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ATP-Citrate Lyase as a Target for Hypolipidemic Intervention. Sulfoximine and 
3-Hydroxy-/?-lactam Containing Analogues of Citric Acid as Potential 
Tight-Binding Inhibitors 
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Citric acid analogues (±)-12a,b and (±)-17a,b, where one of the primary carboxylates has been 
replaced by a sulfoximinoyl and a 3-(3-hydroxy-/3-lactamyl) moiety, respectively, have been 
synthesized and evaluated as inhibitors of ATP-citrate lyase. The design of these inhibitors was 
based on methionine sulfoximine and tabtoxinine /3-lactam, potent, tight-binding inhibitors of 
glutamine synthetase. Both ATP-citrate lyase and glutamine synthetase employ phosphate-
carboxylate anhydrides as a method for carboxylate activation during catalysis. Only one 
diastereomer, (±)-12a, displayed weak, reversible inhibition, while the remaining citrate analogues 
(±)-12b and (±)-17a,b were inactive against the lyase. No time-dependent inactivation of the 
enzyme was observed. 

A major advance in therapy for the treatment of 
hypercholesterolemia has come with the discovery and 
commercial development of clinically effective inhibitors 
of HMG-CoA reductase, a key regulatory enzyme of 
mammalian cholesterol biosynthesis.1 These agents have 
been shown to significantly reduce plasma levels of low-
density lipoprotein cholesterol.2 They may therefore 
reduce the mortality and morbidity associated with 
coronary heart disease.3 In addition, evidence is accu
mulating that suggests HMG-CoA reductase inhibitors 
may reverse or even prevent the formation of atheromatous 
plaque.4 If proven in a clinical setting, this would have 
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an enormous impact on human health. However, the long-
term treatment of hypercholesterolemia with existing 
HMG-CoA reductase inhibitors is not without adverse 
effect5 and the discovery of other lipid-lowering agents 
having an improved therapeutic index continues. Such 
novel agents may be identified through the design of second 
and third generation HMG-CoA reductase inhibitors115-0 
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or through the design of inhibitors of other enzymes 
involved in cholesterol biosynthesis6*"' and regulation.6**'1 

In this context, we became interested in literature reports 
describing the lipid-lowering action of (-)-hydroxycitrate 
I.7 This analogue of citric acid 2 inhibits cholesterol 
biosynthesis in the human cell line HepG2. It also causes 

OH 

^ V > / V ~ C 0 2 H H 0 2 C / \ C 0 2 H 

HO 'CO2H
 H 0 C ° 2 H 

an increase in HMG-CoA reductase enzyme levels and an 
up-regulation of the LDL receptor activity, analogous to 
mevinolin.8 The manifestation of the biological properties 
of 1 have been ascribed to the specific inhibition (Ki = 
0.15 AtM) of ATP-citrate lyase (E.C. 4.1.3.8), an enzyme 
positioned upstream from HMG-CoA reductase in the 
mammalian cholesterol biosynthesis pathway.9 ATP-
citrate lyase catalyzes a reversible retro-Claisen reaction 
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utilizing ATP, 2, and CoA-SH as substrates to yield ADP, 
inorganic phosphate (Pi), oxaloacetate 3, and acetyl-CoA 
4 (Scheme I).10,11 Acetyl-CoA is the donor of two-carbon 
unite required for de novo lipogenesis and cholesterogen-
esis.12 Given the action of 1 in vivo, ATP-citrate lyase was 
viewed as a potential target for hypolipidemic intervention. 
More potent inhibitors of the enzyme could lead to a novel 
and therapeutically beneficial class of lipid-lowering 
agents.13,14 An ATP-citrate lyase inhibitor would be 
expected to inhibit both fatty acid and cholesterol bio
synthesis.12 It may therefore have an advantage over a 
pure cholesterogenesis inhibitor in light of the implication 
of hypertriglyceridemia in coronary heart disease.16 

The overall mechanism by which ATP-citrate lyase 
catalyzes the retro-Claisen reaction has been recently 
revised11 and is presented in Scheme I. The human enzyme 
is initially phosphorylated at histidine 76516 by ATP-Mg2+ 

to form a phosphoenzyme complex. Subsequent transfer 
of phosphate to the pro-S carboxylate of 2 occurs, 
producing a noncovalent, citrate phosphate anhydride i 
in the active site. Direct attack by enzyme bound CoA-
SH results in the formation of a second noncovalent but 
tightly bound intermediate, citryl-CoA ii. Finally, frag
mentation of ii via a retro-aldol type cleavage ensues, 
releasing 3 and 4 from the active site. 

The formation of i during ATP-citrate catalysis is 
reminiscent of the carboxylate kinase activity displayed 
by glutamine synthetase.17 In the reaction catalyzed by 
the synthetase, phosphorylation of the ?-carboxylate of 
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Scheme I. Revised Mechanism of ATP-Citrate Lyase Catalysis11 
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Scheme II. Mechanism of Glutamine Synthetase Catalysis17 
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glutamate 5 yields a mixed carboxylate-phosphate an
hydride iii which upon attack by enzyme-bound ammonia 
generates glutamine 6 (Scheme II). Well-known irrevers
ible inhibitors of glutamine synthetase include methionine 
sulfoximine (7)17a-18 and /3-tabtoxinine (8).19 Although 7 
and 8 have little intrinsic inhibitory activity, these agents 
are phosphorylated by glutamine synthetase, producing 
gi8b,d ajyj iQ (or 11)19,20 wnich mimic the enzyme-bound 
•y-carboxylate phosphate anhydride iii and are the slow, 
tight-binding, essentially irreversible inhibitory species. 

By analogy to the glutamine synthetase inhibitors 7 and 
8, citric acid analogs 12a,b and 13a,b were conceived as 
potential ATP-citrate lyase inhibitors. In structures 12a,b 
and 13a,b, one of the primary carboxylate groups has been 
replaced by a sulfoximinoyl and a 3-(3-hydroxy-2-oxoaze-
tidinyl) moiety. Enzyme-mediated phosphorylation of 
12a,b and 13a,b could furnish 14a,b and 15a,b (or 16a,b). 
These would mimic the enzyme-bound intermediate i and 
be tight-binding inhibitors. During the course of this work, 
the synthesis of 13a,b was abandoned due to the observed 
instability of 17a,b in aqueous buffer (ti/z < 12 h; pH 4-8, 
25 0C). Thus in this study, we describe the synthesis and 
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enzyme evaluation of (±)-12a,b and (±)-17a,b as potential 
ATP-citrate lyase inhibitors. 
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Chemistry 

Preparation of Sulfoximines (±)-12a and (±)-12b. 
The synthesis of the diastereomeric pairs of sulfoximines 
(±)-12a and (±)-12b is presented in Scheme III. The 
reaction of NaSMe with methyl 4-chloroacetoacetate (18) 
in MeOH afforded methyl sulfide 19 in 55% yield. 
Elaboration of the ketone carbonyl in 19 to the hydroxy 
acid function present in 20 was carried out using cyano-
hydrin/hydrolysis conditions similar to those reported by 
Beach.21 Benzylation of 20 (2.3 equiv each of K2CO3 and 
BzBr, DMF, 60 0C, 18 h; 20 — 21) followed by oxidation 
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Scheme III. Synthesis of (±)-12a,b° 
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24 
° All compounds are racemic. Only one stereoisomer is shown for clarity. 

with ozone in the presence of Sudan III22 gave a 1:1 mixture 
of diastereomeric sulfides 22a and 22b (stereochemical 
assignment vida infra) in 40% overall yield from 20. 
Separation of the diastereomers was achieved by silica gel 
chromatography (22a: mp 88-89 0C; R10.48 (silica, 10% 
MeOH-Et2O); 22b: mp 69-70 0C; Rf 0.45 (silica, 10% 
MeOH-Et2O)). Conversion of sulfoxide 22a (22b) to 
sulfoximine 23a (23b) occurred smoothly upon exposure 
of 22a (22b) to 0-(mesitylsulfonyl)hydroxylamine (MSH)23 

(2.0 equiv of MSH, CH2Cl2, 25 0C, 18 h). The oxidative 
animation reaction was conveniently monitored by 1H 
NMR by following the disappearance of the S(O)Me proton 
absorption (DMSO S 2.58) and the appearance of the S(O)-
(NH)Me proton absorption (DMSO 6 2.90), as the R1 of 
22a (22b) and 23a (23b) did not differ. Target sulfoximines 
(±)-12a (mp 103-105 0C (MeOH)) and (±)-12b (mp 138-
139 0C (MeOH)) were obtained when 23a and 23b were 
respectively subjected to an ambient atmosphere of H2 
over a Pd catalyst (10% Pd/C, MeOH, 2 h). 

