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at -78 OC, and the mixture was stirred for 0.5 h. TLC showed 
the disappearance of starting material and the formation of a new 
spot at R, = 0.25 (SiOz, 1:4 ethyl acetate-hexanes, UV). The 
reaction was quenched at  -78 OC with 2 equiv of methyl triflate 
(methylation product Rf = 0.54, SOz, 1:4 ethyl acetatehexanea, 
W). To this mixture at -23 "C was added a solution of lithium 
aluminum hydride (1 M in ether, 2 mL) followed by stirring for 
0.5 h. Once major spot was detected by TLC (R, = 0.57, SiO, 1:4 
ethyl acetatehexanes, phoaphomolybdium acid). The reaction 
was quenched with 15 mL of 10% NH&1 and filltered with ether 
through a layer of Celite 545. The organic layer wae separated, 
and the aqueous layer was extracted three times with 20 mL of 
ether. The combined organic layers were dried over MgS04, and 
the solvent was removed. The residue was quickly chromato- 
graphed on SiOz (1:lO ethyl acetate-hexanes). Decomposition 
on SiOz limited the yield to 28% (130 mg). This was then die- 
solved in 5 mL of ether with pyridine (79 mg, l m o l )  at 0 OC. 
To this solution was added trifluoroacetic anhydride (210 mg, 1 
"01) followed by stirring for 0.5 h. The milky solution wae added 
to 10 mL of water and extracted with ether (3 X 20 mL). The 
ether solution wae dried over MgS04 and the solvent removed. 
The reaidue was heated in 5 mL of o-xylene at 100 "C for 20 min. 
The reaction solution was added to a mixture of 5 mL of CH&N 
and 5 mL of water at 0 OC. This was oxidized wiih 2 mL of 0.49 
M ammonium cerium nitrate for 0.5 h and extracted with 10 mL 
of ether and twice with 15 mL of methylene chloride. The com- 
bined organic layers were dried over MgM4 and chromatcgraphed 
on Si02 (1:lO ethyl acetate-hexanes) to give 60% (49 mg) of 12a 
as a yellow soli& R, = 062 @ioz, 1:lO ethyl acetatehexanea, W); 
mp 43-44 OC (sublimation) (litm 46.5 "(2); 'H NMR (300 MHz, 

(d hept, J = 0.9,6.8 Hz, 1 H), 2.01 (d, J = 1.5 Hz, 3 H), 1.10 (d, 
J = 6.9 Hz, 6 H); IR (CC14, cm-') 2969, 2936, 2877, 1660, 1613, 
1241,914. 

Synthesis of 2-Isopropyl-3-a -butyl-6-methyl-l,4-benzo- 
quinone (12b). Reaction of 3-isopropyl-4-isopropoxy-3-cyclo- 
butenelI2-dione (2c) with 1.07 equiv of 2-lithiopropene (generated 
by addition of 2 equiv of t-BuLi to a THF solution of 2-bromo- 

CDCls) 6 6.57 (q, J = 1.5 Hz, 1 H), 6.50 (d, J 0.9 Hz, 1 H), 3.00 

(26) Zavarin, E.; Anderson, A. B. J. Org. Chem. 1955,20,82. 

propene at -78 OC and stirring for 0.5 h) took place for 0.6 h and 
then followed the same experimental procedure ae the syntheaie 
of thymoquinone, except the reaction was quenched with TFAA 
after the addition of n-BuLi and the product wae directly heated 
and oxidized without purification to give 114 mg (22%) of product 
12b ae a yellow oil: R = 0.59 (Si02, 1:lO ethyl acetatehexanee, 
W); 'H NMFL (300 &, CDCld 6 6.42 (q, J = 1.2 Hz, 1 H), 2.98 
(hept, J = 7.1 Hz, 1 H), 2.47 (t, J = 7.2 Hz, 2 HI, 1.98 (d, J = 
0.9 Hz, 3 H), 1.37 (m, 3 H), 1.26 (d, J = 6.9 Hz, 6 H), 0.92 (t, J 
= 6.9 Hz, 3 H); IR (CH2C12, cm-')3687,3054,2961,2933,2869, 
1645,1602. Anal. Calcd for C14HmO2: C, 76.33; H, 9.15. Found 
C, 76.29; HI 9.20. Anal. Calcd for C14HaO2: C, 76.33; H, 9.15. 
Found C, 76.29; H, 9.20. 
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A practical synthesis of potent penem antibacterials, CP-70,429 (1) (sulopenem) and CP-81,054 (2), is described. 
(L)-Aspartic acid was utilized to generate both the (3s)- and (3R)-thiolanylthio side chains of (5R,6S)-6-(1- 
(R)-hydroxyethyl)-2-[ (cis-l-oxo-3-thiolanyl)thio]-2-penem-3-carboxylic acids 1 and 2. This synthetic pathway 
provided in high yield enantiopure thioacetate intermediates 15 and 19. To accommodate the fragile side chain 
sulfoxide moiety of the targeted @-lactams, standard penem synthetic methodology waa modified to facilitate 
the conversion of 15 and 19 to 1 and 2. The reactive chloroamtidinone 4b was utilized to generate key azetidinone 
trithiocarbonate intermediate 22 which contains the requisite penem side chain. A chemoselective oxalo- 
fluoridebased azetidinone N-acylation procedure, which avoids sulfoxide 0-acylation, was required for the conversion 
of 22 to the penem framework. 

Introduction 
The pioneering synthesis of penems by the Wood- 

ward/Ciba group' in 1976 along with the Merck discovery2 

(1) Woodward, R. B. In Recent Advances in the Chemistry of Beta- 
Lactam Antibiotics; Elks, J., Ed.; Special Publication No. 28; Chemical 
Society: London, 1977; p 167. Ernest, I.; Gosteli, J.; Greengraas, C. W.; 
Holick, W.; J a c k " ,  D. E.; Pfaendler, H. R.: Woodward. R. B. J. Am. 
Chem. SOC. 1978, 100,8214. 

0022-32631921 1957-4352$03.00/0 

of the broad-spectrum carbapenem, thienamycin, from 
fermentation sources have fueled an intense search, in 
recent years, for novel therapeutics from the penem and 
carbapenem families. While a number of candidates 

(2) Albere-Schonberg, G.; Arbon, B. H.; Hen" ,  0. D.; Hirehfield, J.; 
Hoogeteen, K.; Knczka, E. A,; Rhodes, R. E.; Kahan, J. 5.; Kahan, F. M.; 
Ratcliffe. R. W.: Walton. E.: Ruewinkle. L. J.: Morin. R. B.: Chriiteneen. 
B. G .  J.  Am. Chem. Sac. 1978,100, 6491. 
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emerged from these discovery efforta, comparatively few 
have become drugs. The cost of producing these &lactams 
certainly has played a significant role in preventing the 
clinical progression of a number of these compounds. The 
realization that the commercial potential of penem/car- 
bapenem antibacterials would primarily hinge on the 
discovery and development of practical syntheses has, in 
turn, stimulated a widespread search for more efficient 
routes to these compounds? Herein we wish to report a 
facile synthesis of CP-70,429 (1) (sulopenem),4 a broad- 
spectrum 2-(cis-3(S)-thio-l(R)-thiophane ~ulfoxide)~-con- 
taining penem antibacterial which is currently undergoing 
clinical evaluation. In addition, the synthesis of the dia- 
stereomeric penem CP-81,054 (2), containing the enan- 
tiomeric thiophane sulfoxide sidechain, is described. 
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tention on the conversion of enantiopure (3R)-Caubsti- 
tuted-3- [ (R)- 1 [ (tert-butyldimethylsily1)oxy ] ethyl] azeti- 
din-2-ones 4 (bearing a leaving group in the 4 position) to 
the penem skeleton in light of the commercial availability 
of acetoxyazetidinone 4a.I Our intent was to convert 
acetoxyazetidinone 4a to oxalimide 5 containing the 
CP-70,429 (1) thiophane sulfoxide side chain and utilize 
the phosphite-mediated cyclization conditions developed 
independently by workers at ScheringB and Sankyog to 
access the penem nucleus (eq 2). 

oms 

)'aX- 0 - 
CP 70,429 (1) 

Results and Discussion 
Synthetic Strategy. Treatment of enantiopure penem 

sulfoxide 3, reported earlier by DiNinno et al.,S with a 
variety of heterocyclic thiolates provided a convenient 
access to a number of 3-substituted penem antibacterials 
including 1 and 2 (eq 1). While this scheme satisfied our 

OTBS 

1 2 

early discovery needs by providing penem analogs, it 
clearly would not provide a cost effective route to CP- 
70,429 (1). 

Our reading of previous penem and carbapenem 
syntheses suggested attractive options for the preparation 
of penem targets 1 and 2. We decided to focus our at- 

~ ~ ~ ~~~ ~~ 

(3) McCombie, S. W.; Ganguly, A. K. Medicinal Research Reviews; 
John Wiley and Sons: New York, 1988, Vol. 8, p 393. Emest, I. In 
Chemistry and Biology of fl-Lactam Antibiotics; Morin, R. B., Gorman, 
M., Eds.; Academic Preea: New York, 1982; Vol. 2, p 315. 

(4) Cootz, T.; Guard, D.; Schelkley, W.; Tensfeldt, T.; Foulds, G.; 
Kellogg, M.; Stam, J.; Campbell, B.; Jasys, J.; Kelbaugh, P.; Volkmann, 
R.; Hamanaka, E. J. Antibiot. 1990,43,422. Volkmann, R. A.; Bordner, 
J.; Foulds, G. H.; Girard, A. E.; Girard, D.; Cootz, T.; Jaeye, V. J.; Kel- 
baugh, P. R.; Kellogg, M. S.; Hamanaka, E. S.; Lindner, D. L.; Nason, D. 
M.; Reteema, J. A; Cambell, B. Interscience Conference on Antimicrobial 
Agenta and Chemotherapy; Oct -26,1988, h Angeles, CA; Paper 220. 
Volkmann, R. A.; Lindner, D. L. U.S. Pat. 4,794,179, 1988. 

(5)  We have denoted the 5-membered ring tetrahydrothiophene 
(thiolane) derivatives mentioned throughout the text ae a substituted 
thiophanes. 

(6) DiNinno, F.; Muthard, D. A.; Ratcliffe, R. W.; Christensen, B. G. 
Tetrahedron Lett. 1982,23,3535. 

OH 

Side-Chain Synthesis. We were confident that if we 
could access enantiomerically pure 3-substituted thio- 
phanea A (in which X is a suitable leaving group) we would 
be able to use the ring substituent to establish the requisite 
thiophane sulfoxide stereochemistry (eq 3). Several op- 

L 

A 

B 

tions were already available for obtaining useful thiophane 
intermediates. (S)-3-Hydroxythiophanes had been pre- 
pared by Brownlo et al. via a diisopinocampheylborane- 
mediated asymmetric hydroboration of 2,3-dihydro- 
thiophene. In addition, enzymatic (horse liver alcohol 
dehydrogenase) reduction of 3-oxothiophane and oxidation 
of 3-hydroxythiophane had also been employed for the 
generation of enantiomerically enriched 3-hydroxy- 
thiophane." Recently, an enantioselective asymmetric 
hydrogenation [BINAP-Ir(1) complex] of 3-oxothiophane 
has been reported.12 

We opted to explore a novel (Lbaspartic acid'(6) 
based-approach which we felt would allow us to access both 
thiophane sulfoxide side chains (Scheme I). Sugimura13 

(7) Kanegafuchi and Takasago Companies. The preparation of azet- 
idinonea 4 has been the subject of extensive synthetic investigations. See 
ref 3 and, in addition: Nakatsuka, T.; Iwata, H.; Tanaka, R.; Imajo, S.; 
Ishiguro, M. J. Chem. SOC., Chem. Commun. 1991, 662 and references 
cited therein. 

