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acterization of 2a and 2b, see Table 11. 
Preparation of 3a and 3b. The 6-0-[ (R)-2-hydroxypropyl] 

derivative 3a was prepared by reacting a solution of 1 (40 g) in 
10.7 M aqueous NaOH (160 mL) with (R)-propylene oxide (6 mLJ 
at icebath temperature for 3 days. The mixture was neutralized 
(10 M HC1) and dialyzed for 9 H. The retained solution was 
concentrated (150 mL) and stirred with toluene (25 mL) whereby 
a mixture of 1 and 3a precipitated as inclusion complexes with 
toluene (33.5 g). The complexes were decomposed by removing 
the toluene by azeotroping with water to give 27 g of residue. The 
residue, a mixture of 1 and 3a, was dissolved in water (1215 mL) 
and stirred with toluene (5.4 mL) for 10 h. Filtration and 
evaporation of the filtrate gave a mixture (5.9 g) enriched with 
3a. Pure 3a was then obtained by paper chromatography 
(Whatman, 3 mm) of the mixture using 1-propanol/l-butanol/ 
water, 5:3:4, as eluent, followed by precipitation of 3a as a toluene 
complex giving eventually pure 3a, in 5% overall yield. Anal. 
Calcd for C1SH78038.7HZ0 C, 40.96 H, 6.83. Found: C, 40.87; 
H, 6.75. The 6-O-[(S)-2-hydroxypropyl] derivative was prepared 
in a similar manner. Anal. Calcd for C45H78038-7H20: C, 40.96; 
H, 6.83. Found: C, 40.92; H, 6.79. For further characterization 
of 3a and 3b, see Table 11. 
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Phenoxy lactone l2 and its substituted aromatic con- 
geners are useful in the synthesis of medicinally important 
prostaglandin analogues? The required R configuration 
of the allylic alcohol in such molecules is usually obtained 
by hydride reduction of the corresponding a,P-unsaturated 
ket0ne.a' In order to obtain high diastereoselectivity in 
this reduction expensive reagents and very low tempera- 
tures (-100 to -120 "C) are r e q ~ i r e d . ~  We required a 
method which could be conducted on a large scale, would 
not use expensive reagents, and would avoid the difficult 
chromatographic separation of even the smallest amount 
of the allylic alcohol epimer. We report here an approach 
to such a stereoselective synthesis of 1. 

Syntex Research. * Harvard University. 
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Scheme I1 

The l,2-dioxa functionality in the side chain of 1, which 
includes the asymmetric alcohol group, suggested the 
Sharpless asymmetric epoxidation methods as a means of 
introducing the desired stereochemistry. The strategy then 
was to prepare the a,B-epoxy alcohol 10, convert it to the 
phenyl ether 11 and then effect p-elimination of the ep- 
oxide to the desired allylic alcohol. 

Treatment of lactone benzoate 2' with CBr, and Ph,P 
in acetonitrile gave the bromide 3° in 90% yield. The 
bromide was easily converted to the iodide 4 with sodium 
iodide in acetone in 80% yield. Coupling of iodide 4 with 
the higher order organocuprateg C3 reagent 7 provided the 
allylic alcohol needed for the asymmetric epoxidation. 
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hydro-4-(3-hydroxy-4-phenoxy-l-butenyl)-W-cyclopenta[ blfuran-2-one. 
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(8) Satisfactory elemental analyses and spectral data were obtained 
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The known trans-vinylstannane 61° was required to 
prepare 7 (Scheme I). Vinylstannanes are commonly 
prepared by hydrostannylation of acetylenes," and the 
process is reported to be highly stereoselective in certain 
cases.l2 However, numerous attempts to prepare 5a by 
stereoselective hydrostannylation of propargyl alcohol were 
unsuc~essful.~~ In all cases the cis and vinylidene isomers 
(5b and 5c) were present in varying amounts (25-3070) 
even when long reaction times, excess Bu3SnH/azobis- 
isobutyronitrile (AIBN) and different reaction tempera- 
tures were used. The trans isomer 5a could, however, be 
isolated from the mixture in 35% yield by simple column 
chromatography on silica gel. Silylation of 5a with tert- 
butyldimethylchlorosilane14 gave 6 in 90% yield. Con- 
version of 6 to the higher order organocuprate reagent 7 
was accomplished in the usual manner with 1 equiv of 
n-Bulilhexane a t  -78 "C in tetrahydrofuran (THF) fol- 
lowed by 0.5 equiv of CuCN and warming briefly to 5 OCSa 
Although bromide 3 failed to react with 7, iodide 4 reacted 
with 2 equiv of 7 to give the coupled product 8 in 73% 
yield (Scheme 11). Desilylation of 8 with n-Bu4NF in 
THF14 gave allylic alcohol 9 in 93% yield. 