The assignment of relative stereochemistry for the series 
22a,b, 23a,b, and 12a,b was unequivocally deduced from 
the X-ray crystallographic analysis of the cyclic sulfoximine 
24 (ORTEP drawing, Figure 1). In attempts to find a 

(21) Beach, R. L.; Aogaichi, T.; Plaut, G. W. E. Identification of D-threo-
a-Methylisocitrate as Stereochemical^ Specific Substrate for Bovine 
Heart Aconitase and Inhibitor of TPN-Linked Isocitrate Dehydrogenase. 
J. Biol. Chem. 1977, 252, 2702-2709. 

(22) Veyaoglu, T.; Mutscher, L.; Swayze, J. K. A Convenient Method 
for the Control of Selective Ozonations of Olefins. Synthesis 1980,807-
810. 

(23) Tamura, Y.; Minamikawa, J.; Somoto, K.; Fujii, S.; Ikeda, M. 
Synthesis and Some Properties of O-Acyl and O-Nitrophenylhydroxy-
lamines. J. Org. Chem. 1973, 38,1239-1241. 

Figure 1. Molecular structure of cyclic sulfoximine 24 as 
determined by X-ray crystallography (ORTEP diagram). 

suitable recrystallization solvent for 23b, it was discovered 
that 23b underwent facile conversion to 24 in hot aqueous 
EtOH. The formation of 24 from 23b is not surprising in 
light of the nucleophilic character of the sulfoximine 
nitrogen.24 

Preparation of 0-Lactams (±)-17aand (±)-17b. The 
synthesis of ̂ -lactams (±)-17a and (±)-17b was initiated 
by hydroxylation of azetidinone 2525 (1.1 equiv of LDA, 
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Scheme IV. Synthesis of (±)-17a,b° 
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34 
0 AU compounds are racemic. Only one stereoisomer is shown for clarity. 

THF, -78 0C; then 1.2 equiv of Mo05-pyridine-HMPA 
(MoOPh))26 followed by silylation of the nascent hydroxyl 
group (TMSCl, Et3N; 26 — 27) in 55% overall yield from 

(24) (a) Levenson, C. H.; Meyer, R. B., Jr. Design and Synthesis of 
Tetrahedral Intermediate Analogues as Potential Dihydroorotase In
hibitors. J. Med. Chem. 1984, 27, 228-232. (b) Hwang, K.-J. 
N-(Trimethylsilyl)methylphenylsulfoximine: A Convenient Intermediate 
for the Preparation of Functionalized Sulfoximines. J. Org. Chem. 1986, 
52, 99-101 and references cited therein. 

(25) Ogilvie, W. W.; Durst, T. Oxidation of 3-Alkylidene-0-lactams. A 
Preparation of 3-Alkenyl-3-hydroxy-0-lactams. Can. J. Chem. 1988,66, 
304-309. 

25 (Scheme IV). Michael addition of 27 to benzyl 
acrylate did not occur in good yield; however, 1,4-addition 
to benzyl 2-(trimethylsilyl)acrylate (28) (prepared from 
2-(trimethylsilyl)acrylic acid27 and NaH, PhCH2Br) pro
ceeded smoothly to furnish 29 as a 3.6:1 mixture of 

(26) Vedejs, E.; Engler, D. A.; Telschow, J. E. Transition-Metal Peroxide 
Reactions. Synthesis of a-Hydroxycarbonyl Compounds from Enolates. 
J. Org. Chem. 1978, 43, 188-196. 

(27) Ottolenghi, A.; Fridkin, M.; Zilkna, A. Synthesis and Polymeri
zation of o-Trimethylsilylacrylic Monomers. Can. J. Chem. 1963, 41, 
2977-2982. 
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0.4% 

Figure 2. 1H NMR (NOE) structural assignment of spiro lactam 
34. 

diastereomers (74% yield).28 Selective removal of the 
a-TMS group in the presence of the N- and O-silyl 
protecting groups in 29 to yield 30 was not possible. Thus, 
a three-step deprotection-reprotection sequence (29 -* 
31 - • 32 — 30) using standard reagents and reaction 
conditions was carried out to provide key intermediate 
30. To complete the construction of the carbon skeleton 
present in (±)-17a,b, intermediate 30 was alkylated with 
allyl bromide (1.1 equiv of LDA, 1.2 equiv OfCH2CHCH2-
Br, -78 0C, 1 h; 65%). A 1:1.5 mixture of diastereomers 
33a:33b was obtained and a portion of the mixture was 
separated by HPLC (silica, 38:1 hexane-EtOAc). Relative 
stereochemistry as depicted for 33a, and hence for 33b, 
was readily determined after extensive NOE experiments 
were carried out on the rigid spirocycle 34 (Figure 2). 
Spirocycle 34 was derived from the minor diastereomer 
33a following O-trimethylsilyl deprotection and sponta
neous spiro-lactonization in MeOH containing HOAc. 

The remaining 1:1.5 mixture of 33a:33b was subjected 
to sequential O-desilylation (9:1 MeOH-HOAc, 25 0C, 18 
h; 33a (33b) — 35a (35b), and ozonolysis (O3, CH2Cl2, -78 
0C; then PPh3 -78 0C — 25 0C; 35a (35b) — 36a (36b). 
The spirolactols 36a (32%) and 36b (50%) so obtained 
were conveniently separated by column chromatography 
(silica gel, 30 % Et20-hexane). Oxidation of 36a and 36b 
with PCC (1.5 equiv of PCC, NaOAc, CH2Cl2) furnished 
lactones 37a and 37b, respectively. Remaining transfor
mations including (1) N-desilylation (2 equiv each of Bu4-
NF and HOAc, CH2Cl2; 37a (37b) — 38a (38b); 90%), (2) 
debenzylation (1 atm H2,10% Pd/C, THF; 38a (38b) — 
39a (39b); 85 %), and (3) chemoselective lactone hydrolysis 
(4.1 equiv of aqueous NaOH; 39a (39b) — 17a (17b); 100%) 
led to the successful completion of the synthesis of (±)-
17a and (±)-17b. These ̂ -lactams showed limited stability 
in aqueous solution over a narrow pH range (ti/2 ~ 12 h, 
pH 4-8, 25 0C) as determined by 1H NMR (D2O). 

Results and Discussion 

One of the early steps in the ATP-citrate lyase mediated 
conversion of citrate 2 to acetyl-CoA 4 is the activation of 
the pro-S carboxylate of 2 as a mixed carboxylate-
phosphate anhydride (Scheme I). The activation results 
in the formation of a noncovalently bound citryl phosphate 
intermediate. By analogy with the well-known inhibitors 

(28) For the alkylation of the lithium enolate of 27 with other 
electrophiles, see: (a) Dolle, R. E.; Hughes, M. J.; Li, C-S.; Kruse, L. I. 
Preparation and Alkylation of N-t-Butyldimethylsilyl-3-trimethylsilyl-
oxyazetidin-2-one. J. Chem. Soc, Chem. Commun. 1989,1448-1449. (b) 
Dolle, R. E.; Li, C-S.; Novelli, R.; Kruse, L. I.; Eggleston, D. Enantiospecific 
Synthesis of (-)-Tabtoxinine |8-Lactam. J. Org. Chem. 1992,57,128-132. 

Dolle et al. 

Table I. Kinetic Results of Potential Inhibitore Evaluated 
against Rat ATP-Citrate Lyase 

compd 

2 
12a 
12b 
17a 
17b 

reversible binding" 
KiOtM) 

250 
>10000 
>9000 
>20000 

ATPase activity" 

Vmu (rel) 

1 
0.25 
<0.003 
nd 
nd 

JiTn(MM) 

110 
1300 
nd> 
nd 
nd 

0 Reversible binding was measured by the inhibition of the carbon-
carbon bond cleavage activity. ATPase activity was measured using 
a pyruvate kinase coupled assay. See the Experimental Section for 
details. 6 Not determined. 

718 and 819,20 of glutamine synthetase, an enzyme which 
also employs carboxylate-phosphate activation as part of 
its catalytic mechanism,17 sulfoximines (±)-12a and (±)-
12b and jS-lactams (±)-17a and (±)-17b, were designed as 
potential tight-binding (irreversible) inhibitors of ATP-
citrate lyase. 

The results of the kinetic analysis of compounds (±)-
12a,b and (±)-17a,b against enzyme are presented in Table 
I. Only one pair of diastereomeric sulfoximines, (±)-12a, 
exhibited inhibitory activity against enzyme, while (±)-
12b and (±)-17a,b were devoid of activity. The inhibition 
by (±)-12a was weak and reversible (Xj = 250 ̂ M). Neither 
irreversible inactivation of enzyme nor carbon-carbon 
bond cleavage of (±)-12a was observed (data not shown). 
Modest ATP-ase activity was also seen for (±)-12a when 
(±)-12a was substituted for citrate as a substrate. The 
Km for (±)-12a was 10-fold greater relative to citrate and 
the relative Vmai was 25 % that of normal substrate. The 
source of the ATP-ase activity displayed by ATP-citrate 
lyase is a consequence of the formation of a discrete 
phosphoenzyme intermediate10,11,16 as the first step in 
catalysis (Scheme I). The ATP-ase activity observed for 
(±)-12a is not a measure of the extent (if at all) (±)-12a 
is phosphorylated by ATP-citrate lyase, but demonstrates 
nonproductive ATP -* ADP hydrolysis in the presence of 
(±)-12a. 