(8) Afonso, A,; Hon, F.; Weinstein, J.; Ganguly, A. K. J. Am. Chem. 
SOC. 1982,104,6138. 

(9) Yoehida, A.; Hayaehi, T.; Takeda, N.; Oida, S.; Ohki, E. Chem. 
Pharm. Bull. 1983,31, 768. 

(10) Brown, H. C.; Vara Prasad, J. V. N. J. Am. Chem. SOC. 1986,108, 
2049. 

(11) Jones, B. J.; Schwartz, H. M. Can. J. Chem. 1981,59, 1574. 
(12) Zhang, X.; Mashima, K.; Koyano, K.; Sayo, N.; Kumobayashi, H.; 

Akutagawa, S.; Takaya, H. 38th Symposium on Organometallic Chem- 
istry; Oct 25, 1991; Kyoto, Japan. 
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and co-workers previously had converted L-aspartic acid 
(6) to (S)- and (R)-mercaptopyrrolidines. We envisioned 
a similar strategy for the preparation of homochiral (R)- 
and (S)-3-mercaptothiophanes required for the synthesis 
of 1 and 2. Accordingly, diazotization/acid treatment 
(NaN02/NaBr/H2S04) of 6 provided the known bromo 
diacid 714 which was allowed to react with diborane to 
afford bromo diol 8.13 The isolation of bromo diol 8 and 
ita conversion to epoxide 9l3JsJ6 were frustrated by the 
water solubility of these intermediates. Problems in the 
diborane reduction workup, however, were obviated by 
addition of methanol and azeotropic removal of tri- 
methylborate. Additional difficulties in the ensuing ep- 
de-forming step were circumvented by treatment of diol 
813 with cesium carbonate in dichloromethane to afford in 
high yield epoxide 9 (which was not isolated). Following 
the removal of cesium salts by filtration, the dichloro- 
methane solution containing 9 was then treated directly 
with E@l/mesyl chloride to cleanly afford epoxymesylate 
10.13J6 Sodium sulfide treatment of 10 generated 3- 
hydroxythiophane (1 1) (>90% overall yield from 8) which 
wa$ cleanly converted (DMAP/TsCl) to tosylate 12.'' 
m-CPBA oxidation of 12 provided mixtures of trans and 
cis sulfoxides 13 and 14 (ca. 101). Potassium peroxy- 
monosulfate (Oxone)18 oxidation was equally effective in 
sulfide oxidation and provided a more practical oxidation 

(13) Shibata, T.; Iino, K.; Sugimura, Y. Heterocycles 1986,24, 1331. 
(14) Walden, P. Chem. Ber. 1895,28,2766. Murakami, T.; Koga, K.; 

Yamada, S. Chem. Pharm. Bull. 1978,26,307. 
(15) Fe.ringa, B. L.; DeLange, B. Tetrahedron, 1982,44,7213. Ikegami, 

S.; Kabuki, T.; Yamaguchi, M. Chem. Lett. 1982, I, 83. Mori, K.; Iku- 
narrd, M. Tetrahedron 1982,40,3471. Ladner, W. E.; Whiteeides, G. M. 
J. Am. Chem. SOC. 1982,106,1982, Roesiter, B. E.; Sharpless, K. B. J. 
0%. Chem. 1982,49, 3707. 

(16) Mori, K.; Ikunaka, M. Tetrahedron 1984,40,3471. Boger, D. L.; 
Panek, J. S. J. Org. Chem. 1981, 46, 1208. 

(17) Urban, F. J.; Breitenbach, R.; Vincent, L. A. J. Org. Chem. 1990, 
55, 3670. R. A. Volkmann US. Pat. 4,864,046, 1989. 

(18) Quallich, G. J.; Lackey, J. W. Tetrahedron Lett. 1990,31,3685. 
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procedure. The desired trans isomer 13 was produced in 
77% yield accompanied by minor amounts of 14.18 Po- 
tassium thioacetate treatment of 13 provided optically pure 
(lR,3S)-thioacetate 15 in >80% yield. 

To access the other side-chain enantiomer, diol 8 was 
smoothly converted to bis(mesylate) 1613 (TEA/MsCl/>- 
90%). The presence of the secondary bromide substituent 
in 16 raised concerns about regiospecific sulfide addition 
and episulfide formation during thiophane ring construc- 
tion. These concerns were justified as bromide 17 was 
obtained in only 3540% yield. Fortunately 17 was the 
only material obtained in appreciable amounts during 
distillation of the crude reaction mixture. Standard oxi- 
dation/thioacetate displacement conditions were employed 
to generate optically active (lS,3R)-thioacetate 19. 
Thioacetatm 15 and 19 and all other products containing 

the cis-3-thiel-thiophane sulfoxide moiety are susceptible 
to an acid-catalyzed isomerization (particularly in organic 
solvents) to yield the undesired trans isomer.l9 As a reault, 
the preparation of 15 and 19 and subsequent reactions 
(workups) were carefully monitored to ensure the struc- 
tural integrity of this sidechain. 

(19) For example, in the come of obtaining a 'H NMR of ciS-l,3- 
thioacetate sulfoxide 15 in CDCla, isomerization occurred (generating ca. 
20% of trans isomer 20 in 30 min), presumably a result of trace amounta 
of acid present in thii solvent. The facility of the acid-mediated star- 
eomutation of &membered ring sulfoxides ie precedented and moat likely 
results form halide addition to the protonated sulfoxide moiety. See: 
Sgamora, L.; Garhi .  A.; Fava, A. Helv. Chim. Acta 1972, 55, 675. 
Mielow, K.; Simmons, I.; Melillo, J. T.; Ternay, A. L.; J.  Am. Chem. SOC. 
1964,86,1452. Mislow, K. Rec. Chem. Progr. 1967,28, 217. 

I S  20 
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Scheme 11. Azetidinone Trithiocarbonate 22 Stability Study (NaOACI2-Propanol) 
oms 
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Penem Synthesis. Saponification (NaOEt/EtOH) of 
thioacetate 15 and trapping of the intermediate thiolate 
with carbon disulfide (5 equiv) provided sodiotrithio- 
carbonate 21 which was precipitated as a THF solvate. 
Condensation of 21 with acetoxymtidmone 4a (l.l(k1.15 
equiv) in i-PrOH (-5 to 0 "C) generated in 58% yield the 
desired azetidinone trithiocarbonate 22 (eq 4). Undesired 

c 

4. 

OTBS 
I 

22 11 

cis-substituted azetidinone trithiocarbonate 23 (which 
typically was not isolated) along with azetidinones 24 and 
25 and symmetrical trithiocarbonate 27 were also generated 
in varying amounts in the condensation and underscored 
the complexity of this reaction. If reaction temperatures 
are allowed to exceed 5 "C, 22 loses carbon disulfide to 
generate azetidinone 24. 

Attempts to improve the overall conversion of 4a to 22 
by manipulating the trithiocarbonate counterion, the 
solvent, and temperature of this reaction were not suc- 
cessful. Our inability to improve this condensation was 
due, in part, to the susceptibility of trithiocarbonate 22 
to generate a host of byproducts under the reaction con- 
ditions. The condensation of 21 with acetoxyazetidinone 
4a is reve.rsible. T r i t h i ~ b o ~ t e  22 (desired product) will 
react with sodium acetate in deuterated 2-propanol. Ex- 
amination of this sodium acetate reaction by 'H NMR 
revealed that acetoxyazetidinone 4a is initially generated 
under thew conditions and that, after 18 h, neither 4a nor 
trithiocarbonate 22 ia present in this reaction. The same 
byproducts of the ezetidinone trithiocarbonate 22-forming 
reaction are now the major products of this sodium acetate 
reaction as azetidinone 24 (50%), symmetrical trithio- 
carbonate 27 (25%), and azetidinones 25 (6%), and 2620 
(3%) are produced (Scheme 11). 

~ 

(20) Furae, M.; Shimazaki; M.; Ohashi, T.; Watanabe, K. Japanese 
Patent 88222156. 

22 " \  
OTBS 

\ 
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The sodium acetate-mediated degradation of 22 in the 
NMR stability study suggested that our inability to im- 
prove the conversion of acetoxyazetidinone 4a to trithio- 
carbonate 22 was tied to the promiscuous acetate leaving 
group of 4a and underscored the need for an alternate 
azetidinone precursor (bearing a different C4 leaving 
group). Chloroazetidinone 4b was selected as an attractive 
altemative because of its superior reactiviwl and because 
the resultant condensation producta of 4b and 21 (tri- 
thiocarbonate 22 and sodium chloride) would most likely 
be compatible. The remarkably stable yet highly reactive 
chloroazetidione 4b was prepared as described in the lit- 
erature.22 Treatment of sodium trithiocarbonate 21 with 
chloroazetidinone 4b in acetone at 0 "C provided the de- 
sired tithiocarbonate 22 in >90% yield (Scheme III). As 
a result, the side products which plagued the acetoxy- 
azetidinone condensation were no longer a significant 
factor and 22 could be generated in high yield. 

Standard acylation conditions (iPr2NEX/oxalyl chloride 
2823/CH2C12/0 "C) were initially employed to convert 
trithiocarbonate 22 to oxalimide 5. Sulfoxide 0-acylation, 
however, was competitive with azetidinone N-acylation 
under these and a variety of other conditions. Oxalimide 
5 was accompanied by trithiocarbonate degradation 
products including bicyclic trithiocarbonate 29 (produced 
in ca. 40% yield), a Pummerer byproduct of 22, and tri- 
thiocarbonate 30, the sulfoxide reduction product of 22. 
Both degradation products (29 and 30) most likely result 
from sulfoxide 0-acylation. The overall yield of 8 was poor 
(<lo% at -5 "C), demonstrating the need for a chemosa 
lective acylating reagent. Oxalyl fluoride 31 was chosen 
as a potential solution to this problem and was generated 
by treatment of chloride 28 with CsF in CH3CN. The 
selection of 31 is supportad by recent reports24 describing 
the reaction selectivity of acyl fluorides and importantly 
demonstrating acyl fluoride-sulfoxide compatibility. 
DMSO, for example, reacts violently with chloroformates, 

(21) A comparative study examining the effect of leaving g~oups on 
the reactivity of Ceubstituted ezetiCi-2-0nes is not available; a" ap- 
proximate order of reactivity haa been iuggested for iutmtituentcl m the 
Cpoeition (Cl > SOzPh > OAc > SCSOEt, SCSZEt > Ns > OEt > SEt. 
See: Volkmann, R. In Comprehemiue Organic Syntheuie; Troet, B. M., 
Fleming, I., Ede.; Pergamon Preae: Oxford, 1991; Vol. 1, Chapter 1.12. 

(22) Endo, M. Can. J. Chem. 1987,65,2140. Alpegiani, M.; Bedeachi, 
A.; Foglio, M.; Giudici, F.; Perrons, E. Tetrahedron Lett. 1983,24,1627. 

