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The preparation of unique penicillin derivatives containing an exocyclic allene at the 6 position
(6-vinylidenepenams) is described. The synthetic scheme utilizes 6-oxopenicillinates as intermediates
which stereospecifically add acetylide anions forming propargylic alcohols. Displacement of the
corresponding propargylic triflates with higher order cuprate reagents and with copper(1) halides
proceeds rapidly and stereospecifically. Halogen-metal exchange of the 6-(haloviny1idene)penams
is described. The derived allenyl anions can be trapped by electrophiles. Conversion of selected allyl
and benzhydryl esters to the correspondingcarboxylic acids is described. The 8-lactamase inhibitory
activity of the 6-(tert-butylvinylidene)penam sulfone is documented.
Penicillin-related antibiotics interfere with a critical
series of proteases involved in bacterial cell wall construction.l There are many of these bacterial penicillinbinding proteins (PBP's), and the precise function of each
of them is still not completely understood.2 Penicillin
resistance is often caused by the production of one of a
series of enzymes collectively known as 8-lactamases.3
These secondary defensive enzymes cleave the reactive
@-lactamportion of the antibiotic, rendering it ineffective
at inhibiting the critical enzymes necessary for cell wall
construction. Within the past decade, several pharmaceutical companies have developed drugs which act as
8-lactamase inhibitor^.^ However, the inhibitors are
individually active only against certain types of 8-lactamase. For example, there are very few known inhibitors
of class B, zinc-containing @-lactamases.5In many cases,
the 8-lactamaseinhibitors have no direct antibiotic activity
(Le., they have no effect on the primary enzymes that are
responsible for cell wall construction), but they serve to
inactivate the defenses of the bacteria long enough for a
second drug to locate its key enzymatic target. Examples
of @-lactamantibiotics and 8-lactamase inhibitors are
shown below.6 The known mechanisms of inhibition
usually involve a nonreversible acylation of serine hydroxyl
at an active site.7
We have developed several versatile synthetic routes
that lead to the preparation of the previously unknown
(1) Waxman, D. J.; Strominger, J. L. In Chemistry and Biology of
@-LactamAntibiotics; Morin, R. B., Gorman, M., Eds.; Academic Press:
New York, 1982; Vol. 3, Chapter 4.
(2) Antibiotic Inhibition of Bacterial Cell Surface Assembly and
Function; Actor, P., Daneo-Moore, L., Higgins, M. L., Salton, M. R. J.,
Shockman,G. D., Eds.; American Society for Microbiology: Washington,
DC, 1988.
(3) (a) Bush, K. Antimicrob. Agents Chemother. 1989, 33, 259. (b)
Bush, K. Antimicrob. Agents Chemother. 1989, 33, 264. (c) Bush, K.
Antimicrob. Agents Chemother. 1989,33, 271.
(4) Walsh, T. F. In Annual Reports in Medicinal Chemistry; Allen,
R. C., Ed.; Academic Press: New York, 1988; Vol. 23, Chapter 13.
(5) (a) Bicknell, R.; Schaffer, A.; Waley, S. G.; Auld, D. S. Biochemistry
1986,25,7208. (b) For an interesting approach to inhibitor design, see:
Murphy, B. P.; Pratt, R. F. Biochem. J. 1989,258,765. (c) Grace, M. E.;
Schenkein, D. P.; Pratt, R. F. J. Biol. Chem. 1987,262, 16778.
(6) It should be noted that, despite the existence and the threat of
resistant strains, clinically the administration of the proper @-lactam
antibiotic (without a @-lactamaseinhibitor) is often sufficient.
(7) For a general reviews see: (a) Knowles, J. R. Antibiotics 1983,6,
90. (b) Knowles, J. R. Acc. Chem. Res. 1985, 18, 97.
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6-vinylidenepenamsle8Allenes have been proven useful
in the design of enzyme inhibitors and in the creation of
drugs.9 The 6-vinylidenepenams resemble known 6-alkyl-

(8)Buynak, J. D.; Borate, H. B.; Husting, C.; Hurd, T.; Vallabh, J.;
Matthew, J.; Lambert, J.; Siriwardane, U. Tetrahedron Lett. 1988,29,
5053.
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idene 8-lactamase inhibitors (such as Ro 15-1903). In this
paper, we will detail the preparation of the 6-vinylidenepenams and document the biological activity of one member
of this class of 0-lactamase inhibitors.
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We have reported that a-vinylidene-j34actam 2 is a
stable, isolable species.1° While exploring the chemistry
of a-(silylmethylene) @-lactam3, we noticed that reaction
with hypochlorous acid produced the chlorinated olefin 4
rather than the expected chlorohydrie.ll This material,
when treated with fluoride, produced the allene 2 in 60 %
yield. With this knowledge, we set out to devise a
preparation of 6-vinylidenepenamsusing 6-oxopenicillinatea (and their addition compounds) as key intermediates.

g

0

COOR
6aR.H
6b R = allyl
6c R = CHPhg
64 R = CHgPh

5

Ca(OCI), H
HOAc

H

Ref. 12

0

.

COO

Results and Discussion

Y

fix

HO

"x"
2

We synthesized 6-hydroxypenicillanicacid (6-HPA, 6a)
from 6-aminopenicillanic acid12 (6-APA, 5) as shown in
Scheme I. It is obtained as an amorphous powder, which
decomposed during all purification attempts. 6a is not
stable to heat and must be stored at -20 "C. Esterification
typically produced only modest yields of the corresponding
esters.
While oxidation of the 6-hydroxypenicillinates via the
Swern method13is straightforward, the 6-oxo derivatives
(7) that are produced are unstable at pH 1 7. Therefore,
the reaction mixture should only be washed with saturated
aqueous ammonium chloride or with other suitably
buffered aqueous solutions. Unlike previous workers,14
we were unable to purify these compounds by column
chromatography, and the crude materials were used as
prepared. In certain cases (the allyl ester in particular),
these 6-oxo derivatives were unstable toward prolonged
storage at -20 OC.
Our first approach to 6-vinylidenepenams envisioned
the addition of an (a-metalloviny1)silane to ketone 7
followed by Chan elimination's to form the allene. However, the addition reaction failed to produce the expected
product 8 as shown in Scheme 11. When the reaction was
performed carefully, that is at -100 OC in the case where
M = Li, a single product could be isolated from the reaction
mixture in moderate yield. This unstable material could
(9) (a) Halliday, R. P.; Davis, C. S.;Heotis, J. P.; Pals,D. T.;Watson,
E. J.; Bickerton, R. K. J. Pharm. Sci. 1968,57, 430. (b) Morisaki, M.;
Bloch, K. Biochemistry 1972, 11, 309. (c) Covey, D. F.; Robinson, C. H.
J. Am. Chem. SOC.1976,98,5038. (d) Corey, E. J.; Kang, J. Tetrahedron
Lett. 1982,23,1651. (e) Castelhano, A. L.; Pliura, D. H.; Taylor, G. J.;
Heieh, K. C.; Krantz, A. J.Am. Chem. SOC.1984,106,2734. (0Jung, M.
J.; Haydt, J. C.; Casara, P. Biochem. Pharm. 1984,33,3717. (g) Danzin,
C.;Casara, P. Fed. Eur. Biochem. SOC.Lett. 1984, 174,275. (h) Sahlberg,
C.;Ross, S. B.; Fagervall;I.; Ask, A. L.; Claesson, A. J . Med. Chem. 1983,

26, 1036.
(10) Buynak, J. D.; Matthew, J.; b o , M. N.; Haley, E.; George, C.;
Siriwardane, U. J. Chem. SOC.,Chem. Commun. 1987,735.
(11) Buynak, J. D.; Rao, M. N. J. Org. Chem. 1986,51, 1571.
(12) Haueer, D.; Sigg, H. P. Helu. Chim. Acta 1967, 50, 1327.
(13) Huang, S. L.; Omura, K.; Swern, D. J. Org. Chem. 1976,41,3329.
(14) Brenner, D. G. J. Org. Chem. 1985,50, 18.
(15) Chan, T. H.; Mychajlowskij,W.; Ong,B. S.;Harpp, D. N. J. Org.
Chem. 1978,43, 1526.
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benrhydryl, or benzyl (see experimental)

be purified by column chromatography (with loss of
material). This compound was shown spectroscopically
to contain the trimethylsilyl group as well as a carbon-13
absorption at 227.7 ppm: Presumedly this signal was due
to a hindered ketone. Several attempts to obtain crystals
suitable for X-ray analysis were unsuccessful, and the
process was not further pursued.
Our second attempt utilized propargyl alcohols prepared
via metal acetylide addition to the ketones 7, as shown in
Scheme 111. These addition reactions proceeded well when
M = Li, Mg,or Ce. As expected, the order of reactivity
was Li > Mg > Ce. Attempts to convert these alcohols to
the desired allenes by intramolecular processes, e.g., by
the 2,3-sigmatropic rearrangements of sulfenate esters,
were unsuccessful. In most cases, however, the acetylenic
alcohols could be converted to the correspondingtriflates
by treatment with triflic anhydride in the presence of
pyridine.
Terminal acetylenes (R!
= H) were the easiest to prepare.
Substituted acetylenes could also be added to the 6-oxopenams at -78 "C, provided the ester was allyl or benzyl.
The diphenylmethyl (benzhydryl) esters led to recovered
ketone. We believe that the surprising reluctance of 70
to undergo addition with substituted acetylenes is due to
steric interference of the acetylenic substituent with the
bulky diphenylmethyl group on the a face of the molecule.
This result provides verification for our stereochemical
assignment of the acetylenic alcohols. The acetylide adds
exclusively from the convex, a, face. The problem of
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Table I. Data for the Reaction in Scheme IV. Yields
Refer to Purified Materials
yield
R
R!
X a:fl
method
(7%)
compd
27b allyl
H
I 1oO:O CuX/DMF
38
I 1oO:O CuX/DMF
27c CHPhZ H
47
I 1oO:O CuX/DMF
50
27d CHzPh H
78
H
Br 1oO:O CuX/DMF
28b allyl
Br 1oO:O CuX/DMF
30
28c CHPh2 H
41
Br 1oO:O CuX/DMF
28d CH2Ph H
42
Me
I 1oO:O CuX/DMF
29b allyl
Me
Br 5050 CuX/LiX/THF 95
30b allyl
CHzOTBS
I 5050 CuX/LiX/THF 89
31b allyl
I 5050 CuX/LiX/THF 42
31c CHPhz CH20TBS
CH(OEt)2
I 5050 CuX/LiX/THF 58
32b allyl
COzEt
I 5050 CuX/LiX/THF 40
33b allyl
68
34c CHPh2 CH(Ph)OTBS I 5050 CuX/DMF

production of benzhydryl ester derivatives was overcome
by using the more reactive acetylide,M = Li, while allowing
the reaction mixture to warm before quenching.
In an effort to obtain a crystalline allene suitable for
X-ray analysis and to make the allene functionality more
reactive, several substituted acetylenes were added to the
6-oxopenicillinates. The acetyleneshaving R!= Me, SiPha,
CH20TBS, CH(Ph)OTBS, CH(OEt)Z,COzEt, andp-SCsHdC1 were prepared, and they were added to the ketone
in the usual manner. Triflates which were stable to column
chromatography could not be prepared from the [@chlorophenyl)thiolacetylideadduct, but a stable mesylate
was prepared.
These propargylic triflates (and mesylate)were excellent
substrates for conjugate addition by several copper(1)
halides (CuX) and by higher order organocuprates. These
additions lead to a variety of substituted 6-vinylidenepenams. Halo derivatives (Cl, Br, or I) could be prepared,
but the chloro derivatives were unstable at room temperature and on silica gel. With terminal acetylenes (R!
= H), a single isomer of the haloallene was easily prepared
by treating the triflate with CuX in DMF at room
temperature. With many substituted acetylenes,however,
a mixture of diasteriomersresulted. The loss of selectivity
is possibly due to racemization of the allenyl halide after
its formation. When a single diasteriomer of the allenyl
halide was treated with excess CuX/DMF for severalhours,
epimerization of the allenyl substituent did occur. The
CuX/LiX system that was employed by VermeerlGled to
mixtures of diasteriomers with both terminal and substituted acetylenes. The results are shown in Scheme IV
arid Table I.
With higher order cuprates, a single isomer was obtained
as shown in Scheme V. This demonstrates the high
specificity of the higher order cuprates for anti-displacement on these acetylenic substrates." The reaction time
(16) Elsevier, C. J.; Meijer, J.; Tadema, G.;Stahouwer, P. M.; Boa, H.
J. T.; Vermeer, P. J . Org. Chem. 1982,47, 2194.
(17) (a) Elsevier, C. J.; Meijer, J.; Westmijze, H.; Vermeer, P.; Dijck,
L. A. J. Chem. SOC.,Chem. Commun. 1982, 84. (b) Haces, A.; van
Kruchten,E. M. G.A.; Okamura, W. H. Tetrahedron Lett. 1982,23,2707.
(c) See ref 1 of: Corey, E. J.; Boaz, N. W. Tetrahedron Lett. 1984, 25,
3059.
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Table 11. Data for the Reaction Shown in Scheme V.
Yields Refer to Purified Materiah
compd
35b
3 5 ~
35d
36b
36~
36d
37d
38b
39b
40d
4lb
42b
43b
4 4 ~
45c

R
allyl
CHPh2
CH2Ph
allyl
CHPh2
CHzPh
CHzPh
allyl
allyl
CHzPh
allyl
allyl
allyl
CHPh2
CHPhz

R!
H
H
H
H
H
H
H
H
p-SCsH&l
SiPh3
Me
Me

R!!

tert-butyl
tert-butyl
t ert -butyl
Me
Me
Me
Ph
o-MeOPh
tert-butyl
Me
Me
Ph
Me
tert-butyl
CH2NCO(CH2), Ph
CH,NCO(CH&
- tert-butyl

yield ( 7%)
47
38
60
72
30
60
54
49
64
50

44
59
80
I8
72

fi
c1121

Figure 1. Crystal structure of 39b.

