-hydroxyethyl]-
4-methyl-7-oxo-1l-azabicyclo-{3.2.0]hept-2-ene-2-carboxylate

1o CH, 40 CHy

SAg s s—@—c-uauuco PHE
H,c ' ch l \/ ' !

N N
4 CO,PNB 74 co,PNg

o

A cold (5°C) solution of p-nitrobenzyl (4R,5S,6S)-6-
(1' (R)-hydroxyethyl]-4-methyl-3-silver mercapto-7-oxo-
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l-azabicyclo[3.2.0]hept-2-ene-2-carboxylate (0.379 g, 0.78
mmol) in dimethylformamide (10 mL) was treated with
p-nitrobenzyl 2-[p-[{chloromethyl)thio]-
benzoyl Jhydrazine-carboxylate (0.34 g, 0.86 mmol), Lil
(0.345 g, 2.58 mmol) and N,N-diisopropylethylamine (0.166 g,
1.29 mmol). After stirring at 5°C for 18 h, the solution
was diluted with ethylacetate, shaken vigorously with cold
dilute HCL and filtered. The organic phase was separated
and the aqueous layer extracted with ethyl acetate. The
extracts were combined, washed twice with brine, dried
(MgSO4) and evaporated to dryness. The crude product was
purified by silica gel chromatography (eluted with O to 10Y%
CH3CN/CH2012 then with ethyl acetate) to give 0.227g (39.5%)
of the title product as a yellow foam.

IR (CHZClz) vmax:_i775 (B-lactam), 1747 (-NCOZPNB),
1705 (COZPNB), 1685 cm (-CON-).

1H NMR (CDC13, 200 MHz) 6: 8.26-7.43 (12H, series of d,
aromatic-H), 5.35 (2H, ABRq, -COZCHZ-), 5.30 (2H, s,
-NC02CH2), 4.40-4.10 (4H, m, H-1', H-5; 4.28: 2H, ABq,
-SCHZ-), 3.40-3.21 (2H, m, H-4; 3.23: 1H, d4, J = 2.58, 6.33
Hz, H-6), 1.33 (3H, d, J = 6.25Hz, 1'-CH3), 1.22 ppm (3H, d,
J = 7.29Hz, 4-CH3).

Step D.
Sodium
(4R,5S,6S)~3-[[ ([ (p~hydrazinocarbonyl)phenyl]thio]methyl]-

thio]-6-[1'(R)-hydroxyethyl]-4~methyl-7-oxo-1l-azabicyclo~
(3.2.0)hept~-2-ene-2~carboxylate (Ibb)
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C-NHNH,

KO CH,
S S ~C-NHNHCO,PNB
"‘°J\D/Y_\(v Orgpomsee_,
Y7, N
4

co,PNE

A solution of p-nitrobenzyl
(4R,SS,68)-3—[[[4-(2-[[(p-nitrobenzyl}oxy]carbonyl]-
hydrazino]phenyl]thio]lmethyl])thio]l-6-[1'(R)-hydroxyethyl]-
4-methyl-7-oxo~1l-azabicyclo-[3.2.0]hept-2-ene-2-carboxylate
(0.29 g, 0.393 mmol) in tetrahydrofuran (20 mL) was added to
a mixture of EtZO (20 mL) and 0.1M NaH2P04/NaOH buffer
solution (10 mL, pH:7.0). The mixture was subjected to
hydrogenolysis over 10% Pd/C catalyst (0.29 g), at 40 psi
HZ’ for 4 h. At that point, the catalyst was filtered off
and replaced by a fresh batch (0.175 g). The hydrogenolysis
condition was maintained for an additional 2 h. Then the
reaction mixture was filtered and the filtrate extracted
with Etzo. The aqueous phase was chromatographed on
reversed phase silica gel (partisil), eluted with O to 5%
CH3CN/water. The pertinent fractions were combined and
lyophilized to give a white foam (0.048 g yield, 27.4%).

IR (Nujol) Voax' 1750 (p-lactam), 1595 cm-1 (-COZ—).

