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The synthesis of polysubstituted y-lactones by the base-induced cyclization of enantiomerically 
enriched y-[(phenylthio)acylloxy a$-unsaturated esters obtained from 2,3-epoxy alcohols is 
described. The procedure is highly stereoselective and compatible with a wide range of function- 
alities (ester, tetrahydropyranyl ether, silyl ether, etc.). Varying degrees of substitution, including 
quaternary centers, in the final y-lactone were synthesized with excellent stereoselectivity. Useful 
functional interconversions were successfully demonstrated, in particular those resulting in 
butenolides. By the use of AM1 it was concluded that the intramolecular Michael reaction can be 
described as a kinetically controlled reaction in which the relative stability of the transition states 
for all possible final configurations led to geometries in agreement with the experimental results. 

Introduction 
The synthesis of butenolides and saturated y-lactones 

as optically active fragments is currently receiving 
considerable attention in light of their utility as synthons 
for the synthesis of biologically active natural products.ls2 
The y-lactone chemistry also plays a very important role 
in the synthesis of nucleosides and related bioactive 
 compound^.^ Although the cyclocarbonylation of unsat- 
urated alcohols catalyzed by transition metals is a well- 
known procedure for the synthesis of y-la~tones,~ rela- 
tively few methods using carbon-carbon formation from 
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an acyclic ester are reported in the l i t e r a t~ re .~  The use 
of the carbon-carbon strategy is even more limited when 
the cyclization step is performed by an intramolecular 
Michael addition of a suitable linear precursor? Con- 
sidering our recently obtained results in the enantiose- 
lective synthesis of y-[(phenylthio)acylloxy a$-unsatur- 
ated esters' we were very interested in exploring a new 
methodology for the synthesis of substituted y-lactones 
by the intramolecular cyclization of a suitable linear 
precursor. In this paper we report on our studies of 
highly alkylated systems by base-promoted cyclization 
of y-[(phenylthio)acylloxy a,fi-unsaturated esters (Scheme 
1). 

Results and Discussion 

Enantioselective Synthesis of y-[(Phenylthiol- 
acylloxy @-Unsaturated Esters. Our strategy for the 
enantioselective synthesis of y-lactones is based on the 
possibility of opening 2,3-epoxy alcohols with carboxylic 
acids assisted by titanium tetraisopropoxide.6 Since 2,3- 
epoxy alcohols are easily synthesized by the Sharpless 
asymmetric epoxidation for a broad range of allylic 
alcohols in either enant i~mer,~ our methodology (Scheme 
2) would be general for obtaining defined absolute stereo- 
chemistry and functionality in the final y-lactone unity. 

( 5 )  (a) Palladium-catalyzed cyclization of haloallylic-2-alkynoates: 
Ma, S.; Lu, X. J. Org. Chem. 1991, 56, 5120. (b) Intramolecular 
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Chem. SOC., Chem. Commun. 1991, 1263. (ii) Iwasa, S.; Yamamoto, 
M.; Furusawa, A.; Kohmoto, S. Chem. Lett. 1991,1457. (c) Palladium- 
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Larock, R. C.; Stinn, D. E.; Ku, 0. M. Y. Tetrahedron Lett. 1990, 31, 
17. (d) Intramolecular cyclization of epoxy alcohol sulfonylacetate 
esters and further transformations: See ref 2b. 
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The diol 3 was obtained by the above-mentioned 
opening reaction using (pheny1thio)acetic acid as the 
nucleophilic reagent. This reagent was selected for 
several related reasons: the phenylthio group acidifies 
the adjacent proton and facilitates the Michael addition, 
and the same group in the ester-lactone product could 
then be removed reductively or used to obtain the olefin 
and to facilitate C-alkylations. The opening reaction 
could be performed using the isolated epoxy alcohol, 
although to achieve the highest conversion and yield we 
also ran the asymmetric epoxidation in the catalytic 
mannergc performing the "in situ" opening of the formed 
2,3-epoxy alcohol without any intermediate isolation step. 
The choice of the method depends on the degree of optical 
purity to be reached in the final products since it is well- 
known that asymmetric epoxidation in the catalytic 
version yields 2-5% lower enantiomeric excess than in 
the stoichiometric version.gc In cases where a crystalline 
product appears during the synthetic sequence the 
catalytic version is the recommended one, since simple 
recrystallization then yields in most cases enantiomeri- 
cally pure products. Although the opening reaction is 
highly regioselective (C3 vs C2, =lOO:l) the oxidative 
cleavage should be performed without the purification 
of the obtained diol since transesterification was observed 
in presence of silica gel, increasing the amount of 
undesired product bearing the ester functionality in the 
C2 carbon (Scheme 3). 

The diol ester 3 was submitted to degradative oxidation 
with sodium periodate, and the resulting aldehyde 4, 
without purification, was treated with the sodium salt 
of (trimethylphosphono)acetate, in benzene, affording the 
a,@-unsaturated ester 6 with a ratio E-6IZ-6 (>20:1). In 
order to check the influence of the double-bond geometry 

(9) (a) Katsuki, T.; Sharpless, K. B. J. Am. Chem. SOC. 1980,102, 
5976. (b) Martin, V. S.; Woodard, S. S.; Katsuki, T.; Yamada, Y.; Ikeda, 
M.; Sharpless, K. B. J. Am. Chem. SOC. 1981, 103, 6237. (c) Gao, Y.; 
Hanson, R. M.; Klunder, J. M.; KO, S. Y.; Masamune, H.; Sharpless, 
K. B. J. Am. Chem. SOC. 1987, 109, 5765. 
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in the cyclization stereochemistry the aldehyde 4 was also 
treated with P~~P-CHCOZCH~, under protic conditions 
(MeOH), giving a separable mixture of 6/6 (2:l). On the 
other hand, considering the ability of the benzenesulfonyl 
group to activate a-anions toward Michael additionlo the 
benzenesulfonyl derivative 7 was prepared in a similar 
manner. In this case, however, the opening reaction led 
to poorer regioselectivity (C3 vs C2,lO:l) and lower yields 
(~70%). By following similar methodology the 1:l dias- 
tereoisomeric mixture of the diol 8 (C3 vs C2, x5O:l) was 
obtained when racemic 2-(phenylthio)propionic acid was 
used as the opening reagent. When 8 was submitted to 
the series of reactions similar to those described for 3, 
the diastereoisomeric mixture 10 was obtained in excel- 
lent yield. 

In order to extend our methodology to the broadest 
range of substituted compounds we prepared the a-meth- 
yl a,@-unsaturated ester 11 by a Wittig reaction over the 
aldehyde 4 using, in benzene, the stabilized phosphorane 
P~~C=C(CH~)COZCZH~ (EIZ, 12:l). On the other hand, 
when the opening reaction was performed on the epoxy 
alcohol 12 (obtained from n-heptaldehyde by Wittig's 
reaction with P~~P=C(CH~)COZCZH~, reduction with 
DIBAL, and asymmetric epoxidation) the diol ester 13 
was obtained with the usual regioselectivity (C3 vs C2 
x100:l). Oxidative cleavage with Pb(OAc)4 gave the 
methyl ketone 14, which, when submitted to the sodium 
salt of (trimethylphosphono)acetate, in benzene, afforded 
the @-methyl a,@-unsaturated ester 16 (EIZ, 1O:l). In an 
effort to fulfill the entire substitution pattern possible 
we attempted to open the epoxide 16.9a In this case, 
however, a mixture of the C2-ester-l,3-diol 17 and the 
elimination productll 18 was obtained (Scheme 4). 

Because the general methodology could not be used in 
the synthesis of the tertiary carbinol (phenylthiolacetate, 
an alternative route was developed (Scheme 5).  Thus the 
geraniol epoxide 169a was submitted to catalyic hydro- 
genation and the resulting saturated product 19 was 
transformed into the quaternary vinyl alcohol 21 by 
reductive opening of the corresponding iodide obtained 

(10) Solladie, G. In Comprehensive Organic Synthesis; Trost, B. M., 

(11) Morgans, D. J.; Sharpless, K. B. J. Am. Chem. SOC. 1981,103, 
Ed.; Pergamon Press: New York, 1991; Vol. 6, pp 133-170. 
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from the epoxy tosylate 20.12 The ozonolysis of 21 and 
homologation of the resulting aldehyde with the sodium 
salt of (trimethylphosphono)acetate, in benzene, yielded 
the y-hydroxy a,/?-unsaturated ester 22 which was es- 
terified with (pheny1thio)acetic acid yielding the desired 
unsaturated ester 23.13 

Synthesis of ytactones by Intramolecular 
Michael Addition. With the linear precursors in our 
hands we began the cyclization studies. We found that 
when the E-isomer 6 was treated with an equivalent 
amount of sodium hydride, in DMF, at -50 "C, the 
y-lactone 24 was obtained as the sole stereoisomer 
(Scheme 6). 

The reaction rate and stereochemistry depend on the 
reaction conditions (Table 1). Thus, when the tempera- 
ture was increased, in DMF, to 0 "C the reaction time 
was shorter but the amount of 26 increased reaching at 
room temperature a 24/26 ratio of 2:l. The stereochem- 
ical results were similar in a HMPA-THF mixture, when 
NaH was used as the deprotonating base. However, 
when lithium bis(trimethylsily1)amide or potassium tert- 
butoxide was used, even a t  -50 "C, 26 was detected in 
a t  least a ratio of 9:l or 4:1, respectively. 

Surprisingly the free a,/?-unsaturated alcohol 26 was 
the only product obtained, when the reaction was per- 
formed in THF (Scheme 7). This result is interpreted 
by basic elimination to the corresponding ketene. In less 
polar solvents such as benzene, even at room tempera- 
ture, no reaction was obtained. 

In order to check the influence of the double-bond 
geometry of the unsaturated ester, we studied the cy- 
clization of the 2-isomer 6. When the reaction was run 
using DMF, at -50 "C, the same y-lactone 24 was the 
only obtained product. In this case, however, the hy- 
drolysis of the ester was not observed when the reaction 
was performed in THF, although at 0 "C (the deprotection 
conditions of the E-isomer) a poor conversion was reached 
(Table 2). 

The great asymmetric induction imposed by the oxy- 
genated stereogenic center suggests to us the possibility 

~~~ 

(12) Nicolaou, K. C.; Duggan, M. E.; Ladduwahetty, T. Tetrahedron 

(13) Neises, B.; Steglish, W. Angew. Chen., Znt. Ed. Engl. 1978,17, 
Lett. 1984,25, 2069. 
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Table 1. Influence of the Reaction Conditions on the 
Cyclization of the E-Isomer 5 

~~~~~ ~ 

temp yield 
basdsolvent ("C) time (%) 24 25 - 2 6  

NaWDMFor -50 

HMPA, 3:l rt 
NaHPTHF- 0 

ICOBU-tIDMF -60 - -30 
LiN (TMS)dDMF -60 - -30 
NaHrIHF -78- -30 

0 
rt 
-78 - -30 NaWCHzC12 
0 
rt 

NaWC& rt 

4 h  95 100 
0.5h 94 85 15 
5min 92 66 33 
0.5h 94 80 20 
2 h 93 90 10 

4 h  80 100 
lh 80 100 

>12 h 

'12 h 
>12 h 

>12 h 
12h 60 100 

Table 2. Influence of the Reaction Conditions on the 
Cyclization of the 2-Isomer 6 

temp yield 
("C) time (%) 24 25 basdsolvent 

NaWDMFor -50 2 h  95 100 
NaHPTHF- 0 15min 91 85 15 
HMPA, 3:l rt 5min 93 66 33 

0 12 h 40 90 10 
rt 4 h  80 80 20 

NaH/"HF -78--30 >12 h 

NaWCHzClz - 7 8 4 1 %  212 h 
NaH/C& 0-rt >12 h 

of controling the stereochemistry in a quaternary center 
located in a to the carbonyl position, if a suitable linear 
precursor is used. In this sense the diastereoisomeric 
mixture 10 was treated with NaH, in DMF at -50 "C, 
giving rise to the only stereoisomer 27 (Scheme 8). In 
this case, however, the phenylthio group is oriented cis 
relative to the (methoxycarbony1)methylene group. 

In a similar manner and in an attempt to control the 
stereochemistry in all the carbons in the y-lactone moiety 
in highly substituted systems, the /?-methyl a,/?-unsatur- 
ated ester 15 was submitted to our standard basic 
conditions yielding the stereoisomers 28 and 29 in a ratio 
of 8:l (Scheme 9). 

It should be pointed out that the diastereomeric 
mixture is obtained only in the vicinal carbon to the 
carbonyl lactone, complete stereocontrol being obtained 
in the quaternary center. 

