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methane was added 0.1 mL of trifluoroacetic acid. The mixture 
was stirred for 1 h a t  room temperature, diluted with 30 mL of 
dichloromethane, and washed with 20 mL of saturated aqueous 
sodium bicarbonate. The aqueous wash was extracted with three 
20-mL portions of dichloromethane. The combined organic layers 
were dried (Na2S04) and concentrated in vacuo, and the residue 
was chromatography over 4 g of silica gel (ethyl acetate-methanol, 
1 O : l )  to give 18 mg (78%) of 3 as a white solid mp 62-68 'C; 
IR (CHCl,) 1690 cm-'; 'H NMR (500 MHz, CDCl,) 6 1.75 (ddd, 
J = 15.0, 4.8, 2.3 Hz, 1 H, Cl@), 1.81 (dd, J = 14.4, 3.0 Hz, 1 H, 
C4H), 1.84 (dt, J = 15.0,3.3 Hz, 1 H, Cl@), 2.05 (br s, 2 H, CkH 
and C,H), 2.10 (dqu, J = 14.4, 2.3 Hz, 1 H, C4H), 2.26 (br s, 1 H, 
C,H), 2.78 (s, 3 H,NCH3), 3.42 (s, 3 H, OCHJ, 3.61 (br s, 1 H, 
C8H), 3.68 (d, J = 10.0 Hz, 1 H, CH,OMe), 3.78 (d, J = 11.7 Hz, 
1 H, OCIH), 3.89 (d, J = 10.0 Hz, 1 H, CH,OMe), 3.95 (d, J = 
11.7 Hz, 1 H, OCIH), 4.0 (br s, 1 H, C,H); 13C NMR (CDC13) 6 

(s, C5), 59.7 (9, OCH,), 60.8 (t, CH20Me), 66.4 (d, C8), 67.5 (t, CJ, 
68.6 (d, C3), 177.8 (s, C6); exact mass calcd for Cl3H1,NO3 m l e  
237.1365, found 237.1347. 

(la,3a&4a,7a@,SR *)-(*)-Ethyl 2,3,3a,4,5,7a-Hexahydro-6- 
methoxy-3a-(methoxymethyl)-2-methyl-3-oxo-l,4-methano- 
1H-isoindole-&acetate (44). A mixture of 24 mg (0.080 mmol) 
of the ketone 39 and 300 mg (1.58 "01) of p-toluenesulfonic acid 
in 4 mL of trimethyl orthoformate and 1 mL of methanol was 
warmed at reflux for 60 h. The resulting solution was concentrated 

24.5 (t), 27.4 (q, NCHS), 31.0 (t), 32.5 (d), 43.2 (d), 44.1 (d), 57.2 
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in vacuo. The residue was diluted with 20 mL of dichloromethane 
and washed with three 10-mL portions of saturated sodium bi- 
carbonate followed by 10 mL of brine. The organic layers were 
dried (MgS04) and concentrated in vacuo, and the residue was 
chromatographed over 2 g of silica gel (ethyl acetate) to yield 19 
mg (72%) of 44 as a clear oil: IR (CHZCl2) 1730,1690,1650 cm-'; 
'H NMR (300 MHz, CDC1,) 6 1.25 (t, J = 7 Hz, 3 H, OCH3), 1.72 

2.31 (m, 2 H, CH2C02Et), 2.41 (dd, J = 17.5, 2.3 Hz, 1 H, C7H), 
2.50 (m, 1 H, C8H), 2.70 (dt, J = 6.8, 1.8 Hz, 1 H, C,H), 2.89 (s, 
3 H, NCH,), 3.39 (s, 3 H, OCH,), 3.47 (d, J = 9.5 Hz, 1 H, 
CH20Me), 3.53 (s,3 H, =COCH,), 3.68 (t, J = 2.3 Hz, 1 H, CIH), 
3.69 (d, J = 9.5 Hz, 1 H, CH20Me), 4.13 (9, J = 7 Hz, 2 H, OCHa, 
4.53 (d, J = 6.8 Hz, 1 H, C,H); exact mass calcd for C17H25N05 
m f e 323.1734, found 323.1724. 

(qu, J = 2.6 Hz, 1 H, C7,H), 2.20 (dd, J = 17,2.7 Hz, 1 H, C7H), 
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A synthetic route to the three ladone analogues 2a-c of the interesting antibiotic thiolactomycin (la) is described. 
The synthetic strategy used is flexible in that it allows in principle for variation in the nature of the substituents 
introduced at  C-2, C-3, or C-4 of the 2-butenolide nucleus. Of the three synthetic analogues of thiolactomycin 
that we describe, 2a lacks the acidic C-3 hydroxyl group while 2b and 2c are tetronic acid analogues of the antibiotic. 

Introduction 
In 1982, the structure and antibiotic properties of 

thiolactomycin (la), isolated from a soil sample containing 
an organism of the genus Nocardia, were first reported by 
Oishi et al.3 This is the first example of a naturally oc- 
curring thiolactone to exhibit antibiotic activity. The 
compound displayed only moderate in vitro activity against 
a broad spectrum of pathogens, including Gram-positive 
cocci and enteric bacteria, but revealed a unique synergistic 
effect, in combination with P-lactam antibiotics, in inhib- 
iting inducible P-lactamase-producing microorganisms.* 
Thiolactomycin was also found to display effective in vivo 
activity against S. marcescens and K. pneumoniae in mice 
and showed only moderate t ~ x i c i t y . ~  More recently, in- 

terest in the biological activity of thiolactomycin has fo- 
cused on its inhibition of fatty acid synthetasesm6 The 
isolation and structure determination of the closely related 
antibiotic thiotetromycin (lb) have been reported by Om- 
ura et al.7 In contrast to thiolactomycin, the absolute 
configuration of lb does not appear to have been deter- 
mined. 

(1) The formal name is (4S)-(2E,5E)-2,4,6-trimethyl-3-hydroxy-2,5,7- 
octatriene-4-thiolide. 

(2) (a) Abstracted in part from the Ph.D. Thesis of M. J. Drewery, 
University of Toronto, 1988. (b) These results have been presented in 
part at the 3rd Chemical Congress of North America (Abstract Number 
ORG-471), Toronto, Ontario, Canada, June 5-10, 1988. 

(3) (a) Oishi, H.; Noto, T.; Sasaki, H.; Suzuki, K.; Hayashi, T.; Okazaki, 
H.; Ando, K.; Sawada, M. J. Antibiot. 1982,35, 391. (b) Sakai, H.; Oishi, 
H.; Hayashi, T.; Matsuura, I.; Ando, K.; Sawada, M. J. Antibiot. 1982, 
35, 396. 

(4) Noto, T.; Miyakawa, S.; Oishi, H.; Endo, H.; Okazaki, H. J. An- 
tibiot. 1982, 35, 401. 

