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gem-Difluorocyclohexanols 7 and 16 bearing, respectively, the arylsulfinyl and the arylthio substituent 
are obtained by radical-promoted cyclization from the corresponding o-chlorodifluoroheptenols 6 
and 9 in good yields. Intermediates 6 are made available by condensing the lithium derivative of 
chiral arylsulfinyl pentene 4 on ethyl chlorodifluoroacetate and by reducing the carbonyl with hydride- 
releasing agents. Elimination of the chiral auxiliary sulfinyl group and appropriate elaborations 
afford enantiomerically pure a-hydroxy-, a-hydroxy-A3,4-, a,&y-trihydroxy-, and a-hydroxy-(?,y- 
epoxy-gem-difluorocyclohexane derivatives 19,21,22, and 23. Absolute and relative configurations 
as well as preferred conformations in solution are given. The degree of asymmetric induction during 
the radical-promoted cyclization is correlated with the relative configuration of substituted carbons 
in open-chain compounds. 

Introduction 

In the last 10 years our attention was focused on 
developing synthetic strategies which exploit the stereo- 
controlling properties of sulfoxides and also utilize the 
array of latent functional groups that they possess? In 
connection with that subject we have investigated pri- 
marily the production of optically pure, fluorinated 
synthons in which the sulfinyl group constitutes the chiral 
auxiliary.3 We have also utilized some of those fluorinated 
chirons in the synthesis of selectively fluorinated molecules 
of biological and potentially pharmacological i n t e r e ~ t . ~  

In the present and in a following paper5 we discuss the 
synthetic methodology which makes use of some "fluori- 
nated sulfinyl chirons" and of well-established radical 
chemistry in the synthesis of some chiral and optically 
pure gem-difluoro and monofluoro, mono- and polyhy- 
droxylated cyclohexane 

The carbon backbone of the cyclic molecules is obtained 
via carbon-carbon-forming reactions by linking together 
the two fragments 3 and 4 as shown in Scheme 1. Ethyl 
chlorodifluoroacetate (3) is an easily available fluorinated 

* To whom correspondence should be addressed. * Abstract published in Advance ACS Abstracts, May 1, 1994. 
(1) Reported in preliminary form: Amone, A.; Bravo, P.; Viani, F.; 

Cavicchio, G. Tetrahedron: Asymmetry 1991,2, 399-402. 
(2) Bravo, P.; Resnati, G. In Perspectives in the Organic Chemistry 

of Sulphur; Zwanenburg, B., Klunder, A. J. H., Eds.; Elsevier: Amsterdam, 
1987; pp 89-103 and referencescited therein. For some general references 
on the use of sulfoxides in synthesis see: Posner, G. H. In The Chemistry 
of Sulphones and Sulphoxides; Patai, S., Rappoport, Z., Stirling, J., Eds.; 
John Wiley: New York, 1988; p 833. Kagan, H. B. Efficient Asymmetric 
Synthesis of Chiral Sulphoxides and Some Synthetic Applications; 
Heteroatom Chemistry; Block, E., Ed.; Verlag: New York, 1990. 

(3) (a) Bravo, P.; Resnati, G. Tetrahedron Lett. 1985,26,5601-5604, 
(b) 1987,28,4865-4866; (c) J. Chem. SOC., Chem. Commun. 1988,218- 
219; (d) Tetrahedron: Asymmetry 1990,1,661492. (e)Bravo,P.;Piovosi, 
E.; Resnati, G. Synthesis 1986,579-582; (0 J. Chem. Res., Synop. 1989, 
134-135; J. Chem. Res., Miniprint 1989, 1115-1147; (g) J. Chem. Soc., 
Perkin Trans. 1 1989,1201-1208. (h) Bravo, P.; Piovosi, E.; Resnati, G.; 
DeMunari,S.Cazz. Chim.Ztal.1988,118,115-122. (i)Bravo,P.;Frigerio, 
M.; Resnati, G. Synthesis 1988,955-960. (i) Bravo, P.; Resnati, G.; Viani, 
F.; Amone, A. J. Chem. SOC., Perkin Trans. 1 1989,839-840. 

QQ22-3263/94/ 1959-3459$04.50/0 

materid! it furnishes the cyclohexane ring with a two- 
carbon fragment, the geminally positioned fluorine atoms, 
and an oxygen function. It possesses the ionic acceptor 
center (a) and a potential radical donor site ( 0 )  necessary 
for the C-C-forming  reaction^.^ Sulfiny pentene 4, 
obtained from menthyl p-tolyl sulfinate (1) and pente- 
nylmagnesium bromide (21, furnishes the cyclohexane ring 
with a four-carbon fragment and holds a potential ionic 
donor site (d) and an acceptor radical site (0) for the C-C- 
forming reactions and the chiral auxiliary (CAI sulfinyl 
group for asymmetric induction. Acylation of the a-lith- 
ium derivative of 4 by ethyl chlorodifluoroacetate (3) 
furnishes the open-chain carbon backbone 5, which, after 
reduction to the corresponding alcohol 6, by radical- 
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diopharmaceuticals; Kilb, M. R., Ed.; National Academy Press: Wash- 
ington, DC, 1990. 
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mediated cyclization gives rise to the cyclic intermediates 
7. Functional group elaborations on the sulfinyl com- 
pounds 7 gave optically pure, sulfur-free compounds like 
8. 

In an effort to gain some insight on the factors governing 
the stereochemical control for six-membered rings forma- 
tion we have isolated and submitted to radical cyclization 
all four diastereoisomeric secondary alcohols 6. 

