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Summary - Highty efficient radical-induced C-allylation is possible with 6-bromo and
6,6-dibromopenams with excellent chemo- and stereoselectivity. &-3-Allyl penicillin
1, -dioxide sodinm salt is a novel p-lactamase inhibitor.

Thienamyein,! olivanic acid? and carpetimyein? are relative newcomers to the large arsenal of naturally occurring
classical B-lactam antibiotics# They are unique with regard to the raditional penicillins in that the C-6 amino group is
replaced by a carbon substituent, and the thiazoliding ring is in fact a dihydropyrrole {carbapenem).d Thienamyein, which is
one of the most potent antibiotics in this series, contains an a-orientated (1R)-hydroxyethyl side chain. This unusual
substintion patern has fostered intense efforts aimed at producing hybrid molecules that combine certain features from
different classes of f~lactam antibiotics. Interesting examples, are FCE 221018 and related penems?, which incorporate a
penem zing structure as well a5 an o-{1R)-hydroxyethyl side-chain, with the consequence of much enhanced antibacterial
activity.
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Although much effort has been made 1oward the synthesis of penems® and carbapenems,5 relatively few methods
exist for the stereocontrolled introduction of alkyl, alkenyl and relaed side-chains at C-6 of the penam, penem or
carbaperiem nucleus. Some of the existing methods are the aldol-type condensation of B-lactam enolates,? the sighatropic
rearrangement of ellylammonium dexjvatives,!0 the reaction of 6-diszopenicillanates with ailyl sulfides, selenides and
bromide followed by free radical desulfuration or debromination,!! and the hydrogenation of an alkylidene derivative.12
Free radical cleavage of 6-alkyl-6-isccyanopenams!3 and carbapenemsi4 has alse been reported us an entry into 6-
substituted systems, The formation of 6-a- or 6-p-orientated derivatives depends on the method used. For example in all
previously reported free radical mediated reactions, the alkyl chain adopts a -orientation, since the reduction of the halo or
phenyithic groups with n'fbutyhin hydride takes place from the least hindered convex side of the bicyclic p-lactams. 1113

In view of the impartance of this type of ransformation, and the potentiat for discovering novel derivatives with
antibacterial and/or p-lactamase inhibiting activity,!5 we explored a novel method for the introduction of the versatile allyl
group at C-6 of the penare nucleus.}6:7 Free mdical reactions!8 are relatively tolerant of 3 mumber of fanctional groups, as
evidenced by previously demoastrated compatibility with penams,11.13.56 2 soetidinones14.1? and relaied systems. 18 To this
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end, we studied the direct free-radical allylation of s number of &-bromo and 6,6-dibromopenicillanates with allyl
tibutyltin1® in the presence of a catalytic amount of ATBN.20 The reactions proved to be highly chemo- and stereoselective
and provided access to 6-o- and §-f-allylpenicillins with or without additional C-6 substitution,

Since a number of penicillin sulfones {1,1-dioxides) have been shown to inhibit p-lactamases,1521:22 we opted to
prepare sulfone detivatives also and to evaluate their biological sctivity, It was therefore necessary o prepare a number of
esters in order to assess their suitabilivy for deprotection 1o the corresponding penicillins.

In view of the ready availabiliry of 6-bromopenams from 6-aminapenicillanic acid,22 we first explored the radical-
mediated allylation of several such esters using the methyl ester?? as a prototype for exploratory studies (Scheme 1).
Treatment of the methyl, allyl or p-methoxybenzyl®? esters 1.3 individually with a slight excess of allyltriburyitin and a
catalytic quantity of AIBN (henceforth designated as standard conditions), in refluxing benzene, gave high yields of the
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A novel f-lactamase inhibitor

corresponding G-o—aliylpeniciilanates 4-§, The sodinm sait § was prepared from the allyl eswer following esiablished
methodology.23 Since the p-nitrobenzy} ester function was found to be incompatible with the conditions

of C-allylation {2 notable exception!), this ester was prepared indirectly. Thus, the sodium sailt § was prepared and treated
with p-nitrobenzyl browmtide to give the desired ester 7 as an oil. The p-nitrobenzyl and p-methoxybenzy! esters Sand 7 were
then utilized as substrates for the prepamation of the 6-o-formylmethyl, G-o- [(IR)-hydroxyethyl], and Go-
propyipenicilianates 9-11 respectively by oxidation-reduction sequences. Oxidation of 11 to the suifons and subsequent
ester cleavage?® using slymingm trichloride gave G-u—propylpenicillanic acid 1,]-dioxide sodium salt 13. In another
sequence of reactions, C-allylation was performed on the 6-a-bromapeniciitanate 1,1-dioxide esters 14-16 to give the 6-a-
allylpenicillanate 1,1-dioxide esters 17-19. The sodiom salt 20, needed for biological testing was prepared from the allyl 18
or p-methoxybenzyl esters.

From the above sxamples, it was clear that free radical allylation of 6-c-bromopenicilianates occurred with high
chemo- and stereoseloctivity o give «-C-allylpenams exclusively. Acoess 1o 6-5—Ceallylpenams with or without 2 bromine
substituent was ¢nvisaged next esing 6,6-dibromopenicillanates as sebsmates®2? {Scheme 2). When a slight excess of
aliyltributylstannane was used under the standard conditions only one allyi group was introduced 1o give the G6-o-aliyl-6-5-
bromopenicilianates 23 and 26. Reduction with tributyliin hydeide gave the comesponding 6-g-allvlpenicillanates 27 and 28
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respectively. As expected, hydride was delivered from the least hindered a-side of the penam nuclens.11.16 Ivor John,
Thomas and coworkers!hi8 had previously reported the formation of 2,2,2-trichloroethy? 6-o-allyl-6-8-bromopenicillanste
from the reaction of the 6-diazopenicillanate with allyl bromide in the presence of Cu(acuc)y. The reportedly unstable
product, a pale green oil,11 was reduced with tributyliin hydride to the corresponding 6-f-allylpenicillanate. In related
work, 13 the same authors had also reported on the reduction of benzy! 6-F-aliyl-6-o-phenylselenopenicilianase to benzyl-6-
p-allylpenicillanate. None of these derivatives were de-eserified tothe parent &-8-allyl penicillin, Tn our hands, anempted
allylation of 2,2,2-trichlorosthyl 6-a-bromopenicillanae (benzene reflux, 10h) led to concomitant allylation of the ester
function.

Since sutfone derivatives were a prime objective in this work, we carried out the alkylation on the 6,6-dibroro
sulfone 31, which provided allyl 6-c-allyl 6-8-bromopenicillanate. Reduction with tributyltin hydride and de-esterification
ied 10 the sodium salt 33, Rt is of interest that treatment of the dibromosulfone derivatives 31 and 32 with ethylmagnesium
bromide led to reductive debromination? to give the 6-o-bromo esters 15 and 16 respectively.