(5) Miyakawa, S.; Suzuki, K.; Noto, T.; Harada, Y.; Okazaki, H. J. 
Antrbzot. 1982, 35, 411. 

b.  R =CH2CH3 2 a , R = H  
b.  R = OMe 
c ,  R = O H  

Despite the obvious interest in these compounds, only 
one synthesis of racemic thiolactomycin has been reported 

(6) Nishida, I.; Kawaguchi, A,; Yamada, M. J. Biochem. (Tokyo) 1986, 
99, 1447. 

(7) (a) Omura, S.; Iwai, Y.; Nakagawa, A.; Iwata, R.; Takahashi, Y.; 
Shimizu, H.; Tanaka, H. J. Antibiot. 1983, 36, 109. (b) Omura, S.; 
Nakagawa, A.; Iwata, R.; Hatano, A. J. Antibiot. 1983, 36, 1781. 
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synthesis of methyl a-(bromomethy1)acrylate 4, the reac- 
tion of which with zinc and the silylated acetol 5a" af- 
forded 3 in 63% yield.l8 It  will be noted that the (tri- 
methylsily1)oxy group is removed during the workup. 
Compound 3 is quite stable as the y-lactone, and the po- 
tential alternative &-lactone is never observed, on the basis 
of the IR evidence. When the same reaction was carried 
out with [ (tert-butyldimethylsilyl)oxy]acetone or [ (tert- 
butyldiphenylsily1)oxyl acetone, these silyl groups remained 
intact. 

The lH NMR spectrum (acetone-dJ of 3 displayed a 
singlet (3 H) at 6 0.99 due to the methyl group. The vinylic 
and allylic protons make up a AA'XX' system, which gives 
rise to an interesting set of peaks.lga The allylic methylene 
protons are diastereotopic and display both geminal cou- 
pling (17 Hz) and identical allylic coupling ( J  = 2.6 Hz) 
with each of the vinylic protons. Consequently, a char- 
acteristic doublet of triplets (J = 2.6, 17 Hz) is observed 
for each allylic proton, at  6 2.2 and 2.7, respectively. The 
vinylic protons apparently do not couple with each other 
(Jxx, = 0). The vinylic proton triplet at  6 5.6 can be 
assigned to the proton cis to the carbonyl group because 
the anisotropic effect of the latter would be expected to 
shift it farther d o ~ n f i e 1 d . l ~ ~ ~ ~  Another interesting aspect 
of the 'H NMR spectrum of 3 is that the hydroxymethyl 
group exhibits a coupling between the methylene protons 
and the hydroxyl proton that is concentration dependent. 
When the 'H NMR spectrum was run at  higher concen- 
trations, no coupling could be observed, but at  lower 
concentrations a triplet (J = 5 Hz) due to the hydroxyl 
proton appeared a t  6 3.9 and a doublet ( J  = 5 Hz) due to 
the methylene protons was observed a t  6 3.15. 

Rearrangement of the a-methylene lactone 3 to the en- 
docyclic butenolide 6a was readily achieved, in 72 % yield, 
with use of rhodium(II1) chloride as the catalyst.20 While 
rhodium chloride has frequently found application for the 
rearrangement of double bonds, we believe this to be the 
first successful application to the rearrangement of an 
a-methylene lactone. The reaction could be followed quite 
easily by 'H NMR spectroscopy. The disappearance of 
the vinylic protons of 3 at 6 5.15 and 5.6, and the allylic 
protons at 2.2 and 2.7, along with the appearance of a new 
allylic methyl doublet at 1.86 and a vinylic quartet at 6.93, 
revealed the progress of the reaction. When this isomer- 
ization was carried out with the tert-butyldimethylsilyl 
derivative of 3, the silyl ether was cleaved during the re- 
action, yielding 6a and the corresponding disiloxane, ( t -  
BuMe,Si),O. Partial desilylation occurred even when the 
tert-butyldiphenylsilyl derivative was isomerized under 
these conditions. 

Oxidation of 6a to the corresponding aldehyde turned 
out to be surprisingly difficult, due perhaps to the presence 
of a fully substituted a-carbon atom, or to the potential 
for ready @elimination of the carboxylate leaving group, 

6a. R =CHzOH 
b .  R =CHO &HO 

8a,  R = H  

"(a) Zno, THF,  45-60 "C, 36 h (63%); (b) RhC1,.3Hz0, 95% 
EtOH, reflux (72%); (c) (COCl)z, DMSO, CHZClz, -65 "C, 1.5 h; 
Et3N, -65 "C - 25 "C (22%); (d) THF,  reflux, 36 h (75%); (e) 
CH3PPh3+I-, T H F ,  n-C4H9Li (hexane), 25 "C, 18 h (80%). 

to date,8 while Omura and co-workersg have described the 
synthesis of some thiotetromycin analogues. A recent 
report by Thomas and co-workers1° provides an elegant 
general procedure for the asymmetric synthesis of thio- 
tetronic acids. We felt that it would be of interest to 
attempt to synthesize close structural analogues of thiol- 
actomycin with a similar substitution pattern but with a 
lactone unit replacing the thiolactone moiety of the natural 
product. The compounds chosen for our study were the 
2-butenolide analogue 2a, the tetronic acid 2c, and its 
methyl ester 2b. The general field of y-butyrolactone 
synthesis has been reviewed recently," and there are also 
reviews available of the synthesis of tetronic acids (3- 
hydroxy-2-butenolides),'2 as well as numerous recent re- 
p o r t ~ . ' ~  Several methods for the interconversion of lac- 
tones and thiolactones have been reported previously.'* 

Results and Discussion 
Our approach to the synthesis of 2a (Scheme I) lay in 

first synthesizing the appropriately substituted a-methy- 
lenebutyrolactone 3 by adapting the general method of 
Schmidt et We were able to take advantage of the 
improved procedure of Charlton and co-workers16 for the 

(8) Wang, C.-L. J.; Salvino, J. M. Tetrahedron Let t .  1984, 25, 5243. 
(9) Tsuzuki, K.; Akeyoshi, M.; Omura, S. Bull. Chem. SOC. Jpn.  1985, 

58, 395. 
(10) Chambers, M. S.; Thomas, E. J.; Williams, D. J. J. Chem. Soc., 

Chem. Commun. 1987, 1228. 
(11) Kano, S.; Shibuya, S.; Ebata, T. Heterocycles 1980, 14, 661. 
(12) (a) Haynes, L. J.; Plimmer, J. R. Q. Rev. Chem. Soc., London 

1960,14,292. (b) Pattenden, G. Fortschr. Chem. Og. Naturst. 1978,35, 
133. 