It is highly probable that only one antipode of (±)-12a 
has affinity for enzyme given the precedent for the rigorous 
stereochemical binding requirement for 7 and 8 to 
glutamine synthetase.18,19,28b If this is taken into account, 
the Km for (+)-12a (or (-)-12a) comes within 6-fold that 
of 2. This would suggest that the sulfoximinoyl functional 
group can mimic, to some extent, the carboxylate group 
in the active site of the enzyme, probably in terms of its 
hydrogen-bonding ability. However, the size of the 
sulfoximinoyl group may preclude it from being considered 
a generic, neutral carboxylate isoster. 

It is evident that carboxylate-phosphate anhydride traps 
of the sulf oximine and ̂ -lactam type cannot be exploited 
as inhibitors of ATP-citrate lyase. Insight as to why (±)-
12a,b and (±)-17a,b do not function as inhibitors of ATP-
citrate lyase while 7 and 8 are potent inhibitors of glutamine 
synthetase18,19 may be gleaned upon considering the 
difference in mechanism by which the two enzymes form 
their respective carboxylate-phosphate intermediate i and 
Ui (Schemes I and II). For glutamine synthetase, formation 
of iii occurs by direct transfer of a phosphate from ATP 
to glutamate in the presence of Mg2+.17 The metal cofactor, 
iii, and so-produced ADP all remain bound to enzyme and 
it is not until the attack of NH3 on iii that Mg2+ and 
products ADP, Pj, and 6 are released from the active site, 
completing the catalytic cycle (Scheme II). The binding 
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of 7, ATP, and Mg2+ to glutamine synthetase generates 
phosphorylated form 9, yielding a slow, tight-binding 
ternary inhibitor complex with Mg2 + and ADP.17a-18 Only 
one stereoisomer, (S,S)-7, is a potent, tight-binding 
inhibitor, while the other three diastereomers are reversible 
inhibitors.17*18*1 

In the case of ATP-citrate lyase, formation of i occurs 
by indirect transfer of a phosphate from ATP to 2, via 
histidine 765 in the presence of Mg2+, as the very first step 
in the catalytic cycle is the phosphorylation of enzyme 
with ATP (Scheme I).10-11'16 Hence, the formation of an 
analogous slow, tight-binding ternary complex between 
14a,b (if formed), Mg2 + and ADP is not possible. It may 
be for this reason that (±)-12a (or (±)-14a) is a weak, 
reversible inhibitor and (±)-12b, (±)-17a, and (±)-17b are 
inactive.29-31 

Experimental Sect ion 

General Procedures. Melting points were determined on a 
Buchi capillary melting point apparatus and are uncorrected. 
Analytical samples were homogeneous by TLC performed on 
silica gel plates. Elemental analyses (C, H, N) of new compounds 
are within 0.4% of the theoretical values. NMR spectra were 
determined on Bruker AM 250 or AM 360 spectrometers using 
tetramethylsilane (TMS) as the internal standard. IR spectra 
were recorded on a Perkin-Elmer Model 298 instrument. Low-
resolution and high-resolution (EI) mass spectrums were recorded 
on a VG-70-25O-SEQ instrument. All structural assignments were 
consistent with IR, NMR, and mass spectra. 

4-(Methylthio)-3-oxobutanoic Acid Methyl Ester (19). 
Sodium hydride (63.8 g, 1.60 mol, 60 % oil dispersion) was added 
portionwise to a precooled (0 0C) solution of MeSH (96.2 g, 2.0 
mol) in MeOH (2.0 L). Following the addition of the NaH and 
stirring from 30 min, a solution of methyl 4-chloroacetoacetate 
(18) (200 g, 1.3 mol) in MeOH (150 mL) was added over a 30-min 
period at 0 0C. The formation of NaCl (white precipitate) was 
immediately noted. The reaction mixture was stirred at 25 0C 
for 12 h and most of the MeOH (1500 mL) was then removed by 
fractionation at ambient pressure. The solution was filtered and 
the filtrate was diluted with brine (1500 mL) and extracted with 
diethyl ether. The organic extract was dried (MgSO4) and 
concentrated in vacuo, yielding a brown oil which was distilled 
under high vacuum to give sulfide 19 (114.6 g. 55%): oil; bpimm 
98-100 "C-.R/O.b (50% EtsO-hexane); IR (neat) 2955,2920,1750, 
1710, 1625, 1440, 1325 cm"1; 1H NMR (CDCl3) 6 3.75 (s, 3 H, 
OMe), 3.69 and 3.32 (singlets, 2 H each, CH2), 2.07 (s, 3 H, SMe); 
mass spectrum m/z (rel intensity) 162 (M+, 22), 130 (20), 88 (23), 
61 (100). Anal. (C6HI0O3S) C, H. 

2-Hydroxy-2-[(Methylthio)methyl]butanedioic Acid (20). 
Ester 19 (114.5 g, 0.71 mol) was added to a stirred suspension of 
KCN (229.5 g, 3.5 mol) in diethyl ether (500 mL) at 0 0C. 
Concentrated HCl (295 mL, 12 M solution) was then added to 
the vigorously stirred suspension at a rate of 1-1.5 mL/min during 
which time the reaction mixture was slowly warmed to 25 0C. 
After the heterogeneous reaction mixture was stirred vigorously 
for 6 h at 25 0C, the suspension was allowed to settle and the 
diethyl ether was decanted from the residue. The residue was 
washed with diethyl ether (2 X100 mL), and the organic extracts 
were combined. To this diethyl ether solution was added 
concentrated HCl (1500 mL, 12 M solution) and the mixture was 

(29) We did not attempt to prepare the sulfoximine phosphonates 14a,b. 
(30) Sulfoximine iv was also found inactive (Ki > 10 mM); unpublished 

results. 

HO2C " x \ ^ S=NBu 
HO2C OH I 

Iv 

(31) For another unsuccessful attempt of employing carboxylate-
phosphate anhydride traps (0-lactam type) as an enzyme inhibitor, see: 
Greenlee, W. J.; Springer, J. P.; Patchett, A. A. Synthesis of an Analogue 
of Tabtoxinine as a Potential Inhibitor of D-Alanine:D-alanine Ligase 
(ADP Forming). J. Med. Chem. 1989, 32,166-170. 

Journal of Medicinal Chemistry, 1992, Vol. 35, No. 26 4881 

stirred for 30 min and then left to stand for 12 h (precipitation 
of NH4Cl was observed). 

Diethyl ether was added to the mixture until a phase separation 
was observed and then the biphasic solution was stirred for 30 
min. The solution was filtered, and the diethyl ether and acid 
were completely removed in vacuo. The residue so obtained was 
dissolved in HCl (900 mL, 3 N aqueous solution) and the solution 
was heated to 100 0C for 3 h. The aqueous acid was removed 
under high vacuum (1 mm) at 50 0C, and the residue was 
azeotroped with water (3 x 100 mL) to remove residual HCl. The 
brown amorphous solid which remained was dried (P2O6) for 12 
h at 40 0C in vacuo. The residue was extracted with hot EtOAc 
(4 x 100 mL). The extracts were combined, filtered, and 
decolorized with charcoal, and the solvent was removed in vacuo 
to give analytically pure diacid 20 (42.7 g. 68 %): mp 119-120 0C; 
IR (KBr disc) 3440,3100-2800,1740,1700,1455,1220,1100 cm'1; 
1H NMR (DMSO) 8 2.65 (m, 4 H, CH2) 2.12 (s, 3 H, SMe); mass 
spectrum m/z (rel intensity) 194 (M+, 100). Anal. (C6Hi0O6S) 
C, H. 

2-Hydroxy-2-[(methylthio)methyl]butanedioic Acid Di-
benzyl Ester (21). Powdered K2CO3 (76 g, 0.55 mol) was added 
to solution of diacid 20 (42.7 g, 0.22 mol) in anhydrous DMF (2.1 
L). Benzyl bromide (62.6 mL, 0.53 mol) was then added by 
cannula and the reaction mixture was stirred at 60 0C for 18 h. 
The reaction mixture was diluted with water (6 L) and was 
extracted with diethyl ether (3 X 300 mL). The organic extracts 
were combined, washed with water and brine, and dried (MgSO4). 
The solvent was removed in vacuo to give a yellow viscous oil 
which was purified by chromatography (30% Et20-hexane) 
yielding dibenzyl ester 21 (49.5 g, 61 %): oil; R10.55 (50% Et2O-
hexane); IR (neat) 3500, 3065, 2955, 1758, 1608, 850 cm"1; 1H 
NMR (CDCl3) S 7.30 (m, 10 H, Ar), 5.10 (m, 4 H, CH2Ar), 3.94 
(s, 1H, OH), 2.84 (m, 4 H, CH2S and CH2CO), 2.14 (s, 3 H, SMe); 
mass spectrum m/z (rel intensity) 465 (20), 375 (25), 181 (12), 91 
(100). Anal. (C20H22O6S)C1H. 