Rssults and  Discussion 

Synthesis of Substrates. Chlorodifluorosulfinylhept- 
6-en-2-one (5) was obtained in ca. 70% yield as a mixture 
of the two (3R,Rs)- and (3S,Rs)-5 diastereoisomers, both 
in their keto and hydrate form, from the lithium derivative 
of sulfoxide 4 and ethyl chlorodifluoroacetate (3). The 
crude mixture was reduced with diisobutylaluminium 
hydride (DIBALH) in tetrahydrofuran (THF) and with 
sodium borohydride in methanol/aqueous ammonia in 
order to obtain all four diastereoisomeric secondary 
alcohols 6 in reasonable amounts. As is already known for 
the reduction of similar a-substituted &keto sulfoxides,aj 
DIBALH gives preferentially, from (Rd-sulfoxides, (2R)- 
alcohols 6, while sodium borohydride in protic and basic 
medium allows epimerization a t  the a-carbon during the 
reduction affording predominantly (2S)-alcohols 6 (see 
Experimental Section). 

Single diastereoisomers were isolated in optically pure 
form, reduced at  sulfur by the Oae procedurelo to the 
corresponding thio derivatives 9, which were esterified 
with (R)-(-)- and (S)-(+)-phenylpropionic acids in order 
to establish the absolute configuration a t  C-2 by lH NMR 
analyses.ll 

Cyclization Results. w-Chloro-w,w-difluoro sulfinyl 
olefins 6 were treated with an excess of tributyltin hydride 
in a degassed benzene solution in the presence of azobi- 
sisobutyronitrile (AIBN) as radical chain initiator. Dis- 
sociation of AIBN (by heating the solution at  reflux or by 
irradiating with a mercury discharge lamp), followed by 
hydrogen abstraction from tributyltin hydride, generates 
a tributyltin radical. Chlorine abstraction from the 

(10) Drabowicz, J.; Oae, S. Synthesis 1977,404-405. 

terminal chlorodifluoromethyl group on 6 or 9 generates 
the difluoroalkyl radical 12 or 14. The reactive electro- 
philic radicals are trapped by the terminal vinyl group in 
a fast “exo-trign cyclization process giving the cyclohexyl 
primary radical 13, 13’, or 15, which abstracts hydrogen 
from the stannane to give the final products 7 and a new 
tributyltin radical and, hence, propagate the chain reaction. 

Difluorocyclohexanols 7 were obtained in optically pure 
form by flash chromatographic separation, and their 
relative stereochemistry was established by careful ‘H and 
IgF NMR analysis. 

Structures of obtained products are reported in Schemes 
2 and 3, and yields and diastereoisomeric ratios (HPLC 
or lgF NMR) are in Table 1. 

Some features of the radical cyclization process could 
be stressed:12 (a) the rate of the difluoroalkyl radical 
trapping by the vinyl group should be fast because no 
reduction products from radicals 12 or 14 were detectable 
by NMR analyses of the crude reaction products. More- 
over, the yields of the six-membered cyclic products 7 are 
comparable with the yields of the five-membered cyclic 
products obtained from the corresponding difluoroalkyl 
hexenyl radicals.& (b) Heptenyl radicals possess a mod- 
erately bulky substituent (arylsulfinyl group) in the 
3-position, and hence, the preferred transition states for 
cyclization should have the bulk substituent quasiequa- 
torially disposed.’3 Therefore, when the two substituents 
arylsulfinyl and hydroxy are in a threo relative arrange- 
ment [as in radical intermediates from (2S,3R,Rs)-6 and 
(2R,3S,Rs)-6], they should be both equatorially disposed 
in the most favorable transition states. In this case the 
two transition states having the methyl axially or equa- 
torially disposed should be nearly equally populated and 
therefore give rise to a nearly equimolar mixture of 
compounds (Scheme 2 and entries 1 and 2 of Table 1). 
However, the most favorable conformation for transition 
states having the two substituents in an erythro relative 
arrangement [(2R,3R,Rs)-6, (2S,3S,Rs)-6, as well as (2R,3R)- 

(11) The aeeignment waa b a d  on the upfield shift (A6 = 0.04-0.34 
ppm) observed for the protons of the pentenyl chain of compounds 

respect to the corresponding protons of the (2-2’ epuners aa a consequence 
of the shielding effect exerted by the phenyl group of the esterifying acid 
in the preferred conformations shown in eq 1. (Bravo, P.; Ganazzoli, F.; 
Resnati, G.; De Munari, S.; Albinati, A. J. Chem. Res., Synop. 1988,216- 
217; J.  Chem. Res., Miniprint 1988, 1701-1739. Helmchen, 0. Tetra- 
hedron Lett. 1974, 1527-1530. Helmchen, G.; Schmierer, R. Angew. 
Chem., Int. Ed. Engl. 1976,15, 703-704). 

(2R,3S,2’S)- and (2RB3R,2’S)-10 and (2S,3RP2’R)- Bpd (2S,3S,2’R)-ll with 

1 1  

(2S,3/Fys)-9 Fl‘ = CH@-TO~S)CH~CH~CH=CH~ 
CCIF2 

(2R,3/Fy5)-9: R’ = CCIFZ 
!$ = CH(~-T&)CH~CH~CH=CHP 

(12) For lead references see: (a) Giese, B. Radicala in Organic 
Synthesis: Formation of Carbon-Carbon Bonds, Pergamon Press: New 
York, 1986. For further references: (b) Giese, B. Angew. Chem., Int. Ed. 
Engl. 1989,28,969-980. (c) Currap, D. P. Synthesis 1988,417-439; (d) 
Zbid. 1988, -513. (e) Fbnajah, M. Tetrahedron 1987,43,3541-3676. 
(0 RajanBabu, T. V.; Fukunaga, T.; Reddy, G. S. J.  Am. Chem. SOC. 1989, 
111, 1759-1769. 