(13) (a) Momose, T.; Toyooka, N.; Takeuchi, Y. Heterocycles 1986,24, 
1429. (b) Damon, R. E.; Luo, T.; Schlessinger, R. H. Tetrahedron Let t .  
1976, 2749. (c) Takaiwa, A.; Yamashita, K. Agric. B i d .  Chem. 1983,47, 
429. (d) Booth, P. M.; Fox, C. M.; Ley, S. V. Tetrahedron Let t .  1983,24, 
5143. (e) Brandange, S.; Flodman, L.; Norberg, A. J. Org. Chem. 1984, 
49,927. (0 Tehim, A. K.; Witiak, D. T. J. Org. Chem. 1987,52,2324. (9) 
Miyata, 0.; Schmidt, R. R. Tetrahedron Lett. 1982,23,1793. (h) Carlson, 
R. M.; Peterson, J. R.; Hoop, B. J.; Jensen, K. J. Synth. Commun. 1982, 
12, 977. (i) Clemo, N. G.; Pattenden, G. J. Chem. Soc., Perkin Trans. 
1 1985,2407. (j) Wrobel, J. E.; Ganem, B. J. Org. Chem. 1983,48,3761. 
(k) Krapski, L. R.; Lynch, L. E.; Heilmann, S. M.; Rasmussen, J. K. 
Tetrahedron Let t .  1985, 26, 981. 

(14) (a) Rao, S.; Filler, R. J. Heterocycl. Chem. 1964, 1, 210. (b) 
Lumma, W. C.; Duntra, G. A.; Voeker, C. A. J. Org. Chem. 1970,35,3442. 
(c) Gerecke, M.; Zimmermmn, J. P.; Aschwanden, W. Helo. Chim. Acta 
1970,53, 991. (d) Kogure, K.; Yoshimura, I.; Fukawa, H.; Shimizu, T. 
Agric. Biol. Chem. 1976, 40, 1657. 

(15) Ohler, E.; Reininger, K.; Schmidt, U. Angew. Chem. 1970,82,480. 
(16) Charlton, J. L.; Sayeed, V. A.; Lypka, G. N. Synth. Commun. 

1981, 11, 931. 

(17) 0-Silylation in all cases described in this article was conducted 
with the appropriate silylating agent by the general procedure of Chau- 
dhary and Hernandez: Chaudhary, S. K.; Hernandez, 0. Tetrahedron 
Let t .  1979, 99. 

(18) Better yields were obtained when zinc activated by the procedure 
of Cava and co-workers was employed in this reaction: Kerdesky, F. A. 
J.; Ardecky, R. J.; Lakshmikantham, M. V.; Cava, M. P. J. Am. Chem. 
SOC. 1981, 103, 1992. 

(19) (a) Ionin, B. I.; Ershov, B. A. NMR Spectroscopy in Organic 
Chemistry; Plenum Press: New York-London, 1970; pp 203-211. (b) 
Abraham, R. J.; Loftus, P. Proton and Carbon-13 NMR Spectroscopy: 
An Integrated Approach; Heyden and Son Ltd.: London, 1978; pp 15-19. 
(c )  Jackman, L. M. Applications of Nuclear Magnetic Resonance 
Spectroscopy in Organic Chemistry; Macmillan Co. and Pergamon Press 
Ltd.: New York, 1959; pp 119-125. 

(20) Davies, S. G. Organotransition Metal Chemistry: Applications 
to Organic Synthesis; Pergamon Press Ltd.: Oxford, 1982; pp 269-271. 
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Scheme II" 

Still and Drewery 

to convert 9 into the tetronic acid l l a  directly, by reaction 
with the Reformatsky reagent derived from ethyl 2- 
bromopropanoate by the method of Rasmussen and co- 
w o r k e r ~ , ' ~ ~  was completely without success. Grignard 
addition of ethylmagnesium bromide,25 followed by 
standard workup, however, gave a mixture of 10a and 10b 
in almost quantitative yield. Mild acidic hydrolysis com- 
pleted the conversion of 10a into lob. The 'H NMR and 
IR spectra (see the Experimental Section) clearly showed 
10b to be the desired a-hydroxy ketone. 

Generation of the dianion of 10b with at  least 2 equiv 
of LDA, followed by reaction of the dianion with 1,l'- 
carbonyldiimidazole according to the procedure of Smith 
and co-workers,26 afforded the tetronic acid l l a  in 41% 
yield. Alkaline hydrolysis was required for de~ i ly l a t ion~~  
to form the corresponding primary alcohol 11 b in excellent 
yield. 

Attempts to oxidize the primary alcohol group in l l b  
itself to the corresponding aldehyde having proved fruit- 
less, we decided to protect the tetronic acid as its methyl 
ester before carrying out this oxidation. Since direct 
methylation of tetronic acids is known29 to give rise to 
mixtures of the isomeric ((2-1 and C-3) methoxy com- 
pounds, we proceeded via the tetrabutylammonium saltlB 
followed by treatment of the crude salt with dimethyl 
sulfate, and obtained a single product 12a in 80% yield. 
The IR spectrum of this methyl tetronate revealed a 
carbonyl stretching band at  1716 cm-'. This value is 
considerably lower than the range (1745-1780 cm-') usually 
observed for such 4-alkoxy-5H-furan-2-0nes.~~ Intermo- 
lecular hydrogen bonding between the hydroxyl group and 
the carbonyl oxygen is a possible explanation for this 
surprisingly low value (vide infra). 

To our surprise, the Swern oxidationz1 of 12a proceeded 
readily to give 12b in 60% yield, in marked contrast to our 
experience with the analogous conversion of 6a to 6b. The 
explanation for the apparently beneficial effect of the C-3 
methoxyl group is not obvious, but is probably linked to 
its electron-releasing property. The 'H NMR and IR ev- 
idence strongly supports the formation of 12b, but it is 
noteworthy that in the conversion of 12a to 12b the ob- 
served lactone carbonyl stretching frequency changed from 
1716 to 1764 em-'. This lends support to the argument 
above that the low carbonyl stretching value observed for 
12a may be caused by intermolecular hydrogen bonding. 

With the key aldehyde intermediate 12a in hand, the 
side chain was constructed in two steps via ab, as discussed 
in the synthesis of 2a above, to furnish the methyl tetro- 
nate 2b in about 50% overall yield (Scheme 11). The IR 
and 'H NMR spectra of 2b were fully in accord with ex- 
pectation. As discussed in detail above for the simpler 
analogue 2a, the 'H NMR characteristics (chemical shifts 
and coupling constants) for the side-chain protons in 2b 
confirmed the presence of a single isomer and were vir- 
tually identical with those reported for thiolactomycin 

thus establishing that the geometrical isomer shown 
for 2b (and hence 8b) is the correct one. The combined 
spectral data, along with the elemental analysis of 2b, 
provide conclusive evidence for the successful synthesis 
of the methyl tetronate analogue of (*)-thiolactomycin. 