'H NMR (D,0, 200 MHz) §: 7.67 (4H, ABq, aromatic-H),
4.38 (2H, ABq, -SCHZ-), 4.17 (1H, m, H-1'), 3.88 (1H, dd,
J:9.13, 2.37, H-5), 3.38 (1H, dd, J = 6.06, 2.49 Hz, H-6),
3.27 (1H, m, H-4), 1.27 (3H, d, J = 6.36Hz, 1'-CH3), 1.13
ppm (3H, 41, J = 7.19Hz, 4-CH3).
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Example 31

Sodium
(4R,55,65)-6-[1'(R)-hydroxyethyl]-4-methyl-3-[{[(5-methyl-
1,3,4-oxadiazol 2-vl)thiolmethyl]thio]=7-oxo-1-azabicvyclo-
[3.2.0]lhept-2-ene-2-carboxylate (Icc)

- N—N

I\
NS ,0)‘\0143

COqu

Step A.
2-[ (Iodomethyl)thio]~5-methyl-1,3,4-oxadiazole

N—N N—N
\ \

N—N
ety AN T AN — L AB
e HyC SK Hyt " SCH,C I HyC SCH, I

Q Q

. oo A suspension of 2-mercapto-5-methyl-1,3,4-oxadiazole
‘aturt potassium salt (33.0 g, 214 mmol) in CH,CN (330 mL) was
-p--f stirred at R.T. for 24 h in the presence of BrCHZCl (130 g,

1 mol). Then the solvent was evaporated and the residue
partitioned between HZO and EtOAc. The organic phase was
separated, dried (Mg804) and evaporated. The residue thus
obtained was redissolved in Etzo; the etheral solution was
treated with charcoal and filtered through a pad of Celite.
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Evaporation of the filtrate left ZZ.4g of a colorless oil.
The crude oil was dissolved in acetone (350 mL), and sodium
iodide (134 g, 894 mmol) was added. The resulting mixture
was refluxed for 24 h, diluted with EtZO and washed with
HZO. The aqueous phase was reextracted with Etzo. Thn
organic extracts were combined, washed with H20 &snd brine,
dried (MgSO4), treated with charcoal, filtered and finally
evaporated to give 40.0g (87.3%) of the title compound as a
yellowish oil.

'H MMR (CDC1,) §: 4.66 (2H, S, -CH,-), 2.56 ppm (3H, s,

-CH,).
Step B.
Allyl (4R,55,6S)=-6=[1'(R)-hydroxyethyl]-4-methyl-

3-[([(5-methyl-1,3,4-oxadiazol-2-yl)thio]lmethyl]thio]~
7-oxo-l-azabicyclo-(3.2.0}hept-2-ene-2-carboxylate

05 CH, oH CHg
. l/""//,, % jOP((‘?h)a e tJ””" SH
3 | . — |
7 C0, N % c0, N\
OH CHy

J
HC/L% S\ ng\mh
? \
N
& 0, N\

A cold {5°C) solution of allyl (4R.5S,6S)-6-[1'(R)~
hydroxyethyl]~-3-(diphenylphosphono)~-4-methyl-7-oxo-
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l-azabicyclo{3.2.0]lhept-2-ene-2-carboxylate (75.9 g, 152
mmol).in THE (1500 mL) was treated portionwise with LiSH
[10.3 g, 258 mmol, LiSH was prepared by saturating a cold
(5°C) solution of BuLi in equal volumes of hexane and THF
with H,S. The precipitated salt was filtered and dried.]
The solution was stirred for 35 min and then
2~[ (iodomethyl)thio]-5-methyl-1,3,4-oxadiazole (58.4 g, 228
mmol) was added followed by diisopropylethylamine (40 mL,
228 mmol). After the reaction mixture was stirred for 30
min, acetic acid (14 mL) and cold HZO.(IOOO mL) was added.
The product was exXtracted into EtOAc. The organic extract
was successively washed with HZO' aguevus sodium bicarbonate
solution and brine, dried (MqSO4) and and evaporated. The
resulting crude dithiocacetal was purified by chromatography
on silica gel, eluted with CH3CN in CHZCL2 (0 to 25% CH3CN),
to afford 15.5 g (24.8%) of the title compound.
N IR (CHZClz) Vnax’ 3600 (-OH), 1777 (B-lactam), 1715

cm (ester).