(13) (a) Beckwith, A. L. J. Tetrahedron 1981, 37, 3073-3100. (b) 
Fujimoto, H.; Yamabe, 5.; Mmato, T.; Fukui, K. J.  Am. Chem. SOC. 1972, 
94,9205-9210. 
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91 should be that in which the incoming methyl group is 
pseudoequatorially disposed, in order to avoid 1,3-diaxial 
interactions with the hydroxy group. Actually, in these 
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Table 1. Cyclization of 1.1-Difluoro-6-heptenyl Radical 
global yield 

entry substrate products ratio (%) 
1 (2S.3R.Rd-6 (1R,3R96R.Rs)-7 + a 3 6  84 

50 
76 
60 

7 (1R,3FI)-19 

2 R 
(1 S,3R,6R,Rs)-T PTolSO H 
(lS,3R,6R)-l6 p-TdS H 
(lS,3R,6R)-l7 p-TdS PhCO 

(lRJR-18 H PhCO 

0 Key: (a) NaI, (CF&0)20, acetone,-40 O C ;  (b) P h C O O H , D W ,  
DCC, CHzClz, rt, (c) Raney-Ni, ethanol, 80 "C; (d) aqueous KOH, 
rt. 

cases a single cyclization product was obtained (Scheme 
3 and entries 3-5 of Table 1). Therefore, the asymmetric 
induction in the cyclization process may be mainly 
attributable to the relative arrangement of the arylsulfinyl 
and hydroxy substituents in the intermediate radicals (12 
or 14). The presence of the external chiral sulfur atom 
seems to have little influence as it can be seen by comparing 
data of entries 3 and 5 of Table 1. 

Sulfur -Free  Difluorocyclohexane Derivatives. 
Some polyfuntionalized and sulfur-free difluorocyclohex- 
ane derivatives were chosen as targets for the new synthetic 
route: a-difluorocyclohexanol, a-hydroxydifluorocyclo- 
hexene, a,fl,y-trihydroxydifluorocyclohexane, a-hydroxy- 
&y-epoxydifluorocyclohexane, and a-hydroxy-8-oxodif- 
luorocyclohexane. The compound (lS,3R,6R,Rs)-7 was 
used as the starting material for the synthesis of the 
a-difluorohydroxy derivative 19, obtained in four steps 
(65 % overall yield) as shown in Scheme 4. Deoxygenation 
at  sulfur gave the corresponding arylthio derivative 
(lS,3R,6R)-16 in 96% yield. The secondary alcohol was 
protected, and benzoyl derivative 17 (79% yield) was 
reductively desulfurized with W-2 Raney-Ni to give 
(lR,3R)-18 in 87% yield. The target compound (1R,3R)- 
2,2-difluoro-3-methylcyclohexanol (19) was obtained in 
99 7% yield upon base-catalyzed hydrolysis. 

On the other hand, treatment of (lR,3S,6S,Rs)-7 
(Scheme 5) with benzyl bromide gave benzyl derivative 
(1R,3S,6S,R~)-20, which was heated at  155 O C  in 1,2- 
ethandiol under Ar atmosphere to give, upon sulfenic acid 
elimination, (3S,5S)-3-(benzyloxy)-4,4-difluoro-5-meth- 
ylcyclohex-1-ene (21) in 51 % yield. Moreover, oxidation 
of the double bond of (3S,5S)-21 with osmium tetraoxide 
and trimethylamine N-oxide gave, in 93% yield and 
with high diastereoselection, the corresponding cis-diol 
(1R,2R,3S15S)-22 arising through the attack of oxygens 
opposite to the benzyloxy group. On the contrary, the 
benzyloxy epoxide 23 was obtained as a 2:l mixture of 
diastereoisomers [(lS,2S,4S,6S)- and (lR,2S,4S,6R)-231 
by m-CPBA oxidation of olefin (3S,5S)-21. 

Finally, when the benzyloxy derivative (lS,3R,GR,Rs)- 
20 was submitted to the Pummerer rearrangement condi- 
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tionsl4 in an attempt to introduce a carbonyl function a 
to the hydroxy group (Scheme 6), a mixture of the two 
arylthio olefins 24 and 26 formed. Probably, arylthio 
trifluoroacetoxy intermediate [@-TolS)(CF&OO)C<l 
easily loses trifluoroacetic acid to give the olefins 24 and 
25. During column chromatographic separation only 24 
is collected; evidently, 25 isomerized to the more stable 24 
under silica gel catalysis. 

S t ruc tu ra l  Assignments. Structure and relative 
stereochemistry for sulfinyl (7,20) and thio (9,16,17,24, 
25) compounds, as well as for final sulfur-free compounds 
18,19, and 21-23, were assigned on the basis of elemental 

(14) Pummerer rearrangement ie an useful oxidation procedure for 
primary carbone bearing a eulfiiyl substituent: Russell, G. A.; Mikol, G. 
J. In Mechanisms of Molecular Migratiom; Thyagarajan, B. S., Ed.; 
Wiley-Interscience: New York, 1968, Vol. 1, p 157. Duret, T. Adu. Org. 
Chem. 1969,6,285-388. Application on secondary carbone: Amone, A.; 
Bravo, P.; Frigerio, M.; Reenati, G.; Viani, F. J.  Chem. Res., Synop. 1989, 
270-279; J. Chem. Rea., Minipn'nt 1989, 2201-2231. 