proved to be a critical variable for this reaction (typically
1-5 min at -78 "C). Several types of normal cuprates
were prepared, and all produced vinylidenes; see Table 11.
One exception resulted when methyl cuprata was added
to triflate 26c. In this case, there was adirect displacement
of the triflate. In all cases, the reaction was shown to be
highly stereospecific. We were able to obtain a crystal
suitable for X-ray characterization from the product of
the addition of the tert-butyl cuprate to the sulfursubstituted propargylic triflate. The structure is shown
in Figure 1. In addition to the cuprates,severalheteroatom
(N, S, Se, Si, and Sn) anions (as Cu, K, Li, or Na salts)
were prepared, and the anions were added to triflate 10.
There was no evidence of allene production with any of
these reagenta.
A strategyto prepare the terminally unaubstituted allene
(i-e., R!I R!!I H) was developed. Several methods of
introducing hydride directly (including sources of CuH)
were explored, and several transition metal mediated
methods for removing the halogen of the haloallenes were
tried. Both routes were unsuccessful. However, direct
halogen-metal exchange proved to be a more productive
avenue.
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The treatment of the iodoallene, 27c, with Zn-Cu couple
in methanolic NH4C1 led to the parent unsubstituted
vinylidene penam 46c in 54% yield, Scheme VI. This
material could also be prepared by the reaction of 27c
with CH3MgBr after quenching of the intermediate
allenylmagnesiumbromide with acetic acid. The lithiation
of 27c with tert-butyllithium and quenching after 10 min
produced the isomeric acetylene 47c. Reaction with other
electrophiles, including acyl halides, was also explored.
Acylation of the intermediate organolithium led to production of the 6-acyl-6-acetylenic penams 48c-5Oc (R! =
Me, p-MeCsH4, p-MeOCsH4). Acylation of the allenylmagnesium intermediate was much slower but also produced the acetylenic compound 48c in low yield. The
terminally acylated derivative 51c could not be formed by
using this reaction sequence.
As shown in Scheme VII, terminally acylated vinylidenepenams could be prepared by incorporating the
(protected) carbonyl into the acetylene. These acetylenic
anions were added to the 6-oxopenicillinate, the resulting
alcohol converted to the triflate, and the triflate displaced
in the conjugate sense with CUI. When the electronwithdrawing group was attached to the allene, the Zn-Cu
couple could not be used to reduce the iodoallene. In these
instances, the procedure of choice was halogen-metal
exchangewith an organomagnesium reagent, Scheme VII.
The yields in this sequence were modest. These very
sensitive materials were prepared as a mixture of diastereomers.
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Table 111. Data for the Reaction Shown in Scheme VIII.
Yields Refer to Purified Materials
R
R!
yield (%)
54c
CHPh:!
H
90
55b
allyl
Me
32
55d
CH2Ph
Me
62
56b
allyl
tert-butyl
IO
56d
CHzPh
tert-butyl
62
57b
allyl
o-MeOPh
22

In an attempt to make more highly functionalized
6-vinylidenepenam~1,compounds 31b,c, 32b, and 34c were
prepared. Several attempts to convert 31b,c and 34c to
the corresponding alcohol and compound 32b to its
corresponding aldehyde as the substituent on allene were
unsuccessful.
As a number of penam sulfones have been reported as
potent 8-lactamase inhibitors, the m-CPBA oxidation of
these studies was performed as shown in Scheme VIII.
Results are summarized in Table 111. This reaction failed
to produce sulfones of halovinylidenes (see Table I) and
alkylvinylidenes such as 37d, 39b, and 41b-44c. Other
oxidizing agents such as KMn04 in AcOH-H20, oxone,
and tert-butyloxone were also unsuccessful.
The final step involves deprotection of the ester to
produce the free carboxylic acid or the corresponding
carboxylate salt. The attempts to deprotect the benzyl
group by usual methods were uniformly unsuccessful. The
allyl esters were readily removed by Pd(PPh&, PPh3, and
acetic acid a t rt to prepare compounds 35a, 56a, 39a, and
42a. This procedure failed to deprotect unsubstituted
vinylidene, halovinylidenes (27bto 33b), vinylidene having
electron-withdrawing group 53b, and vinylidene sulfones
such as 55b and 57b. Attempts to remove the allyl group
using other Pd reagents were unsuccessful.
The benzhydryl group was readily removed by stirring
the ester for a short time either with anisole-TFA at 0 "C
or with anisole-AlCls at -78 "C. The latter method
produced carboxylate salts in higher yields. The compounds 46a, 28a, and 44a shown in Table IV were prepared
by this procedure. However, this method also failed to
deprotect iodovinylidenes and alkylvinylidenes such as
35c and 36c.
Biological Activity

A detailed study of the biological activity of this class
of materials is in progress. Surprisingly, one of the most
active ofthese compoundswas6-[(cu)-tert-butylvinylidenelpenicillinic acid sulfone, 56a. In a preliminary survey of
biological activity, 56a was able to inhibit the 8-lactamase
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Table IV. Data for the Deprotection of the Carboxylic
Acids
R!
R!!
n
methodo yield (5%)
46a
H
H
0
A
50
28a Br
H
0
C
39
0
B
21
35a
t-Bu H
t-Bu H
2
B
36
56a
39a
t-Bu p-ClPhS
0
B
85
42a
CH3
0
B
38
Ph
CH,NCO(CH,),
0
A
55
44a
Ph
0 Method A R = CHPh2),AlC13, anisole, -78 "C; method B R
= allyl, Pd(PPh3)4,PPh3, AcOH, rt; method C: R = CHPh2, TFA,
anisole, 0 "C.

derived from Enterobacter cloacae P99.'* When a solution
of 1.0 pg/mL of this enzyme was treated with 1pg/mL of
56a, 56% inhibition was observed [using a solution of
cephalothin (1 mL of a 2.46 mM solution) as substrate
and observing the band at 292 nml 1007% inhibition could
be obtained when the corresponding solution was treated
with 10pg/mL of the inhibitor. As a control, tazobactam,
a highly potent 8-lactamaseinhibitor, was found to exhibit
56% inhibition at a concentration of 2 pg/mL. Further
details of this assay can be found in the Experimental
Section.

.

The reaction was then stirred at this temperature for 20 min, and
the product was extracted with ether (2 X 2.5 L). The combined
ether layers were washed with water (1 X 500 mL) followed by
saturated NaCl(1 X 100 mL), dried (Na2S04),and concentrated
(2' C 35 OC) to yield 6a (70 g, 32% yield) as a pale green fluffy
solid: IR (Nujol mull) 3400-3300,1732,1623cm-l; lH NMR (17%
CD30D in CDC13) 6 5.19 (1H, s), 4.72 (1H, e), 4.40 (1H, a), 1.55
(3 H, s), 1.50 (3 H, s). This material was judged to be from 90
to 95 % pure by lH NMR and was suitable for use in the following
esterifications. This material slowly degenerated when stored
at rt and rapidly decomposed if heated excessively during
concentration. It appeared to be stable indefinitely at -20 "C.
Allyl 60-Hydroxypenicillinate (6b). To a solution of 6ahydroxypenicillanic acid (6a) (195.3 g, 0.9 mol) in dry DMF (1.8
L) at 0 "C was added triethylamine (315 mL, 2.25 mol). The
solution was stirred for 15 min at this temperature, treated with
allyl bromide (195 mL, 2.25 mol), and allowed to warm slowly to
rt. After being stirred at rt overnight, the reaction mixture was
washed with hexane (1.5L) to remove excesa allyl bromide, diluted
with water (2 L), and extracted with ether (2 X 1 L). The
combined ether layers were dried (NazSOd, concentrated, and
purified by column chromatography (1:sEtOAdH2C12) to yield
the desired 6b (78 g, 34% yield) as a slightly yellow oil: R,= 0.23
in 1:sEtOAc/CH&12; IR (CDC13) 3410,1760,1730cm-l; IH NMR
(CDCl3) 6 6.05-5.86 (1 H, m), 5.50-5.30 (2 H, m), 5.30 (1H, br
e), 4.85 (1 H, br s), 4.75-4.65 (2 H, m), 4.50 (1H, e), 1.61 (3 H,
s), 1.46 (3 H, 8 ) ; I3C NMR (CDC13) 6 171.7 (81, 167.4 (s), 131.0 (d),
119.6 (t), 84.9 (s), 71.1 (d),68.7 (d),66.2 (t),63.8 (s), 33.3 (q), 25.7
(9).

Conclusion
In conclusion, we have demonstrated the preparation
of a number of 6-vinylidenepenams. We have also reported
methodology for preparing several derivatives. Halogenmetal exchange of the 6-(halovinylidene)penamhas been
achieved. Some of these chiral allenes show activity as
inhibitors of the 8-lactamase derived from E. cloacae P99.
Experimental Section
Melting points were uncorrected and determined on a MelTemp capillary melting point apparatus. lH and 13C NMR
spectra were recorded on a Bruker WP200SY spectrometer.
Proton chemical shifts are reported in parts per million (6)
downfield from tetramethylsilane (0.0). Carbon chemical shifts
are reported in parts per million (6) by using d-chloroform (77.0)
as the reference. In the cases where inseparable diastereomers
are present, spectral data for the mixture are reported with signals
for the same carbon of each diasteriomer grouped together when
they are recognizable.
Mass spectral data were obtained by either E1 or FAB
techniques. TLC was performed on Merck 0.2."
Kieselgel60
FzMsilica-coated plastic plates. The compounds were identified
in one or more of the following manners: UV (254nm), I2 chamber,
and/or phosphomolybdic acid spray reagent. Flash chromatography was performed by using thick-walled glass columns and
Merck 0.040-0.063-mm Kieselgel 60 silica gel. The glassware
that was used in the reactions described below was oven or flame
dried, and then it was cooled under Ar.
The chromatography solvents were distilled from CaH2before
use. All additional solvents were obtained from Aldrich in SureSeal bottles. All reagents were used as received from Aldrich
unless otherwise noted. The yields were generally reported after
chromatography.
6u-Hydroxypenicillanic Acid (6a). 6a-Hydroxypenicillanic
acid was prepared according to the procedure of Hauser and
Sigg.l0 To a solution of 6-aminopenicillanic acid (216 g, 1.0 mol)
in aqueous perchloric acid (215 mL of 70% acid in 1.5 L water)
was added a cold solution of sodium nitrite (103.5 g, 1.5 mol) in
water (1 L) over a period of 1 h while the temperature of the
reaction mixture was maintained between 0 and -5 "C (ice-salt).
(18)This purified enzyme was purchased from the Centre for Applied
Microbiology and Research (PortonDown,Wilts., U.K.) and used without
further purification.