Control in the stereoselectivity in a quaternary carbon 
located in the y-carbon of the lactone was equally 
achieved by the cyclization of the suitable unsaturated 
precursor. Thus, when 23 was submitted to our standard 
basic conditions (NaH, DMF) (Scheme lo), 30 was 
obtained with a ratio relative to 31 and 32 of 20:3:1. When 
the reaction was performed at a lower temperature using 
a lithium base, 32 was not detected and the ratio 30:31 
was slightly higher (7:l). 
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Table 3. Stereoselective Intramolecular Michael 
Addition with Different Functionalities 

!EntwI Substrate I Product -7 

'=(CH~)~OTBDPS /I' k2 =H. 34 

The obtained results prompted us to investigate the 
stereoselection in those cases in which an additionally 
created stereocenter is located in the carboxyalkyl branch. 
However, when the ester 11 was submitted to cyclization 
a disappointing 1:l mixture of the y-lactones 33 was 
obtained (Scheme 11). 

As expected, our methodology was general in terms of 
functionalities existent in the molecule. Thus, with 
substrates in which acidic or basic sensitive groups were 
present the procedure works smoothly affording the 
corresponding y-lactones with the expected stereochem- 
istries and yields. Thus, tert-butyldiphenylsilyl, tetrahy- 
dropyranyl, or acetyl groups are totally compatible with 
the reaction conditions. In similar terms the presence 
of nonelectrophilic double bonds is perfectly possible 
(Table 3). 

In order to  explore the versatility of the obtained 
substances a series was performed with the y-lactones. 
Thus, the oxidation of 24 and 27 with a stoichiometric 
amount of m-chloroperbenzoic acid proceeded without 
any problem, (Scheme 12) yielding the diastereomeric 
mixtures of sulfoxides14 42 and 44 which, submitted to 
thermal eliminati~n,'~ yielded the butenolide 43 and the 
methylene lactone 45, respectively, with excellent yields. 

In a similar manner, oxidation of 24 and 27 to the 
sulfones using our recently reported procedure using 

(14) (a) Trost, B. M.; Salzmann, T. N. J. Am. Chem. SOC. 1973, 95, 
6840. (b) Trost, B. M.; Salzmann, T. N.; Hiroi, K. J. Am. Chem. SOC. 
i976,98,48a7. 

Scheme 13 

28 30 

Figure 1. 

ruthenium tetroxide15 and reductive desulfonation16 
yielded the y-lactones 47 and 49 (Scheme 13). Notewor- 
thy is the fact that when the less abundant diastereoi- 
somer 25 was oxidized to the sulfone, the a-carbonyl 
carbon was completely epimerized. This inversion of the 
configuration suggests that the all-trans-substituted ring 
is the thermodynamically more stable compound. It 
should also be pointed out that such a reaction occurred 
when other oxidants were used (MCPBAl' and Oxonel8). 

The stereochemistry in all the cyclic products and the 
corresponding sulfones were determined by ROESYlg 
and/or NOEDIFF20 experiments assuming the stereo- 
chemistry of the epoxy alcoholg (Figure 1). 

Discussion of the Stereochemical Results. In 
order to clarify the stereochemical course of the reaction 
we considered the use of semiempirical calculations as a 
tool to  obtain models for such reactions. Although the 

(15)Rodrfguez, C. M.; Ode, J. M.; Pa lazh ,  J. M.; Martin, V. S. 
Tetrahedron 1992,48, 3571. 
(16) (a) Fehr, C. Helv. Chim. Acta 1983, 66, 2512. (b) Kondo, K.; 

Tunemoto, D. Tetrahedron Lett. 1975, 1397. 
(17) Uemura, S. In Comprehensive Organic Synthesis; Trost, B. M., 

Ed.; Pergamon Press, 1991; Vol. 7, pp 766-769 and references cited 
therein. 

(18) (a) Trost, B. M.; Curran, D. P. Tetrahedron Lett. 1981,22,1287. 
(b) Trost, B. M.; Braslau, R. J. Org. Chem. 1988, 53, 532. 
(19) Bax, A.; Davis, D. G. J. Mag. Reson. 1985, 63, 207. 
(20) (a) Noggle, J. H.; Schimer, R. E. In The Nuclear Overhauser 

Effect, Chemical Applications; Academic Press: New York, 1971. (b) 
Jeener, J.; Meier, B. H.; Bachman, P.; Emst, R. R. J. Chem. Phys. 1979, 
71, 4546. 
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Table 4. Heat of Formations in kcdmol of AU Diaetereoisomers Obtained by the Cyclization of 5, 10, 15, 
and 23 Using MOPAC/AMl 

A H ( s ) ~ )  

-160.02 
-155.28 
-157.40 
-157.82 
-156.51 
-154.79 
-158.70 
-154.89 
-178.40 
-177.47 
- 174.20 
-177.35 

I Substrate AH(f)’) AH (Na’)d’ 

-182.15 -239.36 
-182.95 -235.86 
-184.52 -237.68 
-180.78 -235.62 
-181.49 -237.01 

-181.84 -233.32 
-185.95 -236.23 
-180.79, -236.07 
-200.78 -256.35 
-204.23 -256.16 
-203.15 -256.66 
-399.97 -254.20 

10 I 

CH3 I 

I Enantiomer of 23 

C o d ”  - 
2R,3R,4S 
2R,3S94S 
2R,3R,4R 
2R,3S94R 
2R,3R,4S 
2R,3S,4S 
2R,3R,4R 
2R,3S,4R 
2R,3R,4S 
2R,3S,4S 
2R,3R,4R 
2R, 3 S,4R 

2R,3R,4S 
2R,3S,4S 
2R, 3R, 4R 
2R,3S,4R 

~~ 

-177.17 
-174.93 
-175.16 
-175.73 

Isolated product. 

24 

a) Possible configuration of the final y-lactone; b) AH (KcaVmol) protonated compound; c) A 

(KcaVmol) free anion; d) AH (KcaVmol) using a Na’ “sparkles”. 

Michael-addition reaction has extraordinary importance 
in synthetic chemistry, relatively few mechanistic studies 
have been reported,21 and they are mainly devoted to the 
intermolecular version of the reaction.21d,e,22 

In order to clarify the high diastereoselection found in 
the cyclization reaction and thinking of a possible ther- 
modynamic control, we studied using AM1, the energies 
of each of the four possible diastereoisomers which can 
be obtained when such a reaction is performed on 5, 10, 
15, and 23 (Table 4). In Table 4 are shown the heat of 
formation of both the free enolates and the sodium salts, 
although in this last case because sodium parametriza- 
tion is not available, a “sparkles)) entity was used, 
considering its definition as a simplified atom of nuclear 
charge of +1, ionic radius of 0.7 A and zero heat of 
formation, no orbitals and no ionization potentiaLZ3 
Although the less energetic structures correspond to the 
isolated diastereoisomers when protonated species are 
compared, it should be considered, however, that because 
the reaction is performed in basic conditions the final 
products should be the ester enolates instead of the 
protonated species. When similar calculations were 
performed over such anions the energies obtained were 
not in agreement with the experimental results. 

(21) (a) Lee, V. J. Conjugate Additions of Reactive Carbaniom to 
Activated Alquenes and Alkynes, in Comprehensive Organic Synthesis, 
Trost, B. M . ,  Fleming, I., Eds.; Pergamon Press: New York, 1991; Vol. 
4, p 69 and references cited therein. (b) Oare, D. A.; Heathcock, C. H. 
In Stereochemistry of the Base-Promoted Michael Addition Reaction; 
Elid, E. L., Wilen, S. H., Eds. Top. in Stereochem. 1989,19,227 and 
references therein. (c) D’Angelo, J.; Desmaele, D.; Dumas, F.; Guin- 
gant, A. Tetrahedron: Asymmetry 1992, 3, 459 and references cited 
therein. (d)Yamamoto, Y.; Chounan, Y.; Nishii, S.; Ibuka, T.; Kitahara, 
H. J. Am. Chem. SOC. 1992,114,7652 and references cited therein. (e) 
Ghera, E.; Ben-Yaakov, E.; Yechezkel, T.; Hassner, A. Tetrahedron Lett. 
1992, 2741. 

(22) Bernardi, A.; Capelli, A. M.; Gennari, C.; Scolastico, C. Tetra- 
hedron: Asymmetry 1990,1, 21. 

(23) Stewart, J. J. P. MOPAC Manual 1990. 

Considering such calculated results, a thermodynami- 
cally controlled reaction looks to be highly unlikely.24 
Thus, a kinetic control was speculated for the intramo- 
lecular cyclization. The forming carbon-carbon bond 
(C3-44 in the y-lactone ring) was chosen as the reaction 
coordinate. The reaction path was calculated for the 
“breaking” of the C3-C4 bond, starting for all the free 
enolate esters, by systematically increasing the bond 
length value in successive increments and optimizing all 
the remaining geometrical parameters. The geometry 
corresponding to the maximum potential along all the 
paths was then fully optimized by gradient minimization 
routines and characterized as true transition states by 
calculating force constants. The main features of the 
found transition states for all possible final configurations 
are summarized in Table 5. 

As can be observed in Table 5 for each y-[(phenylthiol- 
acylloxy a$-unsaturated ester, the less energetic transi- 
tion states found are those which correctly lead to the 
isolated y-lactone. In Figure 2 are indicated the geom- 
etries of such transition states. 

A picture with the three species, starting enolate, 
transition state and final product for the y-[(phenylthio)- 
acylloxy a,p-unsaturated ester 5, is shown in Figure 3. 
The lower energy structure 50 derives from the Si face 
attack of the E-enolate ion 54 to the Re-n-face at the 
/3-carbon of the conjugate ester.26 The geometry of the 
enolate carbon changes from planar (dihedral angle 
S-C--C=O x So) necessary to  stabilize the carbanion 
with the vicinal carbonyl group, to nearly orthogonal 

(24)In our preliminary note (ref 7) we speculated that such 
thermodynamic control is mainly based on the fact that both E- and 
Z-unsaturated esters (6 and 6) gave the same ratio of y-lactones. 
However, we now have strong evidence that under the cyclization 
reaction conditions (NaH, DMF) it is not possible to revert the final 
lactones to the starting unsaturated esters. 
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Table 5. Main Features of the Found Transition States for all Possible Final Configurations, Using MOPAC/AMl 

~~ ~ 

107.94 
113.55 
113.29 
107.60 
109.75 
111.70 
112.27 
109.92 
108.89 
109.31 
11 1.97 
104.48 
106.15 
113.15  
113.49 
106.26 

Substrate 

~~ ~ 

174.59 
284.99 
248.52 
175.19 
316.58 
271.86 
307.51 
330.10 
364.06 
311.58 
287.48 
296.38 
164.26 
246.49 
125.73 
234.82 

Conf." 

2.17 
2.10 
2.11 
2.15 
2.08 
2.12 
2.06 
2.06 
2.06 
2.10 
2.10 
2.10 
2.17 
2.12 
2.12 
2.18 

10 

93.98 
95.54 
-99.85 
-96.73 
95.78 
92.76 

-102.49 
-100.90 
45.61 
96.81 
-93.70 
-89.93 
92.91 
95.35 
-95.45 
-93.48 

L S P h  
P 

0 L S P h  

Kd,3J-co2cb CY 

Enantiomer of 23 

dz de 

AH 
:Kcal/mol - 
-165.93 
- 163.75 
-164.43 
-164.09 
-168.57 
-164.84 
-168.66 
-167.83 
-187.70 
- 186.05 
-184.80 
-1  86.53 
-182.75 
- 182.23 
-182.28 
-182.68 

a) Configuration based on the possible final y-lactone (in bold type the one corresponding to 
the isolated product); b) C3X4 distance; c) Imaginary frequencies obtained in the harmonic 
vibrational frequency analysis. 

60 (TS from 6) 61 (TS from I O )  

62 (TS from 16) 63 (TS from 23) 

Figure 2. Transition-state geometries. 

relative to the plane containing such a group (angle 
S-C--C=O RZ 94"). This structural feature is similar 
in all the TSs for the cyclization of 16 and 23. However, 
in the cyclization of the methyl-a-carbonyl-substituted 
10 the lower energy TS 61 corresponds to the one derived 
from the Re-face attack of the planar E-enolate to the 
Re-n-face of the electrophilic double bond with nearly 
interchange between the methyl and the phenylthio 
group (dihedral angle S-C--C-0 -102°).25 

(25)Although we do not have experimental evidence about the 
stereochemistry of the enolate generated (any attempt at trapping the 
formed enolate was h i t l e s s  because of all conditions the cyclization 
was the observed reaction) our calculations suggests that the E-enolate 
is 0.8-3 kcal/mol more stable than the 2-isomer. 

\ 66 

AH=-1 82.15 
(Kcallmol) 

Figure 3. Schematic representation of the minimum-energy 
path for the intramolecular Michael cyclization of the enolates 
54 (generated from 6). 