(23) McCombie, 5. W.; Metz, W. A.; Afonso, A. Tetrahedron Lett. 
1986,27,306. 

(24) Lange, H. G.; Shreeve, J. M. J .  Fluorine Chem. 1986,!28,21D. 
Carpino, L. A.; Sadat-Aalaee, D.; Chao, H. G.; DeSelms, R. H. J. Am. 
Chem. SOC. 1990,112,9661. Carpino, L. A.; Mansour, E A .  M. E.; Sa- 
dat-Aalaee, D. J. Org. chem. 1991,513, 2611. 
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s 

P(0Eth 
CHCb 

56% 

R = H CP "429 (1) 

but can be used as a solvent in fluoroformate reactions.2s 
In our case, oxalofluoride 31 worked exceedingly well. 
Dropwise addition of Hunig's base to a CHzClz solution 
(-50 to -60 "C) con- 22 and 31 provided the desired 
5 in >95% yield. Remarkably, no byproducts indicative 
of sulfoxide acylation were isolated. 

The key phosphite-mediated conversion@ of 5 to penem 
32 was explored next. Accordingly, treatment of 5 with 
2.2 equiv of (EtO)3P in EtOH-free CHC13 heated to a 
gentle reflux under a nitrogen atmosphere over an 18-h 
period provided desired penem 32= in ca. 60% yield.n A 
penem skeleton having the CP-70,429 (1) thiophane sul- 
foxide side chain was now intact, and the conversion of 32 
to 1 merely required removal of the alcohol and acid 
protecting groups. Removal of the tert-butyldimethylsilyl 
moiety was accomplished by TBAF% treatment of 32. 
Reaction stoichiometry (ca 103:l HOAc-TBAF-32) was 
crucial to the success of the deprotection as insufficient 
HOAc resulta in penem degradation. Alcohol 33 was ob- 
tained in 83% yield and was converted to 1 using the 
palladium(O)-mediated transesterification procedure re- 
ported by McCombie and Jeffrey.= Accordingly, alcohol 
33 was allowed to react with Ph3P/(Ph3P)4Pd/sodium 
hexanoate in CHzC12 to generate crude sodium salt 34. An 
aqueous solution of crude penem sodium salt 34 was sub- 
sequently treated with activated charcoal to remove re- 
sidual palladium impurities retained from the chloroallyl 
ester deprotection. This purified salt solution was treated 
with 6 N HCl to yield the crystalline free acid CP-70,429 
(1). No sulfoxide isomerization was observed in the 
preparation of 1. 

Chemistry employed in the conversion of thioacetate 
sulfoxide 15 to CP-70,429 (1) was utilized for the conver- 

(25) Dang, V. A.; Olofeon, R. A. J. Org. Chem. 1990 ,~ ,1861 .  
(26) PhifiDs. D.: ONeill, B. T. Tetrahedron Lett. 1990. 31, 3291. 
(27) In addition 5thiophnne sdfoxide-contaiuing penem 32,. minor 

amounte (<3W) of the corresponding S-ethyl penem were also produced. 
For a synthesis of this S-ethyl penem, aee: Leanza, W. J.; DiNinno, F.; 
Muthard, D. A.; Wilkening, R. R.; Wildonger, K. J.; Ratcliffe, R. W.; 
Christensen, B. G. Tetrahedron 1983,39,2505. 

(28) Just, G.; Liak, T.J. Can. J.  Chem. 1978,66,211. 
(29) Jeffrey, P. D.; McCombie, S. W. J.  Org. Chem. 1982, 47, 587. 

sion of diastereomeric thioacetate sulfoxide 19 to CP- 
81,054 (2) (via intermediates 35-37) (eq 5). 

R m  CH$CImCHa 
Rt m TBS (36) 
R i  H (ST) 

In summary, a practical synthesis of novel thiophane 
sulfoxide-containing penems 1 and 2 has been achieved. 
In the process, an asymmetric synthesis of cis-3- 
mercaptothiophane sulfoxides was developed. In addition, 
synthetic methodology was modified to accommodate the 
fragile architecture of these targeted penems. Both 
CP-70,429 (1) and diastereomer 2 display an impressive 
antibacterial profile. Because of its superior stability to 
renal dehydropeptidase, CP-70,429 (1) (sulopenem) was 
selected for clinical progression. A summary of ita bio- 
logical profile will be published in due come. 

Experimental Section 
General Methodr. Reagents, starting materials, and solvents 

were purchaeed f" common commercial supplim and were used 
as received or distilled from the appropriate drying agent. Re- 
actions requiring anhydrous conditions were performed under m 
atmcephere of nitrogen or argon. Reaction producta were p d e d ,  
when neceamry, by chmatagraphy on silica gel (63-200 pm) with 
the solvent system indicated. Melting pointa were determined 
on a Thomas Hoover capillary melting point apparatus and were 
uncorrected. Infrared spectra were recorded on a Perkin-Elmer 
283B spectrophotometer and are reported in cm-'. 'H spectra 
were recorded on a Varian VT-300 operating at 300.1 MHz, a 
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Bruker WM-250 operating at 250.1 MHz, or on a Bruker AM-600 
operating at  500.1 MHz and are reported in 6 units. 13C NMR 
data were measured on a Varian VT-300 operating at 75.47 MHz, 
on a Bruker WM-250 equipped with an Aspect 3000 computer 
operating at 629 MHz, or on a B d e r  AM-600 operating at 125.76 
MHz. Spectra were recorded in CDClS with CHCla (7.26 ppm 
for 'H) or CDCl, (77.0 ppm for '%) as an internal standard and 
in (CDa)&IO and DzO. Mass spectrometry experiments were 
performed on a Finnigan 4510 mass spechmeter or on a K r a b  
Concept IS (HFi LSIMS) mass spectrometer. The latter instru- 
ment was operated at an accelerating potential of 4 kV. Cesium 
ions were used as the primary ion beam, and the atom gun was 
operated at  15 kV. Elemental analyses were performed by the 
Analytical Chemistry Department, P f i r  Central Research. 

(S)-2-Bromoruecinic Acid (7). To a solution of lo00 g (9.72 
mol) of d u m  bromide in 21 L of 6 N sulfuric acid under nitrogen 
was added 323.1 g (2.43 mol) of baspartic acid, and the resulting 
solution was cooled to 5 OC. Sodium nitrite (201.4 g, 2.92 mol) 
was added in portions over a 1.5-h period while the temperature 
was kept below 10 "C. After the addition was completed, 1 L of 
distilled water was added, followed by 73.07 g (1.22 mol) of urea. 
The resulting mixture was poured into a separatory funnel and 
extracted with 2.5 L of ethyl ether. To the aqueous layer was 
added 500 g of d u m  chloride and the mixture extracted three 
times with ether (3 x 1.25 L). The combined ether layers were 
washed with brine and dried (N&LsO$ and the solvent evaporated 
in vacuo to yield 303 g (63%) of diacid 7:" mp 185 "C; [a]D = 
-73.5" (c = 6.0 in ethyl acetate); 'H NMR (DMSW, 250.1 M H z )  
6 2.83-2.91 (m, 1 H, CHH), 2.91-3.11 (m, 1 H, CHH), 4.48-4.54 
(m, 1 H, CH); '% NMR (DMSO-ds 62.90 MHz) 6 39.57,40.39, 
170.03, 170.09. 
(8)-2-Bromo-l,4-butanediol (8). Under a nitrogen atmo- 

sphere, 303.14 g (1.54 mol) of (S)-2-bromosuccinic acid (7) was 
diesolved in 3.2 L of anhydrous tetzahydrofuran and the mixture 
cooled to -20 "C. To this solution was added dropwiee over 90 
min a solution of 350.78 g (4.62 mol) of borane-methyl sulfide 
complex in 438 mL of tetzahydrofuran. The reaction mixture was 
allowed to warm slowly to 18 OC whereupon the reaction mixture 
began liberating hydrogen gas and became exothermic. The 
mixture was cooled using a dry ice/acetone bath, and a constant 
flow of nitrogen gas was passed over the mixture. After 15 min 
the cooling bath was removed, and the reaction was allowed to 
warm to ambient temperature and maintained under a sweep of 
nitmgen gas for 60 h. One L of methanol was then added slowly. 
The sweep of nitrogen gas continued for 30 min, and the solvents 
were then evaporated in vacuo. The residue was taken up in 1 
L of methanol, and solvent was evaporated under reduced 
pressure. This procedure was repeated two more times to yield 
282.41 g (100%) of diol 8* as an oil: 'H NMR (CDC&,250.1 MHz) 
6 2.06-2.16 (m, 2 H, CHd, 2.83 (be, 2 H, OH), 3.74-3.91 (m, 4 H, 
CH@), 4.26-4.34 (m, 1 H, CHBr); '% NMR (CDCla, 62.90 MHz)  
6 37.90,54.66,60.04,67.11. 
(R )-(2-Hydroxyethyl)odnrne (9) and (R)-[2-[(Methana 

sulfonyl)oxy]ethyl]orirane (10). A. Employing anhydrous 
conditions under a nitrogen atmosphere, 20 g (0.118 mol) of 
(S)J-bromo-l,4-butanediol (8) was diseolved in 400 mL of dry 
methylene chloride and 69.41 g (0.213 mol) of cesium carbonate 
was added. The mixture was stirred at room temperature for 40 
h and then filtered. The residue was washed with methylene 
chloride. The combined filtrate and waeh liquor were used directly 
in B below. When desired, the solvent could be removed under 
reduced preeaure to yield intermediate (R)-(2-hydroxyethyl)ox- 
irane (9)13 as an oil in virtually quantitative yield: 'H NMR 
(CDCl3,250.1 MHz) 6 1.58-1.66 (m, 1 H, CHH), 1.82-1.91 (m, 1 
H, O , 2 . 4 9 - 2 . 5 3  (m, 1 H, CHHO), 2.71-2.75 (m, 2 H, CHHO, 
OH), 2.99-3.05 (m, 1 H, CHO), 3.71 (t, 2 H, CH,OH). 