Alternative Procedure for t h e Preparation of Allyl 6uHydroxypenicillinate (6b). To a 1-Lflask with a stir bar under
Ar was added 6-APA (100 g, 463 mmol), dry CHzCl2 (500 mL),
and distilled Et3N (129 mL, 926 mmol). The mixture was stirred
2.5 h to dissolve the solid. Ethyl (or methyl) acetoacetate (59
mL, 463 mmol) was added dropwise via cannula. The mixture
was stirred for 3 h and concentrated in vacuo. The clear slightly
yellow viscous oil was dissolved in DMF (250 mL), and allyl
bromide (44 mL, 509 mmol) was added in one portion. The
mixture was stirred 13 h (Et3NHBr precipitates) at rt. The
reaction mixture was quenched with H20 (400mL) and 5:l ether/
CHzClz (400 mL). The aqueous layer was extracted with
additional 5 1 solution (3x, 100 mL). The combined organic
layers were washed with water (2X, 125mL) and saturated NaCl
(2X, 125 mL). The slightly yellow solution was dried (Na2S04)
and concentrated in vacuo. The viscous oil was dissolved in dry
acetone (200 mL), and a p-toluenesulfonic acid monohydrate
(77.5 g, 407 mmol) in dry acetone (100 mL) solution was added
in one portion. The mixture was shaken vigorously for 5 min
and stirred rapidly as a solid formed. Dry ether (2.5 L) was
added, and stirring was continued for 15 min. The solid was
filtered and dried to give allyl 6-aminopenicillinate p-toluenesulfonate as a slightly yellow powder (133.72 g, 77% yield). To
a three-necked flask (3 L) equipped with a mechanical stirrer
and a dropping funnel was added water (1L) and 70% perchloric
acid (80 mL, 347 mmol). The mixture was cooled to 1"C (icesalt), and the powder (98.9 g, 231 mmol) from above was added
in small portions over 10min. A cooled solution of sodium nitrite
(24 g, 347 mmol) in water (300 mL) was placed in the dropping
funnel, and it was added dropwise over 30-45 min. The solution
was stirred for 10 min after gas evolution had ceased (ca. 45 min).
Ether (1L) was added, and the solution was stirred rapidly for
10 min. The layers were separated, and the aqueous layer was
extracted with ether (1 L). The combined organic layers were
washed with saturated NH4C1(50 mL), saturated NaHC03 (50
mL), and pH = 7 buffer solution (ZX, 50 mL). The solution was
dried (Na&04),concentrated in vacuo, and chromatographed.
There was obtained a very pure yellow-red viscous oil (19.64g,
33 % yield) whose spectral properties were identical with those
reported above. The reaction has been run on a scale that was
triple the one given here with similar results.
Benzhydryl Ga-Hydroxypenicillinate (6c). 6a (54.3g, 0.25
mol) in ethyl acetate (500 mL) was cooled with ice, and
diphenyldiaz~methanel~
(48.5 g, 0.25 mol) in ether (250 mL) was
(19) Smith, L.E.;Howard, K. L. In Organic Syntheses; Drake, N. L.,
Ed.; Wiley: New York, 1944; Vol. 24, p 53.
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Buynak e t al.
(1H, s), 5.58 (1 H, a), 4.64 (1 H, e), 2.83 (1H, e), 1.59 (3 H, s),
1.32 (3 H, 8); 13C NMR (CDCl3) 6169.7 (81, 166.0 (s), 143.6 (s),
138.7 (s), 128.2, 128.0, 127.8, 127.1, 126.6, 126.2, 78.1,77.5, 77.3,
76.0, 69.1 (d), 67.4 (s), 63.8 (s), 32.8 (q), 25.2 (9).
Benzyl 6~-Ethynyl-6@-hydroxypenicillinate
(9d). This
compound was prepared as described for 9b (yield = 62%1: Rf
= 0.57 in CH2Cl2; IR (CHCl3) 3410,3310,2120,1785,1740cm-l;
'H NMR (CDC13) 6 7.39 (5 H, bs), 5.66 (1H, s), 5.29,5.23,5.22,
5.16 (2 H, ABq), 4.57 (1H, s), 3.45 (1 H, bs), 2.83 (1H, s), 1.59
(3 H, s), 1.45 (3 H, 8).
Allyl 6u-Ethynyl-6~-(trifluoromethane~ulfonato)penicillinate (lob). Trifluoromethanesulfonic anhydride (1.68 mL,
10 mmol) was added dropwise (3-8 intervals) to a cold (0 OC)
solution of pyridine (0.8 mL, 10 mmol) and 9b (2 g, 7.12 mmol)
in anhydrous CHCl3 or CH2C12 (30 mL). The reaction mixture
was allowed to warm to rt and monitored by TLC (reaction time
= 0.5-12 h). After concentration, the dark residue was purified
by column chromatography (CHzC12)to yield 10b as a yellow oil
(1.8 g, 61 % yield): R/= 0.75 in CHzClZ; IR (CHCl3) 3300,2120,
1800, 1740 cm-l; 1H NMR (CDCl3) 6 6.05-5.85 (1H, m), 5.71 (1
H, s), 5.41-5.25 (2 H, m), 4.67-4.62 (2 H, m), 4.61 (1H, s), 3.30
(1H, s), 1.58 (3 H, s), 1.48 (3 H, 8 ) ; 13CNMR (CDCl3) 6 166.0 (a),
161.0 (s), 130.8 (d), 119.7 (t),117.8 (9,J = 320.85),87.6 (e), 84.1
(d), 75.3 (d), 72.3 (s), 70.3 (d), 66.3 (t),64.3 (s),33.1 (q), 24.9 (9).
Benzhydryl6u-Ethynyl-6&(trifluoromethanesu1fonato)penicillinate (1Oc). This compound was prepared as described
for 10b (yield = 44%): R, = 0.63 in CH2C12; IR (CHC13) 3300,
2100,1795, 1730 cm-l; lH NMR (CDCl3) 6 7.35 (10 H, m), 6.96
(1H, s), 5.77 (1 H, s), 4.72 (1H, s), 3.23 (1 H, s), 1.62 (3 H, e),
1.31 (3 H, 8 ) ; 13CNMR (CDCl3) 6 165.5 (s),161.1 (a), 138.7 (s),
128.6,128.4,128.3,127.4,127.1,126.9,117.8 (9,CF3, J = 321.0),
87.6 (s),&1.0 (d), 78.8 (dh75.5 (d), 72.3 (s), 70.4 (d), 64.6 (s), 33.3
(q), 24.8 (9).
Benzyl 6u-Ethynyl-6@-(
trifluoromethanesu1fonato)penicillinate (loa). This compound was prepared as described for
10b (yield = 73%): Rf= 0.88 in CHzC12; IR (CHC13)3300,2125,
1800,1740cm-l; lH NMR (CDCl3) 6 7.40 (5 H, bs), 5.75 (1H, s),
5.32,5.24,5.22, 5J4 (2 H, ABq), 4.62, (1 H, s), 3.24 (1H, s), 1.61
(3 H, s), 1.43 (3 H, 8 ) ; 13C NMR (CDCl3) 6 166.3, 161.1, 134.4,
128.8,117.8 (CF3, q, J = 320.3), 89.7,87.6,83.9,75.4,70.4,67.7,
64.5, 33.3, 25.0.
Allyl 6u-propynyl-6~-hydroxypenicillinate
(1 lb). This
compound was prepared as described for 9b (yield = 27%): Rf
= 0.15 in CH2C12; IR (CHCl3) 3420,1780,1730 cm-'; lH NMR
(CDCl3) 6 6.00-5.80 (1H, m), 5.60 (1H, s), 5.50-5.29 (2 H, m),
4.80-4.59 (2 H, m), 4.54 (1H, s), 3.43 (1H, bs), 1.94 (3 H, s), 1.60
(3 H, s), 1.52 (3 H, 9); 13C NMR (CDCl3) 6 170.7, 166.8, 130.8,
119.5, 86.3, 78.1, 76.3, 73.4, 69.3, 66.0, 64.1, 33.3, 25.8, 3.7.
Allyl 6u-Propynyl-6&(trifluoromethanesu1fonato)penicillinate (12b). This compound was prepared from the alcohol
l l b as described for 10b above (yield = 94%1: Rf= 0.76 in CHzCl2; IR (CHC13) 1798, 1730 cm-l; lH NMR (CDCl3) 6 6.00-5.80
(1H, m), 5.66 (1 H, s), 5.45-5.23 (2 H,, m), 4.71-4.61 (2 H, m),
4.60 (1H, s), 1.99 (3 H, a), 1.58 (3 H, s), 1.48 (3 H, 8 ) ; 13CNMR
(CDCl3) 6 166.1 (s), 162.0 (s), 130.6 (d), 119.7 (t),117.7 (CF3,q,
J = 320.5), 93.7 (s), 88.5 (s), 75.5 (d), 70.1 (d), 68.4 (s), 66.1 (t),
64.0 (s), 33.0 (q), 24.9 (q), 3.7 (9).
Allyl 6 4[CpChlorophenyl)sulfenyl]ethynyl~6&hydmxypenicillinate (13b). This compound was prepared as described
for 9b by using [@-chlorophenyl)~ulfenylIacetylenez1(yield =
29%): R/= 0.33 in CH2Cl2; IR (CHCb) 3400,2150,1780,1735
cm-l; 'H NMR (CDC13)6 7.34 (4 H, s), 6.01-5.74 (1H, m), 5.67
(1H, s), 5.48-5.28 (2 H, m),4.79-4.60 (2 H, m), 4.56 (1H, s), 3.76
(1H, be), 1.62 (3 H, s), 1.53 (3 H, 8 ) ; 13C NMR (CDCl3) 6 169.6,

added dropwise with stirring. After the addition was over, the
mixture was stirred at rt for 5 h, concentrated, and purified by
column chromatography (10% EtOAc in CH2C12) to afford the
desired ester 6c as a gum (40 g, 42% yield): Rf= 0.43 in 1:9
EtOAc/CH2Cl2;IR (CHC1,) 3400, 1775, 1740 cm-l; lH NMR
(CDCl3) 6 7.34 (10 H, bs), 6.94 (1H, s), 5.30 (1 H, s), 4.82 (1H,
bs), 4.57 (1 H, s), 4.00 (1H, bs), 1.54 (3 H, s), 1.25 (3 H, 8 ) ; 13C
NMR (CDCl3) 6 171.7 (e), 166.6 (e), 138.9 (8),128.3,128.1,127.9,
127.3,126.8,84.7 (d), 78.4 (d), 71.1 (d), 68.7 (d), 63.9 (s), 33.2 (q),
25.1 (9).
Benzyl 60-Hydroxypenicillinate(6d). This compound was
prepared as described for 6b using benzyl bromide. A colorless
gum was obtained in 40% yield R, = 0.27 in 15% EtOAc in
CH2Cl2; IR (CHCl3) 3425,1770,1740 cm-l; 'H NMR (CDC13) 6
7.39 (5 H, bs), 5.32 (1 H, bs), 5.20 (2 H, s), 4.85 (1 H, bs), 4.51
(1 H, s), 3.89 (1 H, bs), 1.54 (3 H, e), 1.39 (3 H, 8 ) ; 13C NMR
(CDCl3) 6 171.0, 167.6, 135.0, 128.7, 85.1, 71.1, 68.8, 67.6, 33.3,
25.7.
Allyl 6-Oxopenkillinate (7b). TFAA (8.4 mL, 60 mmol)
was added dropwise with stirring to a solution of DMSO (5.6 mL,
80 mmol) in anhydrous CHzClz (80 mL) at -78 OC. After 20 min,
a solution of 6b (10.3 g, 40 mmol) in anhydrous CHzC12 (80 mL)
was added to this slurry over 5 min, and the resultant mixture
was stirred at -78 OC for 1h. Triethylamine (16.6 mL, 120mmol)
was added dropwise, and the solution was stirred for 10min. The
cold reaction mixture was poured into a well-stirred, cold (0OC)
mixture of saturated aqueous ammonium chloride (NH4C1,800
mL) and CH2C12 (80 mL). The layers were separated, and the
aqueous layer was extracted with additional CHzCl2 (80 mL).
The combined organic layers were washed once with saturated
NH4C1, dried (Na&304),and concentrated to produce 7b (10 g,
98% yield) as a pale yellow gum which was used without further
purification: IR (CHCl3)l820,1780,1730~m-~;
lH NMR (CDCl3)
6 6.10-5.80 (1H, m), 5.83 (1H, s), 5.35-5.45 (2 H, m), 4.83 (1H,
s), 4.77-4.67 (2 H, m), 1.58 (6 H, bs); 13CNMR (CDC13) 6 190.4
(s), 168.0 (e), 166.5 (s), 130.8 (d), 120.0 (t),76.8 (d), 71.6 (d), 66.5
(t),64.2 (s), 34.0 (q), 25.2 (q).
Benzhydryl6-Oxopenicillinate(70). This compound was
prepared as described for 7b (yield = 97%): IR (CHCl3) 1820,
1775, 1730 cm-l; 'H NMR (CDC13) 6 7.38 (10 H, bs), 7.00 (1 H,
s), 5.83 (1H, s),4.91 (1H, e), 1.56 (3 H, s), 1.36 (3 H, 8 ) ; 13CNMR
(CDC13) 6 190.4 (s), 168.0 (e), 165.8 (s), 139.1 (81, 138.6 (s), 128.5,
128.2,127.6,127.4,127.1,126.8,126.5,78.8 (d), 76.8 (d), 71.5 (d),
64.2 (e), 34.1 (q), 24.7 (q).
Benzyl 6-Oxopenicillinate (7d). This compound was prepared as described for 7b (yield = 98%1: IR (CHCl3) 1825,1780,
1735 cm-l; lH NMR (CDCl3) 6 7.41 (5 H, bs), 5.81 (1H, s), 5.26
(2 H, s), 4.84 (1 H, s), 1.55 (3 H, s), 1.49 (3 H, 8).
Allyl 6u-Ethynyl-6~-hydroxypenicillinate
(9b). Dry acetylene was bubbled into anhydrous THF (100mL) at -78 OC under
argon while a hexane solution of n-BuLi (2.5 M, 12 mL, 30 mmol)
was added dropwise. After the addition was complete,acetylene
was bubbled through the solution for an additional 10 min. A
suspension20(stirred 1 3 h) of anhydrous CeC13 (8.7 g, 35 mmol)
in anhydrousTHF (150mL) was cooled and added in one portion.
The mixture was stirred at -78 OC for an additional 1h. A cold
(0 "C) solution of 7b (6.12 g, 24 mmol) in dry THF (100 mL) was
added dropwise by cannula, and the reaction was allowed to stir
for an additional 1h at -78 OC. It was then quenched with cold
dilute AcOH, and the product was extracted with ether (2 X 100
mL). The combined organic layerswere washed with water, dried
(Na2S04),and concentrated. Column chromatography (CH2C12)
afforded 9b (2.13 g, 32% yield) as a yellow oil: Rf= 0.30 in CHzClz; IR (CHCl3) 3410, 3300, 2105, 1780, 1738 cm-l; lH NMR
(CDC13) 6 6.00-5.75 (1H, m), 5.64 (1 H, s), 5.25-5.50 (2 H, m),
4.60-4.75 (2 H, m), 4.55 (1H, a), 2.84 (1H, e.), 1.61 (3 H, s), 1.53
(3 H, 8 ) ; '3c NMR (CDCl3) 6 168.2 (a), 167.1 (s), 130.9 (d), 119.8
(t), 83.5 (s), 80.8 (d), 76.8 (s), 75.5 (d), 68.8 (d), 66.3 (t),63.6 (s),
33.4 (q), 25.5 (9).
Benzhydryl 6u-Ethynyl-6~-hydroxypenicillinate
(9c).
This compound was prepared as described for 9b (yield = 45%):
Rf= 0.30 in 5% EtOAc in CH~CIZ;
IR (CHC13) 3430,3300,1778,
1725cm-I; 'H NMR (CDC4) 6 7.38 (5 H, bs), 7.36 (5 H, bs), 6.96

64.0, 33.0, 25.6.
Allyl 6 4 [(pChloropheny1)gulfenyllet hy ny l l-68-(methanesu1fonato)penicillinate (lab). Methanesulfonyl chloride
(0.98 mL, 1.45 g, 10 mmol) was added dropwise to a chilled (0
OC) solution of acetylenic alcohol 13b (4.24 g, 10 mmol) in dry
pyridine(15mL). The coolingbath was removed, and the reaction
was stirred at ambient temperature for 4 h. It was diluted with
water and extracted with CHzC12. The organic layer was washed

(20) All suspensions were prepared by allowing the anhydrous CeCl:,
to stir in THF for at least 3 h and preferrably overnight.

(21) Kleijn, H.;
Vermeer, P. J. Org. Chem. 1986,50,5143 (see General
Procedures section).

