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Abstract—The benzyl 6-fluoro-penicillanate sulfides 4a, 6a, 7a; and suifones 6¢c, 7d were synthesized. The conversion to
their free acids 4b, 6b, 6d, 7b, 7e and potassium salts 7c, 7f are described. These acids and salt 7c were evaluated as B-
lactamase inhibitors using P-lactamase I from Bacillus cereus. The data indicate that substitution of the 60.-hydrogen by a 6a.-
fluorine atom on 6B-bromopenicillanic acid (1), leads to loss of B-lactamase inhibitory activity. In the case of the isomers 6p-

and 6o -fluoropenicillanic acids the 6B-enantiomer proved to be considerably more potent. Potassium salts of 6p-
fluoropenicillanate sulfide and sulfone were unstable in solid state and in water solution. The fragmentation of the sulfone in two
parts in water solution is consistent with the hydrolytic behavior ot the penicillanic acid sulfone (2) with 0.5 N NaOH.

In the course of the development of new drugs, the need
frequently arises to determine what effects structural
modifications have on biological activity, i.c., to establish
structure—activity relationships (SARs).

In recent years much attention has been focused on the
inhibition of B-lactamases!— as a means of controlling the
increasing threat posed by bacteria which have developed
resistance to fB-lactam antibiotics. Such resistance is the
consequence of the production of B-lactamases that catalyze
the hydrolysis of the B-lactam ring. The previously
reported inhibitors include, among others, 6B-
bromopenicillanic acid (1)5 and penicillanic acid sulfone
(sulbactam) (2).6.7 Several studies have been carried out in
which some aspects of the mechanism of action of these
inhibitors have been elucidated.?-1!
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1 Dedicated to Professor Heinz G. Floss (Seattle), on the
occasion of his 60th birthday.
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One of the simplest structural modifications altering
reactivity is the replacement of a hydrogen atom by a
fluorine atom (isosteric replacement).!2 Herein we report
the synthesis and some preliminary results of a systematic
study of the structure—activity relationship of 6-fluoro-
penicillanic acids 4b, 6b, 6d, 7b, 7e and potassium salt
7¢, analogs of B-lactamase inhibitors 1 and 2, with B-
lactamase I of Bacillus cereus 569/H.

Results and Discussion

Chemistry
6-Fluoropenicillanates are known in the patent literature.!3
The formation of the fluorine-substituted -lactam nucleus
of the target 6-fluoropenicillins described herein was
accomplished by our previously published methods.!4 The
novel parent acids or salts were prepared by chemical
deprotection of its benzyl esters.

Synthesis of benzyl esters and carboxylic acids. Treatment
of benzyl 6-diazopenicillanate (3)!5 with N-bromo-
succinimide (NBS) and tetrabutyl-ammonium hydrogen
bifluoride (TBABF)!6 or alternatively with NBS and tetra-
butylammonium dihydrogen trifluoride (TBATF)!7 in
dichloromethane at -40 °C gave two products. The major
product was 4a, while the minor product was 5a at a ratio
of 30:7 as determined by !H NMR spectroscopy. The
stereochemistry of the fluorine substituent in 4a, which
could not be separated from Sa, was ascertained on the
basis of the coupling constants indicating a cis H(5)-F(6)
relationship.

Cleavage of the benzyl ester was effected by treatment with
aluminum trichloride!® to give carboxylic acids 4b and Sb
in approximately 96% isolated yield, in a ratio 30:7 ('H
NMR).
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It was clear from our previous studies!* that radical-induced
reductive debromination with tris[2-methyl-2-phenyl-
propyl-(neophyl)}tin hydride!4 is a very convenient method
for the reductive debromination of 4a. By using this
reagent we were able to obtain the benzyl 6B-fluoro-
penicillanate 6a in 60% isolated yield. The stereochemistry
at C-6 was ascertained from the cis coupling constant of
the protons on C-5 and C-6. A detailed mechanistic
rationale for this chemo- and diastereo-selective reduction
has been given elsewhere.19

Compound 6a was converted into the free acid 6b in 90%
isolated yield using hydrogenolytic conditions previously
reported for other benzylpenicillanates, 20

The benzyl 6c-fluoropenicillanate (7a) was prepared in
48% isolated yield by reaction of wet benzyl 6-diazo-
penicillanate (3) with 2 equiv. of DAST. The structure
assigned to 7a is supported by extensive 'H and !°F NMR
chemical shift and coupling analyses. The benzyl ester
group of compound 7a was cleaved by treatment with
aluminum trichloride to give 6a-fluoropenicillanic acid 7b
in quantitative yield.

Since the sulfone derivatives of 6B- (6d) and 60.-
fluoropenicillanic acid (7e) were also target compounds in

NBS/NBu,F,H

this work, we prepared them by oxidation of benzyl
fluoropenicillanates 6a and 7a using potassium
permanganate under phase-transfer conditions?! to obtain
compounds 6c and 7d, both in 80% isolated yield. The
benzy! protecting groups of compounds 6¢ and 7d were
cleaved by hydrogenolysis to give 6-fluoropenicillanic
acids sulfone 6d and 7e respectively, both in 90% isolated
yield.

Synthesis of potassium salts. Acids 7b and 7e were
converted into their potassium salts 7c and 7f by
exchange with potassium 2-ethyl hexanoate.22 However,
attempts to convert the acids 6b and 6d into the
corresponding potassium salts were unsuccesful. The first
evidence of this failure was the disappearance of the B-
lactam carbonyl stretching frequency at around 1800 cm1.
Analysis by 'H NMR (D;0) of the expected potassium 6p-
fluoropenicillanate showed it to be a mixture of products.
This mixture was acidified to pH 3.5 and extracted with
ethyl acetate. The organic phase showed by silica gel TLC
the presence of a minor amount of the acid 6b in a
complex mixture of products. In the case of the attempted
preparation of the potassium salt of 6B-fluoropenicillanate
sulfone, data from 'H and 13C NMR indicated the structure
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to be that of the sulfmate of penicillamine (9). This
finding is well precedented8&® and suggests the sequence of
reactions: B-lactam hydrolysis by adventitious water,
followed by or synchronous with the opening of the
thiazolidine ring in the solid state, hydrolysis of the
resulting imine in DO solution to give fluoromalonic
semialdehyde (8)23 and compound 9.