Scheme 3
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With methodology capable of introducing the C-allyl group at C-6 of the penam nucleus with s high degree of
stereocontrol, we urned our attention to the prospects of geminat C-substitution (Scheme 3). Treatnent of the dibromo
esters 23 and 24 with a three-fold excess of allyltributyltin under the standard conditions led to the 6,6-di-C-allyl esters 38
and 37 in 84% and 75% yield respectvely. Finally, allylation of methyl 6-p~[(1R}-kydroxyethyl]-6-c—bromopenicillanate26
39 (or the TMS derivatives 40) gave the correspending G-a-allyl derivative 41 (or 42) in 75% yield. The sterecchemistry at
C-6 was ascertained from N.Q.E. studies.

It is therefore clear from our studies that radical-induced C-allylation of 8-bromo-, 6,6-dibrome, and 6-bromo-6-
alkylpenicillanates {or 1,1-dioxides) is & highly chemo- and stereoselective reaction. Introduction of the allyl radical takes
place from the less hindered side of the penam nucleus and the reactions conditions are tolerant not only of the penam
nucleus, but u variety of functional groups as well (with the exception of the p-nitrobenzyl and 2,2,2-frichloroethyl ester
groups).

Finally, it should be pointed out that in preliminaty experiments, 6-p-allylpenicillin 1,1-dioxide sodium salt, 33, was
found o be a poteat B-lactamase inhibitor.27 The 6-g-aliyl isomer, as weil as several of the other sulfones reported herein
were found to be inactive. Thus, the p-orientation of the allyl group in 35 must play a crucial role in its interaction with the

enzymes.
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EXPERIMENTAL

Melting points are uncorrected. 1H nmr. spectra were recorded in CDCl3 on Brucker 90 MHz and 400 MHz
spectrometers. Infrared spectra were obtained as neat films from syrups, or with 781 spectrometer. Optical rotations were
messured at Toom temperanire with & Perkin Elmer model 141 polarimeter. Mass spectra were obtained on & VG-1212 Iow
resolution and Kratos-50 high resolution spectrometers by the chemical jonization technique. Wortk-up in the usual manner
signifies, washing the organic phase with water or di. hydrochloric acid, washing with aq. bicarbonate, brine, water, drying
(MgSO4) and evaporation to dryness under vacno. Chromatography was dope by the flash column technique.?® AIBN
{azobisispbutyronitrile).

Methyl G6-o-Allylpenicilienate, 4. Allylributyliin (2g; 6.04 mmol) and AIBN (100 mg) were added to a solution of
1.2 g (4.08 mmol) of methyl 6-o-bromopenicillanate in 50 mL. of benzene. The resulting mixture was refloxed under argon
for § nowrs. Flash chromatography {230-400 mesh sitica, n-hexane then n-hexanefethyl acetate mixtures as cluants) of the
crude mixture allowed the isolation of the title compound as 2 colorless oil (905 mg; 87%); [a]n + 237° (¢ 4.1 CHCl3); IR
(film), 1780, 1755, 1645 em-l; CDCly MH* 256, (MH* - CsHgO) 174; NMR (400 MHz, CDCl3): & 1.46 (3H, s); 1.63
(3H, s} 2.50 (2H, o), 3.39 (1H, m); 3.76 (3H, s}, 5.06 {IH, d.3=1.6 Hz) 5.11-53.16 (2H, m); 5.85 (1H, m).

Allyl 6-o-Allylpenicillanate, 5. Starting from allyl 6-a-bromopenicillanate and following the same procedure as
described for the analogous penicillin methyl ester, the title product was obtained as & colorless oif (85%); [elp +213° (¢ 2.7
CHCl3); IR (film) 3080, 1775, 1745 em}; MH* 282 (MH*- CsHgO); NMR (400 MHz, CDCla); &  1.47 (3H, s); 1.64

(3H, s); 2.33-2.67 (2H, m); 3.87 (1H, m); 4.49 (1H, s), 4.65 (2H, d, }=5.8 Hz); 5.06 (1H, 4, J=1.5 Hz); 5.14 (1K, s};
5.15 {1H, dd, J=1,3 and 8.4 Hz); 529 (1H, dd, }=1.3 and 8.3 Hz) 5.38 (1H, dd, J=1.4 and 17.1 Hz) 5.79-5.97 2H, m).

P-Methoxybenzyl 6-oa-Allylpenicillanate, 6. Starting from p-methoxybenzyl 6-a-bromopenicillanate and following

2 procedure similar to that described above, the ttle product was obtained as colorless oil (81% yieldy, IR (CHClg) 1765,
1745 oM+ 361 NMR (CDCl3, 90 MHz); & 1,34 (3H, 5); 1.58 (3H, s); 2.57 2H, m); 3.35 (1H, m); 3.78 (3H, 5); 4.44

5“;.’58%; 3.02 (1H, d, J < 2 Hz); 5.1-5.4 (2H, m}; 5.11 (2H, s); 5.6-6.0 (1H, m); 6.87 (2H, d, ]=8.5 Hz); 7.30 (2H, d,
b 7

p-Nitrebenzyl 6-a-Allylpenicillanate, 7. A solution of allyl §-a-allylpenicillanate 5 (2.8 g) in dry THF (50 ml) was
treated with sodium ethylhexanoate (1.7 g}, u‘iphcnylyhosplﬁne (200 mg) and tetrakis{iriphenylphosphine) pailadiom(G}
(200 mg) and stirred Zh at room temperatore under nitrogen. Solvent was removed under vacuum and the residue was
dissolved in dry DMF (70 m?) and treated with p-nitrobenzyl bromide (2.8 g). After stirring 2h at room témperature. The
reaction mixmre was poured into EtOAc/ice-water. The organic phase was dried and evaporated. Flash chromatography of
the residue afforded the title product as a light yeliow oil (3g; 80% yield); [oln + 168° {c 0.8, CHCl3) IR {CHCl3) 1775-
1750 cm1 ; Mi+ 376; NMR (CDCls, 90 MHz); §: 1.45 (3H, 5); 1.65 (3H, s); 2.62 (2H, m); 3.42 (1H, m); 4.54 (1H, m);
5.05 (1H, d, I < 2Hz); 5.1-5.4 (2H, m); 5.29 (2H, 5); 5.6-6.1 {1H, m); 7.24 (2H, d, J=8.5 Hz); 8.27 (2H, d, J=8.5 Hz).