166.7,132.8,130.8,129.3,127.8,119.5,92.6,76.8,76.3,69.3,66.0,
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119.4 (t),90.9 (d),83.9 (a), 79.9 (a), 77.7 (s),76.0 (d), 69.3 (d),65.9
(t), 63.6 (a), 60.9 (t),32.8 (q), 25.7 (q), 14.8 (9).
Allyl 6a-(3’,3’-Diethoxypropynyl)-6~-(trifluoromethanesu1fonato)penicillinate (20b). This compound was prepared
as described for 10b (yield = 45%): Rf = 0.77 in CH2C12; IR
(CHCl,) 1796,1735cm-1; lH NMR (CDC13) 6 6.08-5.78 (1H, m),
5.69 (1H, a), 5.40-5.20 (3 H, m), 4.61-4.50 (3 H, m), 3.62 (2 H,
q,J = 7.0), 3.53 (2 H, q, J = 7.0), 2.04 (3 H, a), 1.89 (3 H, a), 1.10
(6 H, t, J = 7.0); 13C NMR (CDCl3) 6 165.9 (81, 161.0 (e), 130.7
(d), 119.8 (t), 117.6 (CF3,q, J = 320.6), 91.0 (a), 90.9 (d), 87.7 (a),
75.3 (d), 73.2 (a), 70.2 (d), 66.2 (t), 64.2 (s),61.3 (t),61.2 (t),33.1
(q), 24.9 (91, 14.7 (9).
Allyl 6a-(Carbethoxyethynyl)-6~-hydroxypenicillinate
(21b). This compound was prepared as described for 9b (yield
= 28%): Rf = 0.20 in 2% EtOAc in CH2C12; IR (CHC1,) 3400,
1782,1738,1702 cm-l; lH NMR (CDCl3) 6 6.04-5.86 (1 H, m),
5.69 (1H, e), 5.47-5.20 (2 H, m), 4.71-4.64 (2 H, m), 4.55 (1H,
s), 4.27 (2 H, q, J = 7.0), 3.84 (1H, bs), 1.60 (3 H, s), 1.52 (3 H,
a), 1.32 (3 H, t, J = 7.0); 13CNMR (CDC13) 6 168.0 (e), 166.5 (s),
152.4 (a), 130.8 (d), 120.0 (t),79.8 (a), 79.5 (a), 77.8 (a), 76.0 (d),
69.5 (d), 66.3 (t), 64.5 (a), 62.5 (t), 33.5 (q), 25.7 (q), 13.9 (9).
Allyl 6 4Carbet hoxyethynyl)-6& (trifluoromet hanesulfonato)penicillinate (22b). This compound was prepared as
described for 10b (yield = 77%1: Rf = 0.84 in CH2Cl2; IR (CHC13)
1800, 1740, 1720 cm-l; lH NMR (CDC13) 6 6.10-5.83 (1H,m),
5.80 (1H, s), 5.50-5.29 (2 H, m), 4.81-4.60 (3 H, m), 4.31 (2 H,
q, J = 7,1), 1.64 (3 H, a), 1.53 (3 H, a), 1.35 (3 H, t, J = 7.1); 13C
NMR (CDC13) 6 165.8 (s), 159.8 (a), 151.5 (s), 130.6 (d), 120.2 (t),
117.8 (CF3,q, J = 321.4), 87.2 (s), 84.8 (a), 75.1 (d), 73.4 (a), 70.5
(d), 66.5 (t),64.5 (a), 63.0 (t),33.3 (q), 25.0 (q), 13.8 (9).
Benzhydryl6~-[3’-[(tsrt-Butyldimethylsilyl)oryl-3’-phenylpropynyl]-6/3-hydroxypenicillinate(23c). This compound
was prepared as described for 9b except that the reaction mixture
was allowed to warm before quenching (yield = 16%): Rf = 0.28
in CH2C12; IR (CDC13) 3400,1780,1740 cm-’; ‘H NMR (CDC13)
8 7.51-7.17 (15 H, m), 6.96 (1H, s), 5.63 (1 H, a), 5.60 (1H, a),
4.62 (1H, s), 3.49 (1 H, bs), 1.59 (3 H, s), 1.31 (3 H, a), 0.94 (9
H, s), 0.18 (3 H, a), 0.15 (3 H, 8).
Benzhydryl6u-[ 3’4 (tert-Butyldimethyl~iyl)o~]-3’-phenylpropynyl]-6& (trifluoromethane~ulfonato)penicillinate
119.6,87.9,78.7,78.0,76.4,69.4,66.1,64.1,51.5,33.3,25.8,25.6,
(24c). This compound was prepared as described for 10b (yield
18.1, 5.0, -5.3.
= 33 % ): Rf = 0.89 in CH2C12; IR (CDC13) 2950,1800,1740cm-l;
Benzhydryl 6a-[3’-[( tert-Butyldimethylsilyl)oxy]pro1H NMR (CDC13)6 7.50-7.28 (15 H, m), 6.95 (1H, s), 5.73 (1H,
pynyl]-6&hydroxypenicillinate (17c). This compound was
s), 5.61 (1H, s), 4.70 (1H, a), 1.62 (3 H, a), 1.30 (3 H, a), 0.93 (9
prepared as described for 9b by using the (tert-butyldimethylH, a), 0.17 (3 H, a), 0.12 (3 H, a).
aily1)propargylic alcohol (yield = 22%): Rf = 0.19 in CH2C12; IR
Benzhydryl 6a-[3’-(2’’-Oxopyrrolidyl)propynyl]-6@-hy(CHC13)3400,1780,1735cm-1; 1H NMR (CDCl3)6 7.48-7.33 (10
droxypenicillinate (25c). This compound was prepared as
H, m), 6.96 (1H, a), 5.65 (1H, s), 4.63 (1H, a), 4.41 (2 H, s), 3.50
described for 9b except that the reaction was allowed to warm
(1H, bs), 1.59 (3 H, a), 1.32 (3 H, a), 0.91 (9 H, s), 0.13 (6 H, a);
before quenching (yield = 37 %): Rf = 0.35 in 1:lCH&12/EtOAc;
13C NMR (CDCl3) 6 170.1 (a), 166.2 (a), 138.9 (81, 128.5, 128.3,
IR (CC4) 1795,1750,1690 cm-l; lH NMR (CDCld 6 7.37 (5 H,
128.2, 127.4, 126.9, 88.2 (81, 78.6, 78.5, 78.2, 78.1, 76.8,69.5 (d),
a), 7.35 (5 H, a), 6.95 (1H, a), 5.60 (1H, a), 4.61 (1H, a), 4.39 (1
64.5 (a), 51.6 (t), 33.6 (q), 25.7 (q), 18.2 (a), -5.2 (9).
H, bs), 4.21 (2 H, s), 3.47 (2 H, m),2.41 (2 H, m), 2.05 (2 H,m),
Allyl 6 43’4 (tert-Butyldimet hylsilyl)oxy]propyny1]-6B1.59 (3 H, s), 1.30 (3 H, a); ‘3C NMR (CDCl3) 6 174.7 (a), 170.1
(trifluoromethanesu1fonato)penicillinate(18b). This com(as), 166.2 (s), 138.7 (a), 128.2, 128.1, 127.9,127.1,126.6,82.5 (s),
pound was prepared as described for 10b (yield = 22%): Rf =
0.80inCH2Cl2;IR(CC&)1798(~),1738(m)cm-~;lHNMR(CDCl3)78.9 (a), 78.1 (d), 77.6 (a), 76.1 (d), 69.1 (d), 63.7 (a), 46.2 (t),32.7
(q), 31.9 (t),30.2 (t),25.3 (q), 17.1 (t).
6 5.90 (1H, m), 5.71 (1H, a), 5.35 (2 H, m), 4.70 (2 H, m), 4.68
Benz~ydryl6a-[3’-(2’’-Oxopyrrolidyl)propynyl]-68-(tri(1H, a), 4.63 (2 H, a), 1.61 (3 H, a), 1.50 (3 H, a), 0.90 (9 H, a),
fluoromethanesu1fonato)penicillinats(26c). This compound
0.12 (6 H, a); 13CNMR (CDC13) 6 166.1,161.5, 130.8,119.9,94.8,
was prepared as described for 10b (yield = 64%): Rf = 0.63 in
88.1, 75.5, 73.4, 70.3, 66.3, 64.3, 51.4, 33.3, 25.6, 25.1, 18.1, -5.4.
3:l CH2C12/EtOAc; IR (Nujol mull) 2244,1802,1745,1694cm-’;
Benzhydryl 6a-[3’-[( tert-Butyldimethylsilyl)oxy]pro‘H NMR (CDC13) 6 7.38 (5 H, a), 7.36 (5 H, a), 6.96 (1H, e), 5.72
pynyl]-6~-(trifluoromethanesulfonato)penicillinate
(18c).
(1H, a), 4.71 (1H, s), 4.29 (2 H, a), 3.46 (2 H, m),2.42 (2 H, m),
This compound was prepared as described for 10b (yield =
2.09 (2 H, m), 1.61 (3 H, a), 1.31 (3 H, a); 13CNMR (CDCl3)6 174.3
87%): Rf = 0.83 inCH2Cl2; IR (CHCl3) 1795,1735cm-l; lH NMR
(a), 165.4 (a), 161.2 (a), 138.6 (a), 128.9, 128.5,128.2,127.3,126.8,
(CDC13)6 7.36 (10 H, m), 6.96 (1 H, s), 5.78 (1 H, s), 4.70 (1H,
117.9 (9, CF3, J = 321.0), 90.6 (a), 87.8 (a), 78.7 (d), 75.5 (d), 72.6
s), 4.45 (2 H, a), 1.62 (3 H, s), 1.31 (3 H, a), 0.93 (9 H, a), 0.12 (6
(a), 70.2 (d), 64.5 (a), 46.0 (t), 33.2 (q), 31.9 (t), 30.1 (t), 24.7 (9).
H, a); 13C NMR (CDC13) 6 165.4 (a), 161.4 (a), 138.7 (a), 128.5,
17.4 (t).
128.3, 128.2, 127.9, 127.3, 127.0, 126.8, 117.8 (9, CF3, J = 321.5),
Allyl 6-(a-Iodovinylidene)penicillinate(27b). Copper(1)
94.8 (a), 88.1 (s),78.7 (d), 75.6 (d), 73.3 (a), 70.3 (d), 64.5 (a), 51.2
iodide (CUI,23 mg, 0.12 mmol) was added in one portion to a
(t),33.2 (q), 25.5 (q), 24.7 (q), 18.0 (a), -5.5 (q).
Allyl 6a-(3’,3’-Diethoxypropynyl)-6~-hydroxypenicilli- solution of triflate 10b (41 mg, 0.10 mmol) in DMF (0.6 mL) at
rt. The solution was stirred in the dark for 0.5 h. The DMF was
nate (19b). This compound was prepared as described for 9b
removed in vacuo at rt. The remaining oil was dissolved (ether),
(yield = 18%):Rf = 0.18 in CH2Cl2; IR (CHC13)3400,1780,1735
washed (water),dried (NanSO4),and concentrated to leave a dark
cm-1; ‘H NMR (CDCl3) 6 6.08-5.82 (1H, m), 5.64 (1H, a), 5.49gum. This material was purified by column chromatography
5.20 (3 H, m), 4.80-4.60 (2 H, m), 4.53 (1H, e), 3.70 (2 H, q, J
(1:l CHzC12/hexane) to yield the desired iodoallene 27b as a
= 7.0), 3.63 (2 H, q, J = 7.0), 1.60 (3 H, s), 1.52 (3 H, a), 1.24 (6
reddish oil (15 mg, 38%): Rf = 0.42 in CH2Cl2; IR (CHCM 1950,
H, t, J = 7.0); 13C NMR (CDC13) 6 169.6 (a), 166.8 (81, 131.0 (d),