We propose that these observations can be explained as
follows. The - different behavior of the potassium
penicillanate with a fluorine atom in the 6B-orientation
relative to that shown by the 6o-fluoro-oriented
diastereoisomer could be due to a through-space repulsion®
involving overlap of lone pair orbitals from the 6f-fluoso-
and 1B-oxygen atom in potassium penicillanate sulfone.
As a consequence of these non-bonded interactions, a
conformational change was induced and the potassium ion
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coordmatcsbetweenmewboxylategroupandtheﬂ -lactam
nitrogen.25 This is not the case with potassium 60.-
fluoropenicillanate sulfone indicating that one of the
conformations of the penicillin would be more suitable for
ion coordination. Evidently this metal coordination is
lacking in the case of 6B-fluoropenicillanic acid sulfone
6d, where we assume the predominant effect might be
intermolecular hydrogen bonding.

Enzyme inhibition

The 6-fluoropenicillanic acids 4b, 6b, 6d, 7b, 7e and
potassium salt 7c have been prepared in an attempt to
study structure—activity relationships systematically within
the 6-monofluoropenicillin series. The table shows the
ICsp values of these compounds compared with those of
the previously known B-lactamase inhibitors 1 and 2.
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Table 1. Inhibitory activity of 6-fluoropenicillins against B-lactamase I of Bacillus cereus
ICs0 (MM)
Compound Without With
Preincubation Preincubation
1 " ™
2 0.025 0.025
4b >5 >5
6b 25 0.4
6d 1 0.25
7b >5 3
7¢c >5 >3
7e 4 2.5

™C
completely inhibited the enzyme.

d 1 reacts rapidly with the enzyme in a 1:1 molar ratio. The addition of 1 (0.001 mM) to the reaction medium produced
inhibition of 50% of the enzymatic activity, inhibition that progressed with time. The incubation of the enzyme during 10 min with 1 (0.0005 mM)

an instantaneous
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It has been postulated by Knowles et al.82 that penicillanic
acid sulfone 2 interacts with f-lactamases with high
affinity yielding a long-lived acyl-enzyme complex. Such
a complex partitions into three different pathways: (a)
hydrolysis and regeneration of free enzyme; (b) formation
of a transiently inhibited enzyme form; and (c) slow
irreversible inactivation of the enzyme. Therefore the
effectiveness of related compounds as inhibitors would
depend on the relative affinity of the compounds for the
enzyme, their ability to form a long-lived acyl-enzyme
complex and the partitioning among the three different
reaction pathways. The replacement in 2 of the 6B-
hydrogen atom by a fluorine atom, as in compound 6d,
should produce an increase in the acidity of the 60i-
hydrogen which, according to Fisher et al.,26 would be
accompanied by an increase in the B-lactamase inhibitory
activity. However, such replacement rendered a compound
ten times less active. Other predictable consequences of the
above mentioned replacement would be an increase in the
rates of acylation and deacylation of the enzyme and a
decrease in the rate of thiazolidine ring opening. In
addition, the ICsq value obtained without preincubation is
40 times higher than that obtained with the parent
compound 2, clearly suggesting that the affinity of the
former for the enzyme is strongly diminished with respect
to the affinity of the latter. The lower affinity and other
effects produced by the presence of an electron-withdrawing
substituent at C-6 can explain the lower inhibitory activity
of 6d when it is compared with 2. The replacement of the
6a-hydrogen as in compound 7e resulted in a greater
decrease in the inhibitory activity. Nevertheless, compound
7e was still capable of inhibiting the enzyme in spite of
the fact that it lacks a 60.-hydrogen at C-6.%6 The presence
of a fluorine atom could facilitate epimerization at C-6,527
hence explaining the activity of the 60.-isomer. However,
we have not been able to obtain evidence for such
epimerization. Further kinetic studies are being carried out
in order to fully determine the mechanism and the kinetic
constants for the interaction of 6B-fluoro-penicillanic acid
sulfone with B-lactamase I.

Compound 1 inhibits irreversibly B-lactamase I from
Bacillus cereus 569/H. Neither hydrolysis nor formation of
a transiently inhibited enzyme form has been reported to
occur.9d Several reaction mechanisms have been
postulated: (i) Cohen and Pratt9¢ suggested that the
formation of the acyl-enzyme complex, is followed
immediately by ring opening of the thiazolidine with
formation of a thiolate—-immonium zwitterion followed by
rearrangement and cyclization of the inhibitor to a 2,3-
dihydro-1,4-thiazine-3,6-dicarboxylic acid derivative. The
last step involves a fast isomerization of an imine to an
enamine which is facilitated by the acidity of the hydrogen
atom on carbon-6 of the 6B-bromopenicillanic acid, (ii) a
slightly different reaction scheme has been proposed by
Fisher et al.26 whose main differences are that previous to
the five membered ring opening, an enzyme base
stereospecifically assists proton removal from the carbon-
60 position and that this is the driving force for an anti
elimination across the C-5 and C-6 positions resulting in
the direct formation of an enamine and ring opening of the
thiazolidine, and (iii) recently Pratt and Cahn4’ have

postulated an alternative mechanism: The thiazolidine ring
does not open upon acyl-enzyme complex formation, but a
direct intramolecular nucleophilic attack by the thiazolidine
sulfur atom on the alkyl halide occurs, yielding a bicyclic
episulfonium ion intermediate, which collapses to the
imine form of dihydrothiazine through intramolecular
participation of the lone pair on the thiazolidine nitrogen
atom, followed by the isomerization of the imine double
bond to an enamine form of a 2,3-dihydro-1,4-thiazine
derivative. For mechanisms (i) and (iii) the more important
structural feature is the presence of a good 6f-leaving
group, whereas for mechanism (ii) also the presence of an
acidic 6a-hydrogen is essential for the rearrangement
reactions leading to the dihydrothiazine formation.