'H MR (CDCL,) &: 6.10-4.63 (SH allyl pattern), 4.58
(2H, ABq, -SCHZ), 4.26 (2H; m,H-5, H-1'), 3.53 (1lH, dq,
H-4), 3.28 (1H, dd, J = 2.63, J = 6.89Hz, H-6), 2.54 (3H, s,
Het-CH,;), 1.36 (3H, d, J = 6.26Hz, 1'-CH;), 1.30 ppm (3H, d,
J = 7.32Hz, 4~CH3).

Step C.

Sodium

(4R,5S,68)-6-[1"' (R)-hydroxyethyl!-4-methyl-3-[[[(5-methyl-
1,3,4-oxadiazol~2~yl)thio]methyl]lthio]-7-oxo-1~azabicyclo-
[3.2.0)hept~2-ene-2-carboxylate (Icc)
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A solution of allyl (4R,5S,6S)-6-[1'(R)-hydroxyethyl]-
4-methyl-3~[[[(5~-methyl-1, 3,4~-oxadiazol-2-yl)thiolmethyl]-
thio]-7-oxo-1-azabicyclo-[3.2.0)hept-2-ene-2-carboxylate
(15.35 g, 37.3 mmol) in CHZClZ (130 mL) was cooled to .5°C
and treated successively with Pd(PPh3)4 (1.0 g, 0.87 mmol),
P¢3 (100 mg, 0.38 mmol) and a solution of sodium ethyl
hexanocate 0.5M (74.6 mL, 37.3 mmol) in EtOAc dropwise.
After stirring at 5°C for 90 min, the reaction mixture was
extracted with cec.id HZO (2 x 150 mL). The aqueous solution
was chromatographed on reversed phase silica gel (BondaPak
C-18), eluted with CH,CN in H,0 (O » 20% CH,CN).
Lyophilization of the pertinent fractions gave 13.0 ¢
(88.6%) of the desired product.

IR (Nujol) Vnax' 1750 (B-lactam), 1595 cm_l (-COZ—).

1y nMR (D,0) §: 4.55 (2H, ABg, -SCH,), 4.23 (1H, dq,
H-1'), 4.21 (1H, 44, J = 9.32, 2.58Hz, H-5), 3.50 (1lH, dqg,
H-4), 3.46 (1H, 4dd, J = 6.09, 2.72Hz, H-6), 2.56 (3H, s,
Het-CHS), 1.30 (3H, 4, J = 6.39Hz, l'-CHa), 1.21 ppm (3H, d,
J = 7.26Hz, 3-CH3).

Example 32

Sodium :
(4R,55,65)-6-[1'(R)~hydroxyethyl]-4-methyl-3-[[[(5-methyl-
1,3,4-thiadiazol=-2-vl)thio]methyl]thio]-7-0x0-1-
azabicyclo[3.2.0]hept-2-ene-2-carboxylate (Idd)
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Step A.

2-[ (Iodomethyl)thio]-5-methyl-1,3,4~-thiadiazcle

N—1 N—N

N—N
S 5 N
HyC ¢~ SH HiC o TSCH,CI Hy ¢~ SCH,I

2-Mercapto-5-methyl-1,3.4-thiadiazele (41.4 g, 313
mmol) was added to an ice-bath cdoled (5°C) aqueous goluvion
of 85% KOH (20.7 g, 313 mmol) in EtOH (160 mL). The ice
bath was remcved and the mixture stirred until complete
dissolutien occurred (30 min). The solvent was than
evaporated to leave a viscous oil which solidified. The
resulting potassium salt was dissolved in CH3CN (200 mL),
and the solution was cooled in an ice bath and treated with
bromochloromethane (121 g, 939 mmel). The ice in the bath
was allowed to melt and the mixture was furthe » stirred at
R.T. for 25 h. The reaction mixture was partitioned between
EtOAc and HZO. The organic phase was dried (Mgsoé) and
+ .porated. The residue was purified by passing through a
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pad of silica gel, eluted first with CH Cl and then with 5%
CH3CN/CH201 to afLord 93.0 g (76.0%) of 2 [ (chloromethyl)-
thio]-5-methyl-1,3,4-thiadiazole.