with 2 N HCl, 5% NaHC03, and water. After drying (Na2S04)
and concentration, the resulting oil was purified by column
chromatography (CH2Cl2) to afford the mesylate 14b as an oil
(3.16 g, 63% yield): Rf = 0.62 in CH2C12; IR (CHC13) 2170,1790,
1740 cm-1; ‘H NMR (CDC13) 6 7.36 (4 H, a), 6.02-5.81 (1H, m),
5.75 (1 H, s), 5.47-5.21 (2 H, m), 4.71-4.64 (2 H, m), 4.60 (1H,
a), 3.25 (3 H, a), 1.64 (3 H, a), 1.49 (3 H, a); 13CNMR (CDC13) 6
166.4 (s), 163.0 (a), 133.6 (a), 130.8 (d), 129.7 (d), 128.6 (a), 128.1
(d), 119.9 (t),88.9 (s), 84.2 (a), 82.9 (a), 76.0 (d), 70.3 (d), 66.3 (t),
63.8 (81, 41.3 (q), 33.0 (91, 25.5 (q).
Benzyl 6a-[ (Triphenylsilyl)ethynyl]-6B-hydroxypenicillinate (15d). Ethylmagnesium bromide (2.0 M in EbO, 2.6 mL,
5.2 mmol) was added dropwise to a cold (-78 “C) solution of
(triphenylsily1)acetylene(1.48g, 4.85mmol)in dry THF (25mL).
The solution was stirred for an additional 5 min at -78 OC, and
then it was warmed to rt over 30 min and cooled again to -40 OC.
This cold solution was then added via cannula to a cold solution
of 7d (1.52 g, 5 mmol) in THF (15 mL) at -78 OC. It was warmed
to -40 “C over 30 min and then quenched with cold saturated
NH4C1. The product was then extracted (CH2CL) and dried
(Na2S04). After concentration, the product was purified by
column chromatography (CH2C12) to produce the acetylenic
alcohol 15d as an oil (1.5 g, 53% yield): Rf = 0.31 in CH2Cl2; IR
(CHC13)3400,1778,1730cm-1; 1H NMR (CDCl3)6 7.67-7.25 (20
H, m), 5.73 (1H, a), 5.22 (2 H, a), 4.59 (1H, a), 3.49 (1H, a), 1.60
(3 H, a), 1.45 (3 H, 8 ) .
Benzyl 6a-[(Triphenylsilyl)ethynyl]-6B-(trifluoromethanesu1fonato)penicillinate (16d). This compound was
prepared as described for 10b (yield = 74%): Rf = 0.50 in CH2C12;IR (CHCl3) 1798, 1737 cm-1; lH NMR (CDCl3) 6 7.68-7.20
(20 H, m), 5.81 (1 H, a), 5.19 (2 H, bs), 4.62 (1H, a), 1.60 (3 H,
a), 1.38 (3 H, a).
Allyl 6 43’-[ (tert-Butyldimet hylsilyl)oxy]propynyl]-6Bhydroxypenicillinate (17b). This compound was prepared as
described for 9b by using the (tert-butyldimethylsily1)propargylic
alcohol (yield = 28%): Rf = 0.26 in 2% EtOAc in CH2Cl2; lH
NMR (CDC13)6 5.90 (1H, m), 5.63 (1H, a), 5.36 (2 H, m), 4.70
(2 H, m), 4.55 (1H, a), 4.42 (2 H, s), 1.61 (3 H, a), 1.53 (3 H, a),
0.92 (9 H, s), 0.14 (6 H, 8 ) ; 13CNMR (CDCl3)6 170.1,166.8,130.9,
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1758, 1737 cm-1; 1H NMR (CDCl3) 6 6.57 (1 H, s), 6.05-5.85 (1
H, m), 5.96 (1H, a), 5.50-5.30 (2 H, m), 4.75-4.65 (2 H, m), 4.55
(1H, s), 1.64 (3H, s), 1.50 (3 H, 8); high-resolutionmass spectrum
mlz calcd for C13H14IN03S 390.9739, found 390.9741.
Benzhydryl6-(a-Iodovinylidene)penicillinate(27c). This
compound was prepared as described for 27b (yield = 47%): R/
= 0.56 in CH2C12; IR (CHC13) 1950, 1770, 1740 cm-l; lH NMR
(CDCl3)67.37 (10 H, bs), 6.96 (1H, s), 6.58 (1H, d, J = 1.3),5.97
(1H,d, J = 1.3),4.63 (1H,s), 1.62 (3H,s),1.29(3H,s);13CNMR
(CDC13) 6 194.8 (s), 166.5 (s), 165.4 (s), 138.9 (s), 128.4, 128.2,
128.0, 127.3, 126.9, 110.8 (s), 78.2 (d), 70.1 (d), 67.2 (d), 65.0 (s),
44.0 (d), 33.5 (q), 25.3 (q).
Benzyl 6-(a-Iodovinylidene)penicillinate(27d). This compound was prepared as described for 27b (yield 50%): Rj = 0.53
in CHZClz; IR (CDC13) 1958,1778,1740 cm-l; lH NMR (CDCl3)
6 7.39 (5 H, bs), 6.56 (1H, d, J = 1.3), 5.94 (1H, d, J = 1.3),5.21
(2 H,s), 4.56 (1H, s), 1.61 (3 H, s), 1.42 (3 H, 8 ) ; 13CNMR (CDCl3)
6195.0,167.4,165.5,134.8,128.7,110.8,70.3,67.4,67.1,65.1,43.6,