The replacement of the 60.-hydrogen in compound 1 by a
fluorine atom, such as in 4b, renders a compound capable
of binding and acylating the enzyme, since it was
hydrolyzed by the B-lactamase.28 On the other hand, it only
slightly inhibited B-lactamase activity and the inhibition
did not increase significantly by preincubation of the
enzyme with compound 4b. Preliminary kinetic results
have shown that it behaved as a poor substrate with a K,
value higher than 10 mM, in agreement with its high ICsq
value. Such a replacement results in a compound that lacks
the 6a-hydrogen. The presence of the electronegative
fluorine atom would also retard the elimination of the
bromide ion. However, since the hydrolysis product has
not yet been identified, it is not possible to draw definite
conclusions on the hydrolytic mechanism or on the role of
the replaced acidic 6o-hydrogen in the inactivation
mechanism of B-lactamase I.

Conversely, the 6B-fluoropenicillanic acid 6b showed good
inhibitory activity. The inhibition was a progressive one,
but did not follow simple pseudo-first order kinetics. The
inhibition depends largely on the inhibitor/enzyme ratio.
Therefore, the formation of a transiently inhibited enzyme
form is suspected in addition to the irreversible
inactivation. Hence, the reaction mechanism of compound
6b must be a branched-type mechanism similar to that
reported for penicillanic acid sulfone and for other 6p-
halopenicillanic acids with B-lactamases.29 The
replacement in 1 of the bromine atom by a fluorine one
would produce an increase in the acidity of the 60-
hydrogen. On the other hand, fluoride is poorer than
bromide as leaving group. Since compound 6b has lower
activity than its parent compound 1 it is possible to
suggest that, for 6-halopenicillanic acids, the leaving
capacity of the 6B-substituent is more important than the
acidity of the 60.-hydrogen in terms of f-lactamase
inhibition.?” Further studies in order to determine the
mechanism of interaction of compound 6b with B-
lactamase I are currently in progress,

On the other hand, 6a.-fluoropenicillanic acid 7b and its
potassium salt 7c3 behaved similarly to compound 4b: viz
it was hydrolyzed by and it only slightly inhibited the
enzyme. This result is in agreement with the mechanisms
discussed above since either the thiazolidine ring opening
or the formation of an episulfonium ion intermediate are
easier reaction paths for 6f-substituted penicillanic acids.
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Conclusion

The goals of the present investigation were to develop the
synthesis of 6-fluoropenicillanic acids and their salts, and
their evaluation as inhibitors of B-lactamases. Our choice
of methods for the introduction of a fluorine atom into the
B-lactam nucleus was made such as to obtain high
stereoselectivity and versatility for exploiting the special
shape of the penam nucleus for stereocontrol in the
formation of a new chiral center at carbon 6. Such methods
are of interest for application to other B-lactam compounds
such as cephalosporins, penems, carbapenems and
monobactams.

We have demonstrated that the replacement of the 6o-
hydrogen atom in compound 1 by a fluorine atom results
in loss of B-lactamase inhibitory activity.

For the first time some instability was noted for the 6B-
fluoro stereoisomer, which points to a potentially
interesting stereoelectronic effect.

These findings represent a significant step toward the
design of active 6-balopenicillanic acid and salts,
particularly since besides compounds 1 and 2 also 68-
iodopenicillanic acid®! and 6c-chloropenicillanic acid
sulfone32 were found to be good inhibitors of B-
lactamases.

Additional tests using these 6-fluoropenicillins against
various strains of cephalosporinase, penicillinase and
broad-spectrum PB-lactamase-producing bacteria are in
progress.

Experimental Section

Infrared spectra were recorded on either a Beckman Acculab
8 spectrometer or a Bruker IFS 25 FT-IR spectrometer
with polystyrene as the reference. The 'H, 13C and IF
NMR spectra were taken on a Bruker WP 80 SY and
Bruker AC 200 E at 80.13, 20.15, 75.39, 200 and 50
MHz, respectively. Chemical shifts are reported for CDCl3
solution unless indicated otherwise, in gpm positive
downfield from internal TMS for 'H and 13C NMR and
from internal CFCl; for 19F NMR. Mass spectra were
measured at 70 eV for electron impact (EI) and with
methane or ammonia for chemical ionization (CI).
Fragment ions m/z in % of the most abundant peak. The
low resolution mass spectra (EI) of benzyl 6-bromo-60-
fluoro- (4a), 6B-fluoro- (6a) and 6a-fluoropenicillanates
(7a) followed the known fragmentation pattern described
for methyl3 and (pivaloyloxy)methyl penicillanates. The
low resolution mass spectra (CI) of benzyl 68-fluoro- (6¢c)
and 6o.-fluoropenicillanate sulfone (7d) gave very few
fragment ions and contained easily discernible molecular
ions.34 Satisfactory mass spectra (EI, CI or FAB) could
not be obtained35 for penicillanic acid sulfide and sulfone
4b, 6b, 6d, 7b and 7e¢. Column chromatography was
performed on silica gel 60 A (100200 mesh), Thin-layer

chromatography (TL.C) was done on silica gel GF,s4 (type
60 Merck). Benzyl 6-diazopenicillanate (3)!5 was prepared
according to a literature procedure. All new compounds
have been characterized from their spectral data. The purity
of all title compounds was judged to be >95% by TLC, IH
NMR, 13C NMR determinations.