Stereoselective epoxidation of 9 by the Sharpleas method 
using L-(+)-diethyl tartrate6b gave the desired a-epoxide 
10 in 92% yield. Preparation of an authentic mixture of 
a- and P-epoxides by nonstereoselective epoxidation of 9 
with m-chloroperbenzoic acid showed that the P-epoxide 
could easily be detected by NMR. NMR analysis of 10 
showed no 0-epoxide (*5%). The observed diastereose- 
lectivity is probably the result of cooperative stereoin- 
duction of the reagent and the stereocenters present in 9.15 
Phenylation of 10 by Mitsunobu coupling with phenoP 
gave 11 in 85% yield. 

The final isomerization of 11 to 1 proved to be a prob- 
lem. What had originally been envisioned as a one-step 
transformation" could not be realized. Most of the 
reagents reported to effect this isomerization failed with 
11. Thus diethylaluminum 2,2,6,6-tetrmethylpiperidide,l8 
lithium diis~propylamide,'~ magnesium cyclohexyliso- 
propylamide,zO methylmagnesium N-cyclohexyliso- 
propylamidezl and iodotrimethylsilane/1,8-diazabicyclo- 
[5.4.0]undec-7-enen all either reacted with the lactone ring 
(deprotonation) or opened the epoxide without giving any 
1. 

Epoxide 11 was converted to 1 by a three-step procedure 
as shown in Scheme 111. Regioselective opening of the 
epoxide could be accomplished in the desired sense with 
sodium phenyl~elenolate.~~ However, since the goal was 

Notes 
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Ore. Chem. 1983.48.4634. 
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a procedure which could be conducted safely and eco- 
nomically on a large scale, the corresponding sulfur reagent 
was investigatedaZ4 Reaction of 11 with sodium phenyl- 
thiolate in EtOH/THF (1:l) a t  40-45 "C gave a mixture 
of regioisomers 12a and 12b. The desired 12a was isolated 
in 85% yield by an easy chromatographic separation. 
Attempts to improve the regioselectivity by carrying out 
the reaction in the presence of Ti(O-iPr)4z5 showed no 
significant difference. Oxidation of 12a with NaI04 in 
aqueous methanolz4 gave sulfoxide 13 in 70% yield as a 
mixture of diastereomers. Thermolysis of 13 in refluxing 
toluene in the presence of CaC03zs gave 1 in 80% yield. 

This procedure is a convenient method for preparing 
diastereomerically pure lactones such as 1 without the use 
of expensive reagents, extremely low temperatures, or te- 
dious chromatography of 1 and its epimer, and thus we 
believe it has the potential for significant scale-up. Use 
of the appropriately substituted phenol in the Mitsunobu 
coupling would allow the synthesis of substituted aromatic 
congeners of 1. 

Experimental Section 
General Procedures. Unless otherwise noted, all materials 

were obtained from commercial suppliers and used without further 
purification. Tetrahydrofuran (THF) was dried over 3A molecular 
sieves prior to use. All reactions involving air- or moisture-sensitive 
compounds were performed under a nitrogen atmosphere. During 
workup, all extracts were dried over MgSOl prior to evaporation 
of the solvents in vacuo. Gravity column chromatography was 
performed with Merck silica gel 60 (70-230-mesh ASTM). 
Thin-layer chromatography (TLC) was performed with Analtech 
silica gel FG TLC plates (250 rm). *H NMR spectra were 
measured in CDCIB solutions at 300 or 500 MHz. Coupling 
constants are given in hertz. Optical rotations were measured 
in CHC13 unless otherwise stated. 