B. To a flame-dried flask under a nitrogen atmosphere was 
added the entire product solution from A (about 800 mL) con- 
taining 9, which was then cooled to -25 "C. Triethylamine (21.55 
g, 0.213 mol) was added followed by slow addition of 20.34 g (0.178 
mol) of methanesulfonyl chloride over 25 min while the reaction 
temperature was maintained at less than -20 OC. The resulting 
mixture was allowed to warm to r" temperature over 1.5 h and 
washed with pH 4 phosphate buffer (1 X 50 d), and the buffer 

were combined with the original organic layer and washed with 
was bdK-e* with CH2.Q (3 x 50 mL). The organic extracts 
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saturated NaCl(1 x 50 mL) and the brine back-extracted with 
CHzClz (3 X 50 mL). The organic extracte were combined with 
the original organic layer and were dried (MgS04) and concen- 
trated under reduced pressure to yield 19.62 g (>98%) of meaylate 

(CDCb, 250.1 MHz) 6 1.76-1.85 (m, 1 H, CHH), 2.02-2.11 (m, 1 
H, CHH), 2.50-2.52 (m, 1 H, CHHO), 2.77-2.80 (m, 1 H, CHHO), 

( ~ ) - 3 - H y d m s y t h i o ~ e  (11). Under a nitrogen atmosphere, 
19.62 g (0.118 mol) of (R)-[z[(methanesulfonyl)oxylethyl]o~e 
(10) was diesolved in 600 mL of acetonitxile and 100 mL of water. 
Sodium sulfide (18.67 g, 0.239 mol) was added, and the reaction 
mixture was stirred at mom temperature for 24 h. The two layere 
were separated, and the aqueous layer was extracted with 
methylene chloride (3 X 15 mL). The combined organic layers 
were washed with 1 N aodium hydroxide. The aqueous layer was 
extracted with CHzClz (3 X 150 mL), salted with NaCl, and 
extracted with an additional 2 X 100 mL of CHZClp All organic 
layers were combined, washed with 50 mL of 1 N NaOH and 50 
mL of saturated NaCl, dried (MgSO,), and concentrated in vacuo 
to yield 11.05 g of 11 (90% step yield, 90% overall yield from the 
(S)-2-bromo-l,4butanediol (8)): bp 45 "C (0.2 mm); [a]D = 
+13.93" (c = 1.4, CHCIJ. For the correaponding S-isomer, Brown 

250.1 MHz)  6 1.70-1.90 (m, 1 H, CHH), 2.W2.18 (m, 2 H, CHH, 
OH), 2.70-2.98 (m, 4 H, CH& CHa),  4.5M.52 (m, 1 H, CHO); 

(EI) cald for C4HaOS 104.0296, found 104.0297. 
(R)-~[(p-Toluenesulfonyl)oxy]thiolane (12). In a flame- 

dried fiask under a nitrogen atmosphere, 11.03 g (0.106 mol) of 
(R)-3-hydroxythiohe (11) was dissolved in 150 mL of dry 
methylene chloride and cooled to -5 OC. To this solution were 
added 25.88 g (0.212 mol) of 4-(dimethylamino)pyridine and 20.19 
g (0.106 mol) ofp-toluenesulfonyl chloride, and the mixture was 
stirred at room temperature for 60 h. The reaction mixture was 
then washed with 1 N hydrochloric acid (25 mL), the wash was 
extracted with methylene chloride (3 X 50 mL), and the combined 
organic layers were washed with brine, dried (MgS04), and 
evaporated under reduced pressure to provide 34.73 g of crude 
product. The crude product was passed through a silica gel pad 
(&in. diameter, 4-in. deep), eluting with 1:5 ethyl acetateheme 
and then ethyl acetate alone to yield 21.52 g (79%) of h y l a t e  

250.1 M H z )  6 1.84-1.97 (m, 1 H, CHH), 2.20-2.38 (m, 1 H, CHH), 
2.42 (8, 3 H, CHJ, 2.78-3.00 (m, 4 H, CH#, CHfi), 5.14-5.20 (m, 
1 H, CHO) 7.32 (d, J = 8.4 Hz, 2 H, ArCH), 7.76 (d, J = 8.4 Hz, 

36.58, 83.79, 127.74, 130.03, 133.97, 145.05. 
(R)-b[(p-Tolue~ulfonyl)ox]thio~e l(R)-Oxide (13). 

A solution of 46.30 g (0.179 mol) of (R)-3-[(toluenesulfonyl)- 
oxylthiolane (12) in 600 mL of acetone under a nitrogen atmo- 
sphere was cooled to 0 "C. In a separate flask, 61.73 g (0.100 mol) 
of potassium peroxymonosdfate (Oxone) was stirred in 500 mL 
of dietilled water. This aqueous solution was added to the acetone 
solution at  0 'C, and the mixture was allowed to warm to room 
temperature. After 25 min, 75 mL of a 10% (w/v) aqueous d u m  
sulfite solution was added. Acetone was removed under reduced 
preeaure, 300 mL of ethyl acetate was added, and the aqueous 
layer was separated. The aqueous layer was e.tracted again with 
ethyl acetate (3 x 100 mL). The combined extracts were dried 
(MgS04) and concentrated in vacuo to yield 48.57 g of crude 
product which was purified by silica gel chromatography using 
lala1 E~OACC&C~Z-C!H~OH as eluant to afford 34.67 g (71%) 

IR (KBr) v,, 1363,1192,1179,1026,928,874,659,554 an-'; 'H 
NMR (CDCla, 250.1 MHz) 6 2.41 (8, 3 H, CHd, 2.59-3.01 (m, 5 
H, CHz, CHaO, CHSO), 3.36-3.44 (m, 1 H, CHSO) 5.36-5.41 (m, 
1 H, CHO), 7.33 (d, J = 8.3 Hz, 2 H, ArCH), 7.72 (d, J = 8.3 Hz, 

61.80,81.90,127.75,130.30,133.31,145.65, HRMS (EI) d c d  for 

(S)&(Acetylthio)thiolnne l(R)-Oxide (1s). In a flame-dried 
flask under a nitrogen atmosphere, 31.67 g (0.1156 mol) of 
(R)-3-[(p-toluenesulfonyl)oxy]thiolane l(R)-oxide (13) was die- 
d v e d  in 300 d of acetone, and 19.81 g (0.1734 mol) of potassium 
thioacetate was added. This mixture was heated at reflux for 3.5 

as [ a ] ~  +34.7" (C 0.1 in CHZClz); 'H NMR 

2.98-3.04 (m, 1 H, CHO), 2.99 (8,3 H, CH3), 4.32 (t, 2 H, CHzO). 

et EL'' reported [.IDa = -14.5" (C 1, CHCU: 'H NMR (CDCla, 

'Bc NMR (CDCla, 62.90 MHz) 6 28.%,38.O9,39.66,74.48; HRMS 

12 88 811 0 2  [a]D = +16.76" (C 2.98, CHClJ; 'H NMR (CDCla, 

2 H, ArCH); 1sC NMR (CDCla, 62.90 MHz) b 21.70,28.10,36.58, 

Of sulfoxide 13 as a WaXy Solid: [U]D +4.26" (C = 3.0, CHCla); 

2 H, M H ) ;  'Bc NMR (CDCl3,62.90 MHz) 6 21.90,32.56,50.81, 

CIiH1404S 274.0334, found 274.0305. 
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conversion of 13 to 15 to give crude product which crystallized 
upon reaction workup. Thia material was purified by flash 
Chromatography on silica gel using 491 ethyl acetatemethanol 
as eluant to afford 19.6 g (84%) of thioacetate 19. A sample was 
recrystallized from bopropyl ether: mp 57-59 O C ;  [a]D = +85.73O 

CH3,2.44-2.68 (m, 2 H, CHd, 2.63.2.72 (m, 2 H, CHSO, CHSO), 
2.94-3.03 (m, 1 H, CHSO), 3.59-3.67 (m, 1 H, CHSO), 3.81-3.91 
(m, 1 H, CHS); 'sc NMR (CDCh, 6290 MHz) 6 30.40,31.84,40.76, 
53.11,60.46,195.10. Anal. Calcd for C&IlOO& C, 40.43, H, 5.66. 
Found: C, 40.69; H, 5.45. 

3(S)-[[Mercapto(thionyl)]thio]thiolane l(R)-Oxide 
Sodium Salt (21). In a flame-dried flask under a nitrogen at- 
mosphere, a solution of 3.56 g (20 "01) of 3(S)-(acetylthio). 
thiolane l(R)-oxide (15) in 8 mL of ethanol was cooled to -5 OC. 
2 M Sodium ethoxide (9.75 mL, 19.5 mmol) was added, and the 
mixture was stirred at  -5 "C for 30 min and at  0 OC for an 
additional 30 min. TLC (965 EtOAeMeOH) showed a trace of 
15. The d o n  mixture was cooled to -30 "C, 6.0 mL (100 "01) 
of carbon disulfide was added, and stirring was continued at -20 
OC for 30 min. To this solution was added 100 mL of anhydrous 
tetrahydrofuran. The resulting mixture was stirred at -20 OC for 
30 min and then added dropwise to 800 mL of diethyl ether to 
afford a bright yellow precipitate. The mixture was fitered, 
waahed with diethyl ether, and dried under a nitrogen atmcsphere 
to give 5.0 g of crude product. This material was placed in 30 
mL of tetrahydrofuran, stirred overnight, filtered, and dried under 
a nitrogen atmosphere to afford 5.38 g (90%) of 21, solvated with 
1.0 molar equiv of tetrahydrofuran: mp 169-171 OC dec; [a]D = 
- 5 6 O  (c = 0.01, MeOH); 'H NMFt (DzO, 300.1 MHz) 6 1.85-1.95 
(m, 4 H, CHzCHd, 2.39-2.55 (m, 1 H, CHH), 2.79-3.27 (m, 4 H, 
CHH, CHdO, CHSO), 3.71-3.80 (m, 4 H, WH2, WH3,4.04 (dd, 
J =  9.1,15.1 Hz, 1 H, CHSO), 4.44-4.55 (m, 1 H, CHS); '9c NMR 
(D&, 75.47 MHz)  6 28.04,33.40,54.83,55.00,61.54,70.84,247.29. 
This material lost tetzahydrofurau on standing and was somewhat 
hygroecopic and as a result was not fully characterized but was 
used directly in the next step. 

(35,4R )-34 ( lR)- l - [  (Dimethyl-tert -butylsilyl)oxy]- 
ethyl]-4-[[[( 1(R )-0x0-3(8 )-thiolanyl)thio]thiocerbonyl]- 
thio1-2-azetidinone (22) and (35,45)-3-[ (lR)-l-[ (dimethyl- 
tert-butylsilyl)osy]ethy1]-4-[[[( l(R)-oxo-3(S)-thiolanyl)- 
thio]thiocarbonyl]tthio]-2-azetidinone (23). To &I isopropyl 
alcohol (20 mL) solution containing (3R,4R)-4-acetoxy-3-[1(R)- 
[ (dimethyl-tert-butylsilyl)o~]ethyl-2-amti~one (4a) (1.87 g, 6.5 
"01) and carbon disulfide (0.15 mL, 2.5 "01) at 3 OC under 
a nitrogen atmosphere was added portionwise sodium trithio- 
carbonate 21 (1.54 g, 5.0 mmol) while the reaction temperature 
was maintained at  3 OC. After 0.5 h at  3 OC, the reaction was 
quenched in 40 mL of a saturated ammonium chloride solution 
and 60 mL of ethyl acetate. The organic layer was separated, and 
the aqueous layer was extracted with an additional 2 X 25 mL 
of ethyl acetate. The combined ethyl acetate layers were washed 
with 2 X 20 mL of HzO and 2 X 20 mL of 20% CaClz and were 
dried over MgS04, filtered, and concentrated in vacuo to yield 
crude product. This material was dissolved in 5 mL of acetone, 
and 70 mL of isopropyl ether was added dropwise, inducing 
product crystallization. This suspension was stirred for 1 h, and 
then 120 mL of petroleum ether was added rapidly with stirring. 
The reaulting solids were collected by fitration and air-dried to 
give 1.27 g (58%) fo 22. The mother liquors were chromato- 
graphed on silica gel using 9 1  ethyl acetatemethanol as eluant 
to yield 470 mg of 22 and 23 as a foam, from which an additional 
343 mg of 22 and 23 (3:12223) could be crystallized as described 
above. Using a Zorbax Sil column (21.2 mm X 25 cm, 7 pm) this 
mixture was fractionated using hexane-EtOAc-MeOH 
(M47.62.5) at 20 mL/min to give 22 and 23. Recrystallization 
of 22 from 4 mL of acetone by the same procedure gave an 
analytical sample of amtidinone trithiocarbonate 2 2  mp 75-76 