Conclusions 

The intramolecular Michael cyclization of y-[(phenylth- 
io)acyl]oxy a,/?-unsaturated esters obtained from enan- 
tiomerically enriched 2,3-epoxy alcohols has proved to be 
an excellent way to obtain a-(phenylthio) y-lactones of 
high stereochemical purity. The method is extended to 
the synthesis of highly substituted systems. Thus those 
substrates presenting quaternary centers in all possible 
stereocenters in the ring were obtained with absolute 
stereochemical control. The methodology is general in 
terms of functionalities present in the final compound 
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butyl hydroperoxide (39.93 mL, 4.5 M in isooctane, 0.18 mol)gb 
was added slowly. ARer the addition, the reaction was 
maintained with stirring for 4 h. Tartaric acid aqueous 
solution (15% w/v, 600 mL) was added, and the stirring was 
continued until clear phases were reached (30 min). The 
phases were separated, and the aqueous phase was extracted 
with CHzClz (2 x 200 mL). The combined organic phases were 
concentrated, diluted with ether (300 mL), and treated with a 
precooled (0 "C) solution of 15% NaOH (w/v) aqueous (300 mL). 
The two-phase mixture was stirred vigorously for 15 min at 0 
"C. The organic phase was separated, and the aqueous phase 
extracted with ether (2 x 100 mL). The combined organic 
phases were washed with saturated brine (100 mL), dried, 
evaporated, and chromatographed on a silica gel column, to 
yield 2 (9.28 g, 80% yield, >95% ee by lH NMR analysis of 
the Mosher's esters4): [aIz6~ -46.5" (c 0.93, CHClg) [lit.35 [aIz6~ 

Hz, 3 H), 1.46 (m, 4 H), 2.33 (m, 1 H), 2.90 (m, 2 H), 3.72 (m, 

(d), 58.41 (d), 61.83 (t); IR (CHClg) (cm-l) 3524, 2972, 2963, 
2873, 1460, 1370, 1264, 1103; MS mlz (relative intensity) 115 
(M - 1)+ (27), 99 (14),81 (25), 73 (81), 57 (100); HRMS calcd. 
for CsHllOz (M - 1)+ 115.0759, found 115.0741. 

General Procedure To Obtain 3-[(Phenylthio)acylloxy 
1,B-Diols. Preparation of (1R)-l-[l(S)-1,2-Dihydroxyeth- 
yllbutyl (Pheny1thio)acetate (3). To a stirred solution of 
2,3-epoxy-l-hexanol2 (5  g, 0.043 mol) in dry CHzClz (430 mL, 
0.1 M) was added (pheny1thio)acetic acid (10.88 g, 0.065 mol) 
a t  0 "C under argon. The mixture was stirred for 15 min, and 
Ti(oP~--i)~ (15.4 mL, 0.0517 mol) was added. After the addi- 
tion, the mixture was allowed to  warm to room temperature 
and the solution was stirred for 2 h. A tartaric acid aqueous 
solution (15% w/v, 400 mL) was added, and the two were 
stirred until clear phases were reached (30 min). The phases 
were separated, and the aqueous phase was extracted with 
CHzC12 (2 x 100 mL). The combined organic phases were 
washed with a saturated aqueous solution of NaHC03 (200 
mL) and brine (200 mL), dried, concentrated, and purified by 
column chromatography, to yield 3 (11.51 g, 94% yield): [aIz6~ 
+11.1" (C 1.32, CHClg); 'H NMR (CDClg) 6 0.85 (t, J = 7.21 
Hz, 3 H), 1.28 (m, 2 H), 1.57 (m, 2 H), 3.12 (br s, 1 H), 3.45 (br 
s, 1 H), 3.56 (m, 3 H), 3.66 (s, 2 H), 4.88 (m, 1 H), 7.25 (m, 2 
H), 7.39 (m, 3 H); 13C NMR (CDClg) 6 13.78 (q), 18.41 (t), 32.32 
(t), 36.68 (t), 62.56 (t), 72.83 (d), 75.66 (d), 127.08 (d), 129.09 
(d), 129.91 (d), 134.80 (s), 170.08 (6) ;  IR (CHClg) (cm-l) 3555, 
2962, 2934, 2874, 1727, 1463, 1281, 1129, 1069; MS m/z 
(relative intensity) 284 (M)+ (25), 253 (2), 168 (611, 123 (100); 
HRMS calcd for C14Hz004S (M)+ 284.1082, found 284.1078. 

General Procedure To Transform 3-[(Phenylthio)acylI- 
oxy 1,S-Diols into y-t (Pheny1thio)acylloxy @-Unsatur- 
ated Esters. Preparation of Methyl (4R)-4-[(Phenylthio)- 
acetoxylhept-2(E)-enoate (5). To a stirred solution of 3 (10 
g, 0.035 mol) in MeOWHzO (20:1, 70 mL) was added NaI04 
(18.83 g, 0.088 mol) and a catalytic amount of tetrabutylam- 
monium periodate a t  rt. After 1 h, the mixture was filtered 
through a pad of Celite and washed with ether (3 x 30 mL). 
The resulting solution was concentrated, yielding an oil of the 
crude aldehyde 4, which was used without purification. 

To a suspension of sodium hydride (1.9 g, 0.063 mol, 80% 
in mineral oil) in benzene (500 mL), a t  0 "C was added slowly 
(trimethy1phosphono)acetate (11.34 mL, 0.070 mol) in benzene 
(50 mL). After complete addition the mixture was stirred for 
5 min and the crude aldehyde dissolved in benzene (150 mL) 
was added dropwise. The reaction mixture was stirred for 30 
min, after which time TLC showed complete conversion to the 
unsaturated ester. The reaction was quenched with acetic acid 
(4 mL), extracted with ether (500 mL), and washed with 
saturated aqueous solution of NaHCOg (200 mL) and brine 
(200 mL), dried over MgS04, filtered, and concentrated. Flash 
chromatography provided pure samples of esters 5 (7.92 g, 73% 

(34) Dale, J. A.; Dull, D. L.; Mosher, H. S. J. O g .  Chem. 1969,34, 
2543. The ee >95% signifies that no absorption caused by the presence 
of the other enantiomer could be observed. 

(35)Hill, J. G.; Sharpless, K. B.; Exon, C. M.; Regenye, R. Org. 
Synth. 1984, 63, 66. 

-46.6" (C 1.0, CHClg)]; 'H NMR (CDClg) 6 0.95 (t, J = 7.09 

2 H); 13C NMR (CDC13) 6 13.76 (q), 19.16 (t), 33.53 (t), 55.83 

since a wide range of protecting groups have been used 
in the study. The versatility of the methodology was 
extended by interconversion into other functionalities. 

In  order to rationalize the stereochemical course of 
such a procedure extensive semiempirical calculations 
were performed. Thus it can be concluded that the 
intramolecular Michael addition is very well described 
as a kinetically controlled reaction. The relative stability 
of the transition states for all possible final configurations 
led to geometries in agreement with the experimental 
results. 

Experimental Section 
Materials and Methods. lH and 13C NMR spectra were 

recorded on a Bruker AMX 400 and/or Bruker AC 200 
spectrometer in CDClg or C& as solvent, and chemical shifts 
are reported relative to Me4Si. Low- and high-resolution mass 
spectra were taken using a Hewlett-Packard Model 257 and 
VG Micromass ZAB-2F spectrometers, respectively. Elemental 
analyses were performed on a Carlo-Erba Model 1106. Optical 
rotations were determined for solutions in chloroform or 
diethyl ether with a Perkin-Elmer Model 241 polarimeter. 
Infrared spectra were recorded on a Perkin-Elmer Model 257 
and Perkin-Elmer Model 1605 FTIR spectrophotometer. GC 
analyses were performed on a Hewlett-Packard HP-5890 
instrument with a capillary column, OV-1, 25 m. Melting 
points were determined on a Biichi model 535 melting point 
apparatus and are uncorrected. HPLC chromatography was 
performed using a LKB pump Model 2248 with a LKD 2MD 
Rapid Spectral detector using a pPorasi1 Silica 10;um WA- 
TERS column. Column chromatography was performed on 
silica gel, 0.015-0.04 and 0.04-0.063 mm, and TLC and PLC 
were performed on silica gel, all Merck products. Visualization 
of spots was effected with U V  light and/or phosphomolybdic 
acid in ethanol stain. All solvents were purified by standard 
techniques. Reactions requiring anhydrous conditions were 
performed under argon. Anhydrous magnesium sulfate was 
used for drying solutions. 

Computational methods. Semiempirical calculations 
were carried out using standard MND0,26 AMl,27 and PM328 
Hamiltonians implemented in MOPAC 6.0.29 Geometries for 
products were previously optimized using force field calcula- 
tions (PCMODEL 3.330) and further optimized with respect to 
all geometrical parameters using Broyden-Flecher-Gold- 
farb-Shanno or Eigenvector-Following routineg1 algorithms. 
All structures were refined using the keyword PRECISE with 
a gradient norm of energy, [C(6E/6r)210.6, lower than 0.01 kcaY 
A. Transition states, for the intramolecular Michael addition, 
were calculated using the best-suited reaction coordinate, viz. 
C4-C3 bond lengths, which were further optimized with either 
NLLSQ32 or TSgl algorithms. Inspection of the number of 
negative eigenvalues occurring in their corresponding force 
constant matrices accordingly led to classification of the 
stationary  structure^.^^ In the context of the present work, 
only A (AH) is really meaningful, since AH corresponds to "gas- 
phase" conditions. 

Preparation of (2S,3S)-2,3-Epoxy-l-hexanol (2). 
Crushed, activated 3-A molecular sieves (20% w) were added 
to stirred CHzClz (600 mL) under argon. The flask was cooled 
to -20 "C and Ti(OPr-i)4 (35.66 mL, 0.12 mol), (R,R)-(+)- 
diethyl tartrate (23.94 mL, 0.14 mol), and (E)-S-hexen-l-ol 
(11.78 mL, 0.1 mol) in CHzClz (65 mL) were added sequentially 
with stirring. The mixture was stirred for 15 min, and tert- 

(26) (a) Dewar, M. J. S.; Thiel, W. J. Am. Chem. SOC. 1077,99,4899. 

(27) Dewar, M. J. S.; Zoebisch, E. G.; Healy, E. F.; Stewart, J. J. P. 

(28) Stewart, J. J. P. J. Comput. Chem. 1089, 10, 221. 
(29) Stewart, J. J. P. QCPE no. 455, Indiana University, 1990. 
(30) Serena Software, P.O. Box 3076, Bloomington, IN 47402-3076. 
(31) Baker, J. J. Comput. Chem. 1986, 7, 385. 
(32) Baltels, R. H. Report CNA-44, University of Texas Center for 

(33) McIver, J. W.; Komornicki, A. J. Am. Chem. Soc. 1972,94,2625. 

(b) Dewar, M. J. S. J. Am. Chem. SOC. 1977, 99, 4907. 

J. Am. Chem. Soc. 1985,107, 3902. 

Numerical Analysis. 
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yield) and 6 (0.33 g, 3% yield). Compound 6: [aIz6~ +19.9" (C 

1.24 (m, 2 H), 1.57 (m, 2 H), 3.64 (8, 2 H), 3.69 (8, 3 H), 5.37 
(m, 1 H), 5.90 (dd, J = 15.7, 1.5 Hz, 1 HI, 6.77 (dd, J = 15.7, 
5.35 Hz, 1 H), 7.24 (m, 3 HI, 7.38 (m, 2 H); NMR (CDCM 
6 13.35 (q), 17.70 (t), 35.39 (t), 36.29 (t), 51.23 (q), 72.96 (d), 
121.08 (d), 126.75 (d), 128.73 (d), 129.77 (d), 134.44 (s), 144.71 
(d), 165.87 (s), 166.40 (9); IR (CHCI3) (cm-') 2962,2875, 1725, 
1719,1659,1438, 1316,1279,1129; MS mlz (relative intensity) 
308 (M)+ (18), 168 (6), 141 (54), 123 (100); HRMS calcd for 
C16Hz004S (M)+ 308.1082, found 308.1093. Compound 6: 

Hz, 3 H), 1.34 (m, 2 H), 1.60 (m, 2 HI, 3.65 (8, 2 H), 3.67 (8, 3 
H), 5.77 (dd, J = 11.59, 0.86 Hz, 1 H), 5.95 (dd, J = 11.59, 
7.74 Hz, 1 H), 6.22 (m, 1 H), 7.24 (m, 3 H), 7.36 (m, 2 H); 13C 

(q), 72.24 (d), 119.84 (d), 126.75 (d), 128.48 ( 4 ,  129.54 (4, 
134.79 (s), 146.84 (d), 165.25 (s), 168.61 (8); IR (CHC4) (cm-') 
2942, 2933, 2873,1730,1719,1659, 1457, 1282,1130, 901. 

Preparation of Methyl (4R)-4-[(Phenylthio)acetoxyl- 
hept-2(Z)-enoate (6). To a stirred solution of 3 (1 g, 3.52 
mmol) in MeOWHzO (20:1, 7 mL) was added NaI04 (1.88 g, 
8.8 mmol) and a catalytic amount of tetrabutylammonium 
periodate at rt. After 1 h, the mixture was filtered through a 
pad of Celite and washed with ether (3 x 5 mL). The resulting 
solution was concentrated, yielding an oil of the crude aldehyde 
4, which was used without purification. 