(3aR ,4R ,5R,6aS)-5-( Benzoyloxy) hexahydro-4-(bromo- 
methyl)-2H-cyclopenta[b]Puran-2-one (3). To a stirred so- 
lution of alcohol 2' (9.92 g, 35.9 mmol) and Ph3P (14.24 g, 54.29 
mmol) in acetonitrile (200 mL) was added CBr, (18.0 g, 54.29 
mmol) at room temperature. After 1 h the reaction mixture was 
concentrated in vacuo. Crystallization of the solid from ethyl 
acetate/hexanes gave 10.95 g (90%) of bromide 3 as a white 

~~ ~~ 

(23) Sharpless, K. B.; Lauer, R. F. J. Am. Chem. SOC. 1973,95,2697. 
(24) Mitra, R. B.; Muljiani, Z.; Deehmukh, A. R. A. S.; Joshi, V. S.; 

(25) Caron, M.; Sharpless, K. B. J. Org. Chem. 1985,50, 1557. 
(26) Sato. T.: Okura. S.: Otera, J.: Nozaki. H. Tetrahedron Lett. 1987. 

Gadre, S. R. Synth. Commun. 1984, 14, 101. 

28, 6299. 
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L-(+)-diethyl tartrate (0.48 mL, 2.80 mmol) were added sequen- 
tially via syringe to CHzClz (7 mL) at -30 'C. The mixture was 
stirred for 5 min before adding allylic alcohol 9 (0.80 g, 2.55 "01) 
dissolved in CHzClz (6 mL) and a toluene solution of tert-butyl 
hydroperoxide (0.93 mL, 5.5 M, 5.1 mmol). The resulting ho- 
mogeneous solution was stored ovemight in a refrigerator at ca. 
-20 "C in the sealed reaction vessel. After 11 h, the flask was 
placed in a -23 "C bath, and 10% aqueous tartaric acid solution 
(7 mL) was added with stirring. After 30 min, the cooling bath 
was removed and s t i r r i i  was continued at room temperature until 
the aqueous layer became clear. The organic layer was separated 
and washed 3-4 times with water and concentrated to give a 
colorless oil. Chromatography (CHzClz/acetone, 491) gave 0.78 
g (92%) of 10 as a white solid: mp 84-86 'c; [a]=D = -100.8' 
(c = 0.747); IR (KBr) 3500,1765,1705,1270,1180,720 cm-'; 'H 
NMR 6 1.63 (ddd, 1 H, J = 7.7, 7.7, 15.31, 1.77 (ddd, 1 HI J = 
4.6, 6.8,15.3), 2.35 (m, 1 H), 2.36 (br d, 1 Hi J = 15.8), 2.51 (ddd, 
1 H, J = 6.1, 6.1, 15.81, 2.54 (dd, 1 H, J = 2.4, 18.11, 2.77 (m, 1 
H), 2.93 (dd, 1 H, J = 10.4, 18.1), 2.95 (1 H, obscured by over- 
lapping resonances), 3.13 (ddd, 1 H, J = 2.2,4.6,6.9), 3.72 (dd, 
1 H, J = 3.9, 12.61, 3.85 (dd, 1 H, J = 3.3, 12.6),5.12 (ddd, 1 H, 
J = 1.6, 7.9,7.9), 5.38 (ddd, 1 H, J = 3.7,3.7, 5.8), 7.45 (dd, 2 H, 
J = 7.7, 8.2), 7.57 (dddd, 1 H, J = 1.5, 1.5, 7.7, 7.7), 7.99 (dd, 2 
H, J = 1.5, 8.2); MS (NH3) ( m / e ,  relative intensity) 350 ((M + 
20), 226 (701,224 (loo), 200 (50),210 (16), 139 (18). Anal. Calcd 
for C18Hz00,+ C, 65.05; H, 6.07. Found: C, 65.06; HI 6.11. 
(3aR ,4R ,5R ,6aS )-5-(Benzoyloxy)hexahydro-4- 