(2 5 pTdS) (353m-24 

a Key (a) (CF&0)20,2,4,6-trimethylpyridine, CHsCN, 0 "C; (b) 
SiO2, rt. 

analyses and 'H, W ,  and IgF NMR spectral data. The 
absolute configuration a t  C-1 for all sulfinyl- and thio- 
substituted compounds should be the same as that found 
upon derivatization for the corresponding open-chain 
secondary alcohols 9.11 The configuration at  C-3 and C-6 
stereocenters relative to that found for C-1 followed from 
the results of NOE experiments, some of which are reported 
in Figure 1, and from conformational analyses through 1H 
coupling constants. 

In the case of the C-3 epimers 7 deriving from 
(w2,3S,Rs)-6 the magnitude of the vicinal coupling con- 
stants observed between H-1 (assumed as 8) and H-6a, 

indicated that these protons are axially disposed, thus 
suggesting that the two compounds preferentially adopt 
the chair conformations shown in Figure 1. The NOES 
observed in compound (lS,3S,6S,Rs)-7 between H-18 and 
both H-38 (6.5%) and H-58 (2.5%) and in compound 
(lS,3R,6S,Rs)-7 between H-18 and both H-58 (2.5%) and 
H3-78 (1.5%) confirmed the above results, permitting the 
assignment of the absolute configuration to the products. 
Analogous arguments allowed us to assign the absolute 
configuration to the C-3 epimers (lR,3R,GR,Rs)- and 
(lR,3S,6R,Rs)-7 obtained from (2S,3R,Rs)-6. Regarding 
the compound (lR,3S,6S,Rs)-7 deriving from (2S,3S,Rs)-6 
the values of the vicinal coupling constants between H-3B 

H-4a and H-58, and H-58 and H-6a (3J = 10.2-13.0 Hz) 

and H- CY, H-CY and H-58, and H-58 and H-6a (3J = 12.7- 
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13.3 Hz) and H-la and H-6a (3J = 2.3 Hz) indicated trans- 
diaxial and gauche relationships, respectively. These 
findings, combined with the NOES observed between H-4a 

H-38 (1%) and H-58 (1%) imply that the cyclohexane 
ring preferentially assumes the chair conformation shown 
in Figure 1 in which the C-3 and C-6 substituents are 
equatorially disposed. Similar reasonings allowed us to 
assign the absolute configuration to the remaining deriva- 
tive (lS,3R,6R,Rs)-7 obtained from (2R,3R,Rs)-6. 

Conclusions. Enantiomerically pure gem-difluoro- 
substituted and polyfunctionalized cyclohexane deriva- 
tives have been prepared by assembling two fragments, 
ethyl chlorodifluoroacetate, containing the fluorine atoms, 
and pent-6-en-1-yl p-tolyl sulfoxide, holding the chiral 
auxiliary group. The carbon skeleton is made via a base- 
catalyzed condensation followed by a radical-promoted 
cyclization. The diastereoselection during the radical 
cyclization ranges from high to moderate and depends on 
the relative configuration of the two contiguous substituted 
carbons of the open-chain substrate. Chiral auxiliary 
manipulation opens the way to  many polyfunctionalized 
derivatives, which could be difficult to prepare alterna- 
tively by the use of fluorinating reagents. 

and H-6a (2%), H-38 and H-58 ( l%),  and OH-1 and both 

Experimental Section 
General Methods. [ a ] D  values were obtained on a JASCO 

DIP-181 polarimeter. Benzene was distilled from calcium 
chloride and stored over molecular sieves (4 A). Elution values 
( t ~ )  were determined on a Waters 600E HPLC using LiChrosorb 
Si60 (5 pm, Merck) prepacked columns and ethyl acetate and 
hexane as HPLC-grade solvents (Merck). All other spectral and 
physical characterizations of new compounds as well as chro- 
matographic separations and solvent purifications have been 
made as already de8~ribed.l~ 
(&)-5-[(4-Methylphenyl)sulfinyl]pemt-l-ene (4). Reac- 

tion of (-)-(lR,2S,5R)-menthyl (S)-p-toluenesulfinate (1, 72 g, 
24.5 mmol) with the Grignard reagent prepared from 5-bromo- 
1-pentene (63 g, 42.0 mmol) and magnesium (12.5 g, 42.0 mmol) 
gave, upon flash chromatographyon silica gel (eluent: 6:4 hexane/ 
ethyl acetate), 43.0 g (85% yield) of pure (+)-(R)-5-[(4-meth- 
ylphenyl)sulfinyl]pent-1-ene (4) as a yellowish oil: Rf(64 hexanel 
ethylacetate)0.35; [(Y]20D+20.130 (c 1.2,CHCb); lHNMR(CDC&) 
6 7.50 and 7.32 (4 H, m), 5.72 (1 H, m), 5.01 and 5.00 (2 H, m), 
2.77 (2 H, t, J 7.7 Hz), 2.41 (3 H, br s), 2.17 (2 H, m), 1.83 and 
1.73 (2 H, m). Anal. Calcd for C12HleOS: C, 69.19; H, 7.74. 
Found C, 69.01; H, 7.72. 