CH3CCH~OSi(/-Bu)Ph2 

RO COCzH5 

c. d - a .  b - / \  Me3B0\ 7" 
C H ~ C C H ~ O S I ( / - B U ) P ~ Z  

9 loa,  R =OSiMe3 
b . R  = H  

U U 

OR 12a,  R = CH20H 
l l a ,  R = (t-Bu)SIPhz b .  R = CHO 

b .  R = H  

8 b , R = O M e  -!- 2b - 2c 

" (a) EtMgBr (ether), ether-benzene, 0 "C - 25 "C, 48 h (95%); 
(b) acetic acid-THF-water (3:1:1), 25 "C, 48 h (95%); (c) LDA, 
THF,  Im,CO, -78 "C (5 h)  - 25 "C (16 h) (41%); (d) 2 M aqueous 
NaOH, 60 OC, 24 h (82%); (e) 40% aqueous (n-C4H,),N+OH-, 25 
"C, 1 h (96%); (CH3)2S04, CH,C&, 35-40 "C, 60 h (80%); (0 (CO- 
Cl),, DMSO, CH&12, -65 "C, 1 h; Et3N, -65 "C 4 25 "C (60%); (9) 
7, THF, reflux, 48 h (65%); (h) CH3PPh3+I-, THF,  n-C4H&i (hex- 
ane), 25 "C, 18 h (75%); (i) 0.5 M n-C3H7SLi (hexamethyl- 
phosphoramide), HMPA, 25 "C, 10 min (80%). 

or both. After numerous attempts, employing a wide va- 
riety of oxidants, the conversion of 6a to 6b was achieved 
in 22% yield by using a Swern-type procedure.21 

Construction of the C-4 side chain was achieved in two 
steps, with use of the useful a-formylethylidene- 
phosphorane reagent 7 developed by Schlessingern to first 
produce the chain-extended aldehyde Sa, followed by 
standard Wittig methylenation to form 2a, in an overall 
yield of 60% (Scheme I). 

The 'H NMR spectrum (CDCl,) of 2a displays five vinyl 
protons. The @-vinyl proton of the 2-butenolide unit gives 
a quartet (J = 2 Hz) at 6 7.05. The rest of the vinyl protons 
were assigned to the butadiene system. The proton atta- 
ched to C-7 gives rise to a doublet of doublets at 6 6.19 (JCk 
= 10 Hz, Jtr,, = 17 Hz), and the proton a t  C-5 gives a 
broad singlet a t  5.54. The protons at  C-8 give a pair of 
doublets. The Hb proton leads to a doublet a t  6 5.05 (Jcis 
= 10 Hz) while the H, proton gives a doublet a t  5.2 (Jk,, 
= 17 Hz). The chemical shifts and splitting pattern fit the 
values expected for a butadiene system with this type of 
substitution and the E geometry.23 The pattern observed 
in 2a is almost the same as that seen for thiolactomycin 
itself.3b This in turn has confirmed that the precursor Sa 
also possesses the desired E geometry in the a,p-unsatu- 
rated aldehyde unit. The remaining 'H NMR and IR data, 
along with the mass spectrum and elemental analysis, 
provided conclusive proof that we had successfully syn- 
thesized 2,4-dimethyl-4-(2/-methyl-l'(E) ,3'-butadienyl)-2- 
butenolide, the 3-deoxy lactone analogue of (*)-thiol- 
actomycin. 

A quite different strategy was employed for the synthesis 
of 2b and 2c (Scheme 11), based upon incorporation of the 
C-3 oxygenated carbon atom a t  an early stage although, 
as in the synthesis above, the substituted C-4 carbon in 
the tetronic acid nucleus is again derived from a simple 
acetone synthon. Acetol (hydroxyacetone), protected as 
its tert-butyldiphenylsilyl ether,17 was readily converted 
into the 0-silyl cyanohydrin 9 in 95% yield.% An attempt 

~ 

(21) Mancuso, A. J.; Swern, D. Synthesis 1981, 165. 
(22) Schlessinger, R. H.; Poss, M. A.; Richardson, S.; Lin, P. Tetra- 

hedron Let t .  1985, 26, 2391. 
(23) Jackman, L. M.; Sternhell, S. Applications of Nuclear Magnetic 

Resonunce Spectroscopy in Organic Chemistry, 2nd ed.; Pergamon Press: 
Toronto, 1969; pp 225 and 342. 

(24) Evans, D. A.; Truesdale, L. K. Tetrahedron Let t .  1973, 4929. 
(25) (a) Krepski, L. R.; Heilmann, S. M.; Rasmussen, J. K. Tetrahe- 

dron Let t .  1983, 24, 4075. (b) Gill, M.; Kiefel, M. J.; Lally, D. A. Tet- 
rahedron Let t .  1986, 27, 1933. 

(26) Jerris, P. J.; Woukulich, P. M.; Smith, A. B., 111. Tetrahedron 
Lett. 1979. 4517. -, ~-~ _. 

(27)Hanessian, S.; Lavallee, P. Can. J. Chem. 1975, 53, 2975. 
(28) Cf. ref 23, p 215. 
(29) Wengel, A.; Reffstrup, T.; Boll, P. M. Tetrahedron 1979,35,2181. 
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The conversion of 2b into t h e  corresponding tetronic 
acid 2c was not expected to be trivial, based upon literature 
pre~edents.'~'9 After several unsuccessful attempts using 
dilute acid hydrolysis and trimethylsilyl iodide promoted 
d e m e t h y l a t i ~ n , ' ~ ~ - ~ '  this conversion was finally achieved in 
80% yield, with use of l i thium 1-propanethiolate under 
anhydrous conditions,32 with brief reaction times. The IR 
and 'H NMR spectra of the tetronic acid so obtained, along 
with the high-resolution mass spectrum, confirmed that 
2c is 2,4-dimethyl-4-(2'-methyl-l'(~,3'-bu~dienyl)tetronic 
acid, the tetronic acid analogue of (f)-thiolactomycin. 

T h e  syntheses described in this account, especially the  
synthesis of t h e  tetronic acid analogues 2b,c, appear t o  
offer a convenient route to a wide variety of potentially 
interesting lactone analogues of thiolactomycin. For  ex- 
ample, the  use of t h e  readily available 1-hydroxy-2-buta- 
none in place of acetol, and replacement of ethyl- by n- 
propylmagnesium bromide, would appear to offer a route 
t o  the corresponding thiotetromycin analogues. Further, 
the  mode of construction used for t h e  side chain in  2b,c, 
as well as in 2a, via a reactive aldehyde intermediate, 
clearly allows for the introduction of a wide variety of side 
chains, not  necessarily alkadienyl in  nature,  at C-4. 

Experimental Section 
The 'H NMR spectra were obtained at  60 MHz. Column and 

flash chromatography were carried out on silica gel supplied by 
E. Merck (Darmstadt), with 70-230 and 230-400 mesh size, re- 
spectively. TLC (analytical and preparative) was carried out on 
silica gel supplied by E. Merck (Darmstadt). Melting points are 
uncorrected. The purity of titled compounds was shown to be 
298% by 'H NMR and TLC analyses. 