((2R,3R)-2,3-epoxy-4-phenoxybutyl)-2H-cyclopenta[ b 1- 
furan-2-one (11). To a stirred solution of a-epoxide 10 (0.60 g, 
1.8 mmol) in THF (15 mL) was added sequentially phenol (0.24 
g, 2.7 mmol), Ph3P (0.66 g, 2.7 mmol), and diethyl azodicarboxylate 
(DEAD, 0.43 mL, 2.7 mmol).16 After the mixture was stirred for 
2.5 h water was added and the product was extracted with ethyl 
acetate. Chromatography (CHzClz/acetone, 991) gave 0.63 g 
(85%) of phenyl ether 11 as a white solid: mp 84-88 'C; [ a I z 5 ~  
= -67.8' (c  = 0.528); IR (KBr) 1755, 1715, 1595, 1240 cm-'; 'H 
NMR 6 1.68 (ddd, 1 H, J = 7.1, 7.1, 14.3), 1.81 (ddd, 1 H, J = 
4.5, 7.3, 14.3), 2.33 (dd, 1 H, J = 1.9, 15.61, 2.36 (m, 1 H), 2.51 
(ddd, 1 H, J = 6.2,6.2, 15.6), 2.56 (dd, 1 H, J = 2.3, 18.3),2.80 
(m, 1 H), 2.92 (dd, 1 H, J = 11.4, 18.3), 3.11 (m, 1 H), 3.15 (m, 
1 H), 4.04 (dd, 1 H, J = 5.1, ll.O), 4.12 (dd, 1 H, J = 5.1, ll.O), 
5.09 (ddd, 1 H, J = 1.5,6.7,6.7), 5.36 (ddd, 1 H, J = 4.0,4.0,6.0), 
6.89 (br d, 2 H, J = 7.8), 6.96 (br dd, 1 H, J = 7.5,7.5), 7.27 (dd, 
2 H, J = 7.5, 7.8), 7.42 (br dd, 2 H, J = 7.6, 8.0), 7.55 (dddd, 1 

(m/e ,  relative intensity) 427 (26), 426 ([M + NH4]+, loo), 108 (121, 
286 (ll), 194 (lo), 105 (8). Anal. Calcd for C24Ha06: C, 70.57; 
H, 5.92. Found: C, 70.61; H, 6.05. 
(3aR ,4R ,5R ,6aS)-5-( Benzoy1oxy)hexahydro-4-( (2R)-2- 

(phenylthio)-(3S)-3-hydroxy-4-phenoxybutyl)-2~-cyclo- 
penta[ blfuran-2-one (12a). A solution of thiophenol(O.15 mL, 
1.44 mmol) and sodium methoxide (0.08 g, 1.44 "01) in ethanol 
was heated to 45 'C. After 0.5 h, epoxide 11 (0.20 g, 0.48 mmol) 
in THF (2 mL) was added. After 6.0 h, the reaction mixture was 
concentrated, water was added, and the product was extracted 
with ethyl acetate. Isomer 12a, 0.21 g (85%), was isolated by prep 
TLC (CH2Clz/acetone, 32:l) as a viscous oil: [aIz5D = -106.8' 
(c = 0.067); IR (KBr) 3244,1753,1697,1246,1089 cm-'; lH NMR 
6 1.98 (m, 1 H), 2.05 (m, 1 H), 2.32 (br d, 1 H, J = 15.3), 2.44 (ddd, 
1 H, J = 6.1, 6.1, 15.3), 2.56 (dd, 1 H, J = 2.2, 18.2), 2.68 (m, 2 
H), 2.90 (dd, 1 H, J = 10.7, 18.2), 3.54 (m, 1 H), 3.99 (dd, 1 H, 
J = 4.6,4.6), 4.08 (m, 2 H), 5.06 (ddd, 1 H, J = 1.4,6.5,6.5), 5.35 
(ddd, 1 H, J = 2.6, 2.6,5.7), 6.75 (dd, 2 H, J = 1.4, 7.8),6.93 (dd, 
1 H, J = 8.1, 8.1), 7.18 (m, 5 H), 7.43 (m, 4 H), 7.56 (dd, 1 H, J 
= 7.8,7.8), 7.98 (dd, 2 H, J = 1.5,8.2); MS (m/e,  relative intensity) 
518 (M+, 4), 407 (24), 286 (28), 285 (loo), 259 (24), 136 (63), 105 
(64), 79 (8). Anal. Calcd for C30HmO6S C, 69.47; H, 5.83; S, 6.18. 
Found: C, 69.88; HI 5.60; S, 6.22. 