Preparation of benzyl (28,5R,6R) 6-bromo-6-fluoro-3,3-
dimethyl-7-oxo-4-thia-1-azabicyclo[3.2.0]heptane-2-
carboxylate (4a)

To a solution of 3 (187 mg, 0.59 mmol) in anhydrous
dichloromethane (3 mL) at -40 °C was added dropwise and
simultaneously 114 mg (0.65 mmol) of N-bromo-
succinimide in a mixture of chloroform—acetonitrile (5 mL,
4:1) and 186 mg (0.65 mmol) of tetrabutylammonium
bifluoride in anhydrous dichloromethane (2 mL). The cold
bath was then allowed to warm slowly to room
temperature and after 1.5 h the reaction was quenched by
the addition of water (6 mL). The layers were separated and
the organic layer was dried (NapSQy4). The solvent was
evaporated and the crude residue was subjected to column
chromatography (elution with hexane-ethyl acetate,
8.5:1.5) to afford 95 mg of a mixture of two products in a
ratio of 30:7 ({H NMR), which were inseparable by
chromatography. The major product, a pale yellow oil was
identified as 4a (=30%): IR (film) 1800 (B-lactam), 1750
(ester) cm!; 'TH NMR § 1.38 (s, 3H), 1.56 (s, 3H), 4.56
(s, 1H, C-3H), 5.20 (s, 2H, C-9H), 5.60 (d, 1H, Js5p =
5.6 Hz, C-5H), 7.37 (s, 5H, Ph-H); 13C NMR § 166.29
(C-8), 162.3 @@, 2Jop = 23.6 Hz, C-7), 1344 (Ph-C),
128.55 (Ph-C), 107.9 (4, Lcp = 3073 Hz, C-6), 77.1 4,
2Jcp = 26.8 Hz, C-5) 69.0 (C-3), 67.53 (C-9), 64.09 (C-
2), 33.34 (CfMe), 25.45 (C-aMe); 19F NMR § -114.8
(d, 3Jp g = 5.2 Hz, C-6F); LRMS (EI) 387 (M*, 36.0) 190
(5), 114 (12), 91 (100); HRMS calcd for C;sH;sBfFNO3S
386.9934, found 386.9941. The minor product was
identified as benzyl 6,6-dibromopenicillanate (5a).36

Preparation of (28,5R,6R) 6-bromo-6-fluoro-3, 3-dimethyl-
7-0x0-4-thia-1-azabicyclo[3.2.0 Jheptane-2-carboxylic acid
(4b)

A solution of AICl; (80 mg, 0.6 mmol) in anhydrous
nitromethane (1 ml) was added to a solution of the
previous mixture of 4a and Sa (40 mg) in anhydrous
dichloromethane (4 mL) under ice cooling, and the mixture
was stirred for 10 min at 0 °C. The reaction solution was
diluted with ethyl acetate (4 mL), washed with hydrochloric
acid 0.5 N (2 mL) and the aqueous phase extracted with
ethyl acetate (3 x 1 mL). The organic phase was dried and
evaporated to give an inseparable mixture of 4b and 5b
(29.5 mg ~ 96%) at a ratio of 30:7 ({\H NMR) as a yellow
oil. 4b (23.9 mg): IR (film) 1794 (B-lactam), 1734
(carboxylic acid) cm!; TH NMR § 1.57 (s, 3H), 1.62 (s,
3H), 4.56 (s, 1H, C-3H), 5.61 (4, 1H, J5p= 5.6 Hz, C-
5H); 19F NMR 3§ -115.0 (d, 3Jg g = 6.9 Hz, C-6F). 5b
(5.6 mg): IR and 'H NMR are consistent with those
reported in Ref. 6b,
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Preparation of benzyl (28,5R,6R) 6-fluoro-3,3-dimethyl-7-
oxo-4-thia-1-azabicyclo[3.2.0]heptane-2-carboxylate (6a)

A similar procedure as previously described!4 was used.
The mixture of compounds 4a and Sa was the starting
material. Pure compound 6a was obtained after
purification by flash chromatography (elution with
hexane-ethyl acetate, 8.5:1.5). Yield 60% as a pale yellow
oil: IR (film) 1800 (B-lactam), 1750 (ester) cm'!; 'H NMR
8 143 (s, 3H), 1.64 (s, 3H), 4.54 (s, 1H, C-3H), 5.19 (s,
2H, C-9H), 5.50 (dd, 1H, 3J5 = 4.0 Hz, J5 6= 4.0 Hz, C-
5H), 5.72 (dd, 1H, 2Jgp = 55.0 Hz, Js5 ¢ = 4.0 Hz, C-6H),
7.37 (s, 5H, Ph-H); 13C NMR § 169.15 @, 2Jcp =221
Hz, C-7), 167.10 (C-8), 134.5 (Ph-C), 128.4 (Ph-C),
91.67 (d, 1Jc g = 225.0 Hz, C-6), 70.60 (C-3), 67.30 (C-
9), 66.45 (d, QJC,F = 22.1 Hz, C-5), 64.10 (C-2), 31.6 (C-
BMe), 26.04 (C-aMe); 19F NMR 8 -156.62 (dd, 2Jp y =
55.3 Hz, 3Jg g = 3.4 Hz, C-6F); LRMS (EI) 309 (M*,
8.4), 250 (4.8), 91 (100), (CI, ammonia) 327 (M* + 18,
31.1), 264 (45.3), 250 (60.6), 208 (39.5), 108 (88.9), 91
(40.6), 58 (100), HRMS calcd for C;sH1603NFS
309.0834, found 309.0821.

Preparation of (28,5R,6R) 6-fluoro-3,3-dimethyl-7-0x0-4-
thia-1-azabicyclof 3.2.0]heptane-2-carboxylic acid (6b)

To a solution of 6a (100 mg, 0.32 mmol) and 1.0
equivalent of NaHCOQj3 in 16 mL aqueous THF (1:1) was
added 100 mg of 10% Pd/C. The resulting suspension was
stirred under 1 atmosphere of Hy for 5 h and then filtered
through a Celite pad and washed with aqueous THF (2 x §
mL). The combined filtrates were acidified to pH 3.0 with
hydrochloric acid and extracted with ethyl acetate (4 x 6
mL). The organic layer, after drying, was evaporated to
give 64 mg (90%) of pure 6b as a pale yellow oil: IR
(film) 1784 (B-lactam), 1760 (carboxylic acid) cm!; 1H
NMR $ 1.60 (s, 3H), 1.70 (s, 3H), 4.54 (s, 1H, C-3H),
5.50 (dd, 1H, Jsg = 4.0 Hz, J5 ¢ = 4.0 Hz, C-5H), 5.74
(dd, 1H, J = 54.5 Hz, Js5 6 = 4.0 Hz, C-6H); 1F NMR §
-156.7 (dd, ZJg g = 54.0 Hz, 3Jg g = 5.3 Hz, C-6F).