1076,1021,957,826,810 cm-'; 'H NMR (CDCl,, 500.1 MHz) 6 
0.06 (8, 6 H, SiMez), 0.87 (8, 9 H, tBuSi), 1.30, (d, J = 6.3 Ha, 3 
H, CH3CH), 2.71-2.89 (m, 4 H, CHz, CHSO, CHSO), 3.15-3.24 
(m, 2 H, CHSO, CHCO), 3.72-3.81 (m, 1 H, CHSO), 4.27-4.31 
(m, 1 H, CHO), 4.55-4.65 (m, 1 H, CHS), 5.65 (d, J = 2.5 Ha, 1 

(C 1 in CHC1,); 'H NMR (CDCla, 250.1 MHz) 6 2.25 (8, 3 H, 

"C; [a]D = +126 (C = 0.01, CHCU; IR ( m r )  V- 2951, "25,1764, 

H, CHN), 6.75 (b~, 1 H, NH); 13C NMR (CDCls, 125.76 MHz) 6 
-5.15, -4.30,17.86,22.38,25.64,30.96,47.76,52.63,57.28,69.18, 

h and then allowed to stir at  room temperature overnight. The 
crude reaction mixture was fiitered, the residue was washed with 
500 mL of acetone, and the filtrate and washings were evaporated 
in vacuo to yield 23.96 g of crude product as an oil. The oil was 
purified by silica gel flaeh chromatography using a 191 ethyl 
acetatemethanol solvent mixture as eluant to yield 16.46 g (80%) 
of thioacetate 15 as an oil which crystallized on standing: mp 

1116,1025,627 cm-'; 'H NMR (CDCls, 250.1 MHz)  6 2.34 (8, 3 
H, CH3), 2.50-2.59 (m, 2 H, CHd, 2.63-2.79 (m, 2 H, CHSO, 
CHSO) 3.02-3.12 (m, 1 H, CHSO), 3.66-3.76 (m, 1 H, CHSO), 
3.86-4.00 (m, 1 H, CHS); '% NMR (CDCl,, 62.90 MHz)  6 30.37, 
31.84,40.73,53.09,60.44,194.97. Anal. Calcd for C&loO&: C, 
40.43; H, 5.65. Found C, 40.15; H, 5.53%. 
(S)-2-Bromo-1,4bis[(methanesulfonyl)oxy]butane (16). 

A solution of 70 g (0.414 mol) of (S)-2-bromo-1,4-butanediol(8) 
in 1.5 L of methylene chloride was cooled to 0 "C, and 173 mL 
(1.24 mol) of triethylamine (dried over potassium hydroxide) was 
added. To this solution was added dropwise, over 80 min, 96 mL 
(1.24 mol) of methanesulfonyl chloride while the temperature was 
maintained between 5 and 15 OC. The mixture was then stirred 
at room temperature for 2.5 h, washed with 2 X 750 mL of water 
and 1 X 750 mL of brine, and dried (MgS04) and the solvent 
evaporated to give an amber oil which was purified by chroma- 
tography on a 140-mm X 25-cm silica gel column, eluting with 
9 1  chloroform+hyl acetate. The product fractions were com- 
bined and mlvent evaporated to give 106 g (97%) of dimmylate 

NMR (CDCls, 500 MHz) 6 2.11-2.18 (m, 1 H, CHH), 2.41-2.48 
(m, 1 H, o , 3 . 0 5  (s,3 H, CH,), 3.09 (s,3 H, CHs), 4.28-4.50 
(m, 5 H, CHBr, CHzO, CHzO); lac NMR (CDCl,, 125.8 MHz) 6 
34.09, 37.36, 37.77, 45.16, 66.84, 71.41. 

(S)-3-Bromothiolane (17). To a solution of 97.1 g (0.37 mol) 
(S)-P-bromo-l,4-bis[ (methanesulfonyl)oxy]butane (16) in 1400 
mL of methanol was added over a 1-h period a solution of 98.23 
g (0.41 mol) of sodium sulfide nonahydrate in 500 mL of water 
at  20-26 OC. The mixture was stirred at  room temperature for 
80 h. The reaction mixture was diluted with 6 L of methylene 
chloride, and the organic layer was separated and was subsequedy 
washed with 2 X 1 L of HzO and 1 X 1500 mL of brine and was 
dried (NadO1). The solvent was evaporated in vacuo to provide 
ca. 39.0 g of crude product as a pale yellow oil. The crude oil was 
distilled in vacuo to yield 26.0 g (38% overall) of bromide 17 (bp 
32 OC (0.4 mm)). Alternatively, the crude product (3.0 g) was 
purified by flash chromatography on silica gel, using 9 1  hex- 
ane-ethyl acetate as eluant, to afford 2.03 g (39% overall) of 
bromide 1I; [a]D = -104.57O (c = 0.53 in CHCU; 'H NMR (Cml,, 
250.1 MHz)  6 2.24-2.34 (m, 2 H, CHd, 2.81-2.89 (m, 1 H, CHS), 
2.97-3.08 (m, 2 H, CHS, CHS), 3.23-3.31 (m, 1 H, CHS), 4.44-4.51 
(m, 1 H, CHBr); 13C NMR (CDC13, 62.90 MHz) 6 29.03, 40.62, 
40.67, 50.43; HRMS (EI) calcd for C4H7BrS 165.9452, found 
165.9477. 

(S)-3-Bromothiolane l(S)-Oxide (18). To a solution of 29.3 
g (0.175 mol) of (S)-3-bromothiolane (17) in 290 mL of acetone 
cooled to 0 OC was added a solution of 64.68 g (0.105 mol) of 
potassium peroxymonoaulfate (Oxone) in 290 mL of water at 0-5 
OC over 1 h, and the resulting mixture was stirred at  0-5 OC for 
15 min. A 10% (w/v) solution of sodium bisulfite (50 mL) was 
added, and the mixture was concentrated under reduced pressure 
to half ita original volume and was extracted with methylene 
chloride (3 X 500 mL). The organic phase was washed with brine, 
dried (MgS04) and concentrated in vacuo to give crude product 
which was crystallized from ether-isopropyl ether to yield 14.0 
(44%) of 18 a white solid, mp 68-70 OC. The mother liquor was 
concentrated in vacuo to yield 14.6 g of a white solid which was 
chromatographed on silica gel using 491 ethyl acetatemethanol 
as eluant to yield an additional 7.3 g (23%) of sulfoxide 18 
(combined yield of 67%): mp 68-70 OC; [a]D = -99.94' (c = 5, 
CHCld; 'H NMFt (CDCIS, 250.1 MHz) 6 2.40-2.49 (m, 1 H, CH), 
2.85-3.03 (m, 2 H, CH, CHSO), 3.20-3.45 (m, 3 H, C H W ,  CHSO), 
4.83-4.90 (m, 1 H, CHBr); '9c NMR (CDC13, 62.90 MHz)  6 36.85, 
45.33,52.68,61.74. AnaL Calcd for C4H7BrOS C, 26.24, H, 3.85; 
S, 17.51. Found C, 26.47, H, 3.89, S, 17.71. 
(R)-3-(Acetylthio)thiolane l(S)-Oxide (19). (S)-3- 

Bromothiolane 1Q-oxide (18) (24.0 g, 0.131 mol) was treated with 
potassium thioacetate (22.5 g, 0.197 mol) as described in the 

51-52 OC; [ a ] ~  -83.41' (C 0.86, CHCl& IR ( m r )  V,, 1689, 

16" as a Waxy White Solid [ a ] ~  = +34.4g0 (C 3 5, CHCl,); 'H 
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63.72,64.40,166.15,222.72. Anal. Calcd for Cl&I&03S4Si: C, 
43.70; H, 6.65, N, 3.19. Found C, 43.48; H, 6.86; N, 3.08. Tri- 
thiocarbonate 2 3  mp 11s120.5 OC; [a]D = -296.3O (c = 0.01, 
CHCI,); 'H NMR (CDCl,, 300.1 MHz) 6 0.08 (s,3 H, SiMe), 0.09 
(8, 3 H, SiMe), 0.89 (8,  9 H, tBuSi), 1.26 (d, J = 6.5 Hz, 3 H, 
CH,CH), 2.65-2.76 (m, 3 H, CHz, CHSO), 2.81-2.88 (m, 1 H, 
CHSO), 3.12-3.17 (m, 1 H, CHSO), 3.62-3.65 (m, 1 H, CHCO), 
3.78(dd,J = 8.8,14.7 Hz,lH,CHSO),4.32-4.40 (m, lH,CHO), 
4.W4.55 (m, 1 H, CHS), 5.88 (d, J = 5.2 Hz, 1 H, CHNS), 6.63 
(be, 1 H, NH); 'SC NMR (CDC13, 75.47 MHz)  6 -4.94, -4.08,18.00, 
22.00,25.83,30.74,47.71,52.71,59.69,59.78,63.32,64.80, 166.40, 
225.19; HRMS (FAB) M + H calcd for Cl&Id03S4Si 440.0877, 
found 440.0877. 

(3S,4R )-34 (1R )-l-[ (Dimethyl-tert -butylsilyl)oxy]- 
ethyl]-4-[ [ [ (1(R )-oxo-3( S )-thiolanyl)thio]thiocarbonyl]- 
thiol-2-azetidinone (22). A Suspension of trithiocarbonate 21 
as a THF solvate (306 mg, 1 mmol) in acetone at 0 OC under a 
nitrogen atmosphere was stirred rapidly while chloroazetidinone 
4bn (264 mg, 1 "01) was added in one portion. The mixture 
was stirred for 30 min and quenched in k1 EXOAc-pH 7 phosphate 
buffer (100 mL). The organic layer was separated and washed 
with pH 7 phosphate buffer (1 X 50 mL) and brine (1 X 50 mL) 
and dried over sodium sulfate. The ethyl acetate was removed 
under reduced pressure, giving 423 mg (96%) of a yellow solid 
containing trithiocarbonates 22 and 23. Thie product [(22 (97.5%) 
and 23 (2.5%))] was dissolved in 3 mL of acetone. Isopropyl ether 
(50 mL) was added dropwise followed by petroleum ether (50 mL). 
The resultant suspension was stirred overnight and filtered to 
afford 372 mg (85%) of 22. An additional 26 mg (6%) of 22 was 
obtained from the fiitrate by repeating this isolation procedure. 