(3aR,4R,5R,6aS)-5-(Benzoyloxy)hexahydro-4-((2S)-2- 
hydrox~(3S)-3-(phenylthio)-4-phenoxybutyl)-2~-cyclo- 
penta[b]furan-2-one (12b): 'H NMR 6 1.74 (m, 2 H), 2.36 (br 
d, 1 H J = 15.4), 2.46 (m, 1 H), 2.54 (dd, 1 H, J = 2.4,18.4), 2.70 
(m, 2 H), 2.91 (dd, 1 H, J = 10.8, 18.4), 3.60 (m, 1 H) 4.15 (m, 
1 H) 4.26 (m, 1 H), 5.07 (ddd, 1 H, J = 1.4, 6.7, 6.7), 5.30 (ddd, 
1 H, J = 2.7, 2.7,5.9), 6.85 (br d, 2 H, J = 7.8), 6.98 (br dd, 1 H, 

NH4)+, 80), 332 ((M + NH4)' - HZO, lo), 306 ((M + NH4)+ - COz, 

H, J = 1.3, 1.3, 7.6, 7.6), 8.0 (dd, 2 H, J = 1.3, 8.0); MS (NH3) 

crystalline solid mp 167-168 "C; [c$$) = -83.6' (c = 1); IR (KBr) 
1760, 1710, 1270, 1165, 1105 cm-l; lH NMR 6 2.35 (br dd, 1 H, 
J 5: 2.2, 15.7), 2.60 (m, 2 H), 2.95 (m, 3 H), 3.50 (dd, 1 H, J = 6.9, 
10.6h3.57 (dd, 1 H, J = 5.0, 10.6),5.09 (br dd, 1 H, J = 4.7,6.1), 
5.34 (ddd, 1 H, J = 2.2,4.1,6.5), 7.45 (br dd, 2 H, J = 7.7,8.5), 
7.58 (br dd, 1 H, J = 7.7,7.7), 8.0 (dd, 2 H, J = 8.5, 1.5); '% NMR 
6 33.50,35.81,38.29,42.63,54.09,78.41,83.89,128.5,129.46,129.75, 
133.46, 165.98, 175.92. Anal. Calcd for CIIHlSBrOl: C, 53.12; 
H, 4.46; Br, 23.56. Found: C, 52.98; H, 4.42; Br, 23.79. 
(3aR ,4R ,5R ,6aS )-5- (Benzoy1oxy)hexahydro-4-( iodo- 

methyl)-2H-cyclopenta[ blfuran-2-one (4). To a solution of 
NaI (11.76 g, 78.5 mmol) in acetone (120 mL) was added toluene 
(80 mL), and the mixture was concentrated to dryness. The solid 
was redissolved in acetone (150 mL), and bromide 3 (8.0 g, 23.6 
mmol) was added. The reaction mixture was refluxed for 1 h, 
after which it was concentrated to dryness. Water was added to 
dissolve the salt, and the product was extracted with CHZCI1. 
Trituration of the concentrated product with ethyl acetate gave 
7.30 g (80%) of iodide 4 as a white crystalline solid mp 170-172 

1100 cm-l; lH NMR 6 2.35 (m, 1 H), 2.40 (m, 1 H), 2.58 (dd, 1 
H, J = 1.3, 17.8), 2.60 (m, 1 H), 2.86 (m, 1 H), 2.97 (dd, 1 H, J 
= 10.0,17.8), 3.24 (dd, 1 H, J = 3.6,10.4), 3.38 (dd, 1 H, J = 5.1, 
10.4), 5.09 (ddd, 1 H, J = 1.8,6.3,6.3), 5.29 (m, 1 H), 7.44 (dd, 
2 H, J = 7.6, 8.4), 7.58 (dd, 1 H, J = 7.6, 7.6), 8.02 (dd, 2 H, J 
= 1.6,8.4); '%! NMR 6 6.81,35.72, 37.98,44.41,54.02,79.45,83.63, 
128.56, 129.40, 129.73, 133.44, 165.90, 175.93. Anal. Calcd for 
C15H15104: C, 46.65; H, 3.92; I, 32.86. Found: C, 46.39; H, 3.89 
I, 33.00. 
(3aR ,4R ,5R ,6aS )-5-( Benzoyloxy) hexahydro-4- (4-( tert - 