[S-(2fl*,S*)]-2-Hydroxy-2-[(methylsulfinyl)methyl]bu-
tanedioic Acid Dibenzyl Ester (22a) and the [S-(2R*Jt*)]-
Diastereomer (22b). A solution of sulfide 21 (49.2 g, 130 mmol) 
in CH2Cl2 containing a trace of Sudan III was cooled to -78 0C. 
Ozone was passed into the deep red solution until a colorless 
solution resulted. The solution was purged with N2 for 10 min 
and then the solution was warmed to 25 0C. The solvent was 
removed in vacuo and the residue was purified by chromatography 
(5 % MeOH-Et2O) to give the diastereomeric sulfoxides 22a (13.2 
g, 34%) and 22b (11.9 g, 31%). For 22a: mp 88-89 0C (Et2O); 
fl/0.48 (10% MeOH-Et2O);IR(KBrdisc) 2930,2855,1745,1727, 
1460,1380 cm"1; 1H NMR (DMSO) « 7.34 (m, 10 H, Ar), 6.30 (s, 
1 H, OH), 5.08 and 5.04 (singlets, 2 H each, CH2Ar), 3.15 (m, 4 
H, CH2), 2.58 (s, 3 H, SMe); 13C NMR (DMSO)«171.8 and 169.1 
(C=O), 135.8, 135.4, 128.2, 127.9, 127.9, 127.8 and 127.7 (Ar), 
73.0 (COH), 68.5 and 65.6 (CH2Ar), 61.2 (C(0)CH2),41.7 (CH2S), 
39.3 (SCH3); mass spectrum m/z (rel intensity) 391 (M+, 100) 301 
(15), 185 (28), 91 (64). Anal. (C20H22O6S) C, H. 

For22b: mp 69-70 0C (Et2O);fy0.45 (10% MeOH-Et2O); IR 
2925, 2855, 1750, 1735, 1455, 1380, 1230, 1000 cm"1; 1H NMR 
(DMSO) 6 7.35 (m, 10 H, Ar), 6.12 (s, 1 H, OH), 5.02 (s, 4 H, 
CH2Ar), 3.34 and 3.24 (doublets, 1 H each, J - 12.0 Hz, C(O)-
CH2), 3.16 and 2.78 (doublets, 1H each, J = 12.0 Hz, CH2S), 2.58 
(s, 3 H, SMe); 13C NMR (DMSO) S 171.8, 168.7, 135.7, 135.8, 
128.4,128.3, 128.0,127.9, 72.7, 66.6, 65.8, 63.2, 44.2, 39.7; mass 
spectrum m/z (rel intensity) 391 (M + H, 42) 301 (12), 277 (9), 
185 (77), 93 (100). Anal. (C20H22O6S) C, H. 

[S-(2iT*,5*)]-2-Hydroxy-2-[(S-methyl8ulfonimidoyl)me-
thyljbutanedioic Acid Dibenzyl Ester (23a) and the 
[S-(2B*^R*)]-Diastereomer(23b). A solution of sulfoxide 22a 
(12.1 g, 31.1 mmol) in CH2Cl2 (100 mL) was cooled to 0 0C and 
treated with freshly prepared O-CmesitylsulfonyDhydroxylamine23 

(13.4 g, 62.2 mmol). The solution was stirred at 25 0C for 18 h 
when amination was judged complete by 1H NMR (DMSO) S 
2.58 (S(O)Afe; & 2.90 (S(O)(NH)Me). The reaction mixture was 
washed with saturated aqueous NaHCO3 and brine and dried 
MgSO4. Removal of the solvent in vacuo and purification of the 
residue by chromatography (5 % MeOH-Et2O) gave sulfoximine 
23a (6.9 g, 55%): mp 95-96 0C (5% MdOH-Et2O);/?/0.48 (10% 
MeOH-Et2O); IR (KBr disc) 3290,2930,2855,1740,1455,1380, 
1065,1015 cm-'; 1H NMR (DMSO) « 7.34 (m, 10 H, Ar), 6.39 (s, 
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1 H, OH), 5.04 (m, 4 H, CH2Ar), 4.01 (s, 1 H, NH), 3.65 and 3.55 
(doublets, 1 H each, J = 12.0 Hz, C(O)CH2), 3.03 and 2.92 
(doublets, 1 H each, J = 12.0 Hz, CH2S), 2.96 (s, 3 H, SMe); 13C 
NMR (DMSO) 5 171.4 and 168.6 (C=O), 135.6, 135.4, 128.2, 
128.1,127.9 and 127.8 (Ar), 73.2 (COH), 66.6 and 65.7 (CH2Ar), 
62.1 (C(O)CH2), 44.6 (SMe), 43.3 (CH2S); mass spectrum m/z 
(rel intensity) 406 (M + H, 8), 391 (8), 316 (32), 185 (62), 93 (100). 
Anal. (C20H23NO6S) C, H, N. 

Sulfoximine 23b (5.5 g, 49 %) was prepared from sulfoxide 22b 
(10.8 g, 28 mmol) in an identical manner as described for the 
preparation of 23a. For 23b: mp 95-96 0C (5% MeOH-Et2O); 
«/0.45 (10% MeOH-Et2O);IR (KBr disc) 3345,2925,2855,1755, 
1740,1460,1380 cm"1; 1H NMR (DMSO) S 7.34 (m, 10 H, Ar), 
6.37 (s, 1 H, OH), 5.06 (m, 4 H, CH2Ar), 3.84 (s, 1 H, NH), 3.64 
and 3.58 (doublets, 1H each, J = 2.0 Hz, C(O)CH2), 3.05 and 2.95 
(doublets, 1 H each, J - 12.0 Hz, CH2S), 2.98 (s, 3 H, SMe); 13C 
NMR (DMSO) S 171.3, 168.7, 135.6, 135.5, 128.2, 128.1,127.9, 
127.8,127.7,127.6,126.4,126.2, 73.1, 66.5, 65.6, 61.4,60.1, 44.9, 
42.7; mass spectrum m/z (rel intensity) 406 (M + H, 98), 316 (28), 
270 (12), 181 (20), 91 (100). Anal. (C2OH23NO6S) C, H, N. 

[S-(lif*-trazis)]-4,5-Dihydro-4-hydroxy-l-methyl-3-oxo-
3H-lXMsothiazole-4-acetic Acid Benzyl Ester (24). Cyclic 
sulfoximine 24 was obtained in quantitative yield upon six 
recrystallizations of 23b from 50% aqueous EtOH. For 24: mp 
171-172 0C dec; IR (KBr disc) 3300,2980,2880,1715,1685,1280, 
1210, cm'1; 1H NMR (CDCl3) S 7.40 (m, 5 H, Ar), 5.20 (s, 2 H, 
CH2Ar), 3.80 (m, 2 H, C(O)CH2), 3.45 (s, 3 H, SMe), 3.10 and 2.90 
(doublets, 1H each, J - 15.0 Hz, CH2S); mass spectrum m/z (rel 
intensity) 298 (M + H, 12), 262 (2), 210 (100), 163 (24). Anal. 
(C13Hl6NO5S) C, H, N. 

[S-(2J**,S*)]-2-Hydroxy-2-[(S-methylsulfommidoyl)me-
thyljbutanedioic Acid (12a) and the [£-(2A*,A*)]-Diaste-
reomer (12b). A solution of benzyl ester 23a (2.03 g, 5 mmol) 
in MeOH (50 mL) was stirred under ambient H2 pressure in the 
presence of 10% Pd/C (1.0 g). After 2 h the hydrogenation 
reaction was judged complete by TLC (10% MeOH-Et2O) and 
the solution was filtered to remove the catalyst. The filtrate was 
reduced to half its original volume and cooled to 0 0C. Diacid 
12a (860 mg, 76%) which crystallized from the solution was 
collected and dried (0.1 mm, 35 0C): mp 103-105 0C (MeOH); 
RfO.l (10% MeOH-Et2O); IR (KBr disc) 2930,2855,1720,1615, 
1461,1375,1245 cm"1; 1H NMR (DMSO) S 3.60 (m, 2 H, CH2S), 
3.16 (s, 3 H, SMe), 2.85 and 2.65 (doublets, 1 H each, J = 12.0 
Hz, C(O)CH2));

 13C NMR (DMSO) & 173.4 and 170.6 (COOH), 
72.4 (COH), 61.5 (CH2S), 44.5 (SMe), 43.3 (C(O)CH2); mass 
spectrum m/z (rel intensity) 226 (M + H), 12), 185 (72), 93 (100). 
Anal. (C6H11NO6S)C1H1N. 