(3R&)- and (3S~)-l-Chloro-l,l-difluoro-3-[(4-meth- 
ylphenyl)sulfinyl]hept-6-en-2-one (5). Ethyl chlorodifluo- 
roacetate(3,1.70g,11.5mmol)inTHF(2mL)wasaddeddropwise 
at -65 OC to a solution of the lithium derivative [generated with 
LDA (12.5 mmol) in THF (20 mL)1 of 5-[(4-methylphenyl)- 
sulfinyllpent-1-ene (4, 2.00 g, 9.61 mmol) stirred under argon. 
After 5 min at the same temperature, an excess of an aqueous 
solution of ammonium chloride was added, the layers were 
separated, and the aqueous phase was extractedwith ethyl acetate 
(3 X 50 mL). The combined organic extracts were dried over 
anhydrous sodium sulfate, the solvent was removed under reduced 
pressure, and the residue [a mixture of (3R,Rs)- and (3S,Rs)-5, 
both in the keto and hydrate forms (ca. 70 % yield)] was reduced 
to give a mixture of the corresponding more stable secondary 
alcohols. 

(2S,3-)-6, (2&3R,&)-6, (2S,3S,&)-6, and (2&3S,&)- 
l-Chloro-l,l-difluoro-3-[ (4-methylphenyl)sulfinyl]hept-6- 
en-2-01s (6). (a) Method A. A suspension of sodium borohy- 
dride (0.40 g, 10.3 mmol) in a 9 1  mixture of methanol/30% 
aqueous ammonia (5 mL) was dropped into a solution of the 
mixture (3R,Rs)/(3S,Rs)-5 in the same solvent (20 mL) at -20 OC. 

(15) Bravo, P.; Pregnolato, M.; Resnati, G. J.  Org. Chem. 1992, 57, 
2726-2731. 
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After 10 min at the same temperature, a solution of hydrochloric 
acid was added to pH 4, methanol was evaporated under reduced 
pressure, and the organic products were extracted with ethyl 
acetate (3 x 50 mL). The collected organic phases were dried 
with anhydrous sodium sulfate, and the solvent was removed 
under reduced pressure to give a mixture of the four diastere- 
oisomeric alcohols (7). The residue was flash chromatographed 
(82 chloroform/ethylacetate) to give (2S,3R,Rs)-6 (0.77 g, 25.6% 
yield) and (2R,3S,Rs)-6 (0.44 g, 14.6% yield) as pure compounds 
and (2R,3R&)- and (2S,3S,Rs)-6 as a mixture which upon flash 
chromatography (64 cyclohexane/ethyl acetate) gave (2R,3R,R&6 
(0.44 g, 14.6% yield) and (2S,3S,Rs)-6 (0.76 g, 25.2% yield) as 
pure compounds. (2S,3R$s)-6 Rf (82 chloroform/ethyl acetate) 
0.35, Rf (6:4 cyclohexane/ethyl acetate) 0.30; [aImD + 89' (c 1.2, 
CHCls); 1H NMR (CDCh) 6 7.61 and 7.36 (4 H, m), 5.61 (1 H, 
m), 5.33 (1 HI d, J = 4.7 Hz), 4.98 and 4.97 (2 HI m), 4.50 (1 H, 
dddd, J = 9.3,7.7,5.2, and 4.7 Hz), 3.13 (1 H, ddd, J = 7.7,6.0, 
and 5.0 Hz), 2.44 (3 H, br s), 2.21,2.11, 1.84, and 1.68 (4 H, m); 
lSF NMR (CDCb) 6 -59.49 (1 F, br dd, J = 169.0 and 5.2 Hz) 
and -63.24 (1 F, br dd, J = 169.0 and 9.3 Hz). Anal. Calcd for 

(2R,3R,Rs)-6 Rf (82 chloroform/ethyl acetate) 0.30, Rf (64 
cyclohexane/ethyl acetate) 0.35; [aI2OD + 149O (c 0.8, CHCh); lH 
NMR (CDCb) 6 7.48 and 7.38 (4 H, m), 5.72 (1 H, m), 5.10 and 
5.09 (2 H, m), 4.57 (1 H, d, J = 3.5 Hz), 4.46 (1 H, dddd, J = 11.2, 
10.2, 3.5, and 1.3 Hz), 2.86 (1 H, ddd, J = 8.5, 4.5 and 1.3 Hz), 
2.45 (3 HI br a), 2.35 and 2.22 (4 H, m); l@F NMR (CDCls) 6 -64.03 
(1 F, br dd, J = 164.5 and 11.2 Hz) and -64.55 (1 F, br dd, J = 
164.5 and 10.2 Hz). Anal. Calcd for Cl&117ClF202S: C, 52.09; 

chloroform/ethyl acetate) 0.30, Rf (64 cyclohexane/ethyl acetate) 

(4 H, m), 5.56 (1 H, m), 4.97 and 4.92 (2 H, m), 4.75 (1 H, dddd, 
J = 10.8,9.2, 4.9, and 1.4 Hz), 3.15 (1 H, ddd, J = 7.6, 3.5, and 
1.4Hz),3.10(1H,d,J=4.9Hz),2.43(3H,brs),2.02,2.00,1.96, 
and 1.75 (4 H, m); l@F NMR (CDCl3) 6 -64.00 (1 F, br dd, J = 
164.0 and 9.2 Hz) and -64.78 (1 F, br dd, J = 164.0 and 10.8 Hz). 
Anal. Calcd for C14H17ClFzOzS: C, 52.09; H, 5.31. Found C, 
51.94; H, 5.26. (2R,3S,Rs)-6 Rf (82 chloroform/ethyl acetate) 
0.25, Rf (64 cyclohexane/ethyl acetate) 0.25; mp 101-103 OC 
(isopropyl ether); [ala0D + l l O o  (c 1.3, CHCb); lH NMR (CDCb) 
6 7.47 and 7.36 (4 H, m), 5.98 (1 H, d, J = 6.0 Hz), 5.44 (1 H, m), 
4.92and4.87(2H,m),4.32(1H,dddd,J=9.4,7.7,6.0,and5.1 
Hz), 2.96 (1 H, ddd, J = 7.0, 5.2, and 5.1 Hz), 2.44 (3 H, br s), 
2.08,1.84, 1.80, and 1.66 (4 H, m); l@F NMR (CDCb) 6 -61.34 (1 
F, br dd, J = 166.5 and 7.7 Hz) and -63.25 (1 F, br dd, J = 166.5 
and 9.4 Hz). Anal. Calcd for ClrH1,ClF202S: C, 52.09; H, 5.31. 
Found C, 51.90; H, 5.28. 