butyldimethylsiloxy)-2(E)-butenyl)-2I.I-cyclopenta[ b 1- 
furan-2-one (8). To a solution of stannane 613J4 (5.00 g, 10.84 
mmol) in THF (15 mL) was added dropwise n-BuLi (6.78 mL, 
1.6 M solution in hexane, 10.84 mmol) at  -78 'C. After stirring 
for an hour, CuCN (0.49 g, 5.42 mmol) was added. The hetero- 
geneous mixture was allowed to warm slowly to -5 'C, giving a 
homogeneous yellow solution. After cooling to -70 'C, iodide 4 
(0.95 g, 2.46 m o l )  dissolved in THF (20 mLJ was added dropwise. 
The reaction mixture was kept at -65 'C for 3 h, allowed to warm 
to -20 'C and quenched with saturated aqueous NH4C1. The 
product was eztracted with ether, and the extracts washed with 
water and brine. Chromatography (hexanes/ethyl acetate, 1O:l) 
gave 0.78 g (73%) of 8 as a white solid: mp 78-80.5 'c; [aI2'D 
= -54.7" (c = 0.57); IR (KBr) 1765,1711,1275,1057 cm-'; 'H NMR 
6 0.07 (8, 6 H), 0.91 (s, 9 H), 2.08 (m, 1 H), 2.27 (m, 1 H), 2.30 
(m, 1 H), 2.35 (br d, 1 H, J = 15.9), 2.44 (ddd, 1 H, J = 6.1,6.1, 
15.9), 2.54 (dd, 1 H, J = 2.4, 18.6), 2.77 (m, 1 H), 2.91 (dd, 1 H, 
J = 11.1, 18.6), 4.13 (br s, 2 H), 5.11 (ddd, 1 H, J = 1.8, 7.2, 7.2), 
5.26 (m, 1 HI, 5.3-5.7 (m, 2 H), 7.44 (dd, 2 H, J = 7.8,7.8), 7.55 
(dd, 1 H, J = 7.8,8.0), 7.99 (br d, 2 H, J = 8.0); MS (m/e ,  relative 
intensity) 373 ((M - C4Hs)+, 20), 251 (60), 179 (loo), 131 (48), 105 
(39), 75 (16). Anal. Calcd for C24H3405Si: C, 66.94; H, 7.96. 
Found: C, 67.20; H, 7.99. 
(3aR ,4R ,5R ,6aS)-5-(Benzoyloxy)hexahydro-4-(4- 

hydroxy-2(E)-butenyl)-2H-cyclopenta[ bIfuran-2-one (9). 
A mixture of compound 8 (1.33 g, 2.09 mmol) and tetrabutyl- 
ammonium fluoride (4.5 mL, 1.1 M solution in THF, 4.95 mmol) 
in THF (10 mL) was stirred at ambient temperature for 2 h. The 
mixture was diluted with water, and the product was extracted 
with ethyl acetate. The extracts were washed with water and brine 
and concentrated to give an orange oil. Chromatography (hex- 
anes/ethyl acetate, 2:l) gave 0.91 g of the allylic alcohol 9 (93%) 
as a white solid: mp 90-92 'c; [@]25D = -92.6' (c  = 0.706); IR 
(KBr) 3480,1750,1710,1600,1270,1190,1045 cm-'; 'H NMR 6 
1.97 (t, 1 H, J = 5.5),2.12 (ddd, 1 H, J = 5.2,10.5,10.5), 2.21 (ddd, 
1 H, J = 5.3, 5.3, 10.5), 2.22 (m, 1 H), 2.33 (br d, 1 H, J = 15.6), 
2.41 (ddd, 1 H, J = 1.4,6.8,6.8), 2.51 (dd, 1 H, J = 18.4, 2.7), 2.72 
(mi 1 H), 2.90 (dd, 1 H, J = 10.6, 18.4), 4.07 (dd, 2 H, J = 4.9, 
5.9, 5.09 (ddd, 1 H, J = 1.4, 6.8, 6.8), 5.27 (m, 1 H), 5.70 (m, 2 
H), 7.44 (dddd, 2 H, J = 0.4, 1.3, 7.5,8.0), 7.56 (dddd, 1 H, J = 
1.3,1.3,7.5,7.5), 7.98 (ddd, 2 H, J = 0.4,1.3,8.0); MS (m/e,  relative 
intensity) 316 (M + H)+ 194 (50), 176 (84), 105 (100). Anal. Calcd 
for ClSHzo05: C, 68.34; H, 6.37. Found: C, 68.43; H, 6.36. 
(3aR ,4R,5R ,6aS)-5-(Benzyloxy) hexahydro-4-( (2R ,3R)- 