G-a~-Atllylpenicillanic Acid Sodium Sait, 8. Allyl 6-a-allylpenicillanate (300 mg) was dissolved in dry THF (3 mL)
at room temperature under argon. Sodium ethylhexanoare (185 mg) was added immediately followed by PPh3 (15 mg) and
lcirakxs-(mphenylphnspiune) pnlladmm{{)) {15 mg). The solution was stirred at room temperature. After concengration of
the solvent to a siall volume, diethyl er.her (12 mL) was added and the resulting mixture was stirred 10 minutes. The
precipitate was isolated by centrifugation. The crude material was dissolved in a small amount of water and passed through
a reverse-phase column (Merck LiChroprep C-IB) eluting with distilléd water, then with water-acetone mixtures. The
fractions containing the product were freeze~dried to afford the title product as = white powder {190 mg; 68%); IR (KBr)
1760, 1605 cm-l; NMR (200 MHz, D20): & 1.50 (3H, s); 1.62 (3H, s); 2.55-2.64 (2H, m); 3.47 (1H, m); 4.25 (H, s);
5.13(1H, d, =15 Hz); 5.13-5.25 (2H, m); 5.96 (1H, m).

p-Nitrobenzyl 6-o-Formylmetkylpenicitlanate, 9. A solution of p-nitrobenzyl &-a-allylpenicillanate (3 g) in
dichloromethane (14G mL) and 99% EtOH (70 mL) was cooled to -78°C and ozonized until thin layer chromatography
indicated complete consumption of starting material, Dimethylsulphide (4 mL} was added and the reaction mixture was
aliowed to warm o room temperature. The solution was concentrated and the residue purified by flash-chromatography
eluting with n-hexanefethy! acetate mixtures). The title product was obtained as a foam (1.9 g); fa} + 164° (¢ 1.16,CHCly);
IR {CHCIa} 1775, 1755, 1730 em-l; M* 378; NMR CDClz, 90 MHz). 5 1.42 (3H,s); 1.64 (3H, 5); 3.03 (2H, m); 3.68
(%H, m); 4.53 (1H, s); 5.03 (1H, d, J=1.6 Hz); 5.27 (2H, s); 7.55 (2H, d. J=8.5 Hxz); 8.25 (2H, d, J=8.5 Hz); 9.82 (1H,
8).

p-Nitrobenzyt 6-a-(2-hydroxyethyl)penicitianate, 18. To a solution of p-nitrobenzyl 6-o-
formylmeﬂlylpenicillanate (900 mg) in dry THE (60 mL), were added acetic acid (500 pl) and sodium-cyvanoborohydride (1
£). The mixmre was vigorousty stirred for 30 minutes at room teroperatore, then concentrated under vacuum, The residue
wis taken-up with ethyl acetate and washed with water, 2N hydrocloric acid, 4% aqueous NaHCO; then water. After
drying over sodium sulphate the organic solvent was removed, The tide hydroxy compound was obtained in quantitative
yield as a foam; falp + 175° (c 1.5, CHCly) IR (CHCz) 1745 (broad) corl; M* 380; NMR (CDCls, 90 MHz); &: 1.43
(3H, s} 1.63 (3H, s); 2.0-2.2 (2H, m); 3.45 (1H.m}; 3.67-3.30 (2H, m); 3.41 (14, s); 4.52 (14, s} 5.13 (1H, 4, }=1.6
Hz), 5.29 (2H, 5); 7.58 (2H, d, J=8 Hz); 8.25 (2H, d, J=8 Hz).

p-Meshoxybenzyl &-a-Propylpenicillanate, 11. A solution of p-methoxybenzyl G-e-allylpenicillanate (500 mg) in
EtDAc (25 mL) and EtOH (25 mL) was treated with 5% Pd/C (200 mg) and hydrogenated at room temperature for 2h.
Filtration of the catalyst, removal of the solvent and flash chromatography of the residue gave the title product as a colorless
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oil (quantitative yield):{a]p + 163° {c 0.43, CHCl3); IR (CHCl3) 1795, 1750 cn-l; M* 363; NMR {CDCls, 90 MHz). 5:
0.90 (3H, 1, J=7.0 Hz); 1,33 (3H, s}, 1.56 (3H, s); 1.2-2.3 (4H,m); 3.23 (1H, m}; 3.43 (3H.s); 4.41 (1H,5); 4.99 (1Hd,
1«2 Hzy, 508 (2H, s); 6.85 (2H, 4, I=8.5 Hz); 7.28 {2H, 4, J=8.5 Hz).

p—Mct&o.}’J:beml 6--Propylpenicillanate 1.1-Diexide, 12. A solntion of p-methoxybenzyl -a-
propylpeniciilanate (200 mg) in CHCI3 (5 mL) was treated with 80% m-chleroperbenzoic acid (350 mg) and stirred 5h at
room lemperature. The precipitate was filtered and the filtrate was washed with aqueous NaHSOg then with aqueous
NaHCQ3. Removal of the solvent and flash chromatography of the residue gave the title product as a colorless oil
(quantitative yield} which crystallized on standing, mp 58-80°C; [a)p + 153° (¢ 1,1, CHCls): IR (CHCl3) 1795, 1750 e ts,
NMR (CDClz, 90 MHz). & 0.97 (3H(, J=THz); 1.25 (3H,s); 1.52 (3H,s); 1.2-2.] (4H, m; 3.68 (1H, m); 3.82 (3H, s);
4.30 (1H, 4, J < 2Hz); 4.35 (1H, s); 5.15 (2K, ABq, I=11 Hz); 6.89 (2H, d, j=8.5 Hz); 7.31 {2H, d, J=8.5 Hz).

Anal. caled. for CroHasNOgS: € 57.70, H, 6.37; N, 3.54;°8, 8.11. Found, C, 57.60; H, 6.30; N, 3.49; 8, 7.74.

6-«-Propylpenicillanic Acid 1,1-Dioxide Sodium Salt, 13. A solution of p-methoxybenzyl 6-o-
propylpenicillanate 1,1-dioxide (200 mg) in anisole {13 mL) and methylene chloride (1.5 mL) was cooled to -40°C,
Aluminum trichloride (300 mg) was added and the resulting mixture was stitred 1k at -40°C. 1M Phosphate buffer (40 mL)
and NaHCOs3 (1.2 g) were added and the mixwure was stirred 10 minutes at room temtperature then filtered, washed with
ethy! acetaws and coacentrated under vacuum. The residue was dissolved in the minimum amount of water, and passed
through a reversc-phase column (Merck LiChroprep C-18) eluting with water, then water-acetone mixtures, ‘The product-
containing fractions were freeze-dried to afford the title product as a white powder (90mg); IR (KBr) 1760, 1615 cm-l,

Methyl 6-c-Bromspenicillanate 1,1-Dioxide 14, Methyl 6-o-bromopenicilianate (735 mg; 2.5 mmol) in CHCly (40
mL) at 0° was treated with 80% m-chloroperbenzoic acid (1.5 g; 7 mmol) and stirred 30 min. at 0°C then 4h at room
temperatare. After stitring with agueous NeHSO5 and aquecus NaHCO; the organic phase were stivred over MgSOy then
concentrated under reduced pressure. Flash chromatography of the crude product afforded white crystals (660 mg; 81%);
mp 142-144% [o] + 168° (¢ 2,3, CHCl3); IR (KBr), 1800, 1755 cmrl.