The thiadiazole was dissolved in acetone (450 mL),
cooled to 5°C witi, an ice bath and treated slowly with Nal
(178 g, 3.19 mol). The ice in the bath was allowed to melt
and the aixture stirred at R.T. for 75 h. Acetone was
mostly evaporated and the residual slurry partitioned
between Etzo and Hzo. The etheral phase was washed with
aqueous NaHSO3 and HZO, dried (MgSO4), and evaporated. The
resulting crude product was chromatographed on silica gel,
eluted with CH2012 and CH,CN (O»lO%)/CHZCl
(77.2%) o7 tae title compound.

"M NMR (CDCL,) 6: 4.78 (2H, s, -CE,), 2.79 ppm (3H, s,
~CH,) .

2 to afford 50.0 g

Step B.

Allyl (4R,5S,6S)-6-~[1'(R)~hydroxyethyl]-4-methyl-3-
[![(5-methyl-1,3,4~-thiadiazol-2~-yl)thio]methyl]+hio]-
7=-0xo-1l-azabicyclo[3.2.0]hept-2-ene-2-carboxylate

oH %HJ Hq
' QP¢QFh) //!
H c/!' “y ? HaC™ SH
’ | — |
LN
S
i Co, N 0, NG

QH CH,

A
y c’l%” S/A\S"‘L\s;&\~cna
3
-
6? \WQE/%9
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A cold (-5°C) solution of allr (4R,5S,6S)-
6-[{1' (R)-hydroxyethyl ]-3-(diphenylphosphono)=-4-
methyl-7-oxo-1-azabicyclo[3.2.0]lhept-2-ene-2-carboxylate
(100 g, 0.2 mol) in THF (2 1) was treated portionwise with
LiSH (12.0 g, 0.3 mol). After stirring for 25 min,
2-[(iodomethyl)thio]-5-methyl-1,3,4-thiadiazole (50 g, 0.184
mol) in THF (100 mL) was added followed by DIPE4 (25.9 g,
200 mmol). The reaction mixture was stirred at 0°C for 30
min and at R.T. for 30 min. Acetic acid (15 mL) was added to
the reaction mixture followed by cold HZO (2 L). The
aqueous solution was extracted with EtOAc. The organic
extracts were combined, washed successively with HZO; KaHCo
and brine, dried (MgSO4), and evaporated. The resulting
crude procuct was purified by sili..z gel chromatography
[eluted with CH3CN (0 =+ 60%) /CHZClZ]' The pertinent
fractions were combined and evaporated to leave a solid

=N

3

which was “riturated in EtZO and collected by filtration to
afford 29.93 g (28.0%) of the title compound.

IR (CH,Cl,) v 3600 (-OH), 1775 (B-lactam), 1715
em™t (ester).

'H NMR (CDCl,) b: 6.1-4.6 (SH, allylic pattern), 4.67
(2H, ABRqg, -SCHZ-), 4.28-4.22 (2H, m, H-1', H-5), 3.58 (1H,
dq, H-4), 3.27 (1H, dd, J = 2.59, 6.85Hz, H-6), 2.76 (3H, s,
Het-CH3), 1.36 (3H, d, J = 6.27Hz, 1'-CH3), 1.30 ppm (3H, d,
J = 7.30Hz, 4—CH3).

max’

Step C.

Sodium
(4R,SS,6S)-6-[1'(R)-hydroxyethyl]-4-methyl-3-[[[(S-methyi-
1,3,4-thiadiazol-2~yl)thiolmethyl]thio]-7-0ox0-1-~
azabicyclo(3.2.0)lhept-2-ene-2-carboxylate (Idd)
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oH CH, oH CHy

X N—N
[ I .
H;C/}/”/"' i 5)\”‘ Hy c/’J’"l//, o \/S_{s)\cﬂx
| mig
N —_— N
649 col/4§> 647