2,3-epoxy-4-hydroxybutyl)-2H-cyclopenta[ blfuran-2-one 
(10). Titanium tetraisopropoxide (0.84 mL, 2.80 mmol) and 

'c; [CY]%D = 68.3' (c = 0.308); IR (KBr) 1765,1715,1265,1165, 
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J = 7.5,7.5), 7.27 (m, 5 H), 7.49 (m, 4 H), 7.57 (dddd, 2 H, J = 
1.3, 1.3, 7.5, 7.9, 8.0 (dd, 2 H, J = 1.3, 8.0); MS ( m / e ,  relative 
intensity) 518 (M+, 2), 303 (32), 289 (2), 193 (28), 136 (30), 123 
(70), 105 (1001, 77 (21). 
(3aR,4R,5R,6aS)-5-(Benzoyloxy)hexahydro-l-((2R)-2- 

(phenylsulfinyl)-(3S)-3-hydroxy-4-phenoxybutyl)-2~- 
cyclopenta[b]furan-2-one (13). To a stirred solution of NaI04 
(0.115 g, 0.53 mmol) in water (2 mL) was added sulfide 12a (0.27 
g, 0.52 mmol) in methanol (8 mL), and the mixture was heated 
to 4&42 OC. After 24 h methanol was removed to give a viscous 
crude, which was dissolved in water. The product was extracted 
with CH2C11. Prep TLC (hexanes/ethyl acetate, 15.7) gave 0.20 
g (70%) of sulfoxide 13 as a foam: mp 78-79.5 'C; NMR showed 
that 13 was a mixture of diastereomers (1:l); [.]"D = -64.9' (c 
= 0.69); IR (KBr) 3435,1768,1713,1277 cm-'; 'H NMR 6 1.5-3.6 

MS (NHJ ( m / e ,  relative intensity) 552 ((M + NH,)', 201, 535 
((M + H)+, 3), 428 (17), 427 (49), 426 (loo), 334 (7), 269 (181,268 
(52), 159 (16). Anal. Calcd for C30H3007S: C, 67.39; H, 5.65; S, 
6.00. Found: C, 67.12; H, 5.78; S, 5.69. 

(3aR,4R ,5R,6aS)-5-( Benzoyloxy)hexahydro-4-( (3R)-3- 
hydroxy-4-phenoxy- 1 (E)-butenyl)-2H-cyclopenta[ blfuran- 
2sne (1). A solution of sulfoxide 13 (0.14 g, 0.26 "01) in toluene 
(3 mL) with a few crystals of CaC03 was refluxed for 24 h. The 
mixture was allowed to cool to room temperature and diluted with 
water. The product was extracted with ethyl acetate and purified 
by preparative TLC (hexanes/ethyl acetate, 2:3) to give 80 mg 
(80%) of 1 as a white solid: mp 122-122.5 ' c ;  [.]%D = -76.9' 
(c = 0.1); IR (KBr) 3519, 1767, 1710, 1598,1279, 1230, 1176 cm-'; 
lH NMR 6 2.27 (dd, 1 H, J = 4.3, 15.7), 2.54 (d, 1 H, J = 15.9), 
2.60 (ddd, 1 H, J = 6.3,6.3,15.7), 2.80 (m, 1 H), 2.85 (1 H, obscured 
by overlapping resonances), 2.88 (dd, 1 H, J = 11.2, 18.41, 3.82 
(dd, 1 H, J = 8.8, 16.81, 3.95 (dd, 1 H, J = 3.5, 9.31, 4.53 (m, 1 
H), 5.09 (m, 1 H), 5.30 (m, 1 H), 5.73 (dd, 1 H, J = 4.8,15.7), 5.83 
(dd, 1 H, J = 7.3, 15.5), 6.87 (br d, 2 H, J = 8.5), 6.97 (br dd, 1 
H, J = 7.2,7.2), 7.26 (dd, 2 H, J = 7.5, 7.8), 7.43 (br dd, 2 H, J 
= 7.4, 7.4), 7.57 (dddd, 1 H, J = 1.3, 1.3, 7.5, 7.5), 8.0 (dd, 2 H, 
J = 1.3,8.0); MS (m/e ,  relative intensity): 408 (M+, 8), 301 (lo), 
286 (26), 179 (48), 108 (40), 105 (loo), 94 (28), 77 (45). Anal. Calcd 
for C&240,$ C, 70.57; H, 5.92. Found: C, 70.20; H, 5.87. 
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Recently we reported the reactions of aldehyde oximes 
(RCH=NOH) with thianthrene cation radical perchlorate 
(Th'+ClO,-) in nitrile solvents (R'CN). Among these re- 
actions, and dependent on the nature of R, were conver- 
sions of an oxime in acetonitrile solvent into two isomeric 
oxadiazoles, 3-R-&methyl- and 3-methyl-5-R-1,2,4-oxa- 
diazole, overall dehydration to form RCN, and hydrolysis 
to form RCHO. The last two reactions involved prior 
complexation of RCH-NOH with Th'+.' In earlier work 
we found that oxidative intramolecular cyclization  OCCUR^^ 
in reactions of Th'+ClOc with arylhydrazones of chalcones 