Preparation of benzyl (28,5R,6R) 6-fluoro-3,3-dimethyl-7-
oxo-4-thia-1-azabicyclo[3.2.0]heptane-2-carboxylate-4,4-
dioxide (6¢)

For the oxidation of penicillanate sulfide to penicillanate
sulfone, we used a similar, previously described
procedure. 14 Compound 6a was the starting material. Yield
of pure 6c 80% as a colorless oil: IR (film) 1820 (B-
lactam), 1760 (ester), 1340, 1130 (sulfone) cm'!; 'H NMR
d 1.25 (s, 3H), 1.55 (s, 3H), 4.63 (s, 1H, C-3H), 4.75
(dd, 1H, 3Jsp= 4.0 Hz, J56= 4.0 Hz, C-5H), 5.22 (qQAB,
2H, J = 12.0 Hz, C-9H), 5.85 (dd, 1H, ZJgp = 55.0 Hz,
Jse = 4.0 Hz, C-6H), 7.37 (s, 5H, Ph-H); 13C NMR §
168.89 (d, 2Jc,p = 23.6 Hz, C-7), 166.13 (C-8), 134.8
(Ph-C), 128.66 (Ph—C), 89.15 (d, lJc,p = 239.0 Hz, C-6)
68.13 (C-9), 67.92 (C-2), 6542 (C-3), 64.1 d, 2Jcp=17.5
Hz, C-5), 19.72 (C-BMe), 17.64 (C-aMe); !9F NMR &
-149.43 (d, 1F, 2Jgy = 52.3 Hz, 3Jg g = 3.5 Hz, C-6F);
LRMS (CI, ammonia) 359 (M* + 18, 100); (CI, methane)

342 (M*+ 1, 67), 185 (100), HRMS calcd for
C15H2005N2FS 359.1075, found 359.1074.

Preparation of (28,5R,6R) 6-fluoro-3,3-dimethyl-7-oxo-4-
thia-1-azabicyclo[3.2.0]heptane-2-carboxylic acid-4,4-
dioxide (6d)

To a solution of 6¢ (100 mg, 0.29 mmol) in ethyl acetate
(10 mL) was added a suspension of 10% Pd/C in 8.0 mL
of ethyl acetate. The resulting suspension was stirred under
1 atmosphere of H, for 1 h and then filtered through a
Celite pad washed with EtAcO (2 x 3 mL) and dried to give
66 mg (90%) of pure 6d as a colorless oil: IR (film) 1815
(B-lactam), 1735 (carboxylic acid), 1340 and 1130 (sulfone)
cml; TH NMR (CDCI3-CD30D) § 1.26 (s, 3H), 1.41 (s,
3H), 4.35 (s, 1H, C-3H), 4.75 (dd, 1H, J5 p =4.0 Hz, J56
= 4.0 Hz, C-5H), 5.75 (dd, 1H, Jsr=52.0 Hz, J56= 4.0
Hz, C-6H); 19F NMR § - 147.15 (dd, 2Jg g = 52.3 Hz,
3Jgy = 1.7 Hz, C-6F).

Preparation of benzyl (28,5R,68) 6-fluoro-3,3-dimethyl-7-
oxo-4-thia-1-azabicyclo[3.2.0]heptane-2-carboxylate (7a)

A similar, previously described procedure!4 was used.
Compound 3 was the starting material, yield 48% as a
Yellow oil: IR (film) 1800 (B-lactam), 1750 (ester) cm-!;
H NMR § 1.39 (s, 3H), 1.53 (s, 3H), 4.54 (s, 1H, C-
3H), 5.20 (s, 2H, C-9H), 5.33 (dd, 1H, Js 5 = 53.0 Hz,
Js,6= 1.6 Hz, C-6H), 5.46 (dd, 1H, Jsp = 4.8 Hz, Js¢ =
1.6 Hz, C-5H), 7.37 (s, 5H, Ph-H); 13C NMR § 166.55
(C-8), 165.3 (d, %Jc g = 20.1 Hz, C-7), 134.45 (Ph-C),
128.5 (Ph-C), 98.3 (d, 1Jc p = 229.7 Hz, C-6), 68.71 (d,
2Jc g = 25.6 Hz, C-5), 68.08 (C-3), 67.33 (C-9), 64.04 (C-
2), 33.59 (C-BMe), 25.19 (C-aMe); 19F NMR § -170.18
(dd, 2Jpy1 = 48.8 Hz, 3Jp g = 5.3 Hz, C—6F); LRMS (ED)
309 (M*, 10.7), 250 (31.3), 190 (7.0), 119 (15.3), 114
(14.6), 91 (100); (CI, ammonia) 327 (M* + 18, 100), 282
(49.6), 250 (31.3), 108 (27.3), 91 (50.0). HRMS calcd for
C15H1603NFS 309.0834, found 309.0842,

Preparation of (25,5R,6S) 6-fluoro-3,3-dimethyl-7-o0xo-4-
thia-1-azabicyclo[3.2.0]heptane-2-carboxylic acid (7b)

This compound was prepared in a manner similar to that
described for the synthesis of 4b; yield 100% as a pale
yellow oil: IR (film) 1800 (B-lactam), 1770 (carboxylic
acid) cm'!; TH NMR 8 1.57 (s, 3H), 1.59 (s, 3H), 4.55 (s,
1H, C-3H), 5.35 (dd, 1H, Jsr = 53.6 Hz, J5 = 1.6 Hz,
C-6H), 546 (dd, 1H, Js = 4.8 Hz, J56= 1.6 Hz, C-5H);
13C NMR (CD;0D) 8 170.22 (C-8), 167.65 (d, 2Jcp=
20.1 Hz, C-7), 99.38 (d, 'Jc r = 233.0 Hz, C-6H), 70.57
(C-3), 6991 (d, 2Jc F = 26.6 Hz, C-5), 64.99 (C-2), 33.53
(C-BMe), 26.04 (C-oMe); 19F NMR (CD3;0D) § -170.33
(dd, ZJF’H = 52.3 Hz, 3JF,H = 5.2 Hz, C-6F).