Anhydrous reactions were performed in oven-dried glassware 
(140 "C, 6 h), which was then cooled under nitrogen. All syringes 
were oven-dried and cooled in a desiccator before use. Di- 
chloromethane and ethyl formate were distilled from phosphorus 
pentoxide and stored over 4-A molecular sieves. Dimethyl sul- 
foxide was fractionally distilled (discarding the first 20% of 
distillate), followed by sequential drying over 3-A molecular sieves. 
Benzene, toluene, diethyl ether, and tetrahydrofuran (THF) were 
distilled from sodium benzophenone ketyl before use. Hexanes, 
diisopropylamine, triethylamine, pyridine, and hexamethyl- 
phosphoramide were stirred over calcium hydride (72 h) and 
distilled, followed by storage over 3-A molecular sieves. 1- 
Propanethiol was distilled from magnesium turnings just before 
use. 

1-[ (Trimethylsilyl)oxy]-2-propanone (5a). (For analogue 
5b, see under preparation of compound 9.) Chlorotrimethylsilane 
(38 mL, 0.3 mol) was added dropwise to a solution of acetol (18.5 
mL, 0.27 mol), triethylamine (46 mL, 0.33 mol), and 4-(di- 
methy1amino)pyridine (0.3 g, 2.45 "01) in dichloromethane (150 
mL) at  0 "C. The reaction mixture was warmed to 25 "C and 
stirred overnight under nitrogen. Water (100 mL) was added, 
and the organic layer was separated. The aqueous layer was 
further extracted with dichloromethane (2 X 50 mL). The com- 
bined organic layers were washed with saturated ammonium 
chloride (150 mL) and dried (MgS04). Evaporation and distil- 
lation of the crude product (38.0 g) gave 5a (31.0 g, 78%): bp 
97 OC (30 Torr); IR (CC14) u 1725 cm-'; 'H NMR (CDC13) 6 0.1 
(s, 9 H), 2.08 (s, 3 H),  4.08 (s, 2 H); MS, m / z  141 (27), 131 (56), 
103 (36), 75 (67), 73 (100). 
4-(Hydroxymethyl)-4-methyl-2-methylenebutanolide (3). 

Methyl a-(bromomethyl)acrylate'6 (4) (42.9 g, 0.24 mol) in dry 
THF (120 mL) was added dropwise to a vigorously stirred mixture 
of 5a (36.0 g, 0.25 mol), activated z i n P  (19.0 g, 0.29 mol), and 
dry THF (50 mL) under nitrogen. Once the reaction had started, 
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addition was adjusted so that the temperature did not rise above 
60 "C. After addition was complete, the mixture was stirred for 
a further 36 h at  45-50 "C. It  was then poured into ice-cold 3 
M hydrochloric acid (300 mL). Extraction with dichloromethane 
(700 mL, 2 X 150 mL) and washing of the combined dichloro- 
methane layers with saturated sodium chloride (500 mL) con- 
taining saturated sodium bicarbonate (20 mL), followed by sat- 
urated sodium chloride (500 mL), drying (MgS04), and evapo- 
ration, gave the crude lactone (28.0 g). Distillation afforded 
unreacted bromo ester 4 (7.0 g) and lactone 3 (18.0 g, 63%), bp 
162 "C (0.8 Torr), which solidified slowly. The solid was washed 
with pentane and dried to give a white solid: mp 66-68 "C; IR 
(KBr) u 3490-3400, 1760 cm-'; 'H NMR (acetone-d6) 6 0.99 (s, 
3 H), 2.2 (dt, J = 2.6 and 17 Hz, 1 H), 2.7 (dt, J = 2.6 and 17 Hz, 
1 H), 3.15 (d, J = 5 Hz, 2 H), 3.90 (t, J = 5 Hz, 1 H), 5.15 (t, J 
= 2.6 Hz, 1 H), 5.6 (t, J = 2.6 Hz, 1 H) (The signal a t  6 3.90 
disappeared upon shaking with DzO and the doublet a t  6 3.15 
collapsed to a singlet.); MS, m/z 124 (6), 112 (7), 111 (86), 68 (8), 
43 (100). Anal. Calcd for CTH1003: C, 59.14; H, 7.09. Found: 
C, 59.09; H, 7.16. 

2,4-Dimethyl-4-( hydroxymethyl)-2-butenolide (sa). Com- 
pound 3 (18.0 g, 0.13 mol) and rhodium(II1) chloride trihydrate 
(400 mg, 1.5 mmol) were dissolved in 95% ethanol (200 mL). The 
solution was refluxed, and the reaction was monitored by 'H NMR 
spectroscopy. After completion, the solvent was removed by 
evaporation. The residue was taken up in dichloromethane (150 
mL), washed with saturated sodium chloride solution (100 mL), 
dried (MgS04), and evaporated to give the crude 2-butenolide 
(15.6 g). Kugelrohr distillation (oven temperature 155 "C at  0.15 
Torr) gave pure 6a (13.0 g, 72%). Washing the distilled product 
with pentane and drying gave a white solid: mp 54-56 "C; IR 
(KBr) u 3430, 1730 cm-'; 'H NMR (CC14) 6 1.2 (s, 3 H), 1.8 (d, 
J = 1.8 Hz, 3 H), 3.4 (s, 2 H), 3.68 (br s, 1 H), 6.85 (q, J = 1.8 
Hz, 1 H) (The signal a t  6 3.68 disappeared upon shaking with 
DzO.); MS, m/z  112 (43), 111 (36), 99 (7), 69 (8) 43 (100). Anal. 
Calcd for C7H1003: C, 59.14; H, 7.09. Found: C, 59.13; H, 7.15. 
2,4-Dimethyl-4-formyl-2-butenolide (6b). A solution of oxalyl 

chloride (3.9 mL, 45.1 mmol) in dichloromethane (60 mL) was 
stirred and cooled to -78 "C as dimethyl sulfoxide (6.4 mL, 90.2 
mmol) in dichloromethane (15 mL) was added, with the tem- 
perature maintained below -65 "C. Two minutes after addition 
was complete, 2,4-dimethyl-4-(hydroxymethyl)-2-butenolide (6a) 
(5.82 g, 41.0 mmol) in dichloromethane (25 mL) was added, with 
the temperature maintained below -65 "C. After the mixture was 
stirred for 1.5 h, triethylamine (28 mL, 0.2 mol) was added slowly, 
with the temperature maintained below -60 "C. The reaction 
was warmed to room temperature after addition was complete. 
Water (100 mL) was added, and the dichloromethane layer was 
separated. The aqueous layer was extracted with ethyl acetate 
(3 x 100 mL), and the organic layers were combined and dried 
(MgS04). Evaporation and Kugelrohr distillation (oven tem- 
perature 80 "C at 0.2 Torr) yielded the desired aldehyde 6b (1.28 
g, 22%): IR (CHzClz) u 1771 cm-'; 'H NMR (CDCl,) 6 1.58 (s, 
3 H), 1.98 (d, J = 1.7 Hz, 3 H), 6.88 (q, J = 1.7 Hz, 1 H), 9.24 
(s, 1 H); MS, m/z  111 (50), 69 (28), 57 (36), 43 (100). 
2,4-Dimethyl-4-(2'-methyl-3'-0~0- l'(E)-propenyl)-2-b~- 