Allyl §-a-Bromopeniciflonaie 1,]1-Dioxide, 15. A solution of allyl 6,6-dibromopenicillanate 1,1-dioxide (2.6 g;
6.03 mmol) in dry THE (100 ml) was cooled 0 -78°C. 2M Ethylmagnesium bromide in ether (2M solution, 3.05 mL = 6.1
mmol} was added dropwise in five minutes. After stirring for 10 min., saturated agq NHgCl {10 mL) was added. The
resulting mixture was partitioned between ether and sat.aq.NHyCl. After drying over MgSO4, removal of the solvent gave a
light yellow waxy solid (2.0 g; 94%). A sample was purified by flash chromatography {n-hexane-ethyl acetate mixtures);
[] + 162° (¢ 1.8, CHCl3); IR (RKBr) 1800, 1755 cmr}; M* 351; MH* 352 {(MH* - §07); NMR (CDCl3, 400 MHz). &
143 (3H, 5}; 1.62 (3H, s); 4.44 (1H, s); 4.70 (1H, 4, J=1.3 Hz); 4.71 (2H, m); 5.16 (1H, 4, J=1.3 Hz); 471 2H, m):
5.16 (18, d, J=1.3 Hz); 5.35 (1H, 44, }=0.9 and 10.4 Hz): 540 (1K, dd, I=1.1 and 17.1 Hz) 5.85-5.97 (14, m).

p-Methoxyhenzyl 6-a-Bromopenicillanate 1,1-Disxide, 16. Following the same methodology as described
abeve and starting from p-methoxybenzyl 6,6-dibromopenicillanate 1,1-dioxide, the title compound was obtained as white
crystals in 83% yield; m.p. 81-83% {alp + 155° (¢ 1.53, CHCly; IR (KBr) 1805, 1750 cmr}; NMR (CDCY3, 90 MHz). 5:
1.23 (30, s); 1.52 (3H, s); 3.78 (3H, 5); 4.39 (11, s); 4.66 (1H, d, J < 2Hz); 5.15 (24, s); 5.18 {1H, d, J < 2 Hz); 6.87
{2H, 4, J=8.5 Hz); 7.31 (2H, d, J=8.5 Hz).

Anal, caled, for CigH{1sNOgSBr C, 44.45; H, 4.20; N, 3.24; S, 7.42; Br, 18.48. Found, C. 44.56, H, 4.24; N, 3.30; 5,
7.32; Br, 13.61.

Methyl 8-c-Allyipenicillanate 1,1-Dioxide, 17. A sclution of methy] §-o-bromopenicillanate 1,1-dioxide {245 mg;

0.75 mmol), allylmributyltin (400 mg; 1,2 mmol) and AIBN (15 mg) in benzene (6 mL), was heated at reflax under argon for

5h. The cooled solution was passed throngh a short pad of silica el {230-400 mesh) packed with n-hexane. Eluting with

n-hexane then n-hexane-ethyl acetate mixrure provided a white solid (200 mg; 93%), m.p. 93-5% {o}p +169°(c 1.5

CHClz); IR (KBr) 1800, 1750, 1640 cm'l; MH(+) 288, (MH* - CsEHgO) 206; NMR (CDCls, 400 MHz). 5 1.40 (3H, g);

-rl;gg g3§15. 53%2‘61)-2.72 {2H,m); 3.81 (1H, m); 3.82 {3H, s); 4.36 (1K, d, J=1.8 Hz); 439 (1H, s); 5.18-5.23 (ZH, m);
.78-5. , m).

Allyl 6-ce-Aflylpenicillanaie I.1-Dioxide, 18. A solution of allyl 6-a-bromopenicillanate 1,1-dloxide (1.8 g),
allylributyltin (2.2 mL) and AIBN (50 mg) in benzene (20 mL) was refluxed under nitrogen for 8h. The cooled solution
was directly passed through a silica gel colomn pucked with cyclohexane. Eluting with cyclohexane then with
cyclohexane/EtOAC mixtures afforded a crude product which-was freed from triwes of tin derivatives by partitioning between
n-hexane and acetonitrile. Acetomtrile was removed under vacunm affording the titlke compound as a colorless oil (1.1 g
69%); Ialp + 153° (¢ 1.2 CHCl3). IR (CHCl3) 1800, 1755 eml; M+ 313; NMR (CDCla, 90 MHz). d: 1.37 (3H, s); 1.58
{3H, sk 2.63 (2H, m); 3.75 (1H, m); 4.32 (iH, d, J < 2 Hz); 4.37 (1H, s); 4.65 (2H, d, i=7 Hz); 5.0-5.5 (4H, m); 5.6-
6.1 (2H, m).

p-Melhoxybenzyl 6-o-Allylpenicillanote I,1-Diexide, 19. Starting from p-methoxybenzyl 6-a-
bromopenicillanate 1.1-dioxide and following the same methodology as described in the previous example gave the tide
product as 8 colorless cil (76% yield) which crystallized on standing, mp 59-66°C; [n]p + 155° (¢ 1.21, CHCl3); IR
(CHCIl3) 1790, 1750 cm'l; NMR (CDCls, 90 MHz). 5: 1.22 (3H, 5); 1.49 (3H, s); 2.61 (2H, m); 3.73 (1H, m); 3.77
(3H, s); 4.28 (1H, d, J=2Hz); 4.32 {IH, s 5.12 (2H, ABq, ¥=11 Hz); 5.0-5.3 (2H, m); 5.6-6.1 (1H, m}; 6.86 {2H, 4,
J=8.5 Hz); 7.28 (2H, 4, J=8.5 Hz).

Anal. caled. for CygH2NOgs: C, 57.99; H, 5.89; N, 3.56, 8, 8.15. Found, C, 58.01, H, 5.99; N, 3.55; §, 8.06.

6-w-Allylpenicitlanic Acid 1,1-Dioxide Sodium Salt20 - From 18 - Allyl 6-o—ellylpenicillanate 1,1-dioxide
{500 mg) was dissolved in dry THF (6 mL) at room temperature under argon. Sodium ethylhexapoate (300 mg),
wriphenyiphosphine (70 mg) and tetrakis {iriphenylphosphine) palladium¢() {70 mg) were added sequentially, The solution



A novel f-lactamase inhibitor

was stirred 20 minutes at room femperature then dicthyl ether (30 ml.) was added. The precipitate was isolated by
centrifugation ther dissolved in a small amount of water and passed through a reverse phase columa {(Merck Lil C-
18) eluting with water and waterjacetone mixfures. Fractions containing the product were pooled and freeze-dried to afford
the title oogg)omd a5 & white powder (300 mg; 70%); IR (KBr) 1760, 1610 cm-1; NMR (200 MHz, Dag; 1.43 (3H, 5); 1.58
(3H, s} 2.68 (2H, m); 3.84, (ZH, m); 4.21 (1K, s); 4.86 (1H, d, J=1.7 Hz); 5.2-5.3 (2H, m); 5.94 (H, m)..

6-a-Allylpenicillanic Acid 1,1-Dioxide Sodium Selt, 20. From 19 - Starting from p-methoxybenzy! 6-o-
allylpenicillanate 1,1-dioxide and following the same procedure as described for 13, the title product was obtained as white
powder in 62% yield; TR (KBr) 1760, 1610 ¢mc1.