To a stirred solution of the crude aldehyde in' dry MeOH 
(35 mL) was added methyl (triphenylphosphorany1idene)- 
acetate (2.35 g, 7.04 mmol) at rt, under argon. The mixture 
was stirred for 24 h at the same temperature after which time 
the mixture was extracted in ether (30 mL) and washed with 
water (30 mL), dried over MgS04, and concentrated, yielding 
after flash chromatography 5 (304 mg, 28% yield) and 6 (618 
mg, 57% yield). 

Preparation of (lR)-1-[(lS)-1,2-Dihydroxyethyllbutyl 
(Benzenesulfony1)acetate (7). The general procedure to 
obtain 3-[(phenylthio)acylloxy 1,2-diols was applied to 2 on a 1 
g (8.62 mmol) scale using (benzenesulfony1)acetic acid (2.59 
g, 12.93 mmol) for 6 h, yielding 7 (2.02 g, 74% yield): [UP% 
+18.3" (c 2.42, CHCL); lH NMR (CDC13) 6: 0.92 (t, J = 7.34 
Hz, 3 H), 1.52 (m, 4 H), 2.35 (br s, 1 H), 2.91 (br s, 1 H), 3.74 
(m, 3 H), 4.17 (s,2 HI, 4.34 (m, 1 HI, 7.62 (m, 3 HI, 7.95 (m, 2 

67.74 (t), 72.47 (d), 79.94 (d), 128.75 (d), 129.88 (d), 132.0 (s), 
134.99 (d), 162.79 (SI; IR (CHCL) (cm-') 3534, 3018, 2958, 
1744, 1327, 1282, 1160, 1084; MS mlz (relative intensity) 285 

HRMS calcd for C13H1705S (M - OCH3)+ 285.0797, found 
285.0816. 

Preparation of (lR)-l-[(lS)-l,2-Dihydrolryethyllbutyl 
(2R)- and (25)-2-(Phenylthio)pmpionate (8). The general 
procedure to obtain 3-[(phenylthio)acyl]oxy 1,2-diols was ap- 
plied to 2 on a 5 g (43.1 mmol) scale using 24phenylthio)- 
propionic acid (11.78 g, 64.65 mmol) for 2 h, yielding 8 (11.30 
g, 88% yield): 'H NMR (CDCl3) 6 0.88 (t, J = 7.09 Hz, 3 H), 
1.22 (m, 2 H), 1.46 (d, J = 7.16 Hz, 3 H), 1.48 (m, 2 H), 3.17 
(br s, 2 H), 3.46 (m, 3 H), 3.89 (9, J = 7.16 Hz, 1 H), 4.81 (m, 
1 H), 7.28 (m, 3 H), 7.38 (m, 2 HI; 13C NMR (CDC4) 6 13.81 
(q), 17.46 (q), 18.39 (t), 32.43 (t), 45.17 (d), 62.58 (t), 72.88 (d), 
75.20 (d) 127.84 (d), 127.91 (s), 128.98 (d), 132.49 (d), 173.04 
(9); IR (CHC13) (cm-') 3548,2934,2874,1732,1377,1358,1070; 
MS mlz (relative intensity) 298 (MI+ (14), 182 (251,137 (1001, 
109 (27); HRMS calcd for Cl5H2~04S (M)+ 298.1239, found 
298.1227. 

Preparation of Methyl (4R)-4-[[(2R)- and (2S)-%(Phe- 
nylthio)propionyl]ogylhept-2(2E)-enoate (10). The gen- 
eral procedure to transform 3-[(phenylthio)acylloxy 1,a-diols 
into y-[(phenylthio)acylloxy a$-unsaturated esters was applied 
to  8 on a 10 g (33.56 mmol) scale, yielding 10 (8.21 g, 76% 
yield): IH NMR (CDCl3) 6 0.74 (t, J = 7.25 Hz, 3 H), 1.14 (m, 
2 H), 1.32 (d, J = 7.0 Hz, 3 H), 1.45 (m, 2 H), 3.33 (9, J = 7.0 
Hz, 1 H), 3.58 (s, 3 H), 5.22 (m, 1 H), 5.74 (dd, J = 15.82, 1.58 
Hz, 1 H), 6.62 (dd, J = 15.82, 5.39 Hz, 1 H), 7.14 (m, 3 H), 
7.30 (m, 2 H); 13C NMR (CDC13) 6 13.65 (q), 17.36 (q), 18.01 
(t), 37.79 (t), 45.26 (d), 51.49 (q), 72.95 (d), 121.43 (d), 127.75 

1.24, CHCl3); 'H NMR (CDC13) 6 0.84 (t, J = 7.19 Hz, 3 H), 

[u]~'D +3.3" (C 2.6, CHCl3); 'H NMR (CDC13) 6 0.88 (t, J = 7.24 

NMR (CDC13) 6 13.39 (41, 17.72 (t), 35.50 (t), 36.21 (t), 51.16 

H); '3C NMR (CDCl3) 6 14.39 (q), 19.38 (t), 35.12 (t), 61.60 (t), 

(M - OCH3)' (2) 255 (4), 201 (491,182 (871, 141 (loo), 77 (98); 

Rodriguez e t  al. 

(d), 127.95 (s), 128.91 (d), 132.72 (d), 145.18 (d), 166.24 (s), 
171.64 (8); IR (CHCl3) (cm-') 2960, 2933, 2874, 1722, 1663, 
1454, 1313, 1163, 1068; MS mlz (relative intensity) 322 (M)+ 
(6), 182 (2), 137 (100); HRMS calcd for C17H2204S (MY 
322.1239, found 322.1243. 

Preparation of Ethyl (4R)-2-Methyl-4-(phenylthioac- 
etoxy)hept-2(E)-enoate (11). To a stirred solution of 3 (1 
g, 3.52 mmol) in MeOWHzO (20:1, 7 mL) was added NaI04 
(1.88 g, 8.8 mmol) and a catalytic amount of tetrabutylammo- 
nium periodate at rt. After 1 h, the mixture was filtered 
through a pad of Celite and washed with ether (3 x 5 mL). 
The resulting solution was concentrated, yielding an oil of the 
crude aldehyde 4, which was used without purification. 

To a stirred solution of crude aldehyde in dry benzene (35.2 
mL, 0.1 M) was added carbethoxyethylidene-triphenylphos- 
phorane (2.55 g, 7.04 m o l )  at 0 "C under argon. The mixture 
was stirred for 12 h at the same temperature, after which time 
the mixture was extracted in ether (30 mL) and washed with 
water (30 mL), dried over MgS04, and concentrated, yielding 
after flash chromatography 11 (816.3 mg, 72% yield): ~ I " D  
$2.4" (C 2.42, CHCk); 'H NMR (CDC13) 6 0.86 (t, J = 7.2 Hz, 
3H),1.3(t,J=7.16Hz,3H),1.55(m,4H),1.89(d,J=1.45 
Hz, 3 H), 3.63 (9, 2 H), 4.20 (9, J = 7.16 Hz, 2 H), 5.52 (ddd, 
J=9.08,5.96,5.96Hz,lH),6.48(dd,J=9.08,1.45Hz,lH), 
7.24 (m, 3 H), 7.38 (m, 2 H); 13C NMR (CDCl3) 6 13.02 (q), 
13.76 (q), 14.21 (q), 18.07 (t), 35.86 (t), 36.79 (t), 60.67 (t), 71.99 
(d), 127.02 (d), 128.0 (s), 129.0 (d), 130.1 (d), 137.87 (d), 155.1 
(s), 172.3 (s), 174.6 (9); IR (CHCl3) (cm-') 2962, 2935, 2874, 
1715, 1657, 1466, 1368, 1271, 1152, 1085; MS mlz (relative 
intensity) 336 (M)+ (l), 169 (19), 123 (loo), 77 (21); HRMS calcd 
for C1a2404S (M)+ 336.1395, found 336.1409. 

Preparation of ( lR) - 1- [ ( 1s) - 1 ,a-Dihydroxy- 1 -methyl- 
ethyllheptyl (Pheny1thio)acetate (13). The general pro- 
cedure to obtain 3-[(phenylthio)acylloxy 1,24301s was supplied 
to 12 on a 2 g (0.012 mol) scale, yielding 13 (3.08 g, 78% 
yield): [aIz6~ +17.6" (c 1.41, CHCl3); 'H NMR (CDCl3) 6 0.88 
(t, J = 6.53 Hz, 3 H), 0.97 (9, 3 HI, 1.29 (m, 8 HI, 1.55 (m, 1 
H), 1.77 (m, 1 HI, 2.65 (br s, 1 HI, 2.77 (br s, 1 HI, 3.17 (m, 1 
H), 3.29 (m, 1 H), 3.69 (8, 2 H), 4.79 (dd, J = 10.56, 2.05 Hz, 
1 H), 7.34 (m, 5 HI; 13C NMR (CDC4) 6 14.01 (91, 17.94 (q), 
22.52 (t), 26.24 (t), 28.12 (t), 28.97 (t), 31.62 (t), 36.43 (t), 66.56 
(t) 73.14 (s), 77.20 (d), 127.13 (d), 129.15 (d), 129.64 (d), 134.55 
(s), 171.09 (s); IR (CHC13) (cm-') 3679.1,3542.1,3021.4,2957.5, 
2930.1,2857.0,1711.4,1483.1, 1460.2, 1437.4, 1405.4,1286.7, 
1131.4, 1044.6; MS mlz (relative intensity) 342 (M + 2)+ (l), 
341 (M + 1)+ (3), 340 (M)+ (14), 266 (lo), 207 (271, 168 (431, 
123 (loo), 110 (92); HRMS calcd for CleHze04S (M)+ 340.1708, 
found 340.1679. 

Preparation of (lR)-1-Acetylheptyl (Pheny1thio)ac- 
etate (14). To a stirred solution of 13 (3 g, 8.82 mmol) in 
benzene (88.2 mL, 0.1 M) was added Pb(0Ac)r (4.69 g, 0.0106 
mol) at  0 "C under argon. The reaction mixture was allowed 
to warm at rt, and the solution was stirred for 1 h. It  was 
then diluted in AcOEt (100 mL) and filtered through a pad of 
Celite. .The resulting solution was treated and solid sodium 
bicarbonate and filtered. The solvent was evaporated in vacuo 
and the resulting residue was passed through a column of 
silica gel to give the ketone 14 (2.55 g, 94% yield): [ a l Z 5 ~  $10.1" 

1.25 (m, 8 H), 1.71 (m, 2 H), 2.09 (8, 3 H), 3.74 (s, 2 H), 4.98 
(dd, J = 7.33, 5.32 Hz, 1 H), 7.27 (m, 3 HI, 7.42 (m, 2 HI; 13C 
NMR (CDCl3) 6 13.98 (41, 22.47 (t), 24.90 (t), 26.00 (41, 28.84 
(t), 30.23 (t), 31.44 (t), 36.18 (t), 79.63 (d), 126.99 (d), 129.05 
(d) 129.76 (d), 134.72 (s), 169.31 (s), 179.92 (s); IR (CHC13) 
(cm-l) 3021.4, 2957.5, 2930.1, 2857.0, 1732.2, 1725.1, 1483.1, 
1464.8, 1437.4,1359.8, 1263.8,1213.6,1126.8,1026.3; MS mlz 
(relative intensity) 310 (M + 2)+ (3), 309 (M + I)+ (8), 308 
(M)+ (41), 157 (111, 151 (18), 150 (211, 123 (851, 116 (34, 97 
(100); HRMS calcd for C17H~03S (M)+ 308.1446, found 308.1444. 