tenolide (8a). Compound 6b (0.4 g, 2.9 mmol) and phosphorane 
722 (1.36 g, 4.3 mmol) were mixed in anhydrous THF (15 mL). 
The mixture was degassed with three freeze-pump-thaw cycles 
and then refluxed under nitrogen for 36 h. The THF was removed 
under vacuum, and the residue was taken up in diethyl ether. The 
solid triphenylphosphine oxide was filtered off. The ether was 
removed under vacuum, and the residue was subjected to flash 
chromatography (ethyl acetate-hexane, 4:1), giving compound 
8a (0.38 g, 75%), which was further purified by Kugelrohr dis- 
tillation (oven temperature 100 "C at  0.2 Torr): IR (CHZClz) u 
1763, 1694 cm-'; 'H NMR (CDC13) 6 1.58 (s, 3 H), 1.86 (d, J = 
1.5 Hz, 3 H), 1.93 (d, J = 1.7 Hz, 3 H), 6.39 (q, J = 1.5 Hz, 1 H), 
7.09 (q, J = 1.7 Hz, 1 H), 9.34 (s, 1 H); MS, m/z  180 (lo), 165 
(9), 152 (18), 138 (27), 137 (41), 111 (52), 109 (loo), 81 (56). 
2,4-Dimethyl-4-(2'-methyl-l'(E),3'-butadienyl)-2-butenolide 

(2a). Methyltriphenylphosphonium iodide (1.0 g, 2.5 mmol) was 
suspended in anhydrous THF under nitrogen. A 2.5 M solution 
of n-butyllithium in hexanes (1.0 mL, 2.5 mmol) was added, and 
the solution was stirred for 2 h. Compound Sa (0.3 g, 1.7 mmol) 
in anhydrous THF (5  mL) was then added slowly. After the 

(30) (a) Haynes, L. J.; Stanners, A. H. J. Chem. SOC. 1956,4103. (b) 
Fell, S. C. M.; Heaps, J.; Holker, J. S. E. J. Chem. SOC., Chem. Commun. 
1979, 81. 

(31) Gedge, D. R.; Smith, A. G.; Pattenden, G. J. Chem. Soc., Perkin 
Trans. 1 1986, 2127. 

(32) Ireland, R. E.; Thompson, W. J. J. Org. Chem. 1979, 44, 3041. 
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mixture was stirred overnight, saturated aqueous ammonium 
chloride (25 mL) was added. Extraction with ethyl acetate (3 X 
30 mL), drying (MgSO,), and evaporation, followed by flash 
chromatography (ethyl acetatehexane, 41) of the residue, yielded 
compound 2a (0.24 g, 80%): bp 100 "C (0.2 Torr); IR (film) u 
1762 cm-'; 'H NMR (CDClJ 6 1.60 (s, 3 H), 1.90 (s, 3 H), 1.90 
(d, J = 1.8 Hz, 3 H), 5.05 (d, J = 10 Hz, 1 H), 5.2 (d, J = 17 Hz, 
1 H), 5.54 (br s, 1 H), 6.29 (dd, J = 10 and 17 Hz, 1 H), 7.05 (9, 
J = 1.8 Hz, 1 H); MS, m / z  178 (l), 163 (6), 107 (loo), 91 (441, 
79 (19). Anal. Calcd for CllH14OZ: C, 74.13; H, 7.92. Found: C, 
74.12; H, 8.00. 

3-[ ( ter t  -Butyldiphenylsilyl)oxy]-2-methyl-2-[ (tri- 
methylsilyl)oxy]propanenitrile (9). A solution of acetol (24.9 
mL, 0.36 mol), triethylamine (61 mL, 0.44 mol), and 4-(di- 
methy1amino)pyridine (0.3 g, 2.45 "01) in dichloromethane (150 
mL) was treated with tert-butyldiphenylsilyl chloride (94 mL, 
0.36 mol). The reaction mixture was stirred for 48 h under 
nitrogen. After this period, water (200 mL) was added, and the 
organic layer was separated. The aqueous layer was extracted 
with dichloromethane (1 X 100 mL). The combined organic layers 
were washed with saturated ammonium chloride (200 mL) and 
dried (MgSO,). Evaporation gave crude silyl ether 5b (108 g, 
96%). Trimethylsilyl cyanide (47 mL, 0.35 mol) was added to 
a mixture of this crude ketone (108 g, 0.35 mol) and freshly 
prepared potassium cyanide/l8-crown-6 catalyst" (1.0 g) a t  0 "C. 
After addition, the reaction mixture was stirred for 48 h a t  room 
temperature. Hexane (500 mL) was added, followed by filtration 
through Celite. The filtrate was washed with water (3 X 200 mL) 
and brine (400 mL) and dried (MgS04). Evaporation gave crude 
9 (136.5 g, 95%): IR (CH,ClJ v 2900,1590 cm-'; 'H NMR (CDC13) 
6 0.20 (s, 9 H), 1.1 (s, 9 H), 1.60 (s, 3 H), 3.46 (d, J = 9.6 Hz, 1 
H), 3.73 (d, J = 9.6 Hz, 1 H), 7.45 (m, 6 H), 7.6 (m, 4 H); MS, 
m/z  354 (311, 271 (loo), 255 (92), 177 (341, 135 (281, 97 (35), 57 
(85), 43 (58). 

1-[ (tert -Butyldiphenylsilyl)oxy]-2-hydroxy-2-met hyl-3- 
pentanone (lob). A 3.0 M ethereal solution of ethylmagnesium 
bromide (140 mL, 0.42 mol) had the solvent removed under 
vacuum. Diethyl ether (35 mL, 0.33 mol) and benzene (200 mL) 
were added.% After the Grignard reagent was redissolved, the 
solution was cooled to 0 "C, followed by addition of the nitrile 
9 (136.0 g, 0.33 mol) in benzene (125 mL). After being stirred 
a t  room temperature for 48 h, the reaction mixture was poured 
on to a mixture of ice (400 g) and concentrated sulfuric acid (50 
mL). After the ice had melted, ether (400 mL) was added. The 
organic phase was separated and washed with 10% hydrochloric 
acid (400 mL) and brine (400 mL) and dried (MgSO,). Evapo- 
ration gave the crude a-(trimethylsily1)oxy ketone 10a (137.7 g, 
95%) with some 10b present. The crude ketone was dissolved 
in a 3:l:l solution of acetic acid, THF, and water (450 mL; 150 
mL; 150 mL) and stirred for 48 h at room temperature. The 
solvents were removed under vacuum at 50-70 "C, and the residue 
was taken up in dichloromethane (300 mL). This was washed 
with 5% aqueous sodium bicarbonate (2 X 150 mL) and brine 
(2 X 150 mL) and dried (MgSO,). Evaporation gave the a-hydroxy 
ketone 10b (113 g, 95%). This compound could be used without 
further purification. A portion was distilled on the Kugelrohr 
apparatus (oven temperature 210-230 "C/0.2 Torr). Compound 
10b solidified and was recrystallized from hexane to give a white 
solid: mp 45-48 "C; IR (KBr) u 3520-3480, 1708 cm-'; 'H NMR 
(CDC13) 6 1.03 (s, 9 H), 1.1 (t, J = 7.8 Hz, 3 H), 1.23 (s, 3 H), 2.62 
(9, J = 7.8 Hz, 2 H), 3.55 (d, J = 10 Hz, 1 H), 3.89 (d, J = 10 Hz, 
1 H), 3.90 (s, 1 H), 7.38 (m, 6 H), 7.64 (m, 4 H) (The signal a t  
6 3.90 disappeared upon shaking in D,O.); MS, m/z  313 (2), 271 
(47), 235 (loo), 199 (44), 135 (21), 57 (27). 
2,4-Dimethyl-4-(hydroxymethyl)tetronic Acid (llb). Di- 