Diacid 12b (480 mg, 45 %) was prepared from diester 23b (1.92 
g, 4.7 mmol) in an identical manner as described for the 
preparation of 12a from 23a. For 12b: mp 138-139 0C (MeOH); 
fl/0.1 (10% MeOH-Et2O);IR2925,2854,1710,1610,1460,1275 
cm"1; 1H NMR (DMSO) S 3.62 and 3.48 (doublets, 1 H each, J 
= 12.0 Hz, CH2S), 3.00 (s, 3 H, SMe), 2.87 and 2.84 (doublets, 
1 H each, J = 12.0 Hz, C(O)CH2);

 13C NMR (DMSO) 5 173.3, 
170.8,72.4,61.2,44.6,42.0; mass spectrum m/z (rel intensity) 226 
(M + H, 15), 185 (75), 93 (100). Anal. (C6H11NO6S) C, H, N. 

l-(tert-Butyldimethylsilyl)-3-hydroxy-2-azetidinone(26). 
To a stirred solution of diisopropylamine (5.2 mL, 37 mmol) in 
THF (100 mL) at 0 0C was added n-butyllithium (23 mL of a 1.5 
M solution in hexanes, 34.5 mmol). The solution was stirred for 
10 min at 0 °C and then was cooled in a dry ice-acetone bath to 
-78 0C. To this solution of LDA was added azetidinone 2525 (5.3 
g, 28.6 mmol) as a solution in THF (30 mL) over a period of 10 
min. After the mixture was stirred for an additional 30 min, 
oxodiperoxymolybdenum (pyridine) hexamethylphosphoramide 
(MoOPH)26 (18.6 g, 43 mmol) was added in one portion. The 
reaction mixture was allowed to warm to 0 0C, quenched with 
saturated aqueous NaHSO3 (40 mL), and partitioned between 
diethyl ether (200 mL) and brine (50 mL). The organic phase 
was separated and washed with water (50 mL) and brine (50 
mL). The combined aqueous phases were back-extracted with 
diethyl ether (50 mL), and the combined organic phase was dried 
(Na2S04), filtered through Celite, and concentrated under reduced 
pressure. The residue so obtained was purified by chromatog
raphy (50% hexane-Et20) followed by vacuum sublimation (150 
°C at 1 mm) to give alcohol 26 (3.7 g; 64%): white solid; mp 

Dolle et al. 

52-55 0C; IR (KBr disc) 3280,2926,2856,1745,1465,1254 cm"1; 
1H NMR (CDCl3) 8 4.95 (m, 1 H, CHOH), 4.16 (br s, 1 H, OH), 
3.49 (t, I H 1 J = 5.8 Hz, CHH'N), 3.19 (dd, IH1J= 6.3, 2.5 Hz, 
CHH'N), 0.94 (S19 H, SiCMe3), 0.24 (singlets, 3 H each, SiMe2); 
mass spectrum m/z (rel intensity) 202 (M + H, 100). Anal. (C9Hi9-
NO2Si) C, H, N. 

l-(tert-Butyldimethylsilyl)-3-[(trimethylsilyloxy]-2-aze-
tidinone (27). To a stirred solution of 26 (2.42 g, 12 mmol) in 
CH2Cl2 (50 mL) was added sequentially triethylamine (2.5 mL, 
18 mmol) and chlorotrimethylsilane (2.2 mL, 17 mmol). The 
reaction mixture was stirred for 1.5 h and then the mixture was 
partitioned between water (50 mL) and diethyl ether (150 mL). 
The organic phase was washed with a mixture of brine (50 mL) 
and saturated aqueous NaHCO3, dried (Na2SO4), and concen
trated under reduced pressure. The residue was purified by bulb 
to bulb distillation (150 0C, 1 mm) to give 0-lactam 27 (3.15 g; 
96%): oil; IR (CHCl3 solution) 2958,2890,1745,1471,1313,1254 
cm"1; 1H NMR (CDCl3) 6 4.88 (dd, 1H, J = 5.2,2.6 Hz, CHOTMS), 
3.44 (t, IH, J = 5.6 Hz, CHH'N), 3.11 (dd, I H 1 J = 6.0, 2.6 Hz, 
CHH'N), 0.95 (s, 9 H1 SiCMe3), 0.23 and 0.19 (singlets, 15 H 
total, SiMe); mass spectrum m/z (rel intensity) 258 (10), 230 (5), 
216 (5), 116 (100). Anal. (C12H27NO2Si2) C, H1 N. 

Benzyl 2-(Trimethylsilyl)acrylate (28). To a stirred sus
pension of NaH (800 mg, 27 mmol; 80% oil dispersion) in DMF 
(15 mL) was added a solution of 2-(trimethylsilyl)acrylic acid27 

(3.6 g, 24 mmol) in DMF (10 mL). After hydrogen evolution had 
ceased, benzyl bromide (4.15 g, 24 mmol) was added. The reaction 
mixture was stirred at 25 0C for 1 h and then partitioned between 
diethyl ether (200 mL) and water (100 mL). The organic phase 
was washed with water (2 X 100 mL), dried (Na2SO4), and 
concentrated under reduced pressure. The residue was purified 
by chromatography (10 % E^O-hexane) followed by bulb to bulb 
distillation (150 0C, 1 mm) to give ester 28 (4.1 g, 72%): oil; IR 
(thin film) 3068, 2957, 2899, 1719, 1594, 1456, 1275, cm"1; 1H 
NMR (CDCl3) « 7.35 (m, 5 H, Ar), 6.84 and 6.05 (doublets, 1 H 
each, J = 2.9 Hz, CH2), 5.20 (s, 2 H, CH2Ar), 0.17 (s, 9 H, SiMe3); 
mass spectrum m/z (rel intensity) 234 (8), 219 (15), 91 (100). 
Anal. (C13H18O2Si) C, H. 

l-(fert-Butyldimethylsilyl)-2-oxo-a-(trimethylsilyl)-3-
[(trimethylsilyl)oxy]-3-azetidinepropanoic Acid Benzyl 
Ester (29). To a stirred solution of LDA (50 mL of a 0.5 M 
solution in THF-hexanes) at -78 0C was added 27 (4.35 g, 15.9 
mmol) as a solution in THF (5 mL). The solution was stirred 
for 10 min prior to the addition of 28 (3.78 g, 15.9 mmol). The 
reaction mixture was stirred for a further 10 min and quenched 
with saturated aqueous NH4Cl (30 mL). The reaction mixture 
was allowed to warm to 25 0C and partitioned between diethyl 
ether (150 mL) and water (30 mL). The organic phase was washed 
wtih brine (20 mL), dried (Na2SO4), and concentrated under 
reduced pressure. The residue so obtained was purified by 
chromatography (10% E^O-hexane) to give ester 29 as a 3.6:1 
mixture of diastereomers (5.94 g; 74%): oil; IR (thin film) 2950, 
2890, 2860, 1745, 1715, 1465, 1250, 1185, 840 cm"1; 1H NMR 
(CDCl3) (major isomer) S 7.35 (m, 5 H, Ar), 5.10 (s, 2 H, CH2Ar), 
3.13 and 3.05 (doublets, 1 H each, J = 6.2 Hz, CH2N), 2.52 (dd, 
I H , , / = 14.4, 10.7 Hz, CHSiMe3), 2.07 (d, 1 H, J = 10.7 Hz, 
CHH'), 1.71 (d, 1 H, J = 14.4 Hz, CHH'), 0.93 (s, 9 H, SiCMe3), 
0.20, 0.17, and 0.02 (singlets, 24 H total, SiMe); mass spectrum 
m/z (rel intensity) 492 (5), 259 (80), 169 (25), 91 (95), 73 (100). 

3-Hydroxy-2-oxo-3-azetidinepropanoic Acid Benzyl Ester 
(31). To a stirred solution of 29 (7.8 g, 15.4 mmol) in THF (100 
mL) were added glacial acetic acid (3.6 mL, 63 mmol) and 
tetrabutylammonium fluoride (22 mL of a 1M solution in THF; 
22 mmol). The reaction mixture was stirred for 2 h and poured 
onto silica gel (~35 g) and the solvent was evaporated under 
reduced pressure. The white powder so obtained was purified 
by chromatography (Et2O) to give ester 31 (3.3 g; 87%): oil; IR 
(thin film) 3320, 2970, 2800, 1740, 1450, 1270 cm"1; 1H NMR 
(CDCl3) 6 7.35 (m, 5 H, Ar), 6.3 (br s, 1 H, NH), 5.12 (s, 2 H, 
CH2Ar) 4.8 (br s, 1 H, OH), 3.34 and 3.31 (doublets, 1 H each, 
J = 5.7 Hz, CH2N), 2.68 (t, 2 H, J = 7.3 Hz, COCH2CH2), 2.19 
(t, 1H, J = 7.3 Hz1 COCH2CH2); mass spectrum m/z (rel intensity) 
140 (13), 106 (25), 91 (100). 