Preparation of Methyl (4R)-3-Methyl-4-[(phenylthio)- 
acetoxy]-de~-2(E)-enoate (16). Crushed, activated 4-A mo- 
lecular sieves (20% w) were added to  a suspension of sodium 
hydride (438.3 mg, 14.6 mmol, 80% in mineral oil) in dry 
benzene (100 mL), at 0 "C. (Trimethy1phosphono)acetate (2.63 
mL, 16.2 mmol) in benzene (40 mL) was slowly added to this 
mixture. After complete addition the mixture was stirred for 

(C 2.38, CHC13); 'H NMR (CDCl3) 6 0.88 (t, J = 6.39 Hz, 3 H), 
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5 min, and the ketone 14 (2.5 g, 8.12 mmol) in benzene (30 
mL) was added dropwise. The reaction mixture was stirred 
for 20 h, after which time TLC showed complete conversion 
to the unsaturated ester. The reaction was quenched with 
acetic acid (1 mL), extracted with ether (150 mL) and washed 
with saturated aqueous solution of NaHC03 (150 mL) and 
brine (150 mL), dried over MgSO4, filtered, and concentrated. 
Flash chromatography provided test 15 (2.07 g, 70% yield): 

6.7 Hz, 3 H), 1.25 (m, 8 H), 1.62 (m, 2 H), 2.14 (s,3 H), 3.66 (8 ,  
2 H), 3.69 (s, 3 H), 5.12 (t, J = 6.42 Hz, 1 H), 5.81 (8 ,  1 H), 
7.26 (m, 3 H), 7.39 (m, 2 H); 13C NMR (CDCls) 6 13.98 (q), 
14.94 (q), 22.49 (t), 24.96 (t), 28.85 (t), 31.53 (t), 32.57 (t), 36.57 
(t), 51.0 (q), 78.75 (d), 116.08 (d), 126.95 (d), 129.01 (d), 129.83 
(d), 134.32 (s), 155.83 (s), 166.75 (s), 168.69 (8) ;  IR (CHC13) 
(cm-l) 3030.0, 2956.2,2924.5,2861.3, 1727.7, 1717.2, 1656.6, 
1481.3,1440.0,1336.9, 1264.7,1223.4,1156.4; MS mlz (relative 
intensity) 366 (M + 2)+ (l), 365 (M + 1)+ (31,364 (MI+ (9), 197 
(60), 137 (30), 125 (61), 123 (loo), 97 (59), 69 (48); HRMS calcd 
for CzoHzgO4S (M + 1)+ 365.1787, found 365.1779. 
Preparation of (2S,3S)-2,3-Epoxy-3,7-dimethyl-l-o~- 

tanol (19). To a stirred solution of Mga (3 g, 17.62 mmol) in 
dry ethyl acetate (120 mL) was added PtOz (200 mg, 0.88 
mmol) at rt under 2 atm of Hz. The reaction mixture was 
stirred for 4 h, after which time TLC showed the end of the 
reaction. The solution was filtered through Whatman paper 
no. 2 and washed with ethyl acetate (2 x 30 mL). The 
combined organic phases were concentrated, and the crude 
obtained was purified by flash chromatography to yield the 
epoxide 19 (2.88 g, 95% yield): [aIz6~ -7.4" (c 2.78, CHCL); 
1H NMR (CDC13) 6 0.86 (d, J = 6.4 Hz, 6 H), 1.14 (m, 2 H), 
1.27 (s,3 H), 1.39 (m, 3 H), 1.54 (m, 2 H), 2.30 (br s, 1 H), 2.95 
(dd, J = 6.8, 4.0 Hz, 1 H), 3.66 (dd, J = 12.0, 6.8 Hz, 1 H), 
3.82 (dd, J =  12.0,4.0 Hz, 1 H); 13C NMR (cDc13) 6 16.69 (q), 
22.49 (q), 22.49 (q), 27.86 (d), 38.66 (t), 38.77 (t), 61.41 (t), 61.41 
(s), 63.00 (d); IR (CHCl3) (cm-l) 3606.2,3456.0,3005.3,2951.6, 
2865.8, 1467.0, 1386.6, 1231.0, 1209.5, 1080.7, 1021.7, 866.1; 
MS mlz (relative intensity) 157 (M - CH3)+ (l), 141 (l), 129 
(M - Pr-i)+ (8), 115 (23), 111 (13), 95 (131, 71 (1001, 69 (931, 
59 (64), 55 (93); HRMS calcd for C~oHlgOz (M - l)+ 171.1385, 
found 171.13698. 
Preparation of (2S,3S)-2,3-Epoxy-3,7-dimethyloctyl o- 

Toluenesulfonate (20). To a stirred solution of 19 (2.5 g, 
14.51 mmol) in dry pyridine (72.6 mL, 0.2 M), was added TsCl 
(3.32 g, 17.42 mmol) at 0 "C. The reaction mixture was stirred 
for 6 h, after which time TLC showed the end, and then was 
diluted with HzO (100 mL) and the aqueous layer was 
extracted with Et20 (3 x 50 mL). The ethereal extracts were 
washed with HzO (100 mL), saturated CuSO4 solution (100 
mL), and saturated NaCl solution (100 mL), dried, and 
concentrated. Chromatography of the crude product on silica 
gel gave the tosylate 20 (4.26 g, 90% yield): +16.1" (c 

1.12 (m, 2 H), 1.18 (s, 3 H), 1.29 (m, 3 H), 1.45 (m, 2 H), 2.44 
( 8 ,  3 H), 2.94 (dd, J = 5.6, 5.6 Hz, 1 H), 4.08 (dd, J =  11.2, 5.6 
Hz, 1 H), 4.15 (dd, J = 11.2, 5.6 Hz, 1 H), 7.34 (d, J = 8.2 Hz, 
2 H), 7.79 (d, J = 8.2 Hz, 2 H); 13C NMR (CDC13) 6 17.06 (41, 
22.06 (t), 22.91 (q), 23.03 (t), 28.27 (d), 38.54 (t), 39.12 (t), 59.09 
(d), 61.56 (s), 69.01 (t), 128.38 (d), 130.33 (d), 133.25 (s), 145.47 
(8) ;  IR (CHC13) (cm-l) 3036.2, 3017.8, 2953.4, 2870.7, 1599.0, 
1465.8, 1369.3, 1190.1, 1171.7, 1098.2, 974.1, 813.3; MS mlz 
(relative intensity) 283 (M - Pr-i)+ (l), 241 (l), 200 (34), 172 
(41, 156 (lo), 155 (1001, 141 (12), 111 (39), 110 (lo), 91 (90); 
HRMS calcd for C14Hlg04S (M - Pr-i)+ 283.1004, found 
283.1007. 
Preparation of (SS)-3,7-Dimethyloct-l-en-3-01(21). To 

a stirred solution of 20 (4 g, 12.27 mmol) in dry acetone (41 
mL, 0.3 M) was added sodium iodide (7.36 g, 49.08 mmol) at 
rt, under argon. The reaction was stirred for 4 h until TLC 
showed it to be completed. The reaction mixture was then 
diluted in Et20 (100 mL) and filtered through a pad of Celite. 
The organic phase was concentrated, yielding the iodide, which 
was used without purification. 

Activated zinc powder was prepared by washing com- 
mercially available zinc powder with 1 M HC1 for 2 min, HzO, 
EtOH, and Et20 successively and drying under reduced 

[a]''~ +8.6" (C 2.34, CHCl3); 'H NMR (CDCld 6 0.88 (t, J = 

0.69, CHCl3); 'H NMR (CDCl3) 6 0.84 (d, J = 6.8 Hz, 6 H), 
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pressure (3 mm Hg). A mixture of the iodide and activated 
zinc powder (4.81 g, 73.62 mmol) in dry EtzO (75 mL) and 
AcOH (7.5 mL) at rt was stirred for 1 h and then was filtered 
through a pad of Celite, and the organic phase was washed 
with saturated aqueous solution of NaHC03 (3 x 75 mL) and 
NaCl(100 mL). The ethereal solution was concentrated, and 
the crude product was purified by chromatography on silica 
gel to afford 21 (1.72 g, 90% yield): [a]% +9.6" (c 2.02, CHCb); 
IH NMR (CDCl3) 6 0.86 (d, J = 6.48 Hz, 6 H), 1.17 (m, 3 H), 
1.27 (s,3 H), 1.30 (m, 2 H), 1.49 (m, 3 H), 5.03 (dd, J =  10.72, 
1.40 Hz, 1 H), 5.19 (dd, J = 17.45, 1.40 Hz, 1 H), 5.91 (dd, J 
= 17.45, 10.72 Hz, 1 H); 13C NMR (CDCls) 6 21.63 (t), 22.56 
(q), 27.83 (d), 27.88 (q), 39.31 (t), 42.57 (t), 73.27 (s), 111.42 
(t), 145.26 (d); IR (CHC13) (cm-l) 3595.5,2994.5,2951.6,2865.8, 
1461.7, 1365.1, 1214.9, 1177.3, 925.1; MS mlz (relative inten- 
sity) 156 (M)+ (6), 155 (M - 1)+ (70), 111 (28), 91 (loo), 71 
(26), 69 (76), 57 (56); HRMS calcd for CloH190 (M - 1)+ 
155.1436, found 155.1435. 
Preparation of Methyl (4S)-4-Hydroxy-4,8-dethyl. 

non-2(E)-enoate (22). A solution of the alcohol 21 (1.5 g, 9.62 
mmol) in CHZClfleOH, 4:l (0.05 M) was stirred at -78 "C 
under O3 atm, until the solution turned blue. The excess 0 3  
was removed by a flow of argon until the blue color disap- 
peared from the solution. Then MezS (1.41 mL, 19.23 mmol) 
was added and the reaction mixture was stirred 1 h at  -78 
"C. After this period it was allowed to warm to room 
temperature and stirred for a further 12 h. The reaction was 
extracted with CHzClz (2 x 25 mL) and the combined organic 
layers were washed'with NaCl saturated aqueous solution (100 
mL), dried over MgSOd, and concentrated, yielding the alde- 
hyde, which was used without purification. 

To a suspension of sodium hydride (721 mg, 24.04 mmol, 
80% in mineral oil) in dry benzene (75 mL) at 0 "C was slowly 
added (trimethy1phosphono)acetate (4.2 mL, 25.96 mmol) in 
benzene (50 mL). After complete addition the mixture was 
stirred for 5 min and the crude aldehyde dissolved in benzene 
(50 mL) was added dropwise. The reaction mixture was stirred 
for 1 h, a h r  which time TLC showed complete conversion into 
the unsaturated ester. The reaction was quenched with acetic 
acid (1.5 mL) and extracted with ether (200 mL). The 
combined organic phases were washed with N d C O s  saturated 
aqueous solution (150 mL) and brine (150 mL), dried over 
MgSO4, filtered, and concentrated. Flash chromatography 
provided a pure sample of ester 22 (1.44 g, 70% yield): [aIzS~ 

6 H), 1.17 (m, 3 H), 1.26 (m, 2 HI, 1.31 (8 ,  3 H), 1.52 (m, 2 HI, 
1.76 (br s, 1 H), 3.73 (s, 3 H), 6.02 (d, J =  15.66 Hz, 1 H), 6.95 

28.14 (q), 28.22 (d), 39.60 (t), 42.72 (t), 51.97 (q), 73.50 (81, 
118.59 (d), 153.01 (d), 167.66 (8) ;  IR (CHC13) (cm-l) 3598.0, 
3489.4,3015.3,2956.1,2867.2, 1712.6,1657.9, 1460.4,1435.7, 
1366.6, 1312.3, 1282.6, 1198.7, 1174.0, 1149.3, 981.4, 956.7, 
922.2,818.5; MS mlz (relative intensity) 215 (M + 1)+ (l), 183 
(40), 97 (81), 69 (991, 55 (80); HRMS calcd for C12H2303 (M + 
1)+ 215.1647, found 215.1650. 
Preparation of Methyl (4S)-4,8-Dimethyl4-[(phenylth- 

io)acetoxylnon-2(E)-enoate (23). To a stirred solution of 
(pheny1thio)acetic acid (1.89 g, 11.21 mmol) in dry CHzClz (56 
mL, 0.1 M) under argon were added sequentially with stirring 
DMAP (479 mg, 3.93 "01) and the ester 22 (1.2 g, 5.61 mmol) 
at 0 "C. The mixture was stirred for 15 min, and DCC (2.08 
g, 10.09 mmol) was slowly added; it was then allowed to warm 
to room temperature and additionally stirred for 3 h. The 
reaction mixture was diluted in CHzClz (100 mL), filtered 
through a pad of Celite and washed with 5% (w/v) HC1 aqueous 
solution (2 x 100 mL), saturated aqueous solution of NaHC03 
(100 mL) and saturated brine (100 mL). The organic phase 
was dried over MgS04, concentrated, and purified by chroma- 
tography on silica gel, to afford 23 (1.69 g, 83% yield): [a]26~ 
+2.7" (C 2.63, CHCl3); 'H NMR (CDCl3) 6 0.83 (d, J = 6.60 Hz, 
6 H), 1.09 (m, 2 H), 1.18 (m, 2 H), 1.46 (m, 1 H), 1.51 (8 ,  3 H), 
1.66 (m, 1 H), 1.84 (m, 1 H), 3.61 (8 ,  2 H), 3.74 (s, 3 HI, 5.84 
(d, J = 15.92 Hz, 1 H), 6.88 (d, J = 15.92 Hz, 1 H), 7.23 (m, 1 
H), 7.28 (m, 2 H), 7.41 (m, 2 H); 13C NMR (CDC13) 6 21.54 (t), 
22.94(q),23.96(q),28.14(d),37.75(t), 39.26(t),39.94(t), 52.06 

+8.7" (C 2.54, CHCls); 'H NMR (CDC13) 6 0.84 (d, J = 6.6 Hz, 

(d, J =  15.66 Hz, 1 H); 13C "MR (CDCl3) 6 21.94 (t), 22.97 (91, 

(M - OCH3)' (2), 171 (M - Pr-i)+ (40), 129 (1001, 111 (22), 98 
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128.27 (s), 128.89 (d), 129.99 (d), 137.40 (d), 171.63 (s), 174.74 
(8); IR (CHCb) (cm-l) 2944,2932,2874,1763,1736,1378,,1208, 
1096,992; MS mlz (relative intensity) 322 (M)+ (loo), 291 (121, 
263 (6), 213 (31); HRMS calcd for C17H2204S (MI+ 322.1239, 
found 322.1229. 