Methyl §-c-Allyl-6-B-Bromopenicillanate, 25. Methyl 6,6-dibromopenicillanate (1.0 g) was dissolved in benzene
{35 mL) then treated with allyltributyltin {1.0 g) and a catalytic amount of ATBN. The mixture was heated at reflux for 4h
under argon, then concentrated under reduced pressure, Flash chromatography aver silica-gel (eluting with n-hexane then n-
hexane-ethyl acetate) allowed the separation of threc products. The faster ronning product (TLC: n-hexane - ethyl acetate
1/2) was shown to be methyl 6,6-diallylpenicillanate (103 mg; 13%). The second eluted product was unreacted starting
material (260 myg; 26%). The slower running fraction afforded the title compound as a light yellow oil (474 mg; 53%); {eln
+211° (¢ 1.1 CHCly); IR (film) 1790, 1750 cm!; M* 333; NMR (400 MHz, CDCly). & 1.46 (3H, s); 1.67 (3H, 5); 3.03
(2H, m); 3.78 (3H, s); 4.51 (1H, s); 5.24-5.31 (2K, m); 5.33 (14, s); 5.88 (1H, m).

Altyt 6.a‘Atty1;6-5.8mmpeni¢iuaure, 26, Starting from ally! 6,6-dibromopenicillanate and following the same
procedure as described in the above example, the title product was obtained as a colorless oil (35%); |a]p + 194° (¢ 5.6
CHCI3); IR (film) 1790, 1745 et M* 359; NMR {400 MHz, CDCly). & 1.47 (3H, s); 1.67 (3H, s} 3.03 (2H, m);
4,52 (1H, s); 4.66 (2H, m); 5.25-5.41 (4H, m); 5.33 (1H, s); 5.84-5.93 (1H, m).

Methyl 6-f-Allylpenicillanate, 27. Tributyitivhvdride (270 mi) and a cawlytic amount of AIBN were added to a
solution of methyl 6-c-allyl-6-g-bromopenicillanate (280 mg) in benzene (15 mL). The mixture was stizred Lh at room
temperature, then concenwated under vacuum. Chromatography on silica gel (n-hexane then n-hexane-ethy! aceratg as
eluants) afforded a colorless oil (185 mg); [a)p + 163° (¢ 1.0 €HCla); IR (CHCla) 1810, 1755 corl; MH* 256;NMR (50
MHz, CDCl3) 8 145 (3H, s); 1.65 (3H, 5); 3.09 (2H, d, J=7 Hz); 4.52 (1H, s} 4.33 (IH, s); 472 (2H, 4, J=6 He),
5.20-5.60 (4H, m}; 5.71-6.27 (ZH, m).

Allyt 6-ﬁ-AlinpeniciItanats, 28. Starting from allyl 6-a-allyl-G-p-bromopenicillanate and following the same
procedure as described in the previcus example, gave a colorless oil, corresponding 1o the title product, in 83% visld; [elp
+ B6° (c 5.0 CHCIzY; IR (film) 1755, 1745 cmr); MH* 282; NMR {400 MHz, CDCI3). & 148 (3H, 5); 1.65 (3H, s);

2.54 (ZH, m); 369 (1H, dt, J=4.3 and 7.2 Hz); 4.38 (1H, s); 4.66 2H, m); 5.06-5.13 (2H, m); 5.29 (1H, dd, J-1.1 and
10.3 Hz) 5.37 (1H, dd, I=1.3 and 17.2 Hz); 5.43 (I1H, d, J=4.3 Hz); 5.74 -5.81 (1H, m); 5.88-5,96 (1H, m).

6-f3-Allylpenicillanic Acid Sodium Sait, 29. Allyl 6-8-allylpenicillanate (2.0g) was dissolved in dry THF (20 mL)}
at room remperature, Sodium ethy! hexanoate (1.25 g), wipheaylphosphine (400 mg) and tetrakis (triphenylphosphine}
palladium(0) {60 mg) were added sequentially. The solution was stirred 35 minutes at voom 1emperature, then diethyl ether
(200 ml.) was added. The precipitate was collected by centrifugation, dissolved in a small amount of water, and passed
through a reverse phase column (Merck LiChroprep C-18) eluting with water and water/acetonitrile mixtures. The product-
containing fractions were pooled and freeze-dried to afford the title product as a white powder (1.48 g); IR (KBr) 1760,
1610 cml; NMR (200 MHz, D20); 1.52 (3HpS): 1.65 (3H, ), 2.5-2.6 (2H, m); 3.86 (1H, 1, J=4.2, 8.4 Hz); 4.17 (1H,
s} 5.1-5.2 (2H, m); 5.49 (1H, d, J=4.2 Hz); 5.90 {1H, m).

Allyl §,6-Dibromopenicitlanate i,1-Disxide, 31. 6,6-Dibromopeniciilanic acid 1,1-dioxide (15.6 g) was dissolved
in DME (150 mlL) and treated with triethylamine (7 mL) and allyl bromide (4.3 mL). The resulting mixture was stirred for
4h at room temperature, then poured into EtOAc/ice-water. The organic phase was washed twice with warer then dried and
concentrated. The residue was crystallized from diisopropylether-n-hexane 1o afford the title product as while crystals (13 g;
76%); [elp + 172° {c 4.9 CHCly); m.p. §0-82°%; IR (KBr} 1810, 1755 cmrl; NMR {(CDCls, 400 MHz). & 1.42 {3H, s}
1.63 {3H, s); 4.53 (1H, s); 4.72 (2H, m); 5.02 (1H, s); 5.35 (1H, dd, J=0.8 and 10.3 Hz); 5.41 (1H, dd J=1.3 and 169
Hz); 5.89-5.96 (1H, m).

??5] ]:;alc?c’isil‘g C11H13NOsSBry; C, 30.65; H, 3.04; N, 3.25; S, 7.44; Br, 37.06, Found, C, 31.37; H, 3.15; N, 3.35; §,

.25; Br, 38.05,

2

p-Methoxybenzyl 6,6-Dibromapenicitlonate 1,1 Diexide, 32. A solution of 6,6-dibromopenicillanic acid 1,1-
dioxide (47 g} in dry DMF (220 mL) was treated with triethylamine (26.4 mL) at 0°C, p-Methoxybenzylchloride (27.8 mL})
and sodium iodide {20 g) were added and the resulting mixture was stirred overnight. The slurry was slowly poured onto
ice-water under vigorous stirring. The precipitate was filtered, washed with water then dried in vacuo. Crystallization from
methanol gave white crystals (49 g; 35%). mp. 130-131°C; [a} + 169° (c 0.91, CHCl3): IR (KBr) 1815, 1745 corl; (NMR
(CDCl3, 90 MHz). & 1.19 (3H, s); 1.51 (3H, 5); 3.78 (3H, s5); 4.46 (1H, 5); 4.94 (1H, 5); 5.16 (2H, ABgq, J=10 Hz);
6.87 (2H, d, J=8.5 Hz); 7.28 (2H, 4, I=8.5 Hz).

Anal. caled. for C1gHj7NOgBr3, C, 37.59; H, 3.35; N, 2.74; §, 6.27. Found, C, 38.08, H. 3.48: N N 2.70; S, 6.27.