CO,Ne

A cold (5°C) solution of allyl
(4R,5S,6S)-6-[1'(R)~hydroxyethyl]-4-methyl-3-~
[[[(5-methyl-1,3,4~thiadiazol-2-yl)thio]methyl]thio]-
7-oxo~l-azabicyclo([3.2.0]lhept-2-ene-2-carboxylate
(23.93 g, 55.97 mmol) in CHZCI2 (200 mL) was treated
successively with PPh3 (150 mg, 0.57 mmol), Pd(PPh3)4 (1.3
g, 1.13 mmol) and a 0.5M solution of ethyl hexanoate (112
mL, 56 mmol) in EtOAc. The reaction mixture was stirred at
5°C for 2.5 h during that time a solid precipitated. After
the solution was diluted with acetone (300 mL), the
precipitate was collected by filtration, washed (acetone)
and dried. This crude product (~30 g) was purified by
chromatography on reversed phase silica gel (uBondaPak
C-18), eluted first with HZO and then with CH3CN(O+10%)/H20.
Af*er lyophilization, 18.9 g (82.5)%) of the title compound
was recovered as a white solid.

IR (Nujol) v__ : 1750 (B-lactam), 1600 cm ' (ester).

'H NMR (D,0) 6: 4.54 (2H, ABq, -SCH,), 4.26 (1, dq,
H-1'), 4.15 (1H, dd, J =2.51, 9.31Hz, H-5), 3.55-3.37 (2H,
m, H-6, H-4), 2.78 (3H, s, Het-CH3), 1.32 (3H, 4, J =
6.38Hz, l’-CH3), 1.20 ppm (3H, d, J = 7.25Hz, 4—CH3).
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Example 33

Biological Activity

In order to illustrate the potent antibacterial
activity and significant oral bioavailability of the
carbapenems of the present invention, Tables I, II and III
show data for in vitro activities (MIC), oral in vivo
activities (PDSO) and blood levels after oral administration
of the representative drugs (C t1/2 and AUC),

max’
respectively.

I. In Vitro Activity

Table I shows Minimal Inhibitory Concentrations (MIC's)
of the representative antimicrobial agents. The
determination was done by using microtiter broth dilution
using Nutrient broth and final bacterial inoculum of
approximately 500,000 CFU/ml from ovérnight cultures of the
bacterium. The microtiter trays were then incubated at 35°%
overnight. The MIC's were determined in ug/ml as the lowest

concentration of the drug which inhibits visible growth of
the bacterium.

II. Oral In Vivo Activities

The in vivo therapeutic efficacy of the represenative
compounds after oral administration to mice infected
intraperitoneally with 0.5 ml of wvarious bacterial
suspension is shown in Table II. The values are given in

PDSO (dose in mg/kg to give protection to 50% of the
infected mice).
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I1I1. Pharmacokinetics

Blood levels and the half-life of selected compounds of
the present invention after oral administration at 50 mg/kg
in mice is shown in Table III.

TABLE 1

LTI MIC (ug/ml)

’.::. Compounds

:::;:, Organisms Ik Icc Idd

L:'& Str. Pneu. A9525 0.004 0.001 0.001

«;+.%+ . Staph. aur. PenR 0.030 0.030 0.016
E. coli Al15119 2.000 0.004 0.008
Ps. aeur. A9843 . 63.000 32.00 32.00
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TABLE II

Protective Effect in the Oral Treatment of Infecied Mice

PDSO/Treatment {mg/kg)

Organism Challenge
(No. of Organisms) Iq Ib
S. pneumoniae A-9585 5x103 NT 1.40
. 6
veee E.coli A-15119 6x10 25.0 3.50
L] '-..
cee o P.mirabalis A-9900 ax10°® NT 3.60
A
e ]
[ ] (X ]
e O L]
..... NT = not tested
... ..
L] oe
TABLE III
BLOOD LEVELS
e te ‘:.
P
Qe [ ]
enes Compound Cc t
.oo.o. (ung‘?l’él) (I‘%{g)
"...:
1k 40 33
..l...
© e Iq 33 25
.:...:
Ib 27 25
Icc 20 14
I1dd 12 24
Ibb ) <1 ND

ND = Not determined

Compounds
Icc Idd
0.20 0.3

1.40 3.85

NT NT

AUC
(pg*h/ml’

36

24

21

11

10

Ibb

16.5

NT

NT
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The claims defining the invention are as follows:

1. A compound of the formula

QH ol

//lmm <$>: (1)
__; Y S SR :
Zan i

R3

COOH

in which
Rl is hydrogen or Cl~6 alkyl;
n is 0, 1 or 2;
Rz is hydrogen or C1-6 alkyl;
R” is
c1-6 alkyl,
phenyl optionally substituted witl. cyano, ~CONH,),
-CHZOH, -CHZNHZ, -CONHNH2 or with up to 5 halogen
atoms, c1-6 alkyl or Cl-s alkyloxy groups,
phenylmethyl optionally substituted with up to 5

halogen atoms, C1-6 alkyl or C1-6 alkyloxy groups
on the phenyl

ring, or

a radical represented by the formula
-(CHz)p-X

in which p is O or 1; X is five-membered aromatic
heterocyclic ring containing up to 1 sulfur, 1

oxygen or 4 nitrogen atoms, optionally substituted
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with a C1-6 alkyl group, or six-membered aromatic
heterocylic ring containing up to 4 nitrogen atoms,
optionally substituted with a 01_6 alkyl group.

or a non-toxic pharmaceutically acceptable salt,

physiologically hydrolyzable ester or solvate thereof.

2. A compound of claim 1 in which R1 is hydrogen or methyl;
n is 0 or 1; R3 is hydrogen or 01_6 aikyl; R2 is C

1.5 31Kyl
JRTXT phenyl optionally substituted with cyano, -CO,NH,, -CH,OH,
‘:: ~CH,NH,, -CONHNH, or with up to 5 halogen atoms or C,_,
et o’ alkyl groups, phenylmethyl optionally substituted with up to
RPTS 5 halogen atoms or C,_g alkyl groups on the phenyl ring, or
E.f:. a radical represented by the formula
-(CHz)p—X
L.,' in which p is 0 or 1; X is pyridinyl, furyl or a radical of

the formulae

P NN /QN_NN
d P
XY Y/>\\\C}+3 an N

()
|
s

o CHy

in which ¥ is sulfur or oxygen;

3. A compound of claim 2 in which Rl is methyl, R3 is

hydrogen and n is 0.
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4. A compound of claim 3 in which p is 0 and R2 is a
radical of the formula

/<Y>\c H

in which Y is as defined above.

’:: 5. The compound of claim 4 which is
I (4R,5S,68)-6-[1' (R)~hydroxyethyl]-4-methyl-3-[[[ (5-methyl-
-:F'; 1,3, 4-oxadiazol-2-yl)thiolmethyl]thio]-7-oxo-1-azabicyclo~
E‘f:. [3.2.0)hept-2-ene-2-carboxylic acid.

6. The compound of claim 4 which is

(4R, 5S,6S)-6-[1'(R)-hydroxyethyl)-4-methyl-3-[[[ (5-methyl-
1,3,4-thiadiazol-2-yl)thio]methyl]thio]-7-0ox0-1-
azabicyclo[3.2.0]hept-2-ene-2-carboxylic acid.

cose 7. The compound of claim 3 which is
°‘". (4R, 5S,6S;-3-[[[ (p~carbamoylphenyl)thio]methyl]thio]-6-
‘l"': [1' (R)-hydroxyethyl]-4-methyl-7-oxo-1-azabicyclo[3.2.0]-
. oo hept-2-ene-2-carboxylic acid.
et 8 The compound of claim 3 which is

(4R, 5S,68)-3-[[[ (p-cyanophenyl)thiolmethyl]thio]-6-{1'(R)-
hydroxyethyl]-4-methyl-7-oxo-1-azabicyclo[3.2.0jhept-2-ene-
2-carboxylic acid.

9. The compound of claim 3 which is

(4R, 55,68)=-3-[[[[ (p-aminomethyl )phenyl]thioc]lmethyl]thio]-
6-(1'(R)~-hydroxyethyl]-4-methyl-7-oxo-l-azabicyclo[3.2.0]-
hept-2-ene-2-carboxylic acid.
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10. The compound of claim 3 which is

(4R, 5S,6S)4)(1' (R)-hydroxyethyl]-3-[ ([ (phenylmethyl)thio]-
methyl)thio]-4-methyl-7-oxo-1-azabicyclo[3.2.0]lhept-
2-ene-2-carboxylic acid.