33.3, 25.8; high-resolution mass spectrum m/zcalcd for C17H16IN03S 440.9897, found 440.9907. Anal. Calcd for C17H161N03S:
C, 46.27; H, 3.65; N, 3.17; I, 28.76. Found: C, 45.86; H, 3.71; N,
3.12; I, 27.52.
Allyl 6a-(Bromovinylidene)penicillinate(28b). This compound was prepared by using CuBr/DMF with triflate 10b as
describedfor 27b (yield = 78%): Rf= 0.50 in CH2C12; IR (CHC13)
1762, 1738 cm-1; 1H NMR (CDC13) 6 6.62 (1 H, s), 5.90 (1H, s),
6.05-5.85 (1H, m), 5.50-5.20 (2 H, m), 4.75-4.65 (2 H, m), 4.57
(1H, s), 1.63 (3 H, s), 1.50 (3 H, 8 ) ; high-resolutionmass spectrum
m/z calcd for C13Hlr79BrN03S343.9956, found 343.9951.
Benzhydry16a-(Bromovinylidene)penicillhate (2842). This
compound was prepared as described for 27b (yield = 30%): Rf
= 0.50 in CH2Clz; IR (CDCl3) 1770,1740cm-'; 'H NMR (CDC13)
6 7.37 (5 H, bs), 7.36 (5 H, bs), 6.96 (1H, s), 6.62 (1 H, s), 5.97
(1H, a), 4.64 (1H, s), 1.61 (3 H, s), 1.29 (3 H, 8 ) ; 13CNMR (CDCl3)
6 194.0,166.6,165.3,139.1,130.0,128.6,128.4,128.3,127.5,127.1,
114.8,80.6,78.5,70.5,68.0,65.2,33.7,25.4; high-resolutionmass
469.0347,found 469.0345.
spectrum m/z calcd for C23H2079BrN03S
Benzyl 6a-(Bromovinylidene)penicillinate (28d). This
compound was prepared as described for 27b (yield = 41 % ): Ri
= 0.58 in CHZC12; IR (CHCl3) 1765,1735cm-'; lH NMR (CDC13)
6 7.39 (5 H, bs), 6.62 (1H, s), 5.94 (1H, s), 5.21 (2 H, e), 4.58 (1
H, s), 1.61 (3 H, s), 1.42 (3 H, 8 ) ; I3CNMR (CDC13) 6 193.9,167.3,
165.0, 134.8, 128.7, 114.6, 80.4, 70.4, 67.8, 67.4, 65.1, 33.4, 25.7;
high-resolution mass spectrum mlz calcd for C17H1679BrN03S
393.0034, found 393.0023.
Allyl 6-(a-Iodo-~-methylvinylidene)penicillinate
(29b).
This compound was prepared by using CuI/DMF with triflate
12b as described for 27b (yield = 42 %, a single isomer): R,= 0.40
in CH2Cl2; IR (CHCl3) 1950,1760,1737 cm-l; lH NMR (CDC13)
6 6.0-5.70 (1H, m), 5.78 (1 H, s), 5.40-5.18 (2 H, m), 4.66-4.56
(2 H, m), 4.46 (1H, s), 2.46 (3 H, s), 1.56 (3 H, s), 1.42 (3 H, 8 ) ;
13C NMR (CDC13) 6 192.6 (s), 167.1 (s), 166.4 (s),130.9 (d), 119.3
(t), 107.1 (s), 70.0 (d),67.2 (d), 65.8 (t),64.8 (s), 62.7 (s), 32.7 (q),
27.6 (q), 25.8 (9); high-resolution mass spectrum m/z calcd for
Cl4H161No3S404.9896, found 404.9886.
Allyl 6-(Methylbromovinylidene)penicillinate(Mixture
of Diasteriomers) (30b). Lithium bromide (LiBr, 130 mg, 1.5
mmol) and copper(1) bromide (CuBr, 215 mg, 1.5 mmol) were
added in one portion to a solution of triflate 12b (427 mg, 1.0
mmol) in anhydrous THF (30 mL). The mixture was allowed to
stir at rt for 1h. The THF was removed in vacuo. The residue
was dissolved (ether), washed (water), dried (Na2S04),and
concentrated in vacuo. The product was purified by column
chromatography (1:l CH2Clz/hexane)to give a 1:l mixture of
diasteriomers (yield = 95%): Rj = 0.49 in CHZC12; IR (CHC13)
1960, 1765, 1740 cm-l; lH NMR (CDC13) 6 5.93-5.70 (1 H, m),
5.75 (1 H, s), 5.32-5.10 (2 H, m), 4.61-4.49 (2 H, m), 4.35 (1H,
e), 2.26 (3 H, s), 1.49 (3 H, s), 1.35 (3 H, 8 ) ; 13CNMR (CDCl3) 6
192.1 (s), 167.1 (e), 166.0 (s), 131.1 (d), 119.4 (t), 111.4 and 111.2
(s),96.0 (s),70.3 (d), 68.3 and 67.9 (d), 65.9 (t), 64.9 and 64.7 (s),
33.0 (q), 25.7 (q), 24.7 (9); high-resolution mass spectrum m/z
calcd for C14H1679BrN03S357.0034, found 357.0033.
Allyl 6-[Iodo[[( tert-butyldimethylsilyl)oxy]methyl]vinylidenelpenicillinate (Mixture of Diasteriomers) (31b).
This compound was prepared by using the CuI/LiI/THF method
with triflate 18b. The product was purified by column chro-
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matography (1:l hexane/CHzClZ) to give a 1:l mixture of
diasteriomers (yield = 89%): R, = 0.33 in CH2C12; IR (CHCl3)
1950,1760,1735cm-1; lH NMR (CDC13)6 5.93 (1H, m), 5.92 (1
H, s), 5.38 (2 H, m), 4.70 (2 H, m), 4.53 (1H, s), 4.31 (2 H, s), 1.64
(3 H, s), 1.50 (3 H, s), 0.88 (9 H, s), 0.14 (3 H, s), 0.11 (3 H, 8).
Benzhydryl 6-[Iodo[[(tert-butyldimethylsilyl)oxy]methyl]vinylidene]penicillinate(Mixture of Diasteriomers)
(31c). This compound was prepared by using the CuI/LiI/THF
method with triflate 18c. The product was purified by column
chromatography (CH2C12) to give a 1:l mixture of diasteriomers
(yield = 42 %): Rf = 0.53 in CH2C12; IR (CHC13)1950,1760,1732
cm-1; 1H NMR (CDC13) 6 7.37 (10 H, bs), 6.96 (1H, s), 5.91 (1H,
s), 4.61 (1H, s), 4.31 (2 H, 81, 1.62 (3 H, 81, 1.28 (3 H, s),0.93 (9
H, s), 0.14 (3 H, s), 0.13 (3 H, 8 ) ; 13C NMR (CDCl3) 6 192.4 and
192.0 (s), 166.8 (s), 166.2 (s), 139.1 (s), 130.0, 129.8, 128.5, 128.3,
128.1,127.5,127.0,111.1and 110.8 (s), 78.3 (d), 72.0,71.4, 70.3,
68.5,67.7, 67.3, 65.7, 65.2,64.6, 33.6 and 33.4 (q), 25.8 and 25.6
(q), 25.3 (q), 18.3 and 18.2 (a), -5.2 (9).
Allyl 6 4(Diethoxymethyl)iodovinylidene]penicillinate
(Mixture of Diasteriomers) (32b). This compound was
prepared by using the CuI/LiI/THF method with the triflate
20b. The product was purified by column chromatography(CHr
C12) to give a 1:l mixture of diasteriomers (yield = 58%): Rf=
0.69 in CH2Clz; IR (CHC13) 1950, 1760, 1735 cm-l; lH NMR
(CDC13)6 6.09-5.81 (2 H, m), 5.49-5.20 (2 H, m), 4.82-4.60 (3 H,
m), 4.54 (1 H, s), 3.85-3.44 (4 H, m), 1.63 (3 H, bs), 1.49 (3 H,
bs), 1.38-1.09 (3 H, m); 13CNMR 6 193.3 (s), 167.1 (s), 165.5 (s),
131.1 (d), 119.5 (t),110.4 and 110.2 (e), 100.8 and 100.7 (d), 70.3
(s), 70.2 (d), 69.9 and 69.6 (s), 68.1 (d), 67.4 (s), 66.0 (d), 64.7 and
64.5 (s), 62.2 and 62.1 (t),61.9 (s), 52.6 (t),33.2 and 33.0 (q), 25.7
(q), 22.4 (q), 14.8 (q); high-resolution mass spectrum mlz calcd
for C18H241N0&3493.0420, found 493.0431.
Allyl 6-(Carbethoxyiodovinylidene)penicillinate(Mixture of Diasteriomers) (33b). This compound was prepared
by using the CuI/LiI/THF method with the triflate 22b. The
product was purified by column chromatography (CH2C12) to
give a 1:1mixture of diasteriomers (yield = 40%): Rj = Oh6 in
CH2C12;IR (CHCh) 1950,1782,1727,1718cm-l; 'H NMR (CDCb)
6 6.10-5.76 (2 H, m), 5.49-5.22 (2 H, m), 4.77-4.50 (3 H, m),
4.40-4.09 (2 H, m), 1.61 (3 H, bs), 1.49 (3 H, bs), 1.45-1.10 (3 H,
m); 13C NMR (CDCl3) 6 201.12 and 201.09, 167.1, 163.7, 160.2,
131.0,119.8,110.8 and 110.4,70.5 and 70.4,68.2,67.6,66.2,66.0
and 65.9, 65.2, 64.8 and 64.7, 64.0 and 63.8, 33.4 and 33.1, 25.6,
14.1 and 14.0.
Benzhydryl 6-[[[ (tert-Butyldimethylsilyl)oxy]~henylmethyl]iodovinylidene]penicillinate (Mixtureof Diasteriomers) (34c). This compound was prepared as described for
27b (yield = 68%): Rf= 0.78 in CHzC12; IR (CDCl3) 1942,1765,
1740 cm-1; lH NMR (CDC13) 6 7.36 (15 H, m), 6.97 and 6.95 (1
H, s), 5.91 and 5.88 (1H, s), 5.12 and 5.05 (1H, s), 4.62 (1H, s),
1.58 and 1.54 (3 H, s), 1.28 (3 H, s), 0.97 and 0.96 (9 H, s), 0.23
and 0.20 (3 H, s), 0.06and 0.05 (3H,8); 13CNMR (CDCl3) 6 192.5
and 192.3 (s), 166.8 and 166.7 (s), 166.0 (8). 140.7 and 140.5 (s),
139.3, 128.7, 128.6, 128.4, 128.3, 127.6, 127.2, 126.5, 110.2 and
110.1 (s), 79.6 and 79.1 (s), 78.4 (d), 76.8,76.3,70.5 (d), 67.8and
67.6 (d), 65.3 and 65.0 (s), 34.0 and 33.6 (q), 26.0 and 25.7 and
25.5 (q), 18.4 (s), -4.4 and -4.7 and -4.9 (9); high-resolutionmass
spectrum m/z calcd for C3eHa1NO4SiS737.1473, found 737.1483.
Allyl 6-(a-tert-Butylvinylidene)penicillinate
(35b). To
a suspension of CuCN (61.8 mg, 0.69 mmol) in THF (3 mL) at
-78 OC was added t-BuLi (0.705 mL, 1.2 mmol). The cooling
bath was removed until all the solid had dissolved. This solution
was again cooled to -78 "C, and then it was cannulated into a
solution of the triflate 10b (247.8 mg, 0.6 mmol) in THF (6 mL)
at -78 "C. The solution was stirred for 1min before quenching
with saturated NH4Cl( 5 mL). The mixture was extracted with
ether (50 mL), dried (NalSOr), concentrated, and chromatographed (CH2C12)to give 35b as a pale yellow semisolid (90 mg,
47% yield): Rf = 0.56 in CHZCl2; IR (CDCl3) 1960, 1760, 1740
cm-1; 1H NMR (CDCl3) 6 6.02-5.84 (1H, m), 5.86 (1H, s), 5.85
(1H, s), 5.45-5.28 (2 H, m), 4.71-4.66 (2 H, m), 4.53 (1H, s), 1.64
(3 H, s), 1.49 (3 H, s), 1.13 (9 H, 8 ) ; 13C NMR (CDC13) 6 193.91
(s), 168.5 (s), 167.4 (s), 131.1 (d), 119.1 (t), 111.7 (d), 109.8 (a),
69.8 (d), 68.6 (d), 65.7 (t), 64.5 (sh33.3 (sh32.6 (q), 29.6 (q), 25.9
(q); high-resolution mass spectrum m/r calcd for C17H23N03S
321.1399, found 321.1397.
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Allyl 6-[a-tert-Butyl-@-[(pchloropheny1)sulfenyl JvinBenzhydryl6-(u-tert-Butylvinylidene)penicillinate
(35c).
ylidene]penicillinate (39b). This compound was prepared
This compound was prepared as described for 35b (yield =
bytheadditionof (t-Bu)&uCNLiztomesylate 14b (yield= 64%)
38%): R, = 0.41 in CH2C12;IR (CHC13) 2960,1970,1760,1740
as described above for 36b to produce a white solid (mp = 163cm-1. 1H NMR (CDC13) 6 7.37 (10H, bs), 6.96 (1H, s), 5.87 (1
164 OC): R/= 0.64 in CH2CIz; IR (CDC13) 1950,1750,1737cm-I;
H, e), 5.86 (1H, s), 4.62 (1H, s), 1.62 (3H, s), 1.28 (3 H, s), 1.14
'H NMR (CDCl3) 6 7.40-7.23 (4H, ABq, J = 8.5 Hz), 6.00-5.70
(9H, 8); 13C NMR (CDCb) 6 194.0 (s), 168.6 (s), 166.9 (s), 139.1
(1 H,m),5.62 (1 H, a), 5.40-5.20 (2 H, m), 4.62-4.58 (2 H, m),
(s), 128.3,128.1,127.9,127.3,126.8,111.8 (d), 110.1 (s), 78.0 (d),
4.31 (1 H, s), 1.36 (3H, 8). 1.30 (3H, s), 1.25 (9H, 8 ) ; 13C NMR
70.0 (d), 68.9 (d), 64.7 (s), 33.3 (s), 33.1 (q), 29.6 (q), 25.5 (9);
(CDC13) 6 189.9,167.9, 135.8,134.9, 131.1, 129.7, 129.6, 128.9,
high-resolution mass spectrum mlz calcd for C n H d 0 3 S 447.1868,
119.4, 113.1,69.9,68.8,65.9,64.5, 37.0, 32.5,29.6, 26.0; highfound 447.1866.
resolution mass spectrum mlz calcd for C Z ~ H Z ~ ~ ~ C I N O & :
Benzyl 6-(a-tert-Butylvinylidene)penicill~ate
(a)
This
. 463.1042,
found 463.1042.
compound was prepared as described in 35b (yield = 60%): R,
Benzyl 6-[a-Methyl-8-(triphenylsilyl)vinylidene]peni= 0.45 in 1:l CHZCldhexane; IR (CDC13) 1965,1760,1745cm-';
cillinate (40d). This compound was prepared by the addition
'H NMR (CDCl3) 6 7.40 (5H, bs), 5.87 (1H, d, J = 1.5),5.84 (1
of MezCuCNLi2to triflate 16d as described for 36b (yield =
H, d, J = 1.5),5.22 (2H, bs), 4.54 (1H, e), 1.61 (3H, s), 1.42 (3
50%): Rf= 0.36 in CH2Cl2; IR (CDCl3) 1940,1760,1740 cm-l;
H, s), 1.13 (9H, 8 ) ; 13CNMR (CDC13) 6 194.2,169.0,168.0,134.9,
1H NMR (CDC13)6 7.70-7.55 (20 H, m), 5.84 (1 H, s), 5.18 (2H,
128.6,128.5,112.0,110.0,70.1,68.9,67.3,64.8,33.5,32.9,29.8,
26.0;high-resolution mass spectrum mlz calcd for C ~ I H Z ~ N O ~ Se), 4.34 (1H, a), 1.93 (3H, s), 1.28 (3H, e), 1.07(3H, 8 ) ; 13CNMR
(CDC13)6 196.6 (s), 169.7 (s), 168.1 (s), 136.2-127.8 (aromatic),
371.1557,found371.1569. Anal. Calcd for C21HzN03S: C, 67.90;
103.8 (s), 98.3(s),69.7(d),68.9 (d), 67.1 (t),64.2(s), 32.8 (q), 25.7
H, 6.78;N, 3.77. Found C, 67.39;H, 6.63;N, 3.71.
(q),17.2(q); high-resolution mass spectrum mlz calcd for C38H33Allyl 6-(a-Methylvinylidene)penicillinate(36b). MethN03SiS 587.1952,found 587.1942.
yllithium (0.14mL, 1.4M in ether, 0.2 mmol) was added to a cold
Allyl 6-(Dimethylvinylidene)penicillinate (41b). This
(-78 "C) suspension of CuCN (11mg, 0.12 mmol) in anhydrous
compound was prepared by the addition of MezCuCNLi2 to
THF (1mL). The cooling bath was temporarily removed, and
triflate 12b as described for 36b (yield = 44%): Rf= 0.82 in
the cold solution allowed to stir without external cooling until
CH2C12;IR (CDC13) 1960,1758,1740cm-1; 'H NMR (CDCl3) 6
all the solid had gone into solution (-3 min). The reaction