Preparation of potassium (2S,5R,6S) 6-fluoro-3,3-
dimethyl-7-oxo-4-thia- 1-azabicyclof 3.2.0 Jheptane-2-
carboxylate (7c)

To a solution of 7b (19.7 mg, 0.09 mmol) in 2 mL of
ethyl acetate, was added 5 mL of ethyl acetate solution
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containing potassium 2-ethyl hexanoate (16 mg, 0.09
mmol) under a N; atmosphere, and the mixture was stirred;
a precipitate formed immediately. The mixture was stirred
for an additional 30 min, the solids were centrifuged,
washed with ethyl acetate (2 x 3 mL) and dried to give a
white solid (19.7 mg, 85%) IR (KBr) 1800 (B-lactam),
1610 and 1420 (carboxylate salt) cm'1; 'H NMR (CD;0D)
8 1.54 (s, 6H, a. and B Me), 4.27 (s, 1H, C-3H), 5.34 (dd,
1H, Jgr = 53.7 Hz, J5¢ = 1.6 Hz, C-6H), 5.47 (dd, 1H,
Jsr=4.8 Hz, J5 6 = 1.6 Hz, C-5H); 19F NMR (CD30D) &
-169.97 (dd, 2Jgu = 52.3 Hz, 3Jg = 5.8 Hz, C-6F).

Preparation of benzyl (28,5R,6S) 6-fluoro-3,3-dimethyl-7-
oxo-4-thia-1-azabicyclo[ 3.2.0]heptane-2-carboxylate-4,4-
dioxide (7d)

Yield 80% as a colorless oil: IR (film) 1800 (B-lactam),
1760 (ester), 1315, 1120 (sulfone) cm'!; 'H NMR § 1.27
(s, 3H), 1.53 (s, 3H), 4.44 (s, 1H, C-3H), 4.75 (dd, 1H,
Jsr=4.8 Hz, J5 6= 1.6 Hz, C-5H), 5.25 (QAB, 2H, J = 12
Hz, C-9H), 5.75 (dd, 1H, Js = 53.0 Hz, Js 6 = 1.6 Hz,
C-6H), 7.38 (s, 5H, Ph-H); 13C NMR § 165.76 (C-8),
164.71 (4, 2JC,F = 20.3 Hz, C-7), 134.08 (Ph-C), 128.66
(Ph-C), 91.22 (d, 1Jc,p = 239.0 Hz, C-6), 68.18 (C-9),
67.38 (4, 2JC,F = 25.8 Hz, C-5), 63.29 (C-2), 62.65 (C-3),
19.55 (C-BMe), 18.17 (C—aMe); !9F NMR § - 155.9 (dd,
2Jp,H = 524 Hz, 3Jpy = 5.2 Hz, C-6F); LRMS (CI,
ammonia) 359 (M*+ 18, 100), HRMS calcd for
C1s5H00sN3FS 359.1075, found 359.1072.

Preparation of (28,5R,68) 6-flucro-3,3-dimethyl-7-o0x0-4-
thia-1-azabicyclo[3.2.0]heptane-2-carboxylic acid-4,4-
dioxide (7e)

Hydrogenolysis and sulfide oxidation for the preparation of
compound 7e were carried out under the same conditions as
described for the synthesis of 6d. Yield 90% as a colorless
oil: IR (film) 1800 (B-lactam), 1720 (carboxylic acid),
1320, 1110 (sulfone) cm'1; TH NMR § 1.51 (s, 3H), 1.62
(s, 3H), 445 (s, 1H, C-3H), 4.82 (dd, 1H, J5 5 = 4.8 Hz,
Js6=1.6 Hz, C-5H), 5.78 (dd, 1H, Js 5= 52.0 Hz, J5 ¢ =
1.6 Hz, C-6H); 19F NMR & -155.83 (dd, 1F, 2Jgy = 52.3
Hz, 3Jpy = 5.2 Hz, C-6F).

Preparation of potassium (2S,5R,68) 6-fluoro-3,3-
dimethyl-7-oxo-4-thia-1-azabicyclo[3.2.0]heptane-2-
carboxylate-4,4-dioxide (7f)

Yield 60% as a white amorphous solid: IR (KBr) 1800 (B-
lactam), 1620 and 1400 (carboxylate salt), 1330, 1140
(sulfone) cm'!; TH NMR (D,0) & 1.44 (s, 3H), 1.55 (s,
3H), 4.33 (s, 1H, C-3H), 5.27 (dd, 1H, Jsz = 4.8 Hz, J5¢
= 1.6 Hz), 5.87 (dd, 1H, Jg g = 51.3 Hz, J56 = 1.6 Hz);
(DMSO) 3 1.35 (s, 3H), 1.43 (s, 3H), 3.82 (s, 1H, C-
3H), 5.33 (dd, 1H, J5 p= 1.6 Hz), 5.82 (dd, 1H, Js g = 52.0
Hz, J56 = 1.6 Hz).

Attempted preparation of potassium 6B-fluoropenicillanate

The method described above for the preparation of the
potassium salt of 7c and 7f was applied here to give a pale

yellow amorphous solid. IR (KBr) 1652; 1616 and 1398
(carboxylate salt) cm™!.