Treatment of 22 with Sodium Acetate. Production of 
(35,4R)-3-[ (lR)-l-[Dimethyl- tert -butylsilyl)ory]ethy1]-4- 
[(1(R)-oxo-3(S)-thiolanyl)thio]-2-azetidinone (241, 4,4'- 
Thiobis[ (3S,4R)-3-[ (lR)-l-[ (dimethyl-tert-butylsilyl)ory]- 
ethylI-2-azetidinonel (25), (3S,4R )-3-[ ( 1R)- 1-[ (Dimethyl- 
t e ~ - b u t y l s i l y l ) o r y ~ t e t h y l ] - 4 - ( i ~ p ~ ~ ~ ) - 2 - a ~ ~ ~ o n e  (261, 
and 3(S)-[ [ [ (1 (R)-Oxo-3(S)-thiolanyl)thio]thiocarbonyl]- 
thiolthiolane l(R)-Oxide (n). To an isopropyl alcohol solution 
(10 mL) containing trithiocarbonate 22 (439 mg, 1 mmol) was 
added sodium acetate (75 mg, 0.95 mmol). The reaction was 
allowed to stir for 14 h and was concentrated under reduced 
pressure. The crude reaction mixture was separated by silica gel 
chromatography using 1:l EtOAc-hexane as eluant to afford 52 
mg of a mixture of bisezetidinone 25 and mtidinone 2620 followed 
by 9 1  EtOAc-MeOH to afford 211 mg of azetidinone 24 and 74 
mg of symmetrical trithiocarbonate 27. Bisazetidinone 25 and 
azetidinone 26 were separated on silica gel using 6 1  hexane- 
EtOAc. Bisazetidinone 26 crystallized as needles from hexane. 
Azetidinone 2 4  mp 123-124.5 "c; [(Y]D = +I56 (c = 0.01, CHCl,); 
'H NMR (CDCl,, 300.1 MHz) 6 0.05 (e, 3 H, SiMe), 0.06 (s,3 H, 
SiMe), 0.86 (8, 9 H, tBuSi), 1.21 (d, J = 6.3 Hz, 3 H, CH3CH), 
2.56-2.81 (m, 4 H, CH2, CHSO, CHSO), 3.06-3.11 (m, 2 H, CHSO, 
CHCO), 3.34-3.40 (m, 1 H, CHS), 3.65-3.72 (m, 1 H, CHSO), 
4.20-4.24 (m, 1 H, CHO), 4.88 (d, J = 2.1 Hz, 1 H, CHN), 6.96 
(be, 1 H, NH); '% NMR (CDCl,, 75.47 MHz)  6 -4.99, -429,1736, 
22.36,25.74,33.77,41.84,52.87,53.54,60.72,64.77,66.62,167.01; 
HRMS (FAB) M + H calcd for C16H&J03S2Si 364.1429, found 
364.1426. Bisazetidinone 25; mp 129.5-131 "C; [a]D = +80.4 (c 
= 0.01, CHClJ; 'H NMR (CDCl,, 300.1 MHz) S 0.05 (8, 6 H, SiMe), 
0.06 (e, 6 H, SiMe), 0.86 (e, 18 H, tBuSi), 3.18 (dd, J = 2.1,4.9 
Hz, 2 H, CHCO), 4.18-4.26 (m, 2 H, CHO), 4.86 (d, J = 2.1 Hz, 

6 -4.75, -4.37,18.00,22.41,25.80,52.91,65.39,66.79,166.96, HRW 
(FAB) M + H calcd for Ca)4aN204SSi2 489.2639, found 489.2639. 
Azetidinone 2620 'H NMR (CDCl3,300.1 MHz) S 0.04 (e, 3 H, 
SiMe), 0.05 (8, 3 H, SiMe), 0.84 (8, 9 H, tBuSi), 1.16-1.20 (m, 6 

CHCO), 3.75 (m, J = 6.3 Hz, 1 H, OCH(CH3)z), 4.12-4.16 (m, 1 
H, CHO), 5.10 (d, J = 2.0 Hz, CHN), 6.19 (bs, 1 H, NH). Tri- 
thiocarbonate 27; mp 184-187 OC [a]D = -123.5 (c = 0.01,982 
MeOH-CHCld; 'H NMR (CDCl,, 300.1 MHz) 6 2.65-2.86 (m, 8 
H, CH2, CHSO, CHSO), 3.07-3.20 (m, 2 H, CHSO), 3.79 (dd, J 
= 8.8,14.7 Hz, 2 H,CHSO),4.47-4.57 (m, 2 H,CHS);13C NMR 

(FAB) M + H calcd for CgH160$36 314.9668, found 314.9665. 
2-Chloroallyl Oxalochloride [[ (2-Chloroallyl)oxy]oxalyl 

2 H, CHN), 6.79 (be, 2 H, NH); 13C NMR (CDC13,75.47 MHz) 

H, CH(CH,)a, 1.22 (d, J = 6.3 Hz, 3 H, CH&H), 2.98 (dd, 1 H, 

(CDCI3,75.47 MHz) 6 30.86,47.81,52.73,59.60,222.14; HRMS 
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Chloride] (28). Oxalyl chloride (130 mL, 1.49 mol) wae placed 
in a dry three-neck flask under Nz and cooled to 0 "C. With 
stirring, zchloroallyl alcohol (138 g, 1.49 mol) was added dropwiae 
in a manner which maintained the temperature at 0-2 OC and 
controlled the vigorous evolution of HCl. The reaction mixture 
was allowed to warm to room temperature and after 16 h at 
ambient temperature was distilled to yield 214 g (78%) of ox- 
alochloride 28= (bp 82-84 OC (23 mm)): 'H NMR (CDCl,, 300.1 
MHz)  6 4.88 (s,2 H, W H a ,  5.53 (m, 1 H, CHI, 5.59 (m, 1 H, CHI; 
13C NMFt (CDCl,, 75.47 MHz) 6 69.42, 117.49, 133.42, 154.83, 
160.35. 
(3aS)-cis-Tetrahydrothieno[2,3-d]- 1,3-dithiole-2-thione 

(29) and (3S,4R)-3-[( lR)-l-[ (Dimethyl-tert-butylsily1)- 
oxylethyl]-4-[[ (3( S)-thiolanylthio)thiocarbonyl]thio]-2-az- 
etidinone (30). To a dichloromethane solution (15 mL) containing 
azetidinone trithiocarbonate 22 (220 mg, 0.50 mmol) cooled to 
-5 OC under a nitrogen atmosphere was added NJV-diiso- 
propylethylamine (0.096 mL, 0.55 "01) followed by 2-chloroallyl 
oxalochloride (28) (0.074 mL, 0.55 "01). The reaction mixture 
was allowed to stir at -5 OC for 45 min, was then washed with 
pH 7 phosphate buffer (1 X 20 mL) and brine (1 X 20 mL), and 
was then dried over MgSO,. The organic solution was filtered 
and concentrated in vacuo to yield a mixture of producta which 
were chromatographed on silica gel using 5050 EtOAc-hexane 
to afford crude bicyclic trithiocarbonate 29 [39 mg (#%)I, and 
azetidinone trithiocarbonate 30 132 mg, (15%)] along with other 
minor side producta. Bicyclic trithiocarbonate 29 was further 
purified on silica gel using toluene as eluant to yield a solid; mp 

300.1 MHz) 6 2.52-2.73 (m, 2 H, CH2), 3.09-3.17 (m, 1 H, CHHS), 
3.43-3.51 (m, 1 H, CKHS), 4.73-4.80 (dd, J = 5.9, 7.3 Hz, 1 H, 

MHz) 6 33.17, 35.80,65.69,68.17,224.79; HRMS (EI) calcd for 
C&S4 193.9351, found 193.9349. Azetidonone trithiocarbonate 

(CDCls, 300.1 MHz) 6 0.06 (e, 3 H, SiMe), 0.07 (e, 3 H, SiMe), 
0.87 (s,9 H, tBuSi), 1.20 (d, J = 6.3 Hz, 3 H, CH,CHO), 2.09-2.21 
(m, 1 H, CHH), 2.42-2.52 (m, 1 H, CHIT), 2.83-2.90 (dd, J = 6.4, 
11.3 Hz 1 H, CHS), 2.94-2.99 (m 1 H, CHS), 3.20-3.22 (m, 1 H, 
CHCO), 3.32-3.38 (dd, J = 6.1,11.3 Hz, 1 H, CHS), 4.27-4.32 (m, 
1 H, CHOh4.53-4.62 (m, 1 H, CHS), 5.65 ( d , J  = 2.5 Hz, 1 H, 
NCW), 6.57 (bs, 1 H, NH); '9c NMR (CDC13, 75.47 M H Z ) ,  6 -5.14, 

64.44,165.91,223.04; HRMS (FAB) M + H calcd for C l 6 H d -  
O&Si 424.0924, found 424.0923. And Calcd for Cl&I&O&Si: 
C, 45.35; H, 6.90; N, 3.31. Found: C, 45.36; H, 6.74; N, 3.02. 

2-Chloroallyl Oxalofluoride [[ (2-Chloroallyl)ory])o.alyl 
Fluoride] (31). Cesium fluoride (167 g, 1.1 mol) was placed in 
a 1-L singleneck flask and gently heated under high vacuum with 
a flame until the solid became free flowing. The flask was allowed 
to cool to room temperature, the vacuum was broken with ni- 
trogen, and anhydrous acetonitrile (183 mL) was added. This 
mixture was cooled to -20 OC, and 2-chloroallyl odochloride (28) 
(183 g, 1.0 mol) was added dropwise over a 30-min period under 
a nitrogen atmosphere. The mixture was allowed to slowly warm 
to room temperature and was stirred at ambient temperature for 
16 h. Byproduct cesium chloride was removed by fiitration and 
was washed with acetonitrile. The fiitrate and wash were com- 
bined and concentrated in vacuo and the residue distilled at 
reduced preasure to yield 129 g (77%) of oxalofluoride 31 (bp 62-64 

5.55-5.63 (m, 2 H, ==CH2); '% NMR (CDCl,, 125.76 MHz) 6 69.10, 
117.43, 133.23, 145.88 (J = 374.5 Hz), 152.64 (J = 88.0 Hz); IR 
(CHCl,) 1770, 1870 cm-'; HRMS (EI) calcd for C3H4CIF03 
165.9833, found 165.9843. 

(35,4R )-N-[ [ (2-Chloroallyl)oxy]oxalyl]-3-[ 1(R)-[ (di- 
methyl- tert -butyleilyl)oxy]ethy1]-4-[ [ [ (1 ( R  )-0x0-3( S )- 
thiolany1)t hiolthiocarbony l]t hi01 -2-azetidinone (5). In a 
flame-dried, three-neck flask equipped with a dropping funnel 
and low-temperature thermometer under a nitrogen atmosphere 
containing a solution of trithiocarbonate 22 (2.63 g, 6.0 mmol) 
in 30 mL of dry methylene chloride (passed through neutral 
alumina) cooled to -55 OC was added Nfl-diisopropylethylamine 
(1.26 mL, 7.2 mmol) followed by 2-chloroallyl oxalofluoride (31) 
(0.93 mL, 7.2 "01). Addition occurred as fast as possible while 
the internal reaction temperature was maintained between -50 

88.5% "C; [ a ] ~  -211.6 (C = 0.005, CHC1,); 'H NMR (CDClS, 

CHS), 5.89 (d, J = 5.9 Hz, 1 H, CHSS); 13C NMFt (CDC13,75.47 

30 mp 101-103 OC; [ a ] ~  = +104.3 (C = 0.005, CHCl,); 'H NMR 

-4.29, 17.91, 22.42,25.67, 29.60, 35.60, 35.85, 53.38, 57.05, 63.66, 

OC (22 mm)): 'H NMR (CDClS, 500.1 MHz) S 4.92 (8,2 H, OCHJ, 
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a n d 4  OC. The reaction was stirred for 15 minandwss quenched 
with 45 mL of H20 and was allowed to warm to 0 OC at which 
time additional CH2Clz (60 mL) was added. The organic layer 
was separated, washed with H20 (1 X 45 mL), pH 7 phosphate 
buffer (1 X 60 mL), and saturated brine (1 x 50 mL), and dried 
over MgSO,. The organic extract was filtered and concentrated 
in vacuo to yield 3.45 g (98%) of 5, as a yellow foam, which was 
used directly in the next step: 'H NMR (CDC13, 500.1 MHz) 6 
0.01 (s,3 H, SiMe), 0.07 (8, 3 H, SiMe), 0.84 (a, 9 H, mu), 1.21 
(d, J = 6.2 Hz, 3 H, CHJ, 2.65-289 (m, 4 H, CHz, CHSO, CHSO), 
3.11-3.16 (m, 1 H, CHSO), 3.58 (dd, J = 2.0,3.0 Hz, 1 H, CHCO), 
3.75 (d, J = 8.9, 14.9 Hz, 1 H, CHSO), 4.35 (m, 1 H, CHO), 
4.58-4.63 (m, 1 H, CHS), 4.81 (8, 2 H, CHb, 5.44 (d, J = 1.3 Hz, 
1 H, =CH2), 5.53 (m, 1 H, =CHz), 6.67 (d, J = 3.0 Hz, 1 H, 
NCHS); '9c NMR (CDCl,, 125.76 MHz) 6 -5.34, -4.30,17.71,21.92, 
25.52,30.89,47.69,52.64,58.84,59.22,644.37,65.76,67.82,116.61, 
133.74,153.69,158.40,163.13,217.44; HRMS (FAB) M + H d c d  
for C21H93ClNO~4Si 586.0669, found 586-0666. 