11. The compound of claim 3 which is
(4R,55,65)=3-[[[ [ (p-hydroxymethyl)phenyl]thio]lmethyl]thio]-
6-[1' (R)-hydroxyethyl]-4-methyl-7-oxo-l-azabicyclo[3.2.0]-
hept-2-ene-2-carboxylic acid.

sese 12. The compound of claim 3 which is
‘:: (4R, 55,65)-6-[1' (R)-hydroxyethyll-4-methyl-3-([[(1-
IR methyltetrazol-5-yl)thio]lmethyl])thio]=-7-oxo0-1~
0:::°: azabicyclo{3.2.0]lhept-2-ene-2-carboxylic acid.

a... 13. The compound of claim 3 which is

(4R,5S,6S)=3=[[[[(p-hydrazinocarbonyl)phenyl]thio]methyl]-
thio]-6-[{1' (R)-hydroxyethyl]-4-methyl-7-oxo-1l-azabicyclo-
[3.2.0]hept-2-ene-2~carboxylic acid.

;,.. 14. The compound of claim 3 which is
Teet l (4R,5S,65)-6-[1'(R)-hydroxyethyl]-4-methyl-3-
vees [ [ (methylthio)methyl]thio)=-7-0xo-1-azabicyclo[3.2.0]-

hept-2-ene-2-carboxylic acid.

. ou 15. The compound of claim 3 which is
S (4R,55,6S)=-6-[1' (R)~hydroxyethyl]-4-methyl-3-[ ([ [ (pyridin-
el 3-yl)methyl]thio]methyl]thio]-7-0oxo-1l-azabicyclo(3.2.0]-

hept-2-ene-2-carboxylic acid.

16. The compound of claim 3 which is
(4R,55,6S)=3-[[[(3,4~-dichlorophenyl)thio]methyl]thio]-6-
{1'(R)-hydroxyethyl]-4-methyl-7-oxo-l-azabicyclo[3.2.0]hept-
2-ene-2-~carboxylic acid.
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17. The compound of claim 3 which is
(4R,5S,6S)-6-[1'(R)~-hydroxyethyl]-4-methyl-3-
([((2,3,4,5,6-pentafluorophenyl)tliio]methyl]thio]~-7-oxo-
l-azabicyclo[3.2.0]hept-2-ene-2-carboxylic acid.

18. The compound of claim 3 which is
(4R,55,6S)-(1'{R)~hydroxyethyl]-3-[{ (isopropylthio)-
methyl]thio]-4-methyl-7-oxo-1l~azabicyclo[3.2.0]hept=-
2-ene-2-carboxylic acid.

19. The compound of claim 3 which is

(4R,55,6S5)-(1' (R)-hydroxyethyl]=-3-[[[ [ (furan-2-yl)methyl]-
thio]methyl]thio]-4-methyl-7-oxo-1l-azabicyclo[3.2.0]hept-
2-ene-2-carboxylic acid.

20. The compound of claim 3 which is
(4R,58,68)=-6-[1' (R)-hydroxyethyl]-4-methyl-3-

([ [ (pyridin-4-yl)thio]methyl]thio]-7-0oxo-1l-azabicyclo-
([3.2.0)hept-2-ene-2-carboxylic acid.

21. The compound of claim 3 which is
(4R,55,68)-6-[1'(R)-hydroxyethyl]-4-methyl-3-
[{({(pyridin-2-yl)thio]methyl]thio]-7-oxo-1l-azabicyclo-
[3.2.0]hept-2-ene-2~carboxylic acid.

22. The compound of claim 3 which is
(4R,55,65)=-6-[1' (R)~hydroxyethyl]-4-methyl-3-[ ([ (pyridin-3-
yl)thio]methyl]thio]-7-oxo-1-azabicyclo[3.2.0]hept-2-ene-
2-carboxylic acid.

23. The compound of claim 3 which is

(4R,55,6S)-6-[1' (R)-hydroxyethyl]-4-methyl-3-[[[(p~chloro-
phenyl)thiolmethyl]thio]-7-oxo-1-azabicyclo{2.2.0hept-
2-ene-2-carboxylic acid.
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24. The compound of claim 3 which is

(4R,5s,65)-6-[1' (R)-hydroxyethyl]-4-methyl-3-([ (phenylthio)-
methyl]thio]-7-oxo~l-azabicyclo[3.2,0]hept-2-ene-
2-carboxylic acid.