(1) Chiou, S.; Hoque, A. K. M. M.; Shine, H. J. J.  Org. Chem. 1990, 
55, 3221. 
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and benzalacetones, with the formation of pyrazoles in 
excellent yields.2 We have now completed our analogous 
study of the reactions of some representative unsaturated 
aromatic aldoximes and ketoximes. 

Cinnamaldoxime (la) underwent small and comparable 
amounts of intramolecular cyclization, forming 5- 
phenylisoxazole (4a), and cycloaddition to solvent, forming 
5-methyl-3-styryl-l,2,4-oxadiazole (5a). The major fate of 
la was conversion to cinnamonitrile. A small amount of 
cinnamaldehyde was formed, too (Scheme I). In contrast, 
2-nitrocinnamaldoxime (lb) failed to undergo cyclization 
or cycloaddition, the only producta being the corresponding 
aldehyde (27.7%) and nitrile (62%). In the presence of 
2,4-di-tert-butyl-6-methylpyridine (DTBMP) la failed to 
give 4a and 5a but gave only cinnamaldehyde (5.7%) and 
cinnamonitrile (84.5%). Correspondingly, lb in the 
presence of DTBMP gave mainly 2-nitrocinnamonitrile 
(83.5%) and some of the aldehyde (7.9%) (Table I). None 
of the cyclic products (i.e., 4b and 5b) was obtained. These 
reactions can be understood in the light of our earlier work 
with aldoximes.' That is, la was oxidized, in part, to its 
cation radical which, in the absence of DTBMP, led to the 
cyclization (4a) and cycloaddition (5a) products. Com- 
plexation of la with Th'+ led to aldehyde and nitrile 
formation, the latter pathway being enhanced by the 
presence of DTBMP. The failure of lb, with its presumed 
higher oxidation potential, to undergo the oxidative re- 
actions, and instead to yield nitrile and aldehyde is also 
in line with our earlier experiences. These reactions can 
be understood with the help of our earlier mechanistic 
schemes.' In harmony with our earlier work is the balance 
of products, particularly for reactions in the presence of 
DTBMP. That is, the millimolar sum of the yields of 
aldehyde and nitrile (e.g., runs 1, 2, and 4) is balanced by 
that of thianthrene 5-oxide (Tho). 

Reactions with the three ketoximes (2a,b and 3) were 
incomplete in the absence of DTBMP. That is, about 
30-40% of oxime was recovered (runs 5,7,  and 9). At the 
same time substantial amounts (14-24%) of T h o  were 
obtained, attributable in good part to the reaction of 
workup water with unreacted Tho+. The amount of Th  
formed in these runs, however, was larger than can be 
accounted for on the basis of the amounts of products 
obtained. I t  seems that much of the Tho+ was reduced to 
Th without revealing the fate of the reductant. The major 
products of runs 5, 7, and 9 were the isoxazoles, 3- 
methyl-&phenyl- (6a), 5-(p-~hlorophenyl)-&methyI- (6b), 
and 5-(p-methoxyphenyl)-3-methylisoxazole (8), formed 
by oxidative cyclization of the oximes. The yields, based 
on the amount of oxime that reacted, were substantial, 
namely 62% of 6a, 63% of 6b, and 71% of 8. Traces of 

(2) Kovelesky, A. C., Shine, H. J. J. Org. Chem. 1988,53, 1973. 
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