(a) Method B. A solution of DIBALH (2.5 M in hexane, 18.7 
mL) was added dropwise to a solution of (3R)-/(3S,Rs)-5 mixture 
(12.47 g, 38.9 mmol) in THF (50 mL) at -60 OC under Ar 
atmosphere. After 10 min, the reaction was quenched by adding 
a saturated aqueous solution of ammonium chloride and diluted 
(-3 M) hydrochloric acid up to pH 3 and extracted with ethyl 
acetate (3 X 20 mL). The crude was purified by flash chroma- 
tography (7525 cyclohexane/ethyl acetate) to give (2R,3R,Rs)-, 
(2S,3S,Rs)-, and (2R,3S,Rs)-6 in 42% global yield and according 
to HPLC (73 hexane/ethyl acetate) a ratio of, respectively, 6.7: 
4.7:l.O. 

(2S,3R)-9, (2%3R)-9, (2S,35)-9, and (2&35)-1-Chloro-l,1- 
difluoro-3-~(4-methylphenyl)thio]hept-6-e~n-2-01~ (9). Tri- 
fluoroacetic anhydride (0.72 ml, 4.55 mmol) was added to a 
mixture of (2S,3R,Rs)-6 (200 mg, 0.65 "01) and sodium iodide 
(300 mg, 1.95 mmol) in acetone (10 mL) with stirring at -40 OC 
under argon. After 10 min at the same temperature the reaction 
was quenched with an excess of a saturated aqueous solution of 
sodium sulfite and of a saturated aqueous solution of sodium 
hydrogen carbonate. Acetone was removed under reduced 
pressure, and the aqueous layer was extracted with ethyl ether 
(3 X 20 mL). The combined organic phases were dried over 
anhydrous sodium sulfate, and the solvent was removed to give 
(2S,3R)-9 asa pure compound in 92 % yield. An analytical sample 
was obtained through flash chromatography (8515 hexane/ethyl 

and 7.12 (4 H, m), 5.76 (1 H, m), 5.05 and 5.03 (2 H, m), 3.83 (1 
H, ddd, J = 8.7, 6.8; and 5.5 Hz), 3.66 (1 H, br signal), 3.34 (1 

C14H17ClFzO2S: C, 52.09; H, 5.31. Found C, 51.88; H, 5.25. 

H, 5.31. Found C, 51.92; H, 5.25. (2S,3S,Rs)-6: Rf (82 

0.30; [aIaO~ +75O (c  1.0, CHCls); 'H NMR (CDCb) 6 7.51 and 7.35 

ether): [ I X ] ~ D  +23.4' (C 1.0, CHCla); 'H NMR (CDCb) 6 7.35 
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H, ddd, J = 10.0,5.5, and 4.5 Hz), 2.42,2.33,1.83 and 1.65 (4 H, 
m), and 2.33 (3 H, br a). Anal. Calcd for Cl4H&lF2OS: C, 
54.81; H, 5.59. Found C, 54.70; H, 5.61. When (2R,3RJZs)-6 
was similarly reacted, the thio alcohol (2R,3R)-9 was obtained in 
96% yield through flash chromatography (85:15 hexane/ethyl 
ether): +21.5O (c 1.0, CHCb); 'H NMR (CDCb) 6 7.32 and 
7.12 (4 H, m), 5.79 (1 H, m), 5.09 and 5.03 (2 H, m), 4.09 (1 H, 
ddd,J=11.5,9.5,and2.5Hz),3.47(1H,ddd,J=10.7,3.0,and 
2.5 Hz), 2.91 (1 H, br signal), 2.45,2.28,2.02 and 1.70 (4 H, m), 
and 2.33 (3 H, br 8).  Anal. Calcd for C14H1IIclF20S C, 54.81; 
H, 5.59. Found: C, 54.96; H, 5.57. When (2S,3S$s)-6 was 
reacted, the thio alcohol (2S,3S)-9 was obtained in 98% yield 
through flash chromatography (80:20 hexane/ethyl ether): [ d a o D  
-22.4O (c 1.0, CHCb); the 1H NMR spectrum is identical to that 
of (2R,3R)-9. Anal. Calcd for CuHl&lF20S C, 54.81; H, 5.59. 
Found C, 54.78; H, 5.57. (2R,3S,Rs)-6 gave the thio alcohol 
(2R,3S)-9 in 95% yield through flash chromatography (80:20 
hexane/ethyl ether): [a]"D -22.7O (c 1.0, CHCb); the 'H NMR 
spectrum is identical to that of (2S,3R)-9. Anal. Calcd for 