2-Chloroallyl (SR ,6S)-6-[ 1 (R )-[ (Dimethyl-tert -butyl- 
rilyl)oxylethyl]-2-[ (l(R)sxo-3(S)-thiolanyl)thio]-2-penem- 
)-carboxylate (32). Under a nitrogen atmosphere, a solution 
of oxalimide 5 (3.45 g, 5.9 "01) in 240 mL of ethanol-free 
chloroform wss heated to a gentle reflux, and a solution of triethyl 
phosphite (2.46 mL, 14.4 "01) in 10 mL of ethanol-free chlo- 
roform was added dropwise via syringe pump over a 24-h period. 
The reaction was heated at a gentle reflux for an additional 10 
h and was then cooled to room temperature and concentrated in 
vacuo. The residue was dissolved in 5 mL of ethyl acetate and 
allowed to stir. Isopropyl ether (200 mL) was added dropwise 
to this solution as crystallization began. Finally, petroleum ether 
(75 mL) was added, the mixture was filtered, and the solids were 
air dried to afford 1.76 g (56%) of penem 3 2  mp 140-141 OC; 

1330 cm-'; lH NMR (CDC13, 250.1 MHz) S 0.07 (8, 6 H, SiMez), 
0.87 (8, 9 H, tBuSi), 1.24 (d, J = 6.3 Hz, 3 H, CH3), 2.63-2.85 (m, 
4 H, CH2, CHSO, CHSO), 3.10-3.14 (m, 1 H, CHSO), 3.61-3.68 
(m, 1 H, CHS), 3.71 (ad, J = 1.5,4.6 Hz, 1 H, CHCO), 3.94 (dd, 
J = 8.4,14.3 Hz, 1 H, CHSO), 4.22-4.27 (m, 1 H, CHO), 4.65 (d, 

5.38 (m, 1 H, =CHJ, 5.64 (m, 1 H, =CHz), 5.68 (d, J = 1.5 Hz, 
1 H, NCHS); NMR (CDC13, 62.90 MHz)  6 -5.10, -4.29,17.96, 
22.53,25.71,33.29,46.82,52.77,61.35,64.15,65.05,65.82,71.98, 
114.44, 114.44, 117.90,134.84, 158.72, 172.05. Anal. Calcdfor 

H, 5.86; N, 2.57. 
2-Chloroallyl (SR,6S)-6-( l(R)-Hydroxyethy1)-2-[ (1 (R )- 

oxo-3(S)-thiolanyl)thio]-2-penem-3-carboxylate (33). Under 
a nitrogen atmoephere penem 32 (213 g, 3.96 "01) wss dissolved 
in 2.4 mL (42.4 "01) of glacial acetic acid. To this stirred 
reaction wss added 2 mL of THF followed by 10.1 mL (10.1 mmol) 
of 1 M tetrabutylammonium fluoride in tetrahydrofuran. The 
resulting solution was stirred for 16 h at room temperature and 
wm then diluted with 85 mL of ethyl acetate and 30 mL of water. 
The pH of the aqueoua solution wss adjusted to 6.4 with potassium 
acetate, the layers were separated, and the organic layer was 
washed with 3 X 25 mL of water. The aqueous layers were 
combined and back-washed with 3 X 25 mL CH2C12. The com- 
bined organic layers (ethyl acetate and CHzC12) were dried over 
N a m 4 ,  filtered, and concentrated in vacuo to yield 1.39 g (83%) 
of alcohol 33 as a white crystalline solid mp 177-178 "C; ["ID 
= +45.28O (c = 0.25 in DMSO); IR (KBr) v, 1780,1673,1484, 
1320,1119,1014 cm-'; 'H NMR (DMSO-de, 250.1 MHz) 6 1.17 
(d, J = 6.3 Hz, 3 H, Me), 2.41-3.03 (m, 5 H, CH2, CH&O, CHSO), 
3.71 (dd, J = 9.0,14.4 Hz, 1 H, CHSO), 3.86 (dd, J = 1.4,5.9 Hz, 
1 H, CHCO), 3.92-4.04 (m, 2 H, CHO, CHS), 4.70 (d, J = 14.2 

J = 4.7 Hz, 1 H, OH), 5.48 (m, 1 H, =CHz), 5.72 (d, J = 1.4 Hz, 

[a]D +36.78 (C 0.5, CHCl,); IR ( m r )  Y, 1768,1679, 1493, 

J 14.2 Hz, 1 H, COZCH), 4.84 (d, J = 14.2 Hz, 1 H, COzCH), 

C21H&lNO&Si: C, 46.89, H, 5.99; N, 2.60. Found C, 46.75, 

Hz, 1 H, CO&H2), 4.84 (d, J = 14.2 Hz, 1 H, C02CH2), 5.24 (d, 

1 H, NCHS), 5.79 (d, J = 1.3 Hz, 1 H, =CH& "C NMR 
(DMSO-de, 62.90 MHz) b 21.40,33.37,46.38,52.10,60.29,63.74, 
64.74,65.05,71.32,115.11,115.42,134.90,155.62,158.24,173.58. 
Anal. Calcd for C&&lNO&: C, 42.50; H, 4.28; N, 3.30; S, 22.69. 
Found C, 42.81; H, 4.09, N, 3.18; S, 22.80. 

Sodium (SR ,6S)-6-( 1 (R)-Hydroxyethyl)-2[ ( 1 (R )-OXO& 
(S)-thio~l)thio]-zpenem-3carboxylate (34). A flame-dried 
h k  wrapped in aluminum foil under a nitrogen atmosphere was 
charged with chloroallyl ester 33 (3.60 g, 8.5 mmol) in 115 mL 
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of degassed CHZCl2, followed by triphenylphoephine (0.72 g, 2.75 
mmol), sodium 2-ethylhexanoate (6.72 mL of 1.39 M in ethyl 
acetate, 9.34 mmol), and tetrakia(triphenylphoephine)palladium(O) 
(0.72 g, 0.62 "01). The reaction waa stirred at room temperature 
for 50 min. An additional 72 mg each of tziphemylphcmphine and 
tetrakis(triphenylphosp~e)palladium(O) were added, and the 
reaction was stirred at mom temperature for an additional 20 min. 
Ethyl acetate (150 mL) was added to the reaction mixture over 
a 15-min period. The reaction mixture was filtered, and the solida 
were air dried to yield 4.07 g of crude sodium salt 34. This solid 
was taken up in 70 mL of water, treated with activated carbon, 
and filtered and the fltrate freeze-dried to yield 2.63 g of sodium 
ealt 34. 
(SR ,6S ) - 6 4  1-(R )-l-Hydroxyethyl)-2-[ (1 (R )-oxo-)( 8)- 

thiolanyl)thio]-2-penem-3-carbo~~c Acid (1). Sodium salt 
34 (2.63 g) was dissolved in 8 mL of distilled H20. The solution 
was m l e d  to 0-5 OC. The pH was adjusted to 2.45 with 1 N HCl 
inducing crystallization of the free acid. This suspension was 
stirred at 0-5 "C for 45 min and filtered. The resultant crystals 
were washed with a small amount of HzO and air dried to yield 
2.16 g (73%) of CP-70,429 (1) as a white crystalline solid: mp 

MHz)  6 1.16 (d, J = 6.3 Hz, 3 H, CHJ, 2.35-2.43 (m, 1 H, CHH), 
2.62-2.74 (m, 2 H, CHH, CHSO), 2.81-2.88 (m, 1 H, CHSO), 
2.98-3.02 (m, 1 H,CHSO),3.74-3.77 (m, 1 H,CHSO), 3.79-3.81 
(m, 1 H, CHCO), 3.85-3.91 (m, 1 H, CHS), 3.97-3.99 (m, 1 H, 
CHO), 5.21 (be, 1 H, OH), 5.72 (d, J = 1.4 Hz, NCHS); '9 NMR 

64.32, 71.11, 117.80, 151.53, 160.88, 173.36. Anal. Calcd for 

N, 3.99. 
(35 ,aR)-3-[ 1 (R )-[ (Dimethyl- tert -butylsilyl)oxy]et hyll- 

4-[[[(1(S)oxothio~l)thio]thiocarbonyl~~o]-2aae 
(35). sodium metal (2.23 g, 0.097 mol) was suspended in 340 mL 
of dry isopropyl alcohol. This mixture was refluxed for 2.5 h at 
which point a clear solution was obtained which was then cooled 
to room temperature. Under a nitrogen atmosphere, thioacetate 
19 (18.1 g, 0.102 mol) was dissolved in 260 mL of dry isopropyl 
alcohol and cooled to 0 "C. With stirring the freshly prepared 
sodium isopropoxide solution was added over a 17-min period to 
the thioacetate solution while the temperature was maintained 
at 0-2 OC. Aftar being stirred for an additional 30 min at 0 OC, 
the mixture was chilled to -30 OC and carbon disulfide (23.3 g, 
18.4 ml, 0.306 mol) in 50 mL of isopropyl alcohol waa added. The 
resulting yellow suspension was warmed to 0 OC and stirred for 
an additional 10 min, thus producing 3(R)-[[mercapto(thio- 
carbonyl)]thio]thiolane l(S)-oxide sodium salt. To this Suspension 
was added dropwise a solution of (3R,4R)-4-acetoxy-3-[ 1(R)- 
[ (dimethyl-tert-butylilyl)oxy]ethyl]-2-azetidinone (4a) (32.1 g, 
0.112 mol) while the temperature was maintained at e 3  OC. After 
being stirred, at 0-2 OC for an additional 20 min, the reaction 
mixture was poured into "L of saturated NH,Cl and 900 mL 
of ethyl acetate and diluted with an additional 2250 mL of ethyl 
acetate. The organic layer was separated, washed sequentially 
with 1 X 900mL of HzO, 1 x 900mL of 20% CaC12, 1 x 900 mL 
of HzO, 1 X 900 mL of 20% CaC12, and 2 X 900 mL of saturated 
NaCl and was dried (Na&04), filtered, and stripped in vacuo to 
yield crude product as a solid. This material was twice recrys- 
tallized by k l v i n g  it in 50-60 mL of acetone, with crystdimtion 
induced by the slow addition, with stirring, of 500 mL of isopropyl 
ether to yield 26.49 g (62%) of purified trithiocarbonate 35: mp 

1075, 1018,824,809 cm-'; 'H NMR (CDC13, 250.1 MHz) S 0.04 
(8,  3 H, SiMe), 0.04 (8, 3 H, SiMe), 0.84 (8, 9 H, tBuSi), 1.17 (d, 
J =  6.2 Hz,3 H,CH3),2.64-2.69 (m,3 H,CH2,CHSO),2.81-2.89 
(m, 1 H, CHSO), 3.11-3.20 (m, 2 H, CHSO, CHCO), 3.75 (dd, J 
= 9.0, 14.9 Hz, 1 H, CHSO), 4.23-4.28 (m, 1 H, CHO), 4.49-4.54 
(m, 1 H, CHS), 5.61 (d, J = 2.2 Hz, 1 H, NCHS), 6.74 (bs, 1 H, 

25.69,30.67,47.84,52.62,57.31,59.45,63.88,64.48,166.55,222.57; 
HRMS (EI) d c d  for C1&I?gNO3S4Si 439.0799, found 439.0843. 