Preparation of Methyl (zR,sR,4S)-[2-€Iexyl-3-methyl- 
S-oxo-4-(phenylthio)tetrahydrofuran-3-yl]acetate (28). 
The general cyclization procedure was used over 15 on a 500 
mg (1.37 mmol) scale, yielding 28 (2R,3R,4S) (420 mg, 84% 
yield) and 29 (2R,3R,4R) (55 mg, 11% yield). Compound 28: 

6.66 Hz, 3 HI, 1.26 (8 ,  3 H), 1.31 (m, 8 H), 1.57 (m, 2 H), 2.42 
(d, J = 15.16 Hz, 1 H), 2.57 (d, J =  15.16 Hz, 1 HI, 3.59 (s, 3 
H), 4.32 (9, 1 H), 4.35 (dd, J = 9.64, 2.52 Hz, 1 H), 7.29 (m, 3 
H), 7.60 (m, 2 H); 13C NMR (CDCl3) 6 14.42 (q), 16.98 (q), 22.92 
(t), 26.86 (t), 29.37 (t), 29.41 (t), 31.97 (t), 39.33 (t), 46.23 (SI, 
52.11 (q), 58.26 (d), 84.52 (d), 128.30 (d), 129.53 (d), 132.82 
(d), 134.50 (4, 171.11 (s), 174.63 (9); IR (CHCl3) (cm-l) 3018.4, 
2959.3,2925.6,2858.1,1771.1,1733.1, 1454.7,1437.9,1349.3, 
1231,2,1205.9,1172.2, 1108.9,1016.1,965.5; MS mlz (relative 
intensity) 366 (M + 2)+ (71, 365 (M + l)+ (181, 364 (MI+ (801, 
291 (71), 207 (58), 149 (1001, 109 (61),95 (55),57 (76); HRMS 
calcd for C&%04S (M)+ 364.1708, found 364.1687. Compound 

J = 6.72 Hz, 3 H), 1.21 (s, 3 H), 1.29 (m, 8 HI, 1.55 (m, 2 H), 
2.46 (d, J = 16.58 Hz, 1 H), 2.80 (d, J = 16.58 Hz, 1 H), 3.71 
(8 ,  3 H), 3.75 (s, 1 H), 4.24 (dd, J = 10.02, 2.14 Hz, 1 HI, 7.33 
(m, 3 H), 7.59 (m, 2 H); 13C NMR (CDCl3) 6 14.42 (q), 19.65 
(q), 22.92 (t), 26.96 (t), 29.37 (t), 29.41 (t), 31.97 (t), 38.92 (t), 
46.23 (s), 52.11 (q), 57.90 (d), 85.97 (d), 129.05 (d), 129.65 (d), 
134.03 (d), 134.50 (s), 171.11 (s), 174.63 (8) ;  IR (CHC13) (cm-l) 
3021,1,2953.3,2933.5,2855.7,1766.4, 1737.2, 1440.5,1362.7, 
1221.6, 1211.3, 1168.1, 1012.5, 963.8. 

Preparation of Methyl (2S,3S,4R)-[2-Methyl-2-(4-me- 
thylpentyl)-S-oxo-4-(phenylthio)tetrahydrofuran-3-yll- 
acetate (30). The general cyclization procedure was used over 
23 on a 200 mg (0.55 "01) scale, yielding 30 (2S,3S,4R) (150 
mg, 75% yield), 31 (2S,3R,4,9 (22.5 mg, 11% yield), and 32 
(2S,3S,ds) (7.5 mg, 4% yield). Compound 30: [aIz5D +13.1" 

1.04 (m, 4 H), 1.25 (s, 3 H), 1.38 (m, 2 H), 1.56 (m, 1 H), 2.45 
(dd, J = 14.20, 7.80 Hz, 1 H), 2.66 (ddd, J = 11.60, 7.80, 5.80 
Hz,1H),2.72(dd,J=14.20,5.80Hz,1H),3.53(d,J=11.60 
Hz, 1 H), 3.72 (8, 3 H), 7.34 (m, 3 H), 7.60 (m, 2 H); 13C NMR 
(CDCl3) 6 20.88 (t), 22.12 (91, 22.89 (91, 28.20 (d), 34.13 (t), 
39.23 (t), 40.33 (t), 43.77 (d), 52.44 (q), 52.50 (d), 86.69 (4, 
129.63 (d), 130.97 (s), 135.55 (d), 172.03 (s), 173.30 ( 8 ) ;  IR 
(CHCl3) (cm-') 3020.6,2957.7,28.67.8,1764.6,1737.6, 1440.3, 
1386.4,1305.5, 1265.1, 1229.1, 1220.1, 1134.8, 955.1; MS mlz 
(relative intensity) 366 (M + 2)+ (51, 365 (M + 1)+ (141, 364 
(M)+ (62), 275 (22), 237 (15), 197 (39), 168 (40), 149 (72), 123 
(711, 109 (94), 85 (62), 69 (loo), 55 (56); HRMS calcd for 
CzoHzeO&3 (M)+ 364.1708, found 364.1706. Compound 31: 

6.60 Hz, 6 H), 1.15 (m, 2 H), 1.29 (8 ,  3 HI, 1.44 (m, 5 HI, 2.50 
(dd, J = 14.48, 8.60 Hz, 1 H), 2.59 (ddd, J = 12.08,8.60, 5.44 
Hz,lH),2.75(dd,J=14.48,5.44Hz,lH),3.56(d,J=12.08 
Hz, 1 H), 3.73 (8 ,  3 H), 7.34 (m, 3 HI, 7.59 (m, 2 H); 13C NMR 
(CDCls) 6 21.39 (t), 22.85 (q), 22.94 (q), 25.49 (41, 28.28 ( 4 ,  
33.65 (t), 36.32 (t), 39.58 (t), 48.27 (d), 52.45 (d), 52.63 (q),86.64 
(4, 129.31 (d), 129.61 (d), 131.69 (SI, 134.76 (d), 172.02 (91, 
173.56 (8) ;  IR (CHC13) (cm-') 3024.0, 2953.7, 2874.6, 1764.8, 
1738.4,1465.9,1439.6,1386.8,1312.1,1263.8, 1228.6,1197.9, 
1131.9, 995.7, 956.2. Compound 32: [a125~ -98.4" (c 1.36, 

(m, 3 H), 1.35 (8 ,  3 H), 1.42 (m, 1 H), 1.55 (m, 2 H), 1.68 (m, 1 
H), 2.47 (dd, J = 16.96, 4.12 Hz, 1 H), 2.94 (dd, J = 16.96, 
10.76 Hz, 1 H), 3.08 (ddd, J = 10.76, 8.80, 4.12 Hz, 1 H), 3.65 
(8 ,  3 H), 4.10 (d, J = 8.80 Hz, 1 HI, 7.32 (m, 3 HI, 7.57 (m, 2 
H); '3C NMR (CDC13) 6 21.72 (t), 22.64 (q), 22.96 (q), 28.26 
(d), 31.57 (t), 39.36 (t), 41.07 (t), 44.08 (d), 51.37 (d), 52.42 (q), 
87.73 (s), 128.62 (d), 129.62 (d), 132.85 (d), 134.59 (81, 172.08 
(s), 175.13 (8 ) ;  IR (CHC13) (cm-l) 3021.9,2957.5,2856.2,1756.3, 
1737.9,1466.5, 1438,9,1383.7, 1305.4, 1264.0, 1218.0,1199.6, 
1176.6, 1139.8, 860.3. 

Cyclization of 23 Using LM(SiMes)a. To a suspension 

[a]"~ -31.3" (C 0.91, CHCl3); 'H NMR (CDCl3) 6 0.88 (t, J = 

29: [aIz6~ +111.7" (C 1.19, CHC13); 'H NMR (CDCl3) 6 0.89 (t, 

(C 2.34, CHC13); 'H NMR (CDCl3) 6 0.80 (d, J = 6.60 Hz, 6 H), 

[a]"D -52.1" (C 1.57, CHC13); 'H NMR (CDCld 6 0.86 (d, J = 

CHCl3); 'H NMR (CDCl3) 6 0.87 (d, J = 6.60 Hz, 6 H), 1.21 

(q), 83.63 (s), 119.60 (d), 127.39 (d), 129.45 (d), 130.38 (d), 
135.33 (s), 151.04 (d), 167.06 (s), 168.54 (8); IR (CHCls) (cm-') 
3062.8,3018.2,2955.8,2929.0,2866.5, 1723.7,1720.2,1660.0, 
1480.1,1467.2,1437.3,1377.3, 1313.1, 1278.8,1176.0,1128.9, 
1068.9, 979.0; MS mlz (relative intensity) 366 (M + 2)+ (l), 
365 (M + 1)+ (2), 364 (M)+ (lo), 274 (14), 168 (23), 137 (41), 
123 (loo), 109 (191, 95 (21), 81 (21), 77 (20), 69 (16), 55 (11); 
HRMS calcd for CzoHmO4S (M)+ 364.1708, found 364.1715. 

General Cyclization Procedure of y-[(Phenylthio)acylJ- 
oxy @-Unsaturated Esters. Preparation of Methyl 
(2R,3R,4S)-[5-Oxo-4-(phenylthio)-2-pmpyltetrahyhf~- 
ran-3-yllacetate (24). To a suspension of sodium hydride 
(10.7 mg, 0.357 mmol, 80% in mineral oil) in dry DMF (1.6 
mL) under argon at -50 "C was added dropwise the unsatur- 
ated ester 5 (100 mg, 0.325 mmol) in dry DMF (1.6 mL). The 
reaction mixture was stirred for 4 h, after which time TLC 
showed complete conversion into the lactone. The reaction was 
quenched with acetic acid (30 pL) and extracted with ether (2 
x 10 mL). The combined organic phases were washed with 
saturated aqueous solution of NaHC03 (10 mL) and brine (10 
mL), dried, and concentrated. Purification by column chro- 
matography gave the lactone 24 (95 mg, 95% yield): [aIz5D 
+7.1" (C 1.39, CHCl3); 'H NMR (CDCl3) 6 0.86 (t, J = 7.05 Hz, 
3 H), 1.35 (m, 4 H), 2.40 (m, 1 H), 2.56 (d, J = 5.82 Hz, 2 H), 
3.68 (8, 3 H), 3.75 (d, J = 10.28 Hz, 1 H), 4.22 (m, 1 H), 7.32 
(m, 3 H), 7.55 (m, 2 H); 13C NMR (CDCl3) 6 13.64 (41, 18.39 
(t), 34.67 (t), 36.01 (t), 43.11 (d), 51.28 (d), 51.79 (q), 82.24 (d), 
128.74 (d), 129.16 (d), 131.53 (s), 134.10 (d), 171.05 (s), 173.5 
(8 ) ;  IR (CHCl3) (cm-') 2960,2934,2875,1770,1735,1438,1172, 
974; MS mlz (relative intensity) 308 (M)+ (861, 277 (3), 249 
(71, 168 (321, 109 (96); HRMS calcd for ClsHzoO4S (MI' 
308.1082, found 308.1083. 

Cyclization of 5 Using NaWDMF at 0 "C. The cycliza- 
tion was performed in accordance with the general cyclization 
procedure described above at 0 "C in 0.5 h, yielding 24 (78 
mg, 78% yield) and 25 (16 mg, 16% yield): [aI2'D +79.2" (c 

1.42 (m, 1 H), 1.6 (m, 3 H), 2.5 (dd, J =  14.56, 2.76 Hz, 1 H), 
2.87 (m, 2 H), 3.69 (s, 3 H), 4.08 (d, J = 10.12 Hz, 1 HI, 4.12 
(m, 1 H), 7.32 (m, 3 H), 7.55 (m, 2 H); 'H NMR (C6D.d 6 0.75 
(t, J = 7.18 Hz, 3 H), 1.11 (m, 3 H), 1.34 (m, 1 H), 2.0 (dd, J 
= 17.12, 5.4 Hz, 1 H), 2.46 (ddd, J = 9.32, 9.32, 5.4 Hz, 1 HI, 
2.46(dd,J=17.12,9.32Hz,lH),3.32(~,3H),3.76(m,lH), 
4.03 (d, J = 7.68 Hz, 1 H), 6.99 (m, 3 H), 7.65 (m, 2 H); 13C 

(d), 50.85 (d), 52.46 (q), 83.01 (d), 128.97 (d) 129.72 (d), 132.57 
(s), 133.54 (d), 171.93 (s), 174.39 (9). 