Phenylpropionic Esters 10 and 11 of Heptenols (25,3933- 
9, (2839-9, (25,38-9, and (2838-9. 4-(Dimethylamino)- 
pyridine (1.2 mg, 0.01 mmol) was added to a dichloromethane 
solution (1 mL) containing the thio alcohol (2S,3R)-9 (30 mg, 
0.10 mmol), the (+)-(8)-phenylpropionic acid [(+I-(S)-PPA, 27 
mg,O.ll mmol] anddicyclohexylcarbmide (22mg,O.llmmol). 
After 30 min at room temperature the dicyclohexylurea was 
removed by filtration and washed with hexane. The collected 
organic phases were dried over anhydrous sodium sulfate, the 
solvent was removed under reduced pressure, and the residue 
was flash chromatographed (955 hexane/ethyl ether) togive (S)- 
2-phenylpropanoate 10 of the alcohol (2S,3R)-9 lH NMR (0 
6 7.5-7.0 (9 H, m), 5.67 (1 H, m), 5.44 (1 H, ddd, J =  9.8,6.3 and 
6.0 Hz), 4.98 and 4.97 (2 H, m), 3.64 (1 H, q, J = 7.2 Hz), 3.33 
(1 H, ddd, J = 9.2,6.3 and 4.9 Hz), 2.34 (3 H, br e), 2.32 and 2.27 
(2 H, m), 1.77 and 1.60 (2 H, m), and 1.53 (3 H, d, J = 7.2 Hz). 
Similarly, by using (-)-(R)-PPA and (2S,3R)-9, the coneapondmg 
(R)-2-phenylpropanoate 11 was obtained through flash chro- 
matography (965 hexane/ethyl ether): lH NMR (CDCb) S 7.5- 
7.0 (9 H, m), 5.56 (1 H, m), 5.45 (1 H, ddd, J = 9.9,7.3, and 5.0 
Hz), 4.92 and 4.90 (2 H, m), 3.80 (1 H, q, J = 7.2 Hz), 3.25 (1 H, 
ddd, J = 8.9,5.4, and 5.2 Hz), 2.32 (3 H, bra), 2.21 and 2.13 (2 
H, m), 1.56 and 1.48 (2 H, m), and 1.54 (3H, d, J = 7.2 Hz). When 
(2R,3R)-9 was esterified with (+)-(S)-PPA, the obtained ester 10 
showed the following spectrum: 1H NMR (CDCU 6 7.5-7.0 (9 
H, m), 5.68 (1 H, m), 5.46 (1 H, ddd, J = 11.0, 10.5, and 2.0 Hz), 
5.04 and 5.02 (2 H, m), 3.85 (1 H, q, J = 7.2 Hz), 3.35 (1 H, br 
ddd, J = 10.9,2.9, and 2.0 Hz), 2.32 (3 H, br s), 2.28 and 2.17 (2 
H, m), 1.80 and 1.16 (2 H, m), and 1.59 (3 H, d, J = 7.2 Hz). 
Similarly, the ester 11 obtained from (-)-(R)-PPA and the alcohol 
(2R,3R)-9 showed the following spectrum: lH NMR (CDCld 8 
7.5-7.0 (9 H, m), 5.77 (1 H, m), 5.46 (1 H, ddd, J = 10.7, 10.5, 
and 2.0 Hz), 5.11 and 5.06 (2 H, m), 3.86 (1 H, q, J = 7.2 Hz), 
3.41 (1 H, br ddd, J = 10.7,3.0, and 2.0 Hz), 2.41 and 2.28 (2 H, 
m), 2.33 (3 H, bra), 1.95 and 1.50 (2 H, m), and 1.60 (3 H, d, J 
= 7.2 Hz). When (2S,3s)-9 was esterified with (+)-(S)-PPA the 
obtained ester 10 showed the same lH NMR spectrum of the 
(-)-(R)-PPA ester of (2R,3R)-9, and simiily, the ester 11 obtained 
from the same (2S,3S)-9 and (-)-(E)-PPA showed the same 'H 
NMR spectrum of the (+)-(S)-PPA ester of (2R,3R)-9. Finally, 
the esters obtained by reacting (2R,3S)-S with (+I-(SI-PPA and 
with (-)-(R)-PPA showed the same lH NMR spectra of, respec- 
tively, the (-)-(R)-PPA and (+)-(S)-PPA esters of (2S,3R)-9. 

Radical Cyclization of Alcohols 6 and 9. General Pro- 
cedure. (a) Thermal Reaction. To a stirred solution of alcohol 
(1 mmol) and 2,2'-azobisisobutyronitrile (AIBN, 0.05 mmol) in 
oxygen-free benzene (15 mL) at 70 O C  in an argon atmosphere 
was slowly added (ca. 1 h) a solution of tributyltin hydride (1.0 
mmol) in the same solvent (30 mL). The reaction mixture was 
further stirred for different periods of time, depending of the 
substrate, at the same temperature. The benzene was removed 
under reduced pressure, acetonitrile (10 mL) was added, and the 
mixture was washed with hexane (3 X 5 mL). Acetonitrile was 
removed under reduced pressure, and the residue was flash 
chromatographed. 

C1dH&lF2OS: C, 54.81; H, 5.59. Found C, 54.60; H, 5.58. 

b o n e  et al. 