isopropylamine (50 mL, 0.36 mol) was dissolved in anhydrous THF 
(200 mL), cooled to 0 "C, and placed under nitrogen. A 2.5 M 
solution of n-butyllithium in hexanes (135 mL, 0.34 mol) was 
added dropwise, followed by stirring for 0.5 h at 0 "C. After the 
mixture was cooled to -78 "C, the a-hydroxy ketone 10b (50.0 
g, 0.14 mol) in anhydrous THF (100 mL) was added dropwise. 
After the mixture was stirred at -78 "C for 3 h, 1,l'-carbonyl- 
diimidazole (35.0 g, 0.22 mol) in anhydrous THF (800 mL) was 

(33) Canonne, P.; Foscolos, G. B.; Lemay, G. Tetrahedron Lett. 1980, 
21, 155. 

Still and Drewery 

added. The mixture was stirred for 5 h a t  -78 "C, followed by 
stirring overnight at room temperature. Sulfuric acid (3 M) (300 
mL) was then added slowly, the organic layer was separated, and 
the aqueous layer was extracted with diethyl ether (3 X 150 mL). 
The combined organic layers were evaporated, and the residue 
was taken up in ether (200 mL) and extracted with 1 M sodium 
hydroxide (3 X 100 mL). The combined aqueous extracts were 
acidified to pH 2 and reextracted with ether (3 X 100 mL). The 
ether solution was washed with brine (1 X 100 mL), dried (MgSO,), 
and evaporated to give the tetronic acid lla (22 g, 41%): mp 
135-140 "C; IR (CHCl,) v 3420-3380,1755,1700,1680 cm-'; 'H 
NMR (acetone-d6) 6 1.02 (s, 9 H), 1.35 (s, 3 H), 1.74 (s, 3 H), 3.85 
(s, 2 H), 7.42 (m, 6 H), 7.65 (m, 4 H). 

A solution of compound lla (30.0 g, 0.075 mol) in 2 M aqueous 
sodium hydroxide (500 mL) was heated at 60 "C for 24 h, cooled, 
washed with hexane (400 mL), and acidified to pH 2. Extraction 
with ethyl acetate (2 X 400 mL), drying (MgS04), and evaporation 
gave crude lla (2.0 g, 6.7%). The aqueous layer was then con- 
tinuously extracted for 72 h with ethyl acetate. Removal of the 
solvent gave the desired tetronic acid llb (9.7 g, 82%). The yellow 
solid was washed with dichloromethane to give a white solid: mp 
177-179 "C; IR (KBr) v 3200-2900,1738, 1670 cm-'; 'H NMR 
(DMSo-d,) 6 1.27 (s, 3 H), 1.60 (s, 3 H), 3.47 (s, 2 H), 4.43 (br 
s, 1 H), 11.46 (br s, 1 H) (The signals a t  6 4.43 and 11.46 disap- 
peared upon shaking with D,O.); MS, m/z 158 (8), 141 (42), 128 
(66), 127 (64), 115 (13), 100 (22), 83 (22), 56 (100). Anal. Calcd 
for C7H1004: C, 53.16; H, 6.37. Found: C, 53.10; H, 6.41. 

Methyl 2,4-Dimethyl-4-( hydroxymethy1)tetronate (12a). 
Compound llb (6.0 g, 0.038 mol) was added to 25 g of a 40% 
(w/w) aqueous solution of tetrabutylammonium hydroxide (0.038 
mol). Water (25 mL) was added to help dissolve the tetronic acid. 
The reaction mixture was stirred for 1 h, and water was removed 
under vacuum. The residue was taken up in ethyl acetate and 
dried (MgS04). Evaporation gave the solid tetrabutylammonium 
tetronate salt (14.6 g, 96%). The solid was taken up in dry 
dichloromethane (150 mL), and freshly distilled dimethyl sulfate 
(4 mL, 0.042 mol) was added, followed by stirring for 60 h at 35-40 
"C. The dichloromethane was evaporated, and the residue was 
taken up in water (150 mL). This was continuously extracted 
with diethyl ether for 48 h after the pH was adjusted to pH 8. 
The ether was evaporated, giving the desired methyl tetronate 
12a (5.2 g, 80%) as a white solid: mp 117-119 "C; IR (KBr) v 
3350, 1716, 1654 cm-'; 'H NMR (CDClJ 6 1.38 (s, 3 H), 2.0 (s, 
3 H), 2.43 (t, J = 7 Hz, 1 H), 3.65 (d, J = 7 Hz, 2 H), 4.14 (s, 3 
H) (The signal a t  6 2.43 disappeared, while the doublet ( J  = 7 
Hz) a t  3.65 collapsed to a singlet, upon shaking with D20.); MS, 
m/z  172 (9), 141 (loo), 129 (9), 99 (16), 83 (13), 59 (131, 43 (64). 
Methyl 2,4-Dimethyl-4-formyltetronate (12b). Compound 

12b was obtained in 60% yield as an oil, bp 115 "C (0.2 Torr), 
by the method described above for 6b: IR (CHzCl,) v 1765,1745, 
1669 cm-'; 'H NMR (CDC13) 6 1.54 (s, 3 H), 2.0 (s, 3 H), 4.14 (s, 
3 H), 9.18 (s, 1 H); MS, m / z  171 (16), 141 (loo), 99 (13), 83 (lo), 
43 (29). 