l-(tert-Butyldimethylsilyl)-3-hydroxy-2-oxo-3-azeti-
dinepropanoic Acid Benzyl Ester (32). To a stirred solution 
of 31 (4.6 g, 18.5 mmol) in DMF (50 mL) was added triethylamine 
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(5.2 mL, 37.1 mmol) and tert-butyldimethylsilyl chloride (5.6 g, 
37.1 mmol). The reaction mixture was stirred for 40 min and 
partitioned between diethyl ether (500 mL) and water (100 mL). 
The organic phase was washed with water (2 X 200 mL) and 
brine (100 mL), dried (Na2SO4), and concentrated under reduced 
pressure. The residue was purified by chromatography (50% 
EtsO-hexane) to give alcohol 32 (6.18 g; 92%): oil; IR (thin film) 
2950, 2920,2855,1745,1720,1460,1250 cnr1; 1H NMR (CDCl3) 
S 7.35 (m, 5 H, Ar), 5.12 (s, 2 H, CH2Ar), 4.49 (br s, 1 H, OH), 
3.25 and 3.21 (doublets, 1 H each, J = 7.8 Hz), 2.65 (m, 2 H, 
COCH2CH2), 2.16 (t, 2 H, J = 9.5 Hz, COCH2CH2), 0.93 (s, 9 H, 
SiCMe3), 0.22 and 0.21 (singlets, 3 H each, SiMe2). 

l-(tert-Butyldimethylsilyl)-3-[(trimethylsilyl)oxy]-2-oxo-
3-azetidinepropanoic Acid Benzyl Ester (30). To a stirred 
solution of 32 (6.18 g, 17 mmol) in CH2Cl2 (100 mL) were added 
triethylamine (7 mL, 50 mmol) and chlorotrimethylsilane (5 mL, 
40 mmol). The reaction mixture was stirred for 2 h and 
partitioned between diethyl ether (500 mL) and water (200 mL). 
The organic phase was separated, dried (Na2SO4), and concen
trated under reduced pressure. The residue was purified by 
chromatography (10% Et20-hexane) followed by bulb to bulb 
distillation (250 0C, 0.3 mm) to give ester 30 (6.35 g; 86%): oil; 
IR (thin film) 2960, 2930, 2890,1745,1470,1250 cm"1; 1H NMR 
(CDCl3) 8 7.35 (m, 5 H, Ar), 5.12 (s, 2 H, CH2Ar), 3.21 and 3.16 
(doublets, 1H each, J = 6.2 Hz, CH2N), 2.64 (ddd, 1H, J = 17.0, 
8.9,6.9 Hz, COCHH'CH2), 2.52 (ddd, 1 H, J = 17.1,9.1, 6.8 Hz, 
COCHJfCH2), 2.21 (m, 2 H, COCH2CH2), 0.94 (s, 9 H, SiCMe3), 
0.23 and 0.21 (singlets, 3 H, each, NSiMe2), 0.18 (s, 9 H, OSiMe3); 
mass spectrum m/z (rel intensity) 435 (8), 420 (15), 392 (10), 144 
(45), 91 (100). Anal. (C22H37NO4Si2) C, H, N. 

[S-{aR* ,3J?*)]-l-(tert-Butyldimethylsilyl)-2-oxo-o-2-pro-
penyl-3-[(trimethylsilyl)oxy]-3-azetidinepropanoic Acid 
Benzyl Ester (33a) and the [&-(a£*,3.R*)]-Diastereomer 
(33b). To a stirred solution of LDA (4.4 mL of a 0.5 M solution 
in THF-hexanes) at -78 0C was added 30 (435 mg, 1 mmol) as 
a solution in THF (2 mL). The solution was stirred for 20 min 
and then was transferred by cannula into a stirred solution of 
allyl bromide (0.5 mL, 5.6 mmol) in THF (3 mL) which was also 
precooled to -78 0C. The reaction mixture was allowed to warm 
to 25 0C, quenched with saturated aqueous NH4Cl (10 mL), and 
partitioned between diethyl ether (50 mL) and water (20 mL). 
The organic phase was washed with brine (10 mL), dried (Na2-
SO4), and concentrated under reduced pressure. The residue so 
obtained was purified by chromatography (10% Et20-hexane) 
to give a 1:1.5 diastereomeric mixture of esters 33a:33b (312 mg; 
65 %) which was used directly in the subsequent transformation. 
A small portion of the isomeric mixture was separated by HPLC 
(25 mm prep silica column, eluant 39:1 hexane-ethyl acetate) to 
give 33b (eluting first) and 33a. For 33a (minor isomer): IR 
(CHCl3 solution) 3020,2980,1740,1510,1420,1205 cm"1; 1H NMR 
(CDCl3) 6 7.35 (m, 5 H, Ar), 5.68 (ddt, 1H, J = 18.0,10.0,7.0 Hz, 
CH=CH2), 5.14 and 5.05 (doublets, 1 H each, J = 12.4 Hz, CH2-
Ar), 5.02 (d, 1 H, J = 18 Hz, CH=CH2), 5.01 (d, 1 H, J = 10 Hz, 
CH=CH2), 3.18 (s, 2 H, CH2N), 2.68 (m, 1 H, O2CCHCH2), 2.36 
(m, 2 H, O2CCHCH2), 2.25 (dt, I H , . / = 14.0, 7.0 Hz, 
CHH'CH=CH2), 1.77 (dd, 1H, J = 14.3,4.2 Hz, CHH'CH=CH2), 
0.96 (s, 9 H, SiCMe3), 0.22 and 0.20 (singlets, 3 H each, NSiMe2), 
0.18 (s, 9 H, OSiMe3); mass spectrum m/z (rel intensity) 475 (1), 
227 (18), 183 (100), 130 (25), 91 (95); high-resolution mass 
spectrum calcd for C26H4iN04Si2 475.2574, found 475.2527. 

For 33b (major isomer): IR (CHCl3 soln) 2950, 2925, 2855, 
1735,1460,1250 cm"1; 1H NMR (CDCl3, 360 MHz) 5 7.32 (m, 5 
H, Ar),5.7 (ddt, IH1J= 17.0,10.0,7.0Hz,CH=CH2),5.11 and 
5.09 (doublets, 1 H each, J = 12.4 Hz, CH2Ar) 5.03 (d, 1 H, J = 
7.0 Hz, CH=CH2), 5.01 (d, 1H, J = 10.1 Hz, CH=CH2), 3.13 and 
3.01 (doublets, 1 H each, J = 6.2 Hz, CH2N), 2.9 (ddt, 1 H, J = 
9.5, 7.0, 3.3 Hz, O2CCHCH2), 2.40 and 2.30 (doublet of triplets, 
1 H each, J = 14.0,7.0 Hz, O2CCHCH2), 2.17 (dd, 1 H, J = 14.3, 
9.4 Hz, CHH'CH=CH2), 1.91 (dd, 1 H, J = 14.2, 3.2 Hz, 
CHH'CH=CH2), 0.92 (s, 9 H, SiCMe3), 0.20 and 0.17 (singlets, 
3 H each, NSiMe2), 0.16 (s, 9 H, OSiMe3); mass spectrum m/z 
(rel intensity) 475 (1), 460 (4), 279 (5), 227 (15), 183 (100); high-
resolution mass spectrum calcd for C25H4iN04Si2 475.2574, found 
475.2527. 

[iJ-(4S*-cj's)]-2-(tert-Butyldimethylsilyl)-5-oxo-2-azaspiro-
[3.4]octane-l,6-dione (34). A solution of 33a (10 mg, 21 Mmol) 

in methanol (1 mL) containing glacial acetic acid (100 ml) was 
stirred for 18 h at 25 0C and was then concentrated under reduced 
pressure at 50 0C. The residue was purified by chromatography 
(50% Et20-hexane) to give spiro-lactone 34 (4.6 mg; 74%): oil; 
IR (CHCl3 soln) 2950, 2930, 2860,1785,1750, 1600,1460 1250, 
1100 cm"1; 1H NMR (C6D6) & 5.65 (m, 1 H, CH=CH2), 5.05 (d, 
1H, J = 15.6 Hz, CH=CH2), 5.04 (d, 1H, J = 11.5 Hz, CH=CH2), 
3.14 and 2.74 (doublets, 1 H each, J = 6.6 Hz, CH2N), 2.65 (m, 
1H, CHH'CHCO), 2.21 (m,3 H, CH2CH=CH2 and CHH'CHCO), 
1.78(dd,lH, J= 12.9,8.1Hz, CHH'CHCO),0.99 (s, 9 H, SiCMe3), 
0.21 and 0.20 (singlets, 3 H each, SiMe2); mass spectrum m/z (rel 
intensity) 294 (70), 250 (20), 180 (100), 131 (50). 