ARyl 6-0-Allyl-6-5-Bromaopenicillanate 1,1-Dioxide, 33. Starting from ally! 6,6-dibromopenicilianate 1,1-
dioxide and following the same procedure as described for compound 23 the title product was obtained as a yellowish oil
(55%), [ajp + 163° (¢ 1.0 CHCla); IR (CHCI3) 1810, 1755 co}; M* 321, NMR (90 MHz, CDCl3). & 1.45 (3H, )
1.?5 (3H. 5); 3.09 (2H, d, J=7 Hz}; 4.52 (1H, s); 4.53 (LH; 5); 4.72 (2H, d, J=6 Hz); 5.20-5.60 (4K, m); 5.71-6.27 (2H,
mph
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Allyl 6-B-Allylpenicillanate 1,1-Dioxide, 34, Starting from ally] 6-c-allyl-6-p-bromopenicillanate 1,1-dioxide, and
following the procedure described for compound 22, the title product was obtained as a colorless oil (88%); tajp + 192° (¢
1.0 CHCl3};, IR (CHCl3) 1810, 1755 em-l; M* 313; NMR (90 MHz, CDCly), & 1.43 (3H, 5); 1.62 (3H, s); 2.5-33
(ZH.m); 3.92 (1H, m); 4.48 (1H, s); 4.63 (1H, &, J=4.5 Hz); 4.71 (2H, d, }=6 Hz); 5.1-5.6 (4H, m); 5.65-6.25 (2H, m).

G-B-Allylpenicillanic Acid 1,1-Dioxide Sodium Salf, 35. Suring from allyl 6-p-allylpenicillanate 1,1-dioxide
and following the same procedure as described for 20, the title product was obtained in 54% as white powder; IR (KBr)
1770, 1750, 1605 cm-l; NMR (200 MHz, D209, & 1.41 (3H, i 1.54 (3H, s); 2.50-2.96 (2H, m); 4.21 {1H, m); 426
(1H, s); 5.07 (1H, 4, J=4.1 Hz); 5.14.5.26 (2H, m); 5.92 (1H, m).

Methy! 6,6-Diallylpenicillanate, 36. A solution of methyl 6,6-dibromopenicillanate (12¢ mg: 0.32 mL) was treated
with AIBN (10 mg) and refluxed 6b under argon. Afrer removal of the solvent, the crude product was chromatographed on
silica gel {n-hexane then n-hexane-cthyl acctate as ehuants), small amounts of tributyltin derivatives were removed by
partitioning berween n-hexane and aceronitrile. Evaporation of the lower layer afforded the title product as a colorless oil

(78 mg; 84%3.[olp +256° (c 0,5 CHCl) 1R (film) 1770, 1750 e}, MH* 296, (MB* - CgH10) 174; NMR (400 MHz,

CDCla). 5: 1.46 (3H, &); 1.64 (3H, s); 2.57 (4H, m); 3.76 (3H, s); 4.40 (1H, s); 5.15 (1H, s); 5.13-5.22 (4H, m); 5.72-
591 (2H, m).

Ally! 6,6-Diallylpenicillonate, 37. Starting from allyl 6,6-dibromopenicillanate and following the same procedure for
the anafogous penicillin methyl ester, the title product was obtained as oil (76%}); [elp +246° (¢ 3.3 CHCl3); IR (film)
3080, 1770, 1750, 1640 cm'l; NMR (400 MHz, CDCla); 5: 1.48 (3H, s); .64 (3H, 5); 2.55 (4H, m); 4.41 (1H, s); 4.65
(2H, d, J=6.0H), 5.15 (1H, s); 5.14-5.20 2QH, m); 5.27 (1K, dd, J=1.2 and 10.3 Hz} 5.36 (1H, dd, J=1.5 and 17.0 Hz};
5.72-5.93 (2H, m). MH*322, (MH* - CgH;00) 200.

Allyl 6,6-Diatlylpenicitianate 1,1-Dioxide, 38, Starting from allyl 6,6-dibromopenicillanate 1,1-dioxide and
following the same procedure to that described before the title product was obtained as a colorless il 72%);. lelp +185°
(c 1.3 CHCls); IR (CHCl3) 1785, 1750 eml; NMR (90 MHz, CDCl3). & 1.37 {3H, s); 1.58 (3H, 5); 2.49 (1H, dd, J=7.5
and 14 Hz): 2.62 (2H, d, J=7.5 Hz); 2.80 {2H, dd, J=7 Hz); 4.24 (1H, s); 4.43 (1H, s); 4.43 (1H, s), 4.67 CH, d, J=6
Hz); 5.07-5.50 (6H, m); 5.56-6.10 (3H, m).

Methyl 6-o-Bromo-6-5-f(IR)trimethylsilyloxyethyl]-Penicillanate, 40. Methyl 6-o-bromo-6-3-[(1R)-
hydroxyethyl]penicillanate (3.37 g; 10 mmol) in dry DMF (30 mL) at room temperature was treated with imidazole (2.04 g;
30 mmol) ard trimethylchiorosilane (2.54 ml; 20 remol). The resulting mixture was stirred overnight. The mixture was
worked-up by pouring into watet/n-hexane. The organic phase was dried over NaaS0y4 and concentrated o a small volume.
Flash chromatography of the mixtures crude product (r-hexane-ethyl acetate mixtures as eluants) gave a colorless oil which
crystaliized upon standing {(3.89 g 95%); [alp + 192° (¢ 8.8 CHCl3); mp 64-65°.

Methyl 6-0-Allpl-6-B-[{IR)-hydroxymethyl]-Pericillanate, 41 Allyltributyltin (157 mg; 0.47 ounol}, methyl 6-
o-bromo-6-p-[{1 ROhydroxyethyl]-peniciflanate (80 mg; 0.237 mmol) and AIBN (5 mg) in benzene (10 mlL) were refluxed
for 35h under argon. The crude reaction mixture was chromatographed on silica gel eluting with n-hexane, then n-hexanc-
ethyl acetate mixtures allowing the isolation of the title product as colorless oil (58 mg; 82%): [odp + 202° (¢ 1.0 CHCl3), IR
(fim) 3500, 1750 em-}; ME* - C7HpO5) 174; NMR (400 MHz, CDCl3); 3: 1.16 (3H, d, J=6.2 Hz), 1.47 (3H, s); 1.66
(3H, s); 2.40 {1H, dd, J=8.4 and 145 Hz); 2,59 {1H, d, I= 2Hz), exch. D70) 2.36 (1H, dd, J=6.3 and 14.3 Hz); 3.77
(3H, 5); 4.43 (1H, s); 4.46 (1H, dd, J=2 and 6.2 Hz); 5.19 (1H, s); 5.19-5.27 (2H, m); 5.82-5.92 (1H, m).