6.05-5.80 (1 H, m), 5.78 (1 H, s), 5.50-5.21 (2H, m), 4.80-4.73
mixture was recooled to -78 "C, and this cold (-78 "C) cuprate
H, m), 4.68 (1 H, s), 1.86 (3H, s), 1.85 (3 H, s), 1.63 (3H, s),
(2
solution was cannulated to a cold (-78"C) solution of the triflate
1.48 (3 H, 8 ) .
10b (41 mg, 0.1 mmol) in THF (2mL). After being stirred for
Allyl 6-(a-Phenyl-B-methylvinylidene)penicillinate
(42b).
1 min, the reaction mixture was quenched with cold saturated
to
triflate
This
compound
was
prepared
by
adding
PhzCuCNLi2
NH4Clsolution, extracted (ether),dried (Na2S04),concentrated,
12b as described for 36b (yield = 59%): R, = 0.62in CHzC12; IR
and purified by column chromatography to yield 36b (20mg,
1940,1735,1720 cm-l; 'H NMR (CDCl3) 6 7.49-7.30 (5
(CDC13)
72% yield): R, = 0.49 in CHZC12; IR (CHCl3) 1958,1759, 1738
H, m), 6.08-5.83 (1H, m), 5.93 (1H, s), 5.49-5.25 (2H, m), 4.70cm-1; 1H NMR (CDC13) 6 6.05-5.80 (2H, m), 5.85 (1H, s), 5.504.62 (2H, m), 4.58 (1 H, s), 2.25 (3 H, e), 1.68 (3 H, e), 1.51 (3
5.30 (2H, m), 4.70-4.65 (2H, m), 4.53 (1 H, s), 1.85 (3 H, d, J
H, 8 ) ; 13C NMR (CDC13) 6 197.9,168.8,167.7,133.7,131.2,128.6,
= 7.5),1.63 (3H,s), 1.49 (3H, 8 ) ; 13CNMR (CDC13) 6 197.1 (s),
128.5,126.5,119.5,110.6,109.4,70.3,
69.0,66.0,64.9,32.7,
26.1,
169.0 (s), 167.7 (s), 131.2 (d), 119.4 (t),108.0 (s),95.6(d),70.1 (d),
high-resolution
mass
spectrum
mlz
calcd
for
CaH21N03S
16.7;
68.7 (d),66.0(t),64.8(~),33.1
(q),26.1(q), 13.6(q);high-resolution
355.1243,found 355.1243.
mass spectrum m/z calcd for C14H17NOaS 279.0929, found
Allyl 6-(a-tert-Butyl-@-methylvinylidene)penicillinate
279.0935.
(43b). This compound was prepared by adding t-BupCuCNLi2
Benzhydryl 6-(~-Methylvinylidene)penicillinate
(36c).
to triflate 12b as described for 36b (yield = 80%): Rf= 0.62 in
This compound was prepared as described for 36b (yield =
1:l CH2Clz/hexane;IR (CDC13) 2960,1955,1745cm-I; 'H NMR
30% 1: R, = 0.44 in CH2C12;IR (CDCl3) 1960,1760,1740cm-l;
(CDC13)6 5.98 (1H, m), 5.78 (1 H, s), 4.35 (2H, m), 4.67 (2 H,
'H NMR (CDC13) 6 7.36 (10H, bs), 6.98 (1H, e), 5.87 (1 H, s),
m), 4.51 (1 H, s), 1.84 (3H, s), 1.62 (3 H, s), 1.48 (3H, s), 1.11
5.84 (1 H, q, J = 7.51, 4.62 (1 H,81, 1.82 (3 H, d, J = 7.5),1.60
(9 H, e); high-resolution mass spectrum mlz calcd for C1a25(3H, s), 1.21 (3H, 8 ) ; high-resolution mass spectrum mlz calcd
N03S 335.1555,found 335.1553.
for Cz4Hz3N03S405.1399,found 405.1394.
Benzhydryl [a-Phenyl-@-[(2'-oxopyrrolidyl)methyl]vinBenzyl 6-(~-Methylvinylidene)penicillinate
(36d). This
ylidenelpenicillinate (44c). This compound was prepared
compound was prepared as described for 36b (yield = 60% ): Rf
by adding PhZCuCNLiz to triflate 26c as described for 36b (yield
= 0.51 in CH2C12;lH NMR (CDCl3) b 7.39 (5H, bs), 5.85 (1 H,
= 78%): Rf= 0.52 in 4:l CHZClz/EtOAc;lH NMR (CDCl3) 6 7.38
q, J = 7.4),5.84 (1 H, s), 5.21 (2H, s), 4.54 (1 H, s), 1.85 (3H,
(15H, bs), 6.99 (1H, s), 5.97 (1H, s), 4.67 (1H, s), 4.65 (1H, A
d, J = 7.4),1.60 (3 H,e), 1.41 (3 H, 8 ) .
of ABq, J = 15.5),4.32 (1H, B of ABq, J = 15.5),3.45(2H, m),
Benzyl 6-(~-Phenylvinylidene)penicillinate
(37d). This
2.43 (2H, m), 2.05 (2H, m), 1.68 (3H, s), 1.31 (3H, 8 ) ; l3C NMR
compound was prepared as described for 36b by adding Phz(CDC13) 6 196.7 (s), 174.8 (81, 167.7 (s), 166.8 (81, 139.0 (e), 131.0
CuCNLi2 to the triflate 10d with the exception that the triflate
(s), 128.9,128.8,128.5,128.3,128.1,127.4,126.9,111.9 (s), 111.7
solution was cooled to -100 "C (yield = 54% 1: R, = 0.47 in CH2(s), 78.3 (d), 70.2 (d), 68.9 (d), 65.4 (s), 46.8 (t), 42.5 (t),33.0 (q),
Clz;IR (CDC13) 1950,1760,1740cm-l; 'H NMR (CDC13)6 7.41
30.6 (t),25.7 (q), 17.5 (t).
(5H, bs), 7.35 (5 H, bs), 6.83 (1 H, d, J = 1.51,5.99 (1 H, d, J =
Benzhydryl [a-tert-Butyl-@-[(2'-oxopyrrolidyl)methyl]1.5),5.24 (2 H, s), 4.61 (1 H, s), 1.66 (3 H, s), 1.45 (3H, 8 ) ; 13C
vinylidene]penicillinate (45c). This compound was prepared
NMR (CDC13) 6 198.2, 167.8,165.5, 130.8,128.9,128.8,128.7,
by adding (t-Bu)2CuCNLizto triflate 26c as described for 36b
128.6,128.4,128.3,128.0,127.8,127.7,127.5,111.5,102.9,70.2,
(yield = 72% 1: R,= 0.49in 41 CH2ClZlEtOAc; 'H NMR (CDCl3)
69.0,67.4,65.1,33.1, 26.0; high-resolution mass spectrum m/z
6 7.34 (10H, m), 6.96 (1 H, a), 5.82 (1 H, 81, 4.58 (1 H, 81, 4.37
calcd for C23HZ1N03S
391.1243,found 391.1253.
(1 H, A of ABq, J = 15.3), 3.73 (1 H, B of ABq, J 15.3), 3.39
(2 H, m), 2.40 (2H, m), 2.04 (2H, m), 1.62 (3 H, s), 1.27 (3 H,
Allyl 6-[a-(2'-Methoxyphenyl)vinylidene]penicillinate
s), 1.17 (9H, 8); 13C NMR (CDCl3) 6 192.4 (s), 174.7 (s), 168.9 (s),
(38b). This compound was prepared by adding (2-Me167.1 (s), 139.1 (s), 128.5, 128.3,128.1,127.5, 126.9, 120.6 (a),
0Ph)pCuCNLiz to triflate 10b as described for 36b (yield =
111.2 (s), 78.2 (d), 70.1 (d), 68.9(d),65.3 (a), 46.9(t),40.7 (t), 34.7
49% ): R,= 0.68in CH2C12;IR (CDC13) 1938,1740cm-'; 'H NMR
(s), 32.6 (q), 30.7 (t),28.9 (q), 25.9 (q), 17.6 (t).
(CDCl3) 6 7.28(2H, m), 7.19 (1 H, d, J = 1.5),6.95 (2H, m), 5.96
Benzyhydryl 6-Vinylidenepenicillinate (46c). To a so(1 H, d, J = 1.5),5.94 (1 H, m), 5.41 (2H, m), 4.72 (2 H, m), 4.58
lution of the iodoallene 27c (6.85g, 13.2mmol) in MeOH (90mL)
(1H,s), 3.86(3H, a), 1.69 (3 H, s), 1.52 (3H, 8 ) ; 13CNMR (CDC13)
was added NH4C1(1.6g, 30 mmol) and Zn-Cu couple (1.3g, 20
6 199.5 (s), 168.4(81,167.8(e), 156.7 (s), 131.2 (d), 130.1 (d), 129.3
mmol). After 1 h, the mixture was concentrated. The concentrate
(d),120.9(d),119.5(t),119.3(s),111.1(d),l10.3(~),97.3(d),70.2
was dissolved in EtzO(150mL), washed with H20 (10mL), dried
(d), 69.2 (d), 66.1 (t),64.8 (s), 55.6 (q), 33.3 (q), 26.0 (q); high(Na2S04),concentrated, and chromatographed (7:3and 1:l CHI371.1190,
resolution mass spectrum mlz calcd for CZOHZ~NO~S
Cldhexane) to give a white foamy solid (2.79 g, 54% yield): Rf
found 371.1189.
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= 0.71 in CH2C12; IR (CHC13) 1970,1760,1740cm-l; lH NMR
(CDCl3)67.33(10H,be),6.93(1H,s),5.87(1H,t,J=1.5),5.42
(1H, d, J = 1&, 5.41 (1H, d, J = 1.5),4.59 (1 H, s), 1.60 (3H,
s), 1.25 (3H, 8 ) ; 13CNMR (CDC13) 6 199.5 (81,168.0(81, 166.9 (81,
139.2(s), 139.1 (s), 128.5 (d), 128.3 (d), 128.1 (d), 127.5(d), 127.0
(d), 108.6 (s), 83.8 (t), 70.1 (d), 68.7 (d), 65.0 (8),33.6(41,256(9).
Benzhydryl6-a-Ethynylpenicillinate(47c). To solution
of the iodoallene 27c (84 mg, 0.16 mmol) in THF (1mL) at -78
"C was added t-BuLi (0.1mL, 0.17 mmol). The mixture was
stirred for 10 min, and then AcOH (0.1mL) was added. After
10 min, saturated NH4Cl(5mL) was added. The mixture was
extracted (ether, 15 mL), dried (Na2S04),and concentrated in
vacuo. The crude material was chromatographed (1:l CH2Cld
hexane), and 47c was isolated as an oil (26 mg, 40% yield): Rf
= 0.85 in CH2C12;IR (CHCL) 3300,1780,1740cm-'; lH NMR
(CDC13) 6 7.37 (10H, br s), 6.96 (1H, s), 5.35 (1H, d, J = l.O),
4.62 (1H, s), 4.02 (1H, m), 2.57 (1H, d, J = 2.7), 1.62 (3H, s),
1.30 (3H, e); 13C NMR (CDC13) 6 166.8 (s), 166.4 (s), 139.1 (s),
128.6,128.4,128.2,127.5,127.1,78.5 (d), 75.7 (d), 75.4 (e), 69.9
(d), 67.8 (d), 65.2 (s), 51.8 (d), 33.6 (q), 25.7 (9).
Benzhydryl6-(/3-Ethynyl)-6-(a-acetyl)penicilhate(48c).
To a solution of the iodoallene 27c (104mg, 0.2 mmol) in THF
(2mL) was added t-BuLi (0.14mL, 0.22 mmol). After 10 min,
acetyl chloride (30mL, 0.42 mmol) was added at -78 OC and the
resulting solution stirred for 10 min. Then AcOH (2drops) was
added followed by addition of saturated NH&l (5 mL). The
reaction mixture was extracted with EbO (15mL), dried (Na2SO4),concentrated, and chromatographed (CH2C12)to yield 48c
as a colorless oil (40mg, 45% yield): Rf = 0.46 in CH2Cl2; IR
(CHC13) 3300,1780,1740cm-1; lH NMR (CDCl,) 6 7.37 (10H,
bra), 6.94 (1 H, s), 5.88 (1H, s), 4.58 (1H, s), 2.89 (1H, s), 2.52
(3H, s), 1.66 (3H, s), 1.29 (3H, 8); 13CNMR (CDCl3) 6 196.0(s),
166.0(s), 165.5(s),139.2 (e), 128.6,128.4,128.3,127.4,127.2,80.3
(d), 78.6 (d), 74.2 (s), 71.9 (a), 70.3 (d), 67.7 (d), 64.3 (e), 33.1 (q),
27.7 (q), 25.7 (4).
Benzhydryl6-(8-Ethynyl)-6-[a-(4'-Methylbenzoyl)]penicillinate (49c). Toa solution of the iodoallene27c (44mg,0.085
mmol) in THF (1mL) was added t-BuLi (0.06mL, 0.102 mmol)
and the resulting solution stirred for 10 min at -78 "C. Then
p-toluyl chloride (16mL, 18.5 mg, 0.12 mmol) was added to the
above reaction mixture, and it was further stirred for 25 min at
-78 OC and quenched withsaturated NH&1(5 mL). The mixture
was extracted with Et20 (15mL), dried (Na2S04),concentrated
in vacuo, and chromatographed (1:lCH2Cla/hexane)to yield 49c
as a colorless viscous oil (18mg, 41% ): R, = 0.64 in CHZCl,; IR
(CHCl3) 3300,1780,1740cm-1; 1H NMR (CDCl3) 6 8.26 (2H, d,
J = 8.3), 7.36 (10H, br, s), 7.35 (2H, d, J = 8-31,6.94 (1H, s),
6.21 (1H, s), 4.65 (1H, s), 2.91 (1H, e), 2.45 (3H, s), 1.73 (3 H,
s), 1.34(3H, 8 ) ; 13C NMR (CDC13) 6 187.2 (s), 166.1 (s), 165.8 (s),
145.3 (s), 139.1 (s), 131.1,130.7,129.1,128.6,128.3,128.2,127.4,
127.1,81.6 (d), 78.5 (d), 75.4 (a), 70.4 (d), 70.0 (s),68.5(d), 64.0
(81, 32.9 (q), 25.9 (91, 21.8 (9).
Benzhydryl 6-(/3-Ethynyl)-6-[a-(4'-methoxybenzoyl)]penicillinate (50c). This compound was prepared as described
for 49c to give a viscous oil (yield = 27% ): Rf= 0.45 in CH2Cl2;
IR (CHC13) 3300,1775,1740cm-*;lH NMR (CDC13) 6 8.34 (2H,
d, J = Sal),7.36 (10H, m), 7.00 (2H, d, J = 9.11,6.21 (1H, s),
4.64 (1H, e), 3.91 (3 H, s), 2.92 (1 H, s), 1.73 (3 H, s), 1.33 (3H,
e); 13C NMR (CDCl3) 6 186.0 (s), 166.1, 164.4 (a), 139.2 (s),133.1
(d), 128.6,128.3,128.2,127.4,127.1,126.5,113.7
(d),81.4(d),78.5
(d), 75.6 (s), 70.4 (d), 69.7(s), 68.5 (d), 64.0(a), 55.5 (q), 32.8 (q),
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(q), 23.9 (q), 15.0 (q);high-resolution mass spectrum m/z calcd
for C1&125N05S 367.1447,found 367.1450.
Allyl 6-(Carbethoxyvinylidene)penicillinate(Mixtureof
Diaeteriomers) (63b). This compound was prepared from 33b
as described in 62b (yield = 42% ): RI= 0.40in CH2C12; IR (CHCl3)
1970,1770,1740,1715cm-1; 1H NMR (CDC13) 6 6.15 and 6.12 (1
H,d,J=1.4),5.99and5.94(1H,d,J=1.4),6.1&5.80(1H,m),
5.50-5.20 (2H,m), 4.75-4.60 (2H,m), 4.69and 4.66 (1H,s), 4.23
(2H, q, J = 7.1),1.66 and 1.64 (3 H, s), 1.49 both isomers (3H,
s), 1.29 and 1.28 (3H, t, J = 7.1);13CNMR (CDCl3) 6 202.2 and
201.9 (s), 167.2 (a), 165.3and 165.1 (e), 163.0(e), 131.0 (d), 119.7
(t),111.7 and 111.6 (s), 95.5 (d), 70.2 (d), 68.6and 68.5 (d), 66.1
(t),65.1and64.6(s),61.8and61.7(t),33.2(q),25.8and25.6(q),
14.1 and 14.0 (9);high-resolution mass spectrum m/z calcd for
CleHlsOsNS 337.0985,found 337.0993.
Benzhydryl6-VinylidenepenicillinateS,S-Dioxide(64c).
This compound was prepared from the sulfide 46c in 16-20 h as
described for 66d (yield = 90%): R/= 0.45 in CH2C12; IR (CHC13)
3300,1980,1790,1750,1335,1120
cm-l; lH NMR (CDC13)6 7.39
(5 H, s), 7.37 (5H, e), 7.01 (1 H, a), 5.68 (2 H, m), 5.21 (1 H, t,
J = lJ), 4.55 (1 H, s), 1.61 (3 H, s), 1.13 (3 H, e); 13C NMR
(CDCl3) 6 202.2 (81, 167.0 (s),166.0 (s), 138.9 (s), 138.6 (s),128.8
(d), 128.7 (d), 128.3 (d), 127.6 (d), 126.8(d), 98.8(s),85.8(t), 79.1
(d), 69.1 (d), 64.2 (8),63.3(d), 19.7 (q), 18.7 (q); high-resolution
mass spectrum mlz calcd for C23H21N06S 423.1140, found
423.1128.
Allyl 6-(a-Methylvinylidene)penicillinateS,S-Dioxide
(56b). This compound was prepared from the sulfide 36b as
described for 56d (yield = 32% 1: Rf= 0.53 in CH2C12; lH NMR