[5-(a/?*,3i?*)]-l-(tert-Butyldimethylsilyl)-2-oxo-a-2-pro-
penyl-3-hydroxy-3-azetidinepropanoic Acid Benzyl Ester 
(35a) and the [£-(a£*,31Z*)]-Diastereomer (35b). To a 
solution of the 1:1.5 mixture of 33a:33b (1.08 g, 2.26 mmol) in 
methanol (18 mL) was added glacial acetic acid (2 mL), and the 
reaction mixture was stirred for 18 h. Toluene (10 mL) was added 
and the solution was concentrated under reduced pressure (<30 
0C). The residue was purified by chromatography (50% Et2O-
hexane) to give a 1:1.5 mixture of 35a:35b (855 mg; 94%) as an 
oil which was used directly in the subsequent oxidation. For 
35b: IR (thin film) 3350,2950,2910,2855,1730,1460,1250 cm"1; 
1H NMR (CDCl3) S 7.35 (m, 5 H, Ar), 5.79 (ddt, IH, J= 17.0, 
12.0, 7.0 Hz, CH=CH2), 5.04 (d, 1 H, J = 17.0 Hz, CH=CH2), 
5.14 (s, 2 H, CH2Ar), 5.03 (d, 1 H, J = 10.0 Hz, CH=CH2), 3.8 
(br s, 1 H, OH), 3.13 (m, 2 H, CH2N), 3.05 (m, 1 H, COCHCH2), 
2.44 and 2.30 (doublet of triplets, 1 H each, J = 14.0, 7.0 Hz, 
COCHCH2), 2.25 (dd, 1 H, J = 14.0,10.0 Hz, CHH'CH=CH2), 
1.97 (dd, IH1J= 14.0, 3.0 Hz, CHH'CH=CH2), 0.92 (s, 9 H, 
SiCMe3), 0.21 and 0.18 (singlets, 3 H each, SiMe2); high-resolution 
mass spectrum calcd for Ci8H24NO4Si (M - 57) 346.1475, found 
346.1464. 

[i?-(4S*-trans)]-2-(tert-Butyldimethylsilyl)-6-hydroxy-5-
oxa- l-oxo-2-azaspiro[3.5]nonane-8-carboxylic Acid Benzyl 
Ester (36a) and the [i?-(4if*-cis)-Diastereomer (36b). Ozone 
was passed through a stirred solution of a 1:1.5 mixture of 35a: 
35b (1.32 g, 3.3 mmol) in CH2Cl2 (20 mL) at -78 0C until a 
persistent blue color was observed. The excess ozone was removed 
by passing oxygen through the solution until the exhaust failed 
to react with starch iodide. Triphenylphosphine (1.3 g, 5 mmol) 
was then added and the reaction mixture was brought to 25 0C. 
The solvent was evaporated under reduced pressure and the 
residue purified by chromatography (30% Et^O-hexane) to give 
spiro-lactols 36a (423 mg; 32%) and36b (658mg; 50%). For 36a 
(1:1 mixture of anomers): 1H NMR (CDCl3) 6 7.35 (m, 5 H, Ar), 
5.53 (ddd, 0.5 H, J= 13.0, 12.0, 2.0 Hz, OCHO), 5.3 (d, 0.5 H, 
J = 13.0 Hz, OCHO), 5.14 (s, 2 H, CH2Ar), 5.07 (d, 0.5 H, J = 
12.0 Hz, CH2CHO), 3.62 (d, 0.5 H, J - 5.0 Hz, CH2CHO), 3.33 
and 3.19 (doublets, 0.5 H each, J = 6.4 Hz, CH2N), 3.32 and 3.17 
(doublets, 0.5 H each, J = 6.4 Hz, CH2N), 3.25 (m, 1H, CH), 2.01 
(m, 3.5 H, CH2CHCH2CHO), 1.52 (dt, 0.5 H, J= 13.0, 9.0 Hz, 
CH2CHCH2CHO), 0.95 and 0.94 (singlets, 9 H total, SiCMe8), 
0.26, 0.23, and 0.21 (singlets, 6 H total, SiMe2). 

For 36b (3:1 mixture of anomers): 1H NMR (CDCl3) 6 7.35 (m, 
5 H), 5.48 (m, 1 H, OCHO), 5.14 (s, 2 H, CH2Ar), 3.51, 3.31 and 
3.17 (doublets, 2 H total, J = 6.2 Hz, CH2N), 3.10 (m, 2 H, CH2-
CHO), 2.65 (m, 0.25 H, CH2CHO), 1.85 (m, 4 H, HCCH2), 0.94 
(s, 9 H, SiCMe3), 0.24 and 0.21 (singlets, 3 H each, SiMe2). 

[B-(4S*-tJ-aiis)]-2-(tert-Butyldiinethylsilyl)-l(6-dioxo-5-
oxa-2-azaspiro[3.5]nonane-8-carboxylic Acid Benzyl Ester 
(37a) and the [.R-(4S*-c/s)]-Diastereomer (37b). Pyridinium 
chlorochromate (4 X 290 mg, 5.2 mmol total) was added at 30-
min intervals to a vigorously stirred solution of 36a (450 mg, 1.1 
mmol) in CH2Cl2 (20 mL) containing NaOAc (1.1 g, 14.4 mmol). 
The reaction mixture was stirred for 30 min after the final addition 
of oxidant. The mixture was filtered through a bed of silica 
(eluted with diethyl ether) and concentrated under reduced 
pressure. Recrystallization of the residue (Et20-hexane) gave 
spiro-lactone 37a as white needles (260 mg; 58%). The mother 
liquor was concentrated to afford an additional 80 mg of 37a 
(76% combined yield): mp 98-99 0C; IR (CHCl3 solution) 2955, 
2930, 2860,1750, 1465,1255 cm"1; 1H NMR (CDCl3) « 7.35 (m, 
5 H, Ar), 5.16 (s, 2 H, CH2Ar), 3.51 (dddd, 1H, J = 10.9,9.1,7.0, 
5.1 Hz, CH2CH), 3.49 and 3.31 (doublets, 1 H each, J = 6.8 Hz, 
CH2N), 3.08 (ddd, 1 H, J = 17.9, 7.1,1.0 Hz, CH2CO), 2.71 (dd, 
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1H, J - 17.9,9.1 Hz, CH2CO), 2.54 (ddd, IH1J= 14.3,5.0,1.0 
Hz, CH2CH), 2.20 (dd, 1 H, J = 14.3,10.8 Hz, CH2CH), 0.94 (s, 
9 H, SiCMe9), 0.25 (s, 6 H, SiMe3); mass spectrum (FAB +ve ion) 
ml z (rel intensity) 404 (15), 314 (10), 185 (95), 144 (15), 93 (100). 
Anal. (C2IH29NO6Si)CH1N. 

Spiro-lactone 37b was prepared from 36b (630 mg, 1.6 mmol) 
in an identical manner as described for the preparation of 37a. 
For 37b (360 mg; 62%): white needles (EtjO-hexane); mp 97-99 
0C; IR (CHCl3 soln) 2960, 2930, 2820,1760,1465,1270 cm"1; 1H 
NMR (CDCl3) S 7.36 (m, 5 H, Ar), 5.18 (s, 2 H, CH2Ar), 3.51 and 
3.33 (doublets, 1H each, 6.6 Hz, CH2N), 3.14 (dd, 1H, J = 16.3, 
10.9 Hz, CH2C=O), 3.01 (m, 1 H, CHCH2), 2.87 (ddd, 1 H, J = 
16.4, 6.0, 0.8 Hz, CH2C=O), 2.58 (dd, 1 H, J = 14.6, 7.7 Hz, 
CHCH2), 2.37 (ddd, IK1J= 14.6,7.0,0.8 Hz, HCCH2), 0.95 (s, 
9 H, SiC(Me3)3), 0.25 and 0.24 (singlets, 3 H each, SiMe2); mass 
spectrum (FAB +ve ion) m/z (rel intensity) 404 (30), 314 (10), 
185 (45), 93 (100). Anal. (C2IH29NO5Si)C1H1N. 

[&(4S*-tiWfl«)]-l,6-Dioxo-5-oxa-2-azaspiro[3.5]nonane-8-
carboxylic Acid Benzyl Ester (38a) and the [R-(iS*-cis)]-
Diastereomer (38b). To a stirred solution of 37a (201 mg, 0.5 
mmol) in THF (1 mL) were added glacial acetic acid (60 mL, 1 
mmol) and tetrabutylammonium fluoride (0.5 mL of a 1 M 
solution in THF10.5 mmol). The reaction mixture was stirred 
for 20 min and poured onto silica gel (2 g). The volatiles were 
removed under reduced pressure to give a white powder which 
was purified by chromatography (Et2O and then EtOAc). The 
EtOAc fractions were combined and concentrated to give spiro-
lactam 38a (127 mg; 88%): white needles (EtOAc); mp 133-135 
0C; IR (CHCl3 soln) 3420,3020,1780,1735,1255, cm"1; 1H NMR 
(CDCl3) 6 7.35 (m, 5 H1 Ar), 5.95 (br s, 1 H1 NH)1 5.15 (s, 2 H, 
CH2Ar)13.60 and 3.46 (doublets, 1 H each, J = 6.2 Hz1 CH2N)1 
3.49 (m, 1 H1 CH2CH)1 3.07 (ddd, IU1J= 17.9, 6.0, 1.0 Hz, 
CH2COO), 2.74 (dd, 1 H, J = 17.9,9.4 Hz, CH2COO), 2.61 (ddd, 
IH1J= 14.5,5.0,1.0 Hz1 CH2CH)1 2.25 (dd, 1 H 1J = 14.4,10.9 
Hz1 CH2CH); mass spectrum (FAB -ve ion) m/z (rel intensity) 
288 (8), 275 (15), 183 (100), 151 (9), 91 (75). Anal. (Ci6Hi6NO6) 
C, H, N. 