Methyl 6-ci-Allyl-6-f-[(1R)trimethylsilyloxyethyli-Penicillenate, 42.  Methyl 6-a-bromopenicillanate (250
mg; 0.61 mmol) was dissolved in dry benzene {20 mL) and treated with allyluriburyltin (331 mg; 1.0 mmol) and & catalytic
amount of AIBN (10 mg). The resulting mixture was refluxed under argon for 4h. After concentration, the residue was
purified by flash chromatography {eluted with n-hexane, n-hexane-ethyl nostate). Traces of tributyhin derivatives were
removed by partitioning in n-hexane/CHsCN and evaparating the lower layer. The titte product was obiained as colorless oil
{170 mg; 75%);.[alp + 195° (¢ 0.5 CHClz) IR {film) 1775, 1750 em-1; MH* 372, (MH*-CyoH1300Si) 174; NMR (400
MHz, CDCls). 5: 0.12 (SH, s); 1.1. (3H, d, J=62 Hzj; 1.44 (3H, 5): 2.35 (1H, dd, 3=8.6 and 14.4 Hz); 2.88 {IH, dq,
J=6.] and 14.4 Hz); 3.74 (3H, s); 4.40 (1H, 9, J=6.2 Hz); 5.16 (LH, dd, J=0.8 and 9.1 Hz); 5.19 (1H, dd, J=1.4 and
15.2 Hz); 587 {1, m).

GENERAL PROCEDURE FOR THE REMOVAL OF THE ALLYL ESTER?S

The allylpenicillanate (1 mmol) was dissolved in dry THF (6 ml) at room temperature under argon. Sodium
ethylhexanoate (1.2 mmol) was added immediately followed by PPhs (0.1 mmol) and wetrakis(iriphenylphosphinc)palladium
(0) (1.02 mmol). The solution was stirred 1h at room temperature, Afier concentration of the solvent to small volume,
diethy] ether (20 mL) was added and fhe reshlting mixture was stirred 10 minates at rpom temperature. ‘The precipitated
solid was isolated by centrifugation. The crude material was dissolved in a srmall amount of water and passed through a
reverse-phase column (Merck Lichﬂmp -18) eluting with distilled water then with water/acetone mixtures. The product
containing fractions were freeze-dried to afford the sodium penicillanate as white powder {45/80% yield).

§-B-Allylpenicillanic acid sodium sali (68%). IR (KBr) 1755, 1595 corl); NMR (200 MHz, D20). 5: 1.52
(3H, s); 1.66 (3H, s); 2.53 (2H, m); 3.86 (1H, m); 4.17 (18, s); 5.11-5.21 2H, m); 5.49 (1H, 4, J=4.2 Hz); 5.87 (1K,
m).

6,6-Diallylpenicillenic acid sodium selt, (49%). IR (KBr) 1730, 1640-1610 cm-l; NMR (200 MHz, D;0). §:
1,52 (3H, s); 1.64 (3H, s); 2.53.2.65 (4H, m); 4.18 (1H, 5% 5.24 (1H, 4, J=10 Hz); 5.25 (1K, s%; 5.26 (1H; dd, J=2 and
16 Hz); 5.6 (1H, m).
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6-c-Allyl-6-B-bromopenicillenic acid sodium selt (§9%). IR (XBr) 1730, 1600 cml; NMR (200 Mz, D20).
8 1.52 (3H, sy L.65 (3H, s}; 3.08 (2H, &, J=THz); 4.32 91H, s} 5.31 (1Y, 4, 7=9 Hz); 5.34 (1H, 4, I=17 Hzy 5.47
(1H, s); 5.96 (1H, m).

6-ce-Allylpenicillanic acid sodium salf {74%;). TR {KBr} 1760, 1605 cio-}; NMR (200 MHz, D20). & 1.50 (3K,
s)g 1.62 (3H, s) 2.55-2.64 (2H, m); 3.47 (11, m); 4.25 (1H, s); 5.13 (1H, 4, }=1.5 Hz); 5.13-5.25 (2H, m); 596 (1H,
m).

6,6-Allylpeniciltanic weid II-fioxide sodizm salt (59%). IR (KBr) 1780, 1630 co-l; NMR (200 MHz, D20);

& 142 (3H, s} 1.56 (3H, s); 2.51 (1H, d, J=6.5 and 16 Hx); 2.77 (2H, &, J=7.0 Hz) 3.00 (1H, dd, J=6.5 and 16 Hz,
277 (24, 4, 1.0 Hz); 3,00 (iH, dd, J=6.5 and 16 Hz): 4.28 (O, 5% 5.25 91H, 4, J=2Hz); 528 (OH, 4, J=1.8 and
9.2 Hz); 5.29 (iH, d, F=16.5 Hz); 5.87 (1H, m).

6-::-Aflyl-6-ﬁ-brﬁmmnici&asic acid ],I-dioxide sodium salt (63%). IR (K8r) 1780, 16320 cmrd; NMR, 200

MHz, 10). & 1.44 (3H, s 1.58 (3H, 5); 3.16 (24, d, J=THz) 4.35 (1, sk 5.16 (1M, 5); 5.37 (1H, d¢, J=09 and 9.6
Hz), 5.39 (1H, dd, j=1.4 and 17.6 Hz); 5.96 (1H, m).

6-f-Allylpericillonic acid 1,1 dioxide sodium sali {57%). IR {KBr) 1720, 1750, 1805 cml; NMR (200 MHz,

D). & 141 (3, 5) 1.54 (3H, s); 2.50-2.96 (2H, m): 4.21 (1H, m); 4.26 (1H.5); 5.07 (IH. d, }=1.1 Hz); 5.14-5.26
{2H, mY, 592 (1K, m).

ACKNOWLEDGEMENTS
We thank Furmitalia-Carlo Erba for a ssbbatical leave to MLA. and for finascial assistance. We thank the Mass
spectrometry and NMR Iaboratories at the Université de Montedal and Farmitalia Carlo Erba for spectroscopic services. We
especially thank the biclogical division of FCE for the f~lactamase inhibition tests.

REFERENCES

1. 1S. Kahan, F. Kahas, R. Goegelman, S.A, Currie, M. Iackson, E.O. Stapiey, T.W. Miller, A X, Miller, D,
Hendlin, 8. Mochales, S. Hernandez, H.B. Woodraff and J. Bimbaum, L Antbiotics, 32, 1{1979); R.W. Raickffe

and G. Albers-Schinberg, in "Chemistry and Biclogy of B-Lactam Antibiotics”, R.M. Morin and M., Gorman, eds.,
Vol, 2, Academic Press, N.Y. 1982, pp. 227-313.

2. K, Okano, Y. Kyotani, H Ishihama, S. Kobayashi and M, Ohno.JAm, Chem. Soc., 105, 7186 (19831

3. M. Nakayama, A. fwasald, 3. Kimura, T. Mizoguchi, 5. Tanabe, A. Mukakami, I Watanabe, M. Okuchi, H. Eroh,
Y. Saino, F. Kobayashi and 'T. Mori, ], Amibiotics, 33, 1388 (1980); sce also 36, 943 (1983) and references cited
therein.