Methyl 2,4-Dimethyl-4-(2'-methy1-3'-oxo-l'(E)- 
propeny1)tetronate (8b). Compound 8b was obtained in 65% 
yield by the procedure employed for the preparation of 8a, but 
with a longer reflux period (48 h), with final purification by 
Kugelrohr distillation (oven temperature 110 "C at 0.2 Torr): IR 
(film) u 1758, 1693, 1670 cm-'; 'H NMR (CDCl,) 6 1.65 (s, 3 H), 
1.90 (d, J = 1.5 Hz, 3 H), 2.01 (s, 3 H), 4.14 (s, 3 H), 6.35 (q, J 
= 1.5 Hz, 1 H), 9.30 (s,1 H); MS, m/z 210 (20), 195 (28), 182 (36), 
181 (33), 167 (29), 166 (24), 141 (39), 139 (661, 97 (26), 83 (831, 
43 (100). Anal. Calcd for CllH1404: C, 62.83; H, 6.73. Found: 
C, 62.62; H, 6.78. 

Methyl 2,4-Dimethyl-4-(2'-methyl-l'(E),3'-butadienyl)te- 
tronate (2b). Compound 2b, bp 110 "C (0.2 Torr), was obtained 
in 75% yield by the method already described for 2a: IR (film) 
u 1755, 1670 cm-'; 'H NMR (CDClJ 6 1.58 (s, 3 H), 1.92 (br s, 
3 H), 2.0 (s, 3 H), 4.14 (s, 3 H), 5.15 (d, J = 10 Hz, 1 H), 5.21 (d, 
J = 17 Hz, 1 H),  5.5 (br s, 1 H),  6.29 (dd, J = 10 and 17 Hz, 1 
H); MS, m / t  208 (8), 141 (35), 109 (17), 99 (391, 83 (100). Anal. 
Calcd for C12H1603: C, 69.20; H, 7.76. Found: C, 69.18; H, 7.84. 
2,4-Dimethyl-4-(2'-methyl-l'(E),3'-butadienyl)tetronic 

Acid (2c). A 0.5 M solution of lithium I-propanethiolate in 
hexamethylphosphoramide was prepared according to the pro- 
cedure developed by Ireland and Thompson.32 Dry 1-propanethiol 
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(0.65 mL, 7.2 mmol), freshly distilled from magnesium turnings, 
was dissolved in hexane (5 mL) under nitrogen, cooled to 0 OC, 
and treated with a 2.6 M solution of n-butyllithium (2.35 mL, 6.1 
mmol) in hexanes. The resulting white suspension was stirred 
for 10 min and then concentrated to dryness under vacuum a t  
0 "C. Anhydrous hexamethylphosphoramide (12 mL) was then 
added, giving a 0.5 M solution of lithium 1-propanethiolate. 

The methyl tetronate 2b (0.3 g, 1.4 mmol) was dissolved in 
hexamethylphosphoramide (1.0 mL) under nitrogen and treated 
with a 0.5 M solution of lithium 1-propanethiolate (2.9 mL, 1.4 
mmol) in hexamethylphosphoramide. After the mixture was 
stirred for 10 min, 1 M aqueous hydrochloric acid (25 mL) was 
added. The aqueous phase was extracted with diethyl ether (3 
X 15 mL), and the combined extracts were washed with 1 M 
aqueous hydrochloric acid (10 mL) and brine (25 mL) and dried 
(MgS04). Evaporation yielded the crude tetronic acid 2c (0.22 
g, 80%). This was distilled on the Kugelrohr apparatus (oven 
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temperature 240-250 OC10.2 Torr). Trituration of the distilled 
oil with hexane gave a white solid: mp 105-108 "C; IR (KBr) Y 
3100-2860, 1719, 1683 cm-'; 'H NMR (CDC13) 6 1.63 (s, 3 H), 1.7 
(s, 3 H), 1.88 (br s, 3 H), 5.02 (d, J = 10 Hz, 1 H), 5.18 (d, J = 
17 Hz, 1 H), 5.55 (br s, 1 H), 6.25 (dd, J = 10 and 17 Hz, 1 H), 
10.4 (br s, 1 H) (The signal at 6 10.4 disappears upon shaking in 
DzO.); MS, m/z  194 (4), 166 (7), 152 (17), 124 (24), 123 (B), 111 
(52), 109 (41), 95 (loo), 67 (34); MW calcd for CllH1403 194.0943, 
found (HRMS) m / z  194.0935. 
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Preparation and Photoreaction of 6A,6B-, 6A,6C-, 6A,6D-, and 
6A,6E-Bis(anthracene-9-carbonyl)-y-cyclodextrins. A New Method for 

Regulation of Product Stereochemistry 

Akihiko Ueno,* Fumio Moriwaki, Akiko Azuma, a n d  Tetsuo Osa 
Pharmaceutical Institute, Tohoku University, Aobayama, Sendai 980, Japan 

Received June 23, 1988 

Regioisomers of 6A,6X-bis(anthracene-9-carbonyl)-y-cyclodextrins were prepared by reactions of sodium 9- 
anthracenecarboxylate with regioisomers of 6A,6X-bis(2-naphthylsulfonyl)-y-cyclodextrins. The anthracene moieties 
of the bis(anthracene) regioisomers undergo photodimerization in a 10% ethylene glycol aqueous solution, affording 
a trans photodimer for 6A,6C, 6A,6D, and 6A,6E regioisomers and a cis photodimer for 6A,6B regioisomer. The 
photodimers of 6A,6D and 6A,6E regioisomers were stable, but those of 6A,6B and 6A,6C regioisomers were unstable 
and return toward the original anthracene monomers with half-lives of 12.5 and 275 min for 6A,6B and 6A,6C 
regioisomers, respectively. The dissociation of the photodimers is suggested to be due to the inherent property 
of cis photodimer for 6A,6B regioisomer and the strain-rich nature of trans photodimer for 6A,6C regioisomer. 

Cyclodextrins are  naturally occurring cyclic oligo- 
saccharides a n d  are  known t o  form inclusion complexes 
with a variety of organic molecules in aqueous solution.' 
T h e y  are  composed of six or more a-1,bl inked glucose 
units and called a-, P-, y-cyclodextrins for six-, seven-, and 
eight-unit substances, respectively. The stoichiometry of 
complex formation is usually 1:1, b u t  y-cyclodextrin has 
been shown to form 1:2 host-guest complexes because of 
its larger cavity ~ i z e . ~ J  This  property of y-cyclodextrin 
enables i t  t o  be used as a molecular flask, in which two 
species can meet  a n d  react as shown by facilitated for- 
mation of excimers; charge transfer complexes,4 and  di- 
m e r ~ . ~  In  connection with this unique property of y-cy- 
clodextrin, host-guest complexation of some modified 
y-cyclodextrins bearing one or two aromatic moieties has 
been ~ t u d i e d . ~ * ~  In  this s tudy,  we have at tempted regu- 

(1) Bender, M. L.; Komiyama, M. Cyclodextrin Chemistry; Spring 
er-Verlag: New York, 1977. 

(2) Ueno, A,; Takahashi, K.; Osa, T. J .  Chem. SOC., Chem. Commun. 
1980, 921. 

(3) Ueno, A,; Moriwaki, F.; Osa, T.; Hamada, F.; Murai, K. Tetrahe- 
dron 1987, 43, 1571 and references therein. 
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