(CDCl3)66.13(1H,q,J=7.5),5.98(1H,m),5.38(2H,m),5.19
(1H, s), 4.75 (2H, m), 4.45 (1H, s), 1.89 (3H, d, J = 7.51,1.63
(3H, s), 1.45 (3 H, s); high-resolution mass spectrum mlz calcd
for C14H17N0&3311.0828,found 311.0822.
Benzyl 64a-Methylvinylidene)penicillinate S,SDioxide
(66d). This compound was prepared from the sulfide 36d as
described in 56d (yield = 62%): IR (CHCl3) 1962,1782,1743,
1325,1120cm-1. lH NMR (CDC13) 6 7.36 (5 H, br a), 6.05 (1H,
q, J = 7.5),5.21 (2H,ABq), 5.13 (1 H, a), 4.40 (1 H, a), 1.85 (3
H, d, J = 7 3 , 1.52 (3 H, s), 1.27 (3 H, 8).
Allyl 6-(a-tert-Butylvinylidene)penicillinateS,SDioxide
(66b). This compound was prepared from the sulfide 36b as
described for 56d (yield = 70%): Rf= 0.58in CHzC12; IR (CHCl,)
1960,1780,1740,1320,1107
cm-l; lH NMR (CDC13) 6 6.07 (1H,
d, J = 1&, 5.90 (1 H, m), 5.37 (2 H, m), 5.18 (1 H, d, J = 1.5),
4.70 (2 H, m), 4.40 (1H, a), 1.57 (3 H, s), 1.41 (3H, a), 1.12 (9
H, 8 ) ; 13C NMR (CDCl3) 6 197.5(s), 167.9 (s), 166.8 (s), 130.7 (d),
120.3 (t), 113.9 (d), 100.1 (a), 69.8 (d), 66.8 (t), 64.0 (a), 63.4 (d),
33.9 (e), 29.7 (q),20.1 (q), 18.7 (9);high-resolution mass spectrum
mlz calcd for C17H24NOsS 354.1375,found 354.1370.
Benzyl 6-(a-tert-ButyIvinylidene)penicillinateS,SDioxide (66d). To a solution of the sulfide 36d (120mg, 0.32mmol)
in CH2C12 (5 mL) and pH = 6.4buffer solution (5mL) was added
in one portion m-CPBA (85%, 132mg, 0.65mmol). The reaction
mixture was stirred as rapidly as possible overnight at rt. After
the layers were separated, the organic layer was washed (2X,5%
NaHS03, 5 mL), dried (NatSOd), concentrated, and chromatographed (1:1CHzCldhexane) to yield a white solid 56d (80mg,
62% yield): R, = in 1:l CHzCldhexane;IR (CHC13) 1960,1780,
1740,1315,1110 cm-1; 1H NMR (CDCl3) 6 7.39 (5 H, br a), 6.09
(1H, d, J = 1.5),5.27 (2H, ABq), 5.19 (1 H, d, J = 1.5),4.44 (1
H, a), 1.55 (3H, s), 1.31 (3H, s), 1.15 (9H, 8 ) ; 13CNMR (CDCld
6 197.5 (a), 168.0(s),167.0(s), 136.1 (a), 128.8(d), 113.9 (d), 100.1
25.9 (9).
(a), 69.7 (d), 68.1 (t),64.1 (s), 63.3 (d), 33.9 (a), 29.7 (q),20.0 (q),
Allyl 6-(Diethoxymethylvinylidene)penicillinate (Mix18.7 (9).
ture of Diarteriomers) (52b). To a solution of the iodoallene
Allyl 6 4(2'-Methoxyphenyl)vinylidene]penicillinateS,S
32b (623 mg, 1.3 mmol) in THF (5 mL) at -78 OC was added
Dioxide (57b) (3:l Ratio of Diastereomers). This compound
EtMgBr (650mL, 1.3 mmol). After 15 min, the reaction mixture
was prepared from the sulfide 38b as described in 66d (yield =
was quenched with saturated NHrCl(5 mL), and extracted (EbO,
22%): Rf= 0.86 in CH2C12;IR (CHCL) 1950,1790,1755,1330,
25 mL). The extract was washed (H20,5 mL), dried (NarSO4),
1120 cm-1; 1H NMR (CDC13)6 7.44 (2H, m), 7.33 and 7.28 (1H,
concentrated, and chromatographed (1:lCHnCldhexane)to yield
s), 6.97 (2H, m), 5.98 (1 H, m), 5.39 (2H, m), 5.27 and 5.24 (1
an off-white foamy solid 62b (100 mg, 21% yield): Rf= 0.44 in
H, s), 4.75 (2 H, m), 4.48 and 4.41 (1 H, s), 3.90 and 3.87 (3 H,
CH2Cl2; IR (CDC13)2975,1965,1755,1740cm-1;1H NMR (CDC13)
e), 1.65 and 1.63 (3 H, s), 1.47 and 1.44 (3 H, 8).
6 5.98 (1 H, m), 6.87 (1 H, s), 5.81 (1 H, d, J = 5.0), 5.33 (2H,
m),5.12(1H,d,J=5.0),4.68(2H,d,J=5.7),4.54(1H,s),3.57 6-Vinylidenepenicillanic Acid (46a). This compound was
prepared as described for 44a below to give 46a as a white solid
(4H, m), 1.65 (3 H, e), 1.49 (3 H, s), 1.24 (6 H, t, J = 7.0); 13C
(50% yield): R, = 0.26 in 1:3 CH,OH/CH,Clz; IR (CDC13 and
NMR (CDCl3) 6 195.7 (e), 167.6(s),131.2 (d), 119.5 (t), 110.5 (e),
cm-l; lH NMR (CDCls and CD3CD30D) 3350,1935,1690,1600
99.4(d), 98.9 (d), 70.2(d), 68.6 (d), 66.0 (t), 64.7 (e), 61.7 (t),33.2
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(NanS04),concentrated, and chromatographed (CHzC12,1:9,1:3,
and 1:l CH30H/CH&12) to give a white solid 44a (158 mg, 55%
yield): Rf = 0.54 in 1:3 CH,OH/CH2C12; IR (Nujol mull) 1965,
1760,1728,1628cm-*;1H NMR (CDCla and CD30D) 6 7.45 (5 H,
br s), 5.94 (1H, e), 4.45 (2 H, ABq), 4.41 (1H, a), 3.56 (1H, br
s), 3.43 (2 H, m), 2.43 (2 H, m), 1.98 (2 H, m), 1.57 (3 H, s), 1.49
(3 H, 8); 13C NMR (CDCl3and CD3OD)6 195.7 (e), 175.7 (a), 174.8
(s), 168.4 (a), 131.2 (a), 128.8 (d), 127.7 (e), 126.6 (d), 111.7 (a),
111.2 (a), 72.6 (d), 68.2 (d),65.6 (s),47.2 (t),42.6 (t),32.5 (q),30.7
(t), 26.1 (q), 17.4 (t).
Biological Assay. 50 mM pH 7.2 phosphate buffer was
prepared by dissolving anhyd NaH2P04(0.840 g) and anhyd NanHP04(2.56g) in 500 mL of deionized (milipore)water. Asolution
of the 8-lactamase derived from E. cloacae P9922in 50 mM pH
7.2 phosphate buffer (1.00 mg of enzyme was dissolved in 100mL
of buffer) was prepared. A standard solution of a lactamase
(1H,s),3.35(1H,br),1.56(3H,s),1.49(3H,~);~~CNMR(CDC13
substrate, cephalothin, was prepared by dissolving 20.0 mg of
and CD30D) 6 194.2, 171.7, 165.9, 119.9, 113.8, 71.7, 67.3, 65.1,
cephalothin in 10.0 mL of phosphate buffer. These two standard
32.7, 25.8.
solutions were allowed to equilibrate to 25.0 OC in a water bath
64a-tert-Butylvinylidene)penicillanicAcid (35a). To a
for at least 15 min.
solution of the allene 35b (546 mg, 1.7 mmol) in THF (10 mL)
was added in rapid succession triphenylphosphine (131mg, 0.5
To determine the rate of enzymatic hydrolysis of cephalothin
mmol), tetrakis(tripheny1phosphine)palladium (98 mg, 0.085
in the absence of inhibitor, 514.6 pL of the standard cephalothin
mmol), and acetic acid (1.14 mL, 20 mmol). After the solution
solution was further diluted with 385.4 pL of buffer and the new
was stirred at room temperature for 1h, the solvent was removed
solution allowed to equilibrate to 25.0 OC in a water bath for 10
in vacuo and CHZC12 was added. The mixture was extracted
min. (This is the amount of cephalothin necessary to bring the
with cold dilute NaHC03, and the aqueous layer was acidified
concentration of this substrate to 2.46 mMn3when the volume
with cold dilute HC1 into EtOAc. The EtOAc layer was dried
is eventually brought to 1.0 mL.) 100 pL of the enzyme solution
and concentrated to give pure 35a as a white solid (100 mg, 21 %
was then added to the second cephalothin solution (bringingthe
yield): R/= 0.32 in 1:3 CH30H/CH&12; IR (CDC13) 1965,1760,
total volume to 1.00 mL) and the ultraviolet absorption at 292
1600 cm-1; 1H NMR (CDCl3) 6 5.86 (1H, s), 5.81 (1H, s), 4.45
nm observed spectrophotometrically(without delay). The decay
(lH,~),1.64(3H,~),1.56(3H,~),l.l4(9H,~);'~CNMR(CDC13)
of this absorption was linear for approximately 4 min with a rate
6 194.5 (a), 173.0 (s), 169.5 (s), 112.2 (d), 109.3 (a), 70.0 (d), 68.7
measured at 0.191 absorbance units per min over the first 2 min.
(d), 64.8 (e), 33.6 (a), 32.2 (q), 29.8 (q), 26.2 (q); high-resolution
To evaluate inhibitors, a solution of inhibitor (1.0 mg of
O~S
found
mass spectrum m/z calcd for C ~ ~ H ~ S N281.1085,
inhibitor in 10 mL buffer, 0.1 pg/pL in phosphate buffer) was
281.1086.
prepared and equilibrated to 25 "C. A specific amount (in the
6- (a-tert-Butylviny1idene)penicillanicAcid S,S-Dioxide
case of 86a, an aliquot of volume from 10 pL to 250 pL, which
(56a). This compound was prepared from 56b as described for
corresponds to 1pg to 25 pg of 56a) of the inhibitor solution was
35a above to give after chromatography (CH2C1zI1:l9, 1:9, 1:3
then added to 100 pL of the enzyme solution and the mixture
CH30H/CH2Cl2)56a as a white solid (36% yield): Rf = 0.40 in
allowed to incubate at 25.0 OC for l0min. This partially inhibited
1:3 CH30H/CHnC12; IR (CDC13) 3450, 1960, 1780, 1590, 1320,
enzyme was then added to a (equilibrated) solution prepared
1115 cm-1; 1H NMR (CDC13) 6 9.62 (1H, br), 6.11 (1H, d, J =
from the standard cephalothin solution (514.6 pL) and enough
1.4), 5.23 (1H, d, J = 1,4),4.42 (1H, s), 1.63 (3 H, e), 1.51'(3 H,
phosphate buffer to make the totalvolume 1.00mL (totalvolume
s), 1.14 (9 H, 8 ) ; '3C NMR (CDC13) 6 197.7 (s),170.2 (a), 168.5 (e),
= volume of aliquat of inhibitor solution + 100 pL of enzyme
113.9(d),99.5(~),69.5(d),64.0(~),63.0(d),33.8(~),29.5(q),19.7 solution 514 pL of standard cephalothin solution + volume of
(q), 18.2 (q);high-resolutionmass spectrum mlr calcd for C14Hlsphosphate buffer solution). Decay of the 292 absorption was
N05S 393.0983, found 393.0983.
immediatelyobserved for 2.0 min and the % inhibition calculated
&[a-tert-Butyl-&[(pchlorophenyl)sulfenyl]vinylidene]by comparing the rate with the 0.191 rate observed for the
penicillanic Acid (39a). This compound was prepared as
hydrolysis with no inhibitor present.
described for 35a above to give 39a as a white solid (85% yield):
For 56a, the results showed 56.5% inhibition at the addition
R, = 0.09 in CH2Clz; IR (CDC13) 1950,1775,1610cm-'; 'H NMR
of 10 pL of the inhibitory solution (1.0 pg of inhibitor/l.O pg of
(CDCl3 and CD30D) 6 7.37 (2 H, A of ABq, J = 8.5), 7.26 (2 H,
lactamase); 94.8% inhibition was observed on the addition of 50
B of ABq, J = 8.5), 6.55 (1H, br), 5.59 (1H, a), 4.13 (1H, s), 1.39
pL of the inhibitor solution (5.0 pg of inhibitor/l.O crg of
(3 H, s), 1.26 (12 H, 8 ) ; high-resolutionmass spectrum m/z calcd
lactamase); 99.5% inhibition was observed on the addition of
for C2~H2235C1N03Sn
423.0731, found 423.0723.
100 pL of the inhibitor solution (10.0 pg of inhibitor/l.O pg of
6-(a-Phenyl-&methylviny1idene)penicillanic Acid (42a).
lactamase).
This compound was prepared as described in 35a above to give
42a as a white solid (38% yield): R/= 0.11 in CHZCln; IR (CDCl3)
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Supplementary Material Available: NMR spectra of 6a6-[a-P henyl-@-(2'-oxopyrrolidylmet hy1)vinylid,7b-d,9b-d, lob-d, llb-l4b, 15d, 16d, 17b,c, 18b,c, 19b-22b,
dene]penicillanic Acid (44a). To a solution of 44c (400 mg,
23c-26c, 27b-d,28a-d, 29b-31b, 31c, 32b, 33b, 34c, 3Sa-d,36b0.71 mmol), in CHzC12 (4 mL), and anisole (4 mL) at -78 OC was
d, 3 7 4 38b, 39a,b, 4Od, 41&43b, 41a, 44a,c, 4Sc-SOc. 46a, 62b,
added a solution of AlC13 (1.42 mL, 1M in nitrobenzene) in one
53b, 54c, 55b,d, 56a,b,d, and 57b (79 pages). This material is
portion. The mixture was stirred for 10min at -78 OC and poured
contained in libraries on microfiche, immediately follows this
into a separatory funnel containing CHzCl2 (30 mL) and 1N HCl
article in the microfilm version of the journal, and can be ordered
(20 mL). The layers were separated, and the aqueous layer was
from the ACS; see any current masthead page for ordering
washed with CHzCln (2X, 10 mL). The combined cloudy organic
information.
washings were extracted with pH = 7.4 buffer solution (2X, 50
mL). The combined extracta were acidified in the presence of
EtOAc (20 mL) with 2 N HCl to pH = 4. The aqueous layers
(22) See ref 18.
were washed with additional EtOAc (20 mL). The combined
(23)This is a convenient concentration at which to study the
hydrolysis: Pratt, R. F. Science 1989,246, 917.
EtOAc layers were washed [saturated NaCl (2X, 5 mL)], dried
OD) 6 7.80 (1 H, bra), 5.76 (1 H, s), 5.36 (2 H, a), 4.35 (1H, s),
1.55 (3 H, s), 1.45 (3 H, 8); I3CNMR (CDC13and CD30D) 6 199.6,
169.9, 168.6, 107.8, 83.8, 70.1, 68.1, 64.7, 32.5, 26.0.
6-(~-Bromovinylidene)penicillanicAcid (28a). To a solution of the ester 28c (470 mg, 1 mmol) in anisole (3 mL, 30
mmol) at 0 OC was added trifluoroacetic acid (9 mL, 117 mmol).
After the solution was stirred for 10 min, the solventa were
removed in high vacuum at rt. CH2C12 (25 mL) was added, and
the solution was extractedwith cold dilute NaHC03. The aqueous
layer was acidified with cold dilute HC1into EtOAc. The organic
layer was removed, washed (saturated NaCl), dried (Na2S04),
concentrated, and chromatographed (CH2C12,1:49,1:19,1:9,1:3
CH30H/CH2C12) to give a gummy solid (120 mg, 39% yield): R,
= 0.24 in 1:3 CH30H/CHzC12;IR (CDC13) 1950,1770,1650cm-I;
lH NMR (CDC13 and CD30D) 6 6.59 (1H, s), 5.89 (1H, s), 4.37
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