4. For recent reviews, see: 2. Chemistry and Blology of f-Laciam Antibiotics, vol. 1-3, in: R.B. Morin and M.
Gorman, (Bds), Academic Press, New York, N.Y., 1982; b. Recent Advances in the Chemisry of f-Lactam
Antibiotics, 'The Royal Society of Chemistry, Bulington House, A.G. Brown and S.M, Roberts {(Eds), 1984 ¢, R,
Southgate and $. Elson in, Progress in the Chenmstry of Organic Natural Products, W. Herz, H. Grisebach, G.W.
Kirby and Ch, Tarom (Eds), Springer Verlag, New York, 1985, p.1.

5. For some recent reviews, see, T. Nagahara and T, Kametani, Heterocyeles, 23, 729 (1987); T. Kametani, K.
Fukumofo and M. Thara, Heterocycles, 17 463 (1982); RW. Ratcliffe and G. Albers-Schéaberg in, Chemistry and
Biology of -Lactam Antibiotics, R.B. Morin and M.Gorman {Eds.), Academic Press, New York, N.Y., vol. 2, 227
(1982},

6. M. Foglic, C. Bastistini, F, Zarini, C, Scarafile and G. Franceschi, Heterocyclgs, 20 1491 (1983); G, Franceschi,

i 59 467 (1987), and references cited therein: S. Hanessian, A, Bedeschi, €. Battistini and
N. Mongelll, I Am, Chery, Soc., 107, 1438 (1985} Fer a selection of other references, see ref, i, see also G,
Praceschi and E. Perrone in, Frontiers of Antibiotic Research, Academic Press, New York.,

7. A, Afonso, F. Hon, I. Weinsiein and A K. Ganguly, J, Am, Chem, Soc., 104, 6138 {1982},

8, I Prest, { Gosteli and R B, Woodward, - 101 6310 {1979 and references cited therein; for a
review, see L Emest in, Chemistry and Biology of f-Lactam Antibiotics, R.B. Morin and M. Gorman (Eds),
Academic Press, New York, N.Y., vol. 2 pp. 315-360 (1982},

9.  See for example, W.J. Leanza, F. DiNinne, D.A. Muthard, R.R. Wilkening, K.J. Wildonger, R,W. Ratoliffe and
B.G. Christensen, Tetrahedron, 39, 2505 (1983); LE. Armrowsmith, C.W. Greengrass and M.L. Newman,
Tetrahedrog, 39, 2469 (1983).

10. G.Y. Kaiser, C.W. Ashhrook and J.E, Baldwin, L Am. Chem. Soc..93, 2342 (19713,

11. P.J. Giddings, D. Ivor John, E.J. Thomas and D.J. Williams, LC.S, Perkin 1. 2757 (1982): P.J. Giddings, D. Ivor
John and EJ. Thomas, Tetrahedron Legt, 21 395 (1980)

12. Se¢ for example, 1.C. Sheehan, A. Buke, E. Chacke, T.). Commons, Y.5. Lo, D.R. Ponzi and W.C, Schwarzell, |,
Org. Cheny. 42, 4045 (1977); F. DiNinne, _L Am, Chem, Soc., 100, 3251 (1978); 8. Adam, W. Arnold and P,
Schonholzer, Teirghedron, 39, 2485 (1983); S, Chandrasekaran, A.F. Kluge and LA. Edwards, [, Qrg. Chem,. 42,
3972 {1977 8. A, Mathin and L. Chan, LLC.S, Chem. Comm., 10 (1981).

13. D. Ivor Jokn, N.D. Tynell and E.J. Thomas, Tetrahedron, 39, 2484 (183); P.J. Giddings, D Ivor John and E.J.
Thomas Temahedron Letr., 1. 399 (1980).

14, M. Amatani, B. Birai, K. Sawads, A. Yamada and M. Hashimoto, Tetrahedron, 26, 223 (1985),

i3. a%rssg;m recant accounts, see J. Knowles, Acg, Chern, Res. 18, 97 (1985)%; H.C. Nen, Phaomac. Ther, 30, 1

16. For a preliminary account, see S, Hanessian and M. Alpegiani, Totahedron Lett, 27, 4857 (19886).

17. After completion of this work, it came 10 our atiention that related work was independently carried out at the E. Lilly
Laboratories in Dr. RD.G. Cooper's group. Private communication, G. Franceschi (Farmitalia-Carlo Erba).

949



950

i8.

3128
20.

2%

S, Hawessian and M. ALPEGIAN]

For recent reviews, see D.P. Curran, Svpthesis. 417, 489 (1988); M. Rameiab, Telrahedron, 43, 3541 (1987); B
[GJ?(se ’;Rsaédxcazs in Organic Synthesis: Formation of Carbes—(kzbon Bonds”, LE Baldwin, &d., Pergamon, Oxford,
1586,
H. Fliri, G-P. Mak, ], Org. Chem., 30, 3438 (1985); M. D. Bachi, F. Frolow and C. Hoornaert, 1. Org, Chem,, 48,
1841 (1983) and previous publications.
See for example, G.E. Keck and J.B, Yares, I, Am. Chem. Soc., 104, 5829 (1982); I, Grignen, C. Servens and M.
Pereyre, 96 225 (1975); see also T, Migita, K. Nagai and M, Kosugi,
zanm, ﬁ, (1983} angd references cited therein,
See for example, Y.L. Chen, §.-W. Chang, K. Hedberg, K. Guanino, W.M. Welch, L. Kiessling, J.A. Retsema,
S.L. Haskell, M. Anderson, M. Manonsas and J.F, Barrenr, |, Antibigtics. 40, 803 (1987); R.G. Micetich, S.N,
Maid, P. Spcvak TW. Hali S. Yamabe, N. Ishida, M. Tanaka, T. Yamazaki, A. Nakai and K. Ognwa, L Med,
1469 (1987); D.D. Keith, J. Tengi, P. Rossman, L. Todam and M. Welgcle. shedron, 39, 2445
(19893); AR. English, J.A. Retsema, A.E. Girard, 1.E. Lynch, and E. Barth, Antimicrob, Agents Chiemother., 14,
414 (1978).
For a recent aration, see R.G. Micetich, S.N. Maid, P. Spevak, M. Tanaka, T. Yamazaki and K. Ogawa,
i Zﬁ.r?l?%ﬁ); see also MLJ. Loosermore and R.F. Pratt, I, Org, Chem,, 43, 3611 (1978).

. LB, Clayton, J, Cher, Soc, {c}, 2123 {1969},

. P, Claes, H. Vanderhacghe, E. Roets, I. Thomis, F. DeMeester and L. Piette, I Antibiotics, 38 75 (1985).

. SW. McCombie, 1, Drp, Chem . 47, 587 (1982).

. G M. Girfjivallaban, A.K. Gangaly, S.W. McCombie, P.Pinto and P. Rieri, Tetrahedron Lett, 22, 3485 (19813

B.B. Brown and R.A. Volkmann, Temabedron Letw., 27, 1545 (1986).

. Dermils to be reported elsewhere.
. W.C. Sull, M. Kahn and A. Mitra, J, Grg. Chem., 43, 2923 (1978).