2-C hloroallyl (SR ,6S )-64 1 (R )-[(Dimethyl- tert -butyl- 
silyl)oxylethyl]-2-[ ( l(S)-oro-B(R )-thiolanyl)tbio]-2-penem- 
3-carboxylate (36). (3S,4R)-3-[1(R)-[(Dimethyl-tert-butyl- 
silyl)oxy]ethyl] -4- 1 (S) -oxo [ [ [ (3 (~)-thiolanyl)thiolthi~arbonyl] - 

136 OC dw; [ a ] ~  = +366.Olo (C = 1, dimethyl dfoxide); 
v,, 1784, ISSO, 1504,1388,1294,997 

( D r )  
'H NMR (CDCls, 500.1 

(CDClS, 125.76 HMz), S 21.52, 33.48, 46.27, 52.19, 60.55, 63.96, 

C & a O &  C, 41.25; H, 4.33; N, 4.01. Found: C, 40.98; H, 4.22; 

OC dm, [ a ] ~  +315.05' (C = 1, CHCu; IR ( m r )  V- 1766, 

NH); "C NMR (CDCl3,62.90 MHz) 6 -5.10, -4.26, 17.91, 22.40, 



J.  Org. Chem. 1992,57,4361-4367 436 1 

thio]-2-azetidinone (35) (26.4 g, 60.1 "01) was treated with 
2-chlcudyl oxalofluoride (31) (13.0 g, 78.3 "01) and Nfl-di- 
ieopropylethylamine (13.6 mL, 78.3 "01) in 300 mL of dry 
methylene chloride at -60 OC as described in the preparation of 
oxalimide 5 to afford 33.2 g of intermediate oxalimide which was 
converted (according to the procedure described for the conversion 
of 6 to penem 32) to 11.3 g of crude penem. Crude product was 
tritmted with #)I) mL of diieopropyl ether to afford, after filtration, 
9.8 g (50.4%) of penem 36; mp 122-125 OC dec; [a]D = +158.13' 
(c = 1, CHCls); IR (KBr) u,, 1784,1681,1492,1324,1198,1117 
cm-'; 'H NMR (CDC13,250.1 MHz) 6 0.03 (s,6 H, Meai), 0.83 
(e, 9 H, tBuSi), 1.20 (d, J = 6.3 Hz, 3 H, CHS), 2.64-2.78 (m, 4 
H, CH2, CHSO, CHSO), 3.08-3.10 (m, 1 H, CHSO), 3.61-3.82 (m, 
3 H, CHS, CHSO, CHCO), 4.21-4.23 (m, 1 H, CHO), 4.61 (d, J 

(d, J = 1.9 Hz, 1 H, =CH2), 5.61 (m, 2 H, 4 H 2  NCHS); 13C 

32.98,46.44,51.99,60.52,64.08,64.56,65.13,70.89,115.09,115.58, 
134.84,155.22,158.23,173.07; HRMS (EI) calcd for C17HaClN- 
O&Si (p-tBu) 480.0426, found 480.0451. 

2-Chloroallyl (6R,6S)-6-( l(R)-Hydroxyethyl)-2-[ (1 (S)- 
oxo-3(R)-thiolanyl)thio]-2-penem-3-carbo.ylate (37). Em- 
ploying the procedure utilized for the conversion of 32 to 33, 
2-chloroallyl (5R,6S)-6-[1(R)-[(Dimethyl-tert-butyldyl)oxy]- 
ethyl]-2- [ (l(s)-ox~3(R)-thiolyl)thio]-2-penem-3-carbo~~te 
(36) (6.0 g, 11.2 mmol) was convertad to 4.0 g (84%) of 31; mp 

v,, 3184,1765,1684,1490,1319,1200,1123,994 cm-'; 'H NMR 
@ME&&, 250.1 MHz) 6 1.18 (d, J = 6.3 Hz, 3 H, CH& 2.38-3.00 
(m, 5 H, CH2, CHaO, CHSO), 3.66 (dd, J = 14.6,8.9 Hz, 1 H, 
CHSO), 3.864.01 (m, 3 H, CHO, CHCO, CHS), 4.69 (d, J = 14.1 

J = 4.6 Hz, 1 H, OH), 5.46 (m, 1 H, ==CH), 5.71 (d, J = 1.6 Hz, 
1 H, NCHS), 5.77 (d, J = 1.2 Hz, 1 H, 4 H ) ;  13C NMR 

64.71,65.07,71.36,115.17,115.17,134.90,155.30,158.22,173.60. 
Anal. Calcd for C&&lNOfi3: C, 42.49; H, 4.28; N, 3.30. Found 
C, 42.48; H, 4.35; N, 3.24. 

= 14.1 H, 1 H, CHCOJ, 4.79 (d, J = 14.1 Hz, 1 H, CHCOZ), 5.34 

NMR (DMSO-ds, 62.90 MHz) 6 -5.44, -4.54,17.54,21.64,25.52, 

156-158 OC dw; [ a ] ~  = +186.7 (C = 0.35 in DMSO); IR (KBr) 

Hz, 1 H, CHCOh, 4.64 (d, J = 14.1 Hz, 1 H, CHC02), 5.22 (d, 

(DMSO-de, 62.90 MHz)  6 21.39,32.93,46.35,51.95,60.50,63.72, 

(5R ,6S ) -64  1 (R)-l-Hydroxyethyl)-2-[ (1 (8 )-oxo-Q(R )- 
thiolanyl)thio]-2-pem-3-carborylic Acid (2). As described 
in the conversion of 33 to 34, 2-chloroallyl (5R,6S)-6-(1(R)- 
hydroxyethyl-2- [ (l(S)-ox0-3(R)-thiolanyl)thio]-2-penem-3- 
carboxylate (37) (4.24 g, 10 "01) was converted to ita corre- 
sponding sodium salt, mp 120-123 OC dec; [a]D = +115.29 (c = 
0.21, DMSO). The sodium salt was treated with 3 N HC1 as 
described in the conversion of 34 to 1 to afford 2.6 g (75%) of 

IR (KBr) v,, 3472,3434,1778,1747,1502,1299,1232,991 cm-'; 
'H NMR (DMSW, 250.1 MHz)  6 1.14 (d, J = 6.3 Hz, 3 H, CHs), 
2.34-3.02 (m, 5 H, CH2, CH2S0, CHSO), 3.66 (dd, J = 14.6,8.8 
Hz, 1 H, CHSO), 3.78-4.01 (m, 3 H, CHO, CHCO, SCH), 5.19 (be, 

6 21.40,33.07,46.19,52.00,60.60,63.85,64.17,71.09,117.87,151.10, 
160.66,173.15. Anal. Calcd for C12H1&105S3: C, 41.24; H, 4.33; 
N, 4.01. Found C, 41.14; H, 4.33; N, 3.97. 
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cP-81,032 (2): mp 185-187 OC dw; [ a ] ~  = +128.67 (C 1, DMSO); 

1 H, OH), 5.70 (s,l H, NCHS); '3C NMR (DMSOd,, 62.90 MHz) 
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The f i t  example of a 14-membered azalide antibiotic (5) has been prepared. The key steps are sequential 
oxidative cleavage processee converting furanone 12 to aldehyde 14 and the subsequent reductive rearrangement 
of oxime 15 to amine 20. 

Introduction 
The erythromycin family of antibiotics has been known 

for 40 years.' Erythromycin A has provided effective and, 
above all, safe antibiotic therapy for much of that time. 
However, the last few years have seen something of a 
macrolide renaissance, ostensibly as a result of the emer- 
gence of a number of new semisynthetic erythromycin A 
derivatives-particularly c l a r i t h r o m y ~ i n ~ ~ ~  (2) and azi- 

(1) (a) McGuire, J. M.; Bunch, R. L.; Anderson, R. C.; Boaz, H. E.; 
Flynn, E. H.; Powell, H. M.; Smith, J. W. Antibiotic Chemother. 
(Washington, D.C.) 1962,2,281. (b) Crystal structure of erythromycin 
A: Hams, D. R; McGeachm, 5. G.; Mills, H. H., TetrahedronLett. 1965, 
679. 

(2) Synthesis of clarithromycin: Morimoto, S.; Takahashi, Y.; Wa- 
tanabe, y.; Omura, s. J. Antibiot. 1984,37,187. Watanabe, y.; Adachi, 
T.; A d a ,  T.; Kashimura, M., Morimoto, S. Heterocycles 19Bo,31,2121. 
Recent reports relating to biological evaluation are contained in: J. 
Antimicrob. Chemother. 1991,27, Suppl. A. 
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thromycin (3).394 Each of these addresses some of the 
shortcomings of the parent-notably poor oral bioavaila- 
bilitf as a result of acid instability, together with the 

(3) Syntheaia of azithromycin: (a) Djokic, S.; Kobrehel, G.; Lazarevdsi, 
G.; Lopotar, N.; Tamburaeev, Z.; Kamenar, B.; Nagl, A.; Vickovic, I. J. 
Chem. SOC., Perkin Tram. 1 1986,1881. (b) Djokic, S.; Kobrehel, G.; 
Lopotar, N.; Kamenar, B.; Nagl, A,; Mrvoe, D.; J. Chem. Res. Miniprint 
1988, 1239. (c) Bright, G. M.; Nagel, A. A.; Bordner, J.; Deaai, K. A.; 
Dibrino, J. N.; Nowakowaka, J.; Vincent, L.; Watrous, R. M.; Sciivolino, 
F. C.; English, A. R.; Retsema, J. A.; Anderson, M. R.; Brennan, L. A.; 
Borovoy, R. J.; Cimochowaki, C. R.; Faiella, J. A.; Guard, A. E.; Guard, 
D.; Herbert, C.; Manousos, M.; Mason, R. J. Antibiot. 1988, 41, 1029. 
Recent reports relating to biological evaluation are contained in Am. J. 
Med. (1991,91, Suppl. 3A) and include many referenas to earlier studiea. 

(4) Clarithromycin (Biaxin) received FDA approval on Oct. 31,1991. 
Azithromycin (Zithromax) initially received FDA approval on Nov 1, 
1991. 

(5) This can be aUayed to some extent by using enterically coated 
formulations or 2'-ester prodrugs. 
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