25. A compound of claim 2 in which Rl is methyl, R3 is
hydrogen and n is 1.

26. The compound of claim 25 which is
(4R,5S,6S)-3-( [ [ (p~chlorophenyl)sulfinyl]methyl]thio]-
6-{1' (R)-hydroxyethyl]-4-methyl-7-oxo~1l-azabicyclo[3.2.0]-
hept~2-ene-2-carboxylic acld.

27. The compound of claim 25 which is
(4R,5S,65)=-6-[1'(R)-hydroxyethyl]=-4-methyl-3-([[[(pyridin-
3=-yl)methyl]sulfinyllmethyl]thio]-7-0oxo-1-azabicyclo[3.2.0]~
hept-2-ene-2-carboxylic acid.

28, The compound of claiim 25 which is

(4R,55,65)-6-[1' (R)-hydroxyethyl]-4-methyl-3-{((methyl-
sulfinyl)methyl]lthio]l~7-0ox0o~1-azabicyclo{3.2.0]hept-2-ene=-2+
carboxylic acid.

29, A compound of claim 2 in whch Rl and R3 are hydrogen
and n is 0.

30. The compound of claim 29 whica is

(5R,65)-6-[1' (R)-hydroxyethyl}-3-[[ [ (pyridin-3-yl)thio]-
methyl]thio]-7-oxo-1-azabicycln[3.2.0]hept-2-ene-2-
carboxylic acid.

31. The compound of claim 29 which is

(5R,6S)-6-(1'(R)-hydroxyethyl]-3-[[ (methylthio)methyl]-
thio]-7-oxo-1l~azabicyclo(3.2.0]hept~2-ene-2-carboxrylic acid.
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32. The compound of claim 29 which is

(5R,6S)-6-[1' (R)-hydroxyethyl]-3-{ ([ (pyridin-2-yl)thio]~-
methyl]thio]-7-oxo-1l-azabicyclo[3.2.0]hept-2-ene-2-
carboxylic acid.

33. The compound of claim 29 which is
(5R,6S)-6~[1'(R)-hydroxyethyl]-3-[[[(pyridin-4-yl)jthio]-
methyl]thio]-7-oxo-1-azabicyclo[3.2.0]hept-2-ene;2-
carboxylic acid.

34. The compound of claim 29 which is
(5R,6S)-6-[1'(R)-hydroxyethyl]=-3-[{[(p-chlorophenyl)thio]~
methyl]thio]-7-oxo-1-azabicyclo[3.2.0]hept-2-ene-2-
carboxylic acid.

35. A compound of claim 2 in which R1 is methyl, R is
methyl and n is O.

36. The comporind of claim 35 which is

(4R,5s,6S)-6-[1' (R)~-hydroxyethyl]-4-methyl=-3=[[1(R)-(methyl-
thio)ethyl]thio]-7-oxo-1-azabicyclo(3.2.0]lhept-2-ene-2-car-
boxylic acid.

37. The compound of claim 35 which is

(4R,55,6S)-6-[1' (R)-hydroxyethyl]-4-methyl-3-[[1(S)=-(methyl-
thio)ethyl]thio]-7-oxo-1-azabicyclo[3.2.0]hept-2-ene-2-car-
boxylic acid.

38. A pharmaceutical composition comprising an
antibacterial effective amount of a compound of claim 1 and

a pharmaceutically acceptable carrier or diluent.
39. A method for treating bacterial infection in & mammal,

which comprises administering to said mammal an

antibacterial effective amount of a compound of claim 1.
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40. A compound according

hereinbefore described with reference to any one of examples 4

to 32

41. A method of producing compounds of claim
substentially as hereinbefore described with reference to an:r

one c¢f exaimnples 4 to 32.

DATED: 19 January 1993

PHILLIPS ORMONDE & FITZPATRICK
Attorneys for:
BRISTOL-MYFRS SQUIBB COMPANY
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