Preparation of Methyl (4R)-4-Hy~xyhept-2O-enoate 
(26). To a suspension of sodium hydride (10.71 mg, 0.357 
"01, 80% in mineral oil) in dry THF (1.6 mL) under argon 
was slowly added 5 (100 mg, 0.325 mmol) in dry THF (1.6 mL) 
at 0 "C. The reaction mixture was stirred for 4 h until no 
starting material was detected by TLC. It  was then quenched 
with acetic acid (30 pL) and extracted in ether (2 mL), and 
the combined organic extracts were washed with saturated 
aqueous solution of NaHC03 (2 mL) and brine (2 mL), dried, 
and concentrated to yield, after chromatographic separation 
the alcohol 26 (41 mg, 80% yield): [aIz5D +33.6" (C 3.55, CHCM; 
1H NMR (CDCl3) 6 0.94 (t, J = 7.08 Hz, 3 H), 1.22 (m, 2 H), 
1.55 (m, 2 H), 2.20 (br s, 1 H), 3.74 ( 8 ,  3 H), 4.30 (m, 1 H), 6.0 
(dd, J = 15.64, 1.58 Hz, 1 H), 6.96 (dd, J = 15.64, 4.9 Hz, 1 

70.70 (d), 119.57 (d), 150.72 (d), 167.0 (s); IR (CHC13) (cm-') 
3555,2972,2963,2874,1725,1665,1454,1370,1103; MS mlz 
(relative intensity) 159 (M + 1)+ (11,141 (21,129 (241,115 (41); 
HRMS calcd for C8H1503 (M + 1)+ 159.0943, found 159.0945. 

Preparation of Methyl (2R,3R,4R)-[4-Methyl-S-oso-4- 
(phenylthio)-2-propyltetrahyh~~-3-y~lacetate (27). 
The general cyclization procedure was used over 10 on a 100 
mg (0.310 mmol) scale, yielding 27 (95 mg, 95% yield): [aIz5D 

Hz, 3 H), 1.40 (s, 3 H), 1.5 (m, 4 H), 2.54 (dd, J = 16.01, 6.35 
Hz, 1 H), 2.68 (ddd, J = 9.96, 6.22, 6.22 Hz, 1 H), 2.91 (dd, J 
= 16.01, 5.86 Hz, 1 H), 3.74 (8 ,  3 H), 4.20 (m, 1 H), 7.36 (m, 3 
H), 7.52 (m, 2 H); 13C NMR (CDCl3) 6 13.71 (q), 18.85 (t), 22.08 
(q), 31.25 (t), 35.12 (t), 49.33 (d), 51.98 (q), 55.00 (SI, 81.03 (d), 

1.4, CHCl3); 'H NMR (CDC13) 6 0.95 (t, J = 7.08 Hz, 3 HI, 

NMR (CDC13) 6 14.14 (q), 19.23 (t), 32.42 (t), 35.83 (t), 42.55 

H); 13C NMR (CDC13) 6 13.78 (q), 18.37 (t), 38.73 (t), 51.45 (91, 

+64.1" (C 0.82, CHCl3); 'H NMR (CDC13) 6 0.93 (t, J = 6.91 



Synthesis by Intramolecular Michael Addition 

of unsaturated ester 23 (200 mg, 0.55 mmol) in dry THFl 
HMPA (1:l) (5.5 mL) at -78 "C was slowly added lithium bis- 
(trimethylsily1)amide (604 ,uL, 0.604 mmol) 1 M in THF. The 
reaction mixture was stirred for 4 h, after which time TLC 
showed complete conversion into the ladone. The reaction was 
quenched with acetic acid (40 pL) and extracted with ether (2 
mL). The organic phases were washed with saturated aqueous 
solution of NaHC03 (2 mL) and brine (2 mL), dried, concen- 
trated, and purified by flash chromatography to give the 
lactones 30 (2S,3S,4R) (158 mg, 79% yield) and 31 (2S,3R,4S) 
(22 mg, 11% yield). 
Preparation of Methyl (25)- and (2R)-2-[(2R,3R,4S)-6- 

Oxo-4-(phenylthio)-2-propyltetrahydrofra-3-yllprop~- 
onate (33). The general cyclization procedure was used over 
11 on a 500 mg (1.49 "01) scale, yielding 33 (460 mg, 92% 
yield), as a 1:1 diastereoisomer mixture: 'H NMR (CDC13) 6 
0.77(t, J = 6 . 8 H z , 6 H ) , l . l l ( d ,  J = 7 . 2 H z , 6 H ) , l . l 3 ( t , J  
= 7.2 Hz, 6 H), 1.35 (m, 8 H), 2.25 (m, 2 H), 2.64 (m, 2 HI, 
3.66 (d, J = 7.6 Hz, 1 H), 3.72 (d, J = 7.6 Hz, 1 H), 4.02 (9, J 
= 7.2 Hz, 4 H), 4.09 (m, 2 H), 7.24 (m, 6 H), 7.49 (m, 4 H); 13C 

(t), 41.26 (d), 48.45 (d), 49.50 (d), 61.35 (t), 81.63 (d), 129.60 
(d), 132.0 (s), 134.54 (d), 134.81 (d), 174.0 (s), 174.6 (8); IR 
(CHC13) (cm-') 2963,2937,2876,1774,1719,1474,1371,1268, 
1182,1100, 1025; MS mlz (relative intensity) 336 (MI+ (11, 169 
(19), 123 (1001, 77 (21). 
Preparation of Methyl (zR,sR,4S>-t6-oxo-4-(phenylth- 

io) -2- [ 2- I: (tert-butyldiphenylsilyl) oxy1 ethyl1 tet- 
rahydrofuran-3-yllacetate (36). The general cyclization 
procedure was used over 34 for 4 h, yielding 36 (95 mg, 95% 
yield): [ a ]26~  +5.5" (c 2.01, CHCl3); lH NMR (CDCl3) 6 1.04 
(8, 9 H), 1.81 (m, 2 H), 2.43 (m, 1 H), 2.63 (d, J = 5.98 Hz, 2 
H), 3.69 (s, 3 H), 3.75 (t, J = 6.10 Hz, 2 H), 3.82 (d, J = 10.2 
Hz, 1 H), 4.47 (ddd, J = 8.7, 8.7, 3.13 Hz, 1 H), 7.31 (m, 3 H), 
7.39 (m, 8 H), 7.60 (m, 4 H); 13C NMR (CDCls) 6 19.17 (s), 
26.87 (q), 34.44 (t), 37.21 (t), 43.38 (d), 51.21 (d), 51.90 (q), 
59.72 (t), 79.22 (d), 127.75 (d), 128.84 (d), 129.23 (d), 129.77 
(d), 133.41 (s), 134.15 (d), 134.82 (s), 135.50 (d), 171.03 (s), 
173.55 (9); IR (CHC13) (cm-l) 2954, 2931, 2858, 1771, 1736, 
1361,1215,1112; MS mlz (relative intensity) 491 (M - Bu-t)+ 
(lo), 255 (loo), 199 (81), 77 (35); HRMS calcd for C2d-I~706SSi 
(M - Bu-t)+ 491.1348, found 491.1344. 
Preparation of Methyl (2R,3R,4R)-[4-Methyl-S-oxo-4- 

(phenylthio)-2-[2-[ (tert-butyldiphenylsilyl)~xylethylltet- 
rahydrofurand-yllacetate (37). The general cyclization 
procedure was used over 36 for 4 h, yielding 37 (475 mg, 95% 
yield): [aIz6~ +46.1" (c 3.56, CHCl3); lH NMR (CDCl3) 6 1.08 
(s, 9 H), 1.44 (s, 3 H), 1.74 (m, 2 H), 2.54 (dd, J = 16.14, 5.94 
Hz, 1 H), 2.73 (ddd, J = 6.31, 5.94, 5.94 Hz, 1 H), 2.95 (dd, J 
= 16,14,6.31 Hz, 1 H), 3.76 (s,3 H), 3.85 (t, J= 6.10 Hz, 2 H), 
4.50 (ddd, J = 9.69, 9.69, 2.56 Hz, 1 H), 7.39 (m, 9 HI, 7.60 
(m, 6 H); 13C NMR (CDCl3) 6 19.21 (s), 22.34 (q), 26.93 (q), 
31.18 (t), 36.38 (t), 49.52 (d), 52.01 (q), 55.12 (s), 60.10 (t), 78.05 
(d), 127.33 (d), 128.97 (d), 129.72 (d), 130.05 (d), 133.57 (s), 
135.51 (d), 137.40 (d), 171.63 (s), 174.64 (8); IR (CHCl3) (cm-l) 
2954, 2931, 2858, 1766, 1737, 1379, 1292, 1112; MS mlz 
(relative intensity) 505 (M - Bu-t)+ (78), 255 (loo), 183 (241, 
109 (17); HRMS calcd for C2sHzgOsSSi (M - Bu-t)+ 505.1505, 
found 505.1508. 
Reparation of Methyl (ul,3R,4s)-[B-oxo-4-(phenylth- 

io)-2-[4-(tetrahydropyran-2-yloxy)but-2~E~-enyll~trah~ 
dro-furan-3-yllacetate (39). The general cyclization proce- 
dure was used over 38 for 4 h, yielding after flash chro- 
matography 39 (95 mg, 95% yield): IH NMR (CDCl3) 6 1.59 
(m, 6 H), 2.39 (m, 3 H), 2.61 (d, J = 5.95 Hz, 2 H), 3.50 (m, 1 
H), 3.70 (s, 3 H), 3.77 (d, J = 10.44 Hz, 1 H), 3.85 (m, 2 H), 
4.16 (dd, J = 11.88, 4.45 Hz, 1 H), 4.59 (t, J = 3.33 Hz, 1 H), 
5.60 (m, 1 H), 5.72 (m, 2 H), 7.34 (m, 3 H), 7.54 (m, 2 H); 13C 

(t), 42.17 (d), 51.02 (q), 51.83 (d), 62.10 (t), 65.37 (t), 81.21 (d), 
97.89 (d), 126.16 (d), 128.82 (d), 129.11 (d), 131.10 (d), 132.85 
(s), 134.17 (d), 170.91 (s), 173.31 (9); IR (CHC13) (cm-l) 2948, 
2884, 1772, 1734, 1640, 1352, 1158, 1130, 1024; MS mlz 
(relative intensity) 336 (M - CsHsO)+ ( 5 9 ,  318 (121, 287 (61, 
205 (19), 149 (33), 85 (100); HRMS calcd for CI.~H~OOSS (M - 
CsHsO)+ 336.1031, found 336.1039. 

NMR (CDC13) 6 14.03 (q), 14.33 (q), 14.45 (91, 18.75 (t), 37.74 

NMR (CDC13) 6 19.34 (t), 25.28 (t), 30.45 (t), 34.32 (t), 36.33 
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Preparation of Methyl (2R,3R,4S)-[2-(4-Acetosybut-2- 
(E)-enyl)-6-0xo-4-(phenylthio)tetrahy~o~an-3-y1] ace- 
tate (41). The general cyclization procedure was used over 
40 for 4 h, yielding after chromatography 41 (95 mg, 95% 
yield): [a]26~ + 5.4" (c 1.72, CHCl3); 'H NMR (CDCL) 6 2.04 
(s ,3  H), 2.38 (m, 3 H), 2.60 (d, J = 5.68 Hz, 2 HI, 3.69 (s ,3  H), 
3.72 (d, J = 10.26 Hz, 1 H), 4.23 (m, 1 H), 4.41 (d, J = 4.55 
Hz, 2 H), 5.59 (m, 2 H), 7.33 (m, 3 H), 7.54 (m, 2 H); 13C NMR 

51.95 (d), 64.32 (t), 81.08 (d), 128.06 (d), 128.64 (d), 129.02 
(d), 129.21 (0, 130.99 (s), 134.43 (d), 170.5 (s), 170.97 (s), 
173.24 (8); IR (CHC13) (cm-l) 2959, 1734, 1646, 1362, 1221, 
1084; MS mlz (relative intensity) 378 (MI+ (511, 347 (31, 318 
(57), 149 (loo), 109 (73); HRMS calcd for C1gHz2OsS (M)' 
378.1137, found 378.1130. 
Preparation of Methyl (2R,SR,4S)-[4-(Benzenesu~- 

nyl)-6-oxo-2-propyltetrahydrofuran-3-yllacetate (42). To 
a stirred solution of lactone 24 (100 mg, 0.325 mmol) in dry 
CHzClz (3.25 mL) was added m-chloroperbenzoic acid (88 mg, 
0.357 mmol) a t  0 "C. The reaction was stirred for 1 h and 
was then quenched with potassium fluoride (37.7 mg, 0.65 
mmol) and vigorously stirred for 0.5 h. The mixture was 
filtered through a pad of Celite and washed with ether (3 x 3 
mL). The resulting solution was concentrated, and the crude 
was purified by flash chromatography to yield 42 (100.99 mg, 
96% yield) as an isomeric mixture: lH NMR (CDCl3) 6 0.69 
(t, J = 6.98 Hz, 3 H), 0.86 (t, J = 7.18 Hz, 3 H), 1.12 (m, 2 HI, 
1.40 (m, 4 H), 1.62 (m, 2 H), 1.91 (dd, J = 17.02, 3.85 Hz, 2 
H), 2.62 (d, J = 2.3 Hz, 2 H), 2.81 (m, 2 H), 3.49 (8, 3 H), 3.64 
(s, 3 H), 3.89 (d, J = 7.98 Hz, 1 H), 4.05 (m, 1 H), 4.21 (m, 1 
H), 4.31 (m, 1 H), 7.5 (m, 6 H), 7.59 (m, 4 H); 13C NMR (CDC13) 
6 13.58 (q), 18.53 (t), 35.18 (t), 36.53 (t), 38.25 (d), 52.06 (q), 
67.68 (d), 82.40 (d), 129.12 (d), 129.64 (d), 134.59 (d), 136.86 
(s), 166.73 (s), 170.95 (8) ;  IR (CHCl3) (cm-l) 2961,2936, 1765, 
1736, 1444, 1362, 1086, 1052; MS mlz (relative intensity) 293 