Spiro-lactam 38b was prepared from 37b (201 mg, 0.5 mmol) 
in an identical manner as described for the preparation of 38a. 
For 38b (135 mg; 93%): white solid (EtOAc); mp 124-125 0C; 
IR (CHCl3 soln) 3420, 3010, 1780, 1740, 1205 cm"1; 1H NMR 
(CDCl3) a 7.35 (m, 5 H, Ar), 6.0 (br s, 1 H, NH), 5.18 (s, 2 H, 
CH2Ar), 3.62 and 3.47 (doublets, 1H each, J = 6 Hz1 CH2N)13.15 
(dd, I H 1 J = 15.0,10.5 Hz1 CH2COO)1 3.05 (m, 1 H, CH2CH)1 
2.88 (dd, 1H, J = 15.0,5.0 Hz1 CH2COO), 2.62 (dd, J = 14.5, 7.0 
Hz1 CH2CH)1 2.4 (dd, 1 H, J = 14.5, 6.0 Hz, CH2CH); mass 
spectrum (FAB -ve ion) m/z (rel intensity) 288 (35), 275 (100), 
256(10). Anal. (Ci6Hi6NO5)C1H1N. 

[R-(4S*-trans)]-l,6-Dioxo-5-oxa-2-azaspiro[3.5]nonane-8-
carboxylic Acid (39a) and the [fl-(4S*-cj's)]-Diastereomer 
(39b). A solution of 38a (166 mg, 0.6 mmol) in THF (5 mL) was 
shaken over 10 % Pd/C (10 mg) under H2 at atmospheric pressure 
for 3 h. The reaction mixture was diluted with methanol (30 
mL), filtered through Celite, and concentrated under reduced 
pressure. The residue was recrystallized (CH3CN) to give acid 
39a (107 mg; 93%): white needles (CH3CN); mp >250 0C dec; 
IR (KBr disc) 3360 (Br), 3180 (Br), 1760,1740,1730,1260,1185, 
1110 cm"1; 1H NMR (DMSO) 6 8.46 (s, 1 H1 NH)1 3.42 and 3.33 
(doublets, 1 H each, J = 6.5 Hz, CH2N)13.20 (m, 1 H1 CH2CH), 
2.81 (dd, 1H, J = 17.0,6.3 Hz, CH2COO), 2.63 (dd, 1H, J = 17.0, 
8.5 Hz, CH2COO)1 2.52 (dd, IH, J= 14.5,6.0 Hz1 CH2CH), 2.24 
(dd, 1H, J -14.5,9.3 Hz, CH2CH); mass spectrum (FAB -ve ion) 
m/z (rel intensity) 200 (8), 185 (100). Anal. (C8H9NO5)CH1N. 

Acid 39b was prepared from 38b (145 mg, 0.5 mmol) in an 
identical manner as described for the preparation of 39a. For 
39b (83 mg; 82%): mp >250 0C dec; IR (KBr disc) 3420, 3240, 
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1765,1745,1725, 1275,1140 cm"1; 1H NMR (DMSO) S 8.43 (s, 
1 H1 NH)1 3.45 and 3.34 (doublets, 1 H each, J = 6.4 Hz)1 3.15 
(m, 1H1 CH2CH), 2.76 (dd, 1H, J = 14.2,8.9 Hz, CH2COO), 2.65 
(dd, 1 H, J = 14.5, 6.5 Hz, CH2CH), 2.35 (dd, 1 H1 J = 4.2, 6.4 
Hz, CH2COO), 2.11 (dd, I H 1 J = 14.2, 9.6 Hz1 CH2CH); mass 
spectrum (FAB -ve ion) m/e (rel intensity) 200 (20), 185 (30), 93 
(100). Anal. (C8H9NO6) C, H, N. 

[S-(J**,3fl*)]-[(3-Hydroxy-2-oxo-3-azetidinyl)methyl]bu-
tanedioic Acid (17a) and the [£-(S*,3fi*)]-Diastereomer 
(17b). To a stirred suspension of 39a (40 mg; 0.2 mmol) in water 
(1 mL) was added aqueous sodium hydroxide (0.8 mL of a 1 M 
aqueous solution; 0.8 mmol). The reaction mixture was stirred 
for 5 min and passed through a mixed bed of carboxylate ion 
exchange resin (Amberlite IRC50), eluting with water. Con
centration under reduced pressure and azeotroping with ethanol 
gave diacid 17a (56 mg; >100%), containing NaHCO3 (<10%) 
which coeluted from the ion-exchange column: amorphous solid; 
IR (KBr disc) 3430,1744,1573,1403,1206 cm"1; 1H NMR (D2O1 
buffered at pH 8 with NaHCO3) 8 3.54 and 3.33 (doublets, 1 H 
each, J = 6.3 Hz, CH2N), 2.75 (m, 1 H1 CH2CH)1 2.58 (dd, 1 H, 
J = 14.9, 5.0 Hz1 CH2COO)1 2.25 (dd, 1 H, J = 14.8, 9.9 Hz, 
CH2COO), 2.21 (dd, 1 H, J = 14.6,9.0 Hz, CH2CH), 1.81 (dd, 1 
H 1 J = 14.6,3.7 Hz, CH2CH); mass spectrum (FAB -ve ion) m/z 
(rel intensity) 216 (20), 183 (10O).32 

Diacid 17b was prepared from 39b (40 mg, 0.2 mmol) in an 
identical manner described for the preparation of 17a. For 17b 
(64 mg): amorphous solid; IR (KBr disc) 3405,1743,1575,1411, 
1272,930 cm"1; 1H NMR (D2O, buffered at pH 8 with NaHCO3) 
S 3.53 and 3.30 (doublets, 1 H each, J = 6.4 Hz, CH2N)12.78 (m, 
1H1 CH2CH)12.54 (dd, 1H, J = 14.9,5.4 Hz1 CH2COO)12.26 (dd, 
1H, J = 14.9,9.7 Hz, CH2COO), 2.11 (dd, 1H, J = 14.5,10.0 Hz, 
CH2CH), 1.92 (dd, 1H, J = 14.5,3.3 Hz, CH2CH); mass spectrum 
(FAB -ve ion) m/e (rel intensity) 216 (20), 183 (10O).32 

Rat ATP-Citrate Lyase Assay. ATP-citrate lyase was 
purified from rat liver as previously described.11 Reversible 
binding K1 were measured by inhibition of the carbon-carbon 
cleavage activity,1211 using 1.0 mM citrate (S = Km) as previously 
described.13 Data were fitted to the equation V= V1nZ(I-I-[I]ZKi) 
using the program Grafit.33 ATPase activity was measured using 
a pyruvate kinase coupled assay10* under previously described 
conditions.13 

Supplementary Material Available: Experimental details 
of the X-ray structure determination of 24, including tables of 
fractional atomic coordinates, thermal parameters, interatomic 
distances, and angles (8 pages). Ordering information is given 
on any current masthead page. 

Registry No. (±)-12a, 144373-40-0; (±)-12b, 144373-41-1; (±)-
17a, 144373-60-4; (±)-17b, 144373-61-5; 18,32807-28-6; 19,64127-
51-1; (±)-20,144373-33-1; (±)-21,144373-34-2; (±)-22a, 144373-
35-3; (±)-22b, 144373-36-4; (±)-23a, 144373-37-5; (±)-23b, 144373-
38-6; (±)-24,144373-39-7; 25,117505-49-4; (±)-26,144373-42-2; 
(±)-27,137627-17-9; 28,126830-73-7; 28 acid, 18187-17-2; (±)-29 
(isomer 1), 144373-43-3; (±)-29 (isomer 2), 144373-44-4; (±)-30, 
144373-47-7; (±)-31,144373-45-5; (±)-32,144373-46-6; (±)-33a, 
144373-48-8; (±)-33b, 144373-49-9; (±)-34,144373-50-2; (±)-35a, 
144373-51-3; (±)-35b, 144373-52-4; (±)-a-36a, 144373-53-5; (±)-
/3-36a, 144409-36-9; (±)-a-36b, 144409-37-0; (±)-/}-36b, 144409-
38-1; (±)-37a, 144373-54-6; (±)-37b, 144373-55-7; (±)-38a, 144373-
56-8; (±)-38b, 144373-57-9; (±)-39a, 144373-58-0; (±)-39b, 144373-
59-1; ATP-citrate lyase, 9027-95-6. 

(32) Diacids 17a and 17b were contaminated with NaHCO3 (<10%) 
which coeluted with the diacids from the ion-exchange system. As a 
result, accurate CHN data could not be obtained. 

(33) Leatherbarrow, R.J. Grafit Version 2.0. Erithacus Software Ltd., 
1990; Staines, England. 