Attempted preparation of potassium 6B-fluoropenicillanate
sulfone

A yellow amorphous solid was obtained: IR (KBr) 1656;
1636 and 1398 (carboxylate salt), 1016 and 958 (sulfinate)
cm-l; TH NMR (D,0) § 1.10 (s, 3H), 1.17 (s, 3H), 3.99
(s, 1H), 13C NMR?7 (D,0) & 174.51 (C-8), 59.33 (C-3),
58.84 (C-2), 21.50 and 16.10 (C-B and aMe).

Enzymatic methods

For enzymatic studies, 1B-lactamase I was purified as
described by Davies et al.® from Bacillus cereus 569/H. B-
Lactamase assays were conducted at 30 °C in 100 mM
sodium phosphate buffer, pH 7.0 using 0.1 mM
nitrocefin®? as substrate and 0.6 to 1.2 pug of B-lactamase.
Various concentrations of inhibitor were assayed to
determine the concentrations required for 50% inhibition
(ICsg) of nitrocefin hydrolysis, which was measured at 482
nm. Reactions were initiated by addition of substrate
without preincubation or after 10 min preincubation of
enzyme and inhibitor.

Acknowledgements

We thank CONICET (Consejo Nacional de Investigaciones
Cientfficas y Técnicas) for financial support, Professor Eric
J. Thomas (University of Manchester, U.K.), Professor M.
G. Sierra and Dr J. A. Bacigaluppo (IQUIOS, Rosario,
Argentina) for obtaining mass spectral data and NMR
assistance, respectively. We also thanks Professor Julio
Podesta, Universidad Nacional del Sur, Bahfa Blanca,
Argentina and Glaxo Pharmaceutical Ltd, Greenford,
Middlesex, UK., for generous gifts of tris (2-methyl-2-
phenylpropyl)tin hydride, and nitrocefin, respectively.
G.0.D. acknowledges CIUNR (Consejo de Investigaciones
Universidad Nacional de Rosario) for a fellowship.

References and Notes

1. For a recent review on the chemistry and biochemistry of B-

lactams as P-lactamase inhibitors see: Mascaretti, O. A.;
Roveri, O. A.; Danelon, G. O. In Recent Progress in the
Chemical Synthesis of Antibiotics and Related Microbial
Products, Vol. 2, pp. 677-749, Lukacs, G., Ed.; Springer-
Verlag; Heidelberg, 1993.

2. For a recent review on the mechanism of action of B-

lactamase see: Waley, S. G. In The Chemistry of B-Lactams,
pp- 198-228, Page, M. L., Ed.; Chapman and Hall; London,
1992.

3. For a recent review on the mechanistic aspects of B-
lactamase inhibitors, see: Pratt, R. F. In The Chemistry of B-

Lactams, pp. 229-271, Page, M. L, Ed.; Chapman and Hall;
London, 1992.



454 G. O. DANELON et al.

4, For a leading review on P-lactamase and their clinical
significance see: Bush, K. Clin. Microb. Rev. 1988, 1, 109.

5. (a) Pratt, R. F.; Loosemore, M. J. Proc. Natl Acad. Sci.
U.S.A. 1978, 75, 4145; (b) Loosemore, M. J.; Pratt, R. F. J.
Org. Chem. 1978, 43, 3611; (c) Aimetti, J. A.; Hamanaka, E.
S.; Johnson D. A.; Kellog, M. S. Tetrahedron Let. 1979,
4631; (d) Knott-Hunziker, V.; Orlek, B. S.; Sammes, P. G,;
Waley S. G. Biochem. J. 1979, 177, 365; (e) Knott-
Hunziker, V.; Waley, S. G.; Orlek, B. S.; Sammes, P. G. FEBS
Lett. 1979, 99, 59.

6. (a) English, A. R.; Retsema, J. A.; Girard, A. E.; Lynch, J.
E.; Barth, W. E. Antimicrob. Agent Chemother. 1978, 14,
414; (b) Volkman, R. A.; Carroll, R. D.; Drolet, R. B.; Elliot,
M. L.; Moore, B. S. J. Org. Chem. 1982, 47, 3344,

7. The numbering of the bicyclic ring we used is for non-
systematic names. It has been adopted in order to allow cross-
reference correlation to the simplified penicillins and penam
nomenclature; i.e., that corresponding to the sulfur atom at the
position 1. For this naming, see: Sheehan, J. C.; Henery-
Logan, K. R.; Johnson, D. A. J. Am. Chem. Soc. 1953, 75,
3292.

8. (a) Fisher, J.; Charnas, R. L.; Bradley, S. M.; Knowles, J.
R. Biochemistry 1981, 20, 2726; (b) Brenner, D. G,
Knowles, J. R. ibid. 1981, 20, 3680; (c) Kemal C. K;
Knowles, J. R. ibid. 1981, 20, 3688; (d) Brenner, D. A;
Knowles, 1. R. ibid. 1984, 23, 5833.

9. For leading references on the mechanism of action of 6f-
bromopenicillanic acid, see: (a) Ref. 5d; (b) Foulds, C. D.;
Kosmirak, M.; O'Sullivan, A. C.; Sammes, P. G. In Recent
Advances in the Chemistry of B-Lactams Antibiotics, p. 255,
Roberts, S. M., Ed.; Royal Society of Chemistry; London,
Special Publications N2 52, 1984; (c) Loosemore, M. J.;
Cohen, S. A.; Pratt, R. F. Biochemistry 1980, 19, 3990; (d)
Cohen, S. A.; Pratt, R. F. Biochemistry 1980, 19, 3996.

10. (a) Knowles, J. R. Acc. Chem. Res. 19885, 18, 97; (b)
Cartwright, S. J.; Waley, S. G. Med. Res. Rev. 1983, 3, 341.

11. Aplin, R. T.; Robinson, C. V.; Schofield, C. J.; Waley, S.
G. J. Chem. Soc., Chem. Commun. 1993, 121.

12. (a) Mascaretti, O. A. Aldrichimica Acta 1993, 26, 47; (b)
Mascaretti, O. A.; Boschetti, C. E.; Danelon, G. O. In
Fluorinated B-Lactams and Biological Activities of B-
Lactamase and Elastase Inhibitors, In Organofluorine
Compounds in Medicinal Chemistry and Biomedical
Applications, pp. 135-163, Filler, R.; Kobayashi, Y.;
Yagupolski, L. M., Eds.; Elsevier Science; Amsterdam, 1993;
(¢) Danelon, G. O.; Mascaretti, O. A. J. Fluorine Chem.
1992, 56, 109.