Preparation of Methyl (2R)-(6-0~0-2-propyl-2,S-dihy- 
drofuran-3-yl)acetate (43). A solution of the mixture of 
sulfoxides 42 (100 mg, 0.309 mmol) in dry toluene (3.09 mL, 
0.1 M) was submitted to reflux (6-8 h). After that time, TLC 
showed that the starting material had disappeared. The 
solvent was then evaporated, and the obtained residue was 
purified by column chromatography yielding 43 (36.67 mg, 60% 
yield): + 2.2" (c 2.78, CHCl3), lH NMR (CDCl3) 6 0.95 
(t, J = 7.11 Hz, 3 H), 1.47 (m, 2 H), 1.84 (m, 2 H), 3.30 (dd, J 
= 17.25, 1.49 HE, 1 H), 3.51 (d, J = 17.25 Hz, 1 H), 3.74 (8 ,  3 
H), 5.07 (m, 1 H), 6.03 (d, J = 1.49 Hz, 1 H); 13C NMR (CDCls) 
6 13.55 (q), 17.83 (t), 33.40 (t), 33.91 (t), 52.43 (91, 83.43 (d), 
119.08 (d), 129.08 (s), 163.51 (s), 168.27 (8) ;  IR (CHCl3) (cm-l) 
3018,2962,1747,1644,1438,1163; MS mlz (relative intensity) 
199 (M + 1)+ (65), 167 (ll), 155 (26), 139 (201,127 (100); HRMS 
calcd for C10H1404 (MY 198.0892, found 198.0891. 
Preparation of Methyl (2R,3R,4R)-[4-(Benzenesulfi. 

nyl)-4-methyl-S-oxo-2-propyltetrahydrofuran-3-y11 ace- 
tate (44). The procedure (used above to obtain 42) was 
utilized to oxidize 27 on a (100 mg (0.311 mmol) scale for 1 h, 
yielding after purification 44 (100.77 mg, 96% yield) as an 
isomeric mixture: 1H NMR (CDC13) 6 0.88 (t, J = 7.16 Hz, 3 
H),0.89(t,J=7.16Hz,3H),1.21(s,3H~,1.38~m,4H),1.42 
(m, 4 H), 1.51 (s ,3  H), 2.33 (dd, J = 15.79,8.72 Hz, 1 H), 2.86 
(dd, J = 15.79, 4.25 Hz, 1 H), 2.89 (m, 2 H), 3.31 (m, 1 H), 
3.48 (m, 1 H), 3.73 (s, 3 H), 3.77 (s, 3 H), 4.10 (m, 1 H), 4.50 
(m, 1 H), 7.63 (m, 6 H), 7.98 (m, 4 H); 13C NMR (CDC13) 6 
13.62 (q), 14.37 (q), 18.32 (t), 33.17 (t), 35.52 (t), 40.70 (d), 52.12 
(q), 69.85 (s), 82.27 (d), 128.83 (d), 131.37 (d), 134.60 (d), 134.70 
(s), 166.73 (s), 170.96 (8) ;  IR (CHC13) (cm-') 2934, 2876, 1774, 
1738, 1310, 1218, 1085; MS mlz (relative intensity) 323 (M - 
CH3)+ (7), 213 (89), 181 (61); HRMS calcd for CI~HISOSS (M - 
CH3)+ 323.0953, found 323.0956. 
Preparation of Methyl (2R,SR)-(4-Methylene-S-oxo-2- 

propyltetrahydrofuran-3-y1)acetate (46). The pyrolysis 
(used above to obtain 43) of the sulfoxides 44 on a 100 mg 
(0.296 mmol) scale for 8 h yielded after flash chromatography 
46 (37.63 mg, 60% yield): +13.7" (c 2.39, CHCl3); 'H 
NMR (CDCl3) 6 0.93 (t, J = 6.99 Hz, 3 H), 1.44 (m, 2 H), 1.65 
(m, 2 H), 2.58 (d, J = 6.92 Hz, 2 H), 3.10 (m, 1 HI, 3.70 (8, 3 

(CDCl3) 6 20.82 (q), 34.40 (t), 36.16 (t), 41.98 (d), 51.12 (91, 

(M - OCHs)+ (6), 199 (loo), 125 (89). 
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H), 4.22 (m, 1 H), 5.63 (d, J = 2.49 Hz, 1 H), 6.27 (d, J = 2.49 

38.23 (t), 40.83 (d), 51.84 (q), 82.57 (d), 122.79 (t), 138.29 (s), 
169.38 (s), 171.17 (8); IR (CHCL) (cm-l) 2934,2874,1746,1738, 
1640, 1124,972; MS mlz (relative intensity) 212 (M)+ (2), 180 
(28), 169 (651, 141 (68); HRMS calcd for CllH1604 (MI+ 
212.1048, found 212.1033. 

General RuOd Oxidation of Sulfides to Sulfones. 
Preparation of Methyl (2R,3R,4S)-[4-(Benzenesulfonyl)- 
6-0~0-2-propyltetrahydrofuran-%yl]acetate (48). To a 
stirred solution of lactone 24 (100 mg, 0.325 mmol) in a 
biphasic solvent system (0.33 mL of CH3CN-0.33 mL of CC14- 
0.5 mL of HzO/mmol of compound) was added periodic acid as 
the stoichiometric oxidant (155.4 mg, 0.682 mmol) and 
RuC13.nHz0 (1.35 mg, 0.0065 mmol) a t  rt. The reaction 
mixture was vigorously stirred for 2 h, and then ether (3 mL) 
was added and the stirring was continued for 10 min. After 
that time MgS04 was added and the mixture was filtered 
through Whatman paper no. 2 and washed with ether (3 x 3 
mL). The combined organic phases were concentrated, and 
the residue obtained was purified by flash chromatography to 
yield 46 (100.45 mg, 91% yield) as a white solid: mp 80-82 

= 7.16 Hz, 3 H), 1.43 (m, 2 H), 1.65 (m, 2 H), 2.72 (dd, J = 
16.86, 4.75 Hz, 1 H), 2.86 (dd, J = 16.86, 5.77 Hz, 1 H), 3.07 
(m, 1 H), 3.70 (8, 3 H), 4.24 (m, 1 HI, 4.39 (d, J = 8.26 Hz, 1 
H), 7.65 (m, 3 H), 7.98 (m, 2 H); 13C NMR (CDCl3) 6 13.53 (q), 
16.46 (t), 35.16 (t), 36.46 (t), 38.22 (d), 51.99 (q), 67.65 (d), 82.41 
(d), 129.08 (d), 129.55 (a), 134.55 (d), 136.77 (s), 166.72 (s), 
170.93 (6); IR (CHCl3) (cm-l) 2944, 2935, 2875, 1774, 1733, 
1323, 1220, 1150; MS m/z (relative intensity) 341 (M + l)+ 
(49), 309 (20), 199 (43), 77 (100); HRMS calcd for Cl&zlOeS 
(M + 1)+ 341.1059, found 341.1041. Anal. Calcd for CI~HH~O- 

Preparation of Methyl (2R,3R)-(S-0xo-2-propyltetrahy. 
drofuran-3-y1)acetate (47). To a stirred solution of sulfone 
46 (100 mg, 0.294 m o l )  in a biphasic solvent system THF/ 
HzO, 20:l (1.61 mU84pL) was added excess of amalgamated 
aluminum (aluminum paper was shaken in a 2% HgClz 
aqueous solution, washed with ethanol and ether, and cut into 
thin strips). The heterogenous mixed was vigorously stirred 
for 4 h, until TLC showed complete conversion. The mixture 
was diluted in ether (6 mL), filtered through a pad of Celite, 
and washed with ether (3 x 3 mL). The resulting solution 
was concentrated and the obtained crude was purified by flash 
chromatography to yield 47 (45.88 mg, 78% yield): [aIz5~ 

3 H), 1.45 (m, 4 H), 2.16 (dd, J = 17.06, 7.0 Hz, 1 H), 2.37 (m, 
3 H), 2.64 (dd, J = 17.06, 7.81 Hz, 1 H), 3.53 (s ,3  H), 4.03 (m, 

(t), 36.79 (t), 37.02 (d), 51.57 (q), 84.39 (d), 171.36 (s), 175.39 
(8); IR (CHCL) (cm-l) 2961,2935,2876,1768,1730,1438,1180; 
MS mlz (relative intensity) 169 (M - OCH3)+ (121, 157 (681, 

Hz, 1 H); 13C NMR (CDCl3) 6 13.65 (91, 18.24 (t), 37.71 (t), 

"C; [aIzS~ +8.2" (C 1.75, CHCl3); 'H NMR (CDCl3) 6 0.91 (t, J 

06s: C, 56.45; H, 5.93. Found: C, 56.29; H, 5.92. 

+21.5" (C 0.92, CHCl3); 'H NMR (CDC13) 6 0.79 (t, J = 7.0 Hz, 

1 H); 13C NMR (CDC13) 6 13.57 (q), 18.61 (t), 34.55 (t), 36.31 

140 (8), 127 (48); HRMS calcd for C9H1303 (M - OCH3)+ 
169.0865, found 169.0865. 

Preparation of Methyl (2R,3R,4R)-C4-(Benzenesulfo- 
nyl)-4-methyl-5-oxo-2-propyltetrahydro~ran-3-yllace- 
tate (48). The procedure (used above to obtain 46) was 
utilized to oxidize 27 on a 100 mg (0.311 mmol) scale for 2 h, 
yielding 48 (100.04 mg, 91% yield): [alz5~ +66.7" (c 0.54, 

3 H), 1.55 (m, 4 H), 2.76 (dd, J = 17.04, 5.84 Hz, 1 H), 2.89 
(ddd, J=7.9,5.94,5.94Hz, lH),3.5(dd,  J z 1 7 . 0 4 ,  7.9Hz, 
1 H), 3.77 (8 ,  3 H), 4.72 (m, 1 H), 7.56 (m, 3 H), 7.78 (m, 2 H); 
1H NMR (Cas)  6 0.73 (t, J = 6.92 Hz, 3 H), 1.18 (m, 4 H), 
1.52 ( s ,3  H), 2.43 (dd, J =  17.5, 5.42 Hz, 1 H), 2.73 (ddd, J =  
9.15, 5.2, 5.2 Hz, 1 HI, 3.44 (8 ,  3 H), 3.62 (dd, J = 17.5, 9.15 
Hz, 1 H), 4.67 (ddd, J = 9.6, 9.6, 2.3 Hz, 1 HI, 6.89 (m, 3 H), 
7.74 (m, 2 H); 13C NMR (CDCl3) 6 13.71 (q), 18.92 (t), 20.57 
(q), 31.31 (t), 35.79 (t), 48.48 (d), 52.01 (q),70.59 (q), 82.71 (d), 
128.57 (d), 130.60 (d), 134.86 (d), 135.45 (s), 171.14 (s), 171.63 
(8); IR (CHCL) (cm-') 2959,2876,1769,1736,1383,1310,1148; 
MS ndz (relative intensity) 354 (MY (21, 323 (23), 213 (loo), 
181 (67); HRMS calcd for C~,H~ZO& (MI+ 354.1137, found 
354.1139. 

Preparation of Methyl (2R,3R,4R)-(4-Methyl-6-0~0-2- 
propyltetrahydrofuran-3-y1)acetate (49). The procedure 
(used above to obtain 47) was utilized to reduce 48 on a 100 
mg (0.282 "01) scale with amalgamated aluminum for 4 h 
at rt, yielding 49 (47.15 mg, 78% yield): [alZ5~ +21.2" (C 2.7, 

J = 5.83 Hz, 3 H), 1.59 (m, 4 H), 2.20 (m, 1 H), 2.35 (m, 1 H), 
2.65 (d, J = 7.66 Hz, 2 H), 3.70 (8 ,  3 H), 4.08 (ddd, J = 8.23, 
8.23, 3.12 Hz, 1 HI; 13C NMR (CDCL) 6 13.72 (91, 14.14 (q), 
18.92 (t), 35.65 (t), 36.14 (t), 41.24 (d), 45.56 (d), 51.80 (q),82.49 
(d), 171.39 (s), 177.95 ( 8 ) ;  IR (CHC13) (cm-l) 2962, 1767,1737, 
1439,1181,908; MS mlz (relative intensity) 214 (M)+ (4), 186 
(16), 183 (25), 171 (89), 141 (90); HRMS calcd for CllH1804 
(M)+ 214.1205, found 214.1195. 
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CHC13); 'H NMR (CDCls) 6 0.96 (t, J = 6.7 Hz, 3 H), 1.54 ( 8 ,  

CHCb); 'H NMR (CDCl3) 6 0.93 (t, J 6.98 Hz, 3 H), 1.25 (d, 