13. Kellog, M. S.; Hamanaka, E. S. (Pfizer Inc.) U.S. Pat.
4,397,783 (9 August 1983); Chem. Abstr. 1983, 99,
175473c¢.

14. Mata, E. G,; Setti, E. L.; Mascaretti, O. A. J. Org. Chem.
1990, 55, 3674.

15. (a) Hauser, D.; Sigg, H. P. Helv. Chim. Acta 1967, 50,
1327; (b) Giddings, P. J.; John, D. I.; Thomas, E. J,;
Williams, D. J. J. Chem. Soc. Perkin Trans. 1 1982, 2757.

16. Bosch, P.; Camps, F.; Chamorro, E.; Gasol, V.; Guerrero,
A. Tetrahedron Lett. 1987, 28, 4733,

17. (a) Albert, P.; Cousseau, J. J. Chem. Soc., Chem.
Commun. 1988, 961; (b) Cousseau, J.; Albert, P. Bull. Soc.
Chim. Fr. 1986, 910.

18. (a) Tsuji, T.; Kataoka, T.; Yoshioka, M.; Sendo, Y.;
Nishitani, Y.; Hirai, S.; Maeda, T.; Nagata, W. Tetrahedron
Lett. 1979, 30, 2793; (b) Ohtani, M.; Watanabe, F.;
Narisada, M. J. Org. Chem. 1984, 49, 5271; (c) For a recent
review on deprotection of esters see: Salomon, C. J.; Mata, E.
G.; Mascaretti, O. A. Tetrahedron 1993, 49, 3691.

19. Mata, E. G.; Mascaretti, O. A.; Zuiliga, A. E.; Chopa, A.
B.; Podesta, J. C. Tetrahedron Let. 1989, 30, 3905.

20. Baldwin J. E.; Cobb, J. E.; Sheppard, L. N. Tetrahedron
1987, 43, 1003.

21. Gokel, G. W.; Gerdes, H. M.; Dishong, D. M. J. Org.
Chem. 1980, 45, 3634.

22. (a) English, R. A.; Girard, D.; Jasys, V. J.; Martingano, R.
J.; Kellog, M. S. J. Med. Chem. 1990, 33, 344; (b) Orlek, B.
S.; Sammes, P. G.; Knott-Hunziker, V.; Waley, S. G. J. Chem.
Soc. Perkin 11980, 2322.

23. It is well known that the hydrogens originally at C-6
exchange with the D,O solvent during the reaction. See Ref.
8b.

24. For references to many previous studies of this
phenomenom see: (a) Gribble, G. W.; Kelly, W. J. Tetrahedron
Lets. 1988, 26, 3779; (b) Mallory, F. B.; Mallory, C. W ;
Riker, W. M. J. Org. Chem. 198S, 50, 457; (c) Ruiz de Azua,
M. C; Diz, A. C.; Giribet, C. G.; Contreras, R. H.; Rae, I. D.
Quantum Chem. 1986, 20, 585.

25. Page has suggested that such coordination for copper (II)
in benzylpenicillins causes an enhancement of the rate of
hydrolysis of benzylpenicillin compared with the
uncoordinated substrate. See: Page, M. I. Acc. Chem. Res.
1984, 17, 144; and references cited therein.

26. Fisher, J.; Belasco, J. G.; Charnas, R. L.; Khosla, S.;
Knowles, J. R. R. Soc. Phil. Trans. (Lond.) 1980, 289, 309.

27. Pratt, R. F.; Cahn, D. 1. J. Am. Chem. Soc. 1988, 110,
5096.

28. Silica gel TLC showed the absence of compound 4b.

29. De Meester, F.; Matagne, A.; Dive, G.; Frére, J. M.
Biochem. J. 1989, 257, 245.

30. The compounds 7b and 7c gave satisfactory 'H NMR data
and were homogeneous by TLC.

31. (a) Kemp, J. G.; Closier, M. D.; Narayanaswami, S.;
Stefaniak, M. H. Tetrahedron Lett. 1980, 21, 2991; (b) Wise,
R.; Andrews, J. M.; Patel, N. J. Antimicrob. Chemother.
1981, 7, 531; (c) Frere, J. M.; Dormans, C.; Duyckaerts, C.;
De Graeve, J. Biochem. J. 1982, 207, 437; (d) Neu, H. C.
Antimicrob. Agents Chemother. 1983, 63.

32. (a) Cartwright, S. J.; Coulson, A. F. W. Nature (Lond.)
1979, 278, 360; (b) Moore, B. S. (Pfizer Inc.) U.S. Pat.
4,420,426 (1983); Chem. Abstr. 1984, 100, 174534.

33. Ritcher, W.; Biemann, K. Monatsch Chemie 1964, 95,
766.

34. Belinzoni, D. U.; Setti, E. L..; Mascaretti, O. A. J. Chem.
Res. 1988, (5)176, (M)1501.

35. In order to obtain good mass spectra penicillanic acid
sulfones were derivatized to their methyl esters. See Refs 8a
and 8b.

36. DiNinno, F.; Beattie, T. R.; Christensen, B. G. J. Org.
Chem. 1977, 42, 2960.



6-Fluoropenicillanic acids 455

37. For 13C NMR the numbering for the sulfinate of 1974, 143, 115.

penicillamine refers to the numbers of the potassium 6- , . . X
fluoropenicillanates. 39. O'Callaghan, C. H.; Morris, A.; Kirby, S. M.; Shingler, A.

H. Antimicrob. Agents Chemother. 1972, 1, 283.
38. Davies, R. B.; Abraham, E. P.; Melling, J. Biochem. J. imieroD. fgents Lhemother