Specifically, (2S,3RBs)-6 gave in 4 h, after flash chromatog- 
raphy (7525 chloroform/ethyl acetate), (lR,3R,6R,Rs)-2,2-dif- 
lum3-m&hyl+[ (smethylph~yl)~ylulsnyllcycloheatanol(7, 53.6 % 
yield) and (lR,3S,6RJZs)-7 (30.4% yield) as pure compounds. 
(lR,3R,6R&)-7 Rf (7525 chloroform/ethyl acetate) 0.35; [CY]% 

+ 8 0 . 7 O  (c OA,CHCl&mp 153-155 OC (1:l hexanelisopropylether). 
Anal. Calcd for Cll)I1320fi: C, 58.32; H, 6.29. Found C, 58.54, 
H, 6.27. (lR,3S,6R&)-7 Rf (7526 chloroform/ethyl acetate) 
0.30; [a]% +98.9O (c 0.7, CHCM; mp 166-168 OC (isopropyl 
ether). Anal. Calcd for ClrHleF2OB: C, 58.32; H, 6.29. Found 
C, 58.46; H, 6.27. (2R,3RJZs)-6 gave in 6 h, after flash chroma- 
tography (23 cyclohexane/ethyl acetate) of the reaction mixture, 
(lS,3R,6R,Rs)-7 (50% yield): Rf (7:3 cyclohexane/ethyl acetate) 
0.35; [aIaoD +245.1° (c 1.0, CHCb); mp 186187 OC (1:l hexane/ 
isopropyl ether). Anal. Calcd for C&$20& C, 58.32; H, 6.29. 
Found C, 58.48; H, 6.28. (2S,3S$s)-6 gave in 7 h after flash 
chromatography (7:3 chloroform/ethyl acetate), (lR,3S,6S$s)-7 
(52% yield): Rf(7:3 chloroform/ethylacetate) 0.35; [alaoD +133.7O 
(c 1.0, CHCls); mp 204-205 OC (1:l hexane/isopropylether). Anal. 
Calcd for C14H131O& C, 58.32; H, 6.29. Found C, 58.42; H, 
6.27. (2R,3S,Rs)-6 gave, after 5 h reaction and flash chroma- 
tography (7:3 chloroform/ethyl acetate), a 6238 mixture of 
(lS,3S,6SJZs)-? and (lS,3R,6S$s)-7 (global yield: 78.5% 1. The 
mixture of the two diastereoisomers was treated with (-)-@)- 
PPA in order to obtain the two diastereoisomeric esters. Flash 
chromatography of the crude (E3 cyclohexane/ethyl acetate) gave 
the (-)-(R)-PPA esters of (lS,3S,6S&)-7 [Rf (73 cyclohexane/ 
ethyl acetate) 0.351. The two separated diastereoisomeric esters 
(1 "01) were dissolved in methanol (3 mL) and treated with 
a 1% aqueous solution of potassium hydroxide at room tem- 
perature. After 2 h, methanol was removed under reduced 
pressure, and the organic products were extracted with ethyl 
ether (3 X 3 mL). The organic layers were dried over anhydrous 
sodium sulfate, and the solvent was removed under reduced 
pressure. The two residues were flash chromatographed (7:3 
chloroform/ethyl acetate) to give (lS,3S,6S,Rs)-7 (49% yield): 
Rf (7:3 chloroform/ethyl acetate) 0.35, Rf (7:3 cyclohexane/ethyl 
acetate) 0.35; la l aOD +217.3' (c 1.1, CHCb); mp 176177 OC 
(isopropyl ether). Anal. Calcd for C1IHlsF202S: C, 58.32; H, 
6.29. Found C, 58.13; H, 6.27. (lS,3R,6SJZs)-7 (30% yield): Rf 
(23 chloroform/ethyl acetate) 0.35, Rf (7:3 cyclohexane/ethyl 
acetate) 0.35; [aIaoD +190.5' (c 0.7, CHCb); mp 173-174 O C  

(isopropylether). Anal. Caldfor C&&'20zS: C, 58.32;H,6.29. 
Found: C, 58.13; H, 6.30. When (2R,3R)-9 was reacted under 
the same conditions, (lS,3R,6R)-2,2-difluor0-3-methyl-6-[(4- 
methylphenyl)thiolcyclohexanol (16, 60% yield) was obtained 
as single compound Rf(91 cyclohexane/ethyl acetate) 0.35; [a]% 
+45.3O (c 1.3, CHCL). Anal. Calcd for C14Hla20S: C, 61.74; 
H, 6.66. Found: C, 61.60; H, 6.68. 
(b) Photolytic Reaction. A solution of alcohol (1 "01) and 

tributyltin hydride (1.2 mmol) in oxygen-free benzene (6 mL) in 
a Pyrex tube was irradiated with a 350-nm lamp in a Rayonet 
apparatus. During the irradiation, the temperature was kept at 
35 OC. After evaporation of the benzene, acetonitrile (5 mL) was 
added, and the solution was washed with hexane (3 X 5 mL). 
Acetonitrile was removed under reduced pressure, and the residue 
was flash chromatcgraphed. From (2S,3S,Rs))-6, after 2 h reaction 
(lR,3S,6SJZs)-7 was isolated in 76% yield. 

(lS~86~-2L-Difluoor3-methyl-6-[ (4-methylpheny1)th- 
io]cyclohexanol (16). To a solution of (lS,3R,6R,Rs)-7 (150 
mg, 0.52 mmol) and NaI (234 mg, 1.56 mmol) in acetone (10 mL) 
at 4 0  OC under nitrogen atmosphere was added dropwise a 
solution of trifluoroacetic anhydride (0.36 mL, 2.6 mmol) in 
acetone (4 mL). The reaction mixture was stirred at -40 OC for 
20 min, and then a saturated aqueous solution of sodium sulfite 
(10 mL) was added, acetone was evaporated off, the aqueous 
solution was extracted with ethyl acetate (3 X 10 mL), the 
combined organic layers were dried over anhydrous sodium 
sulfate, and the solvent was removed in vacuum. The residue 
was flash chromatographed (91 cyclohexane/ethyl acetate) to 
give the pure compound (lS,3R,6R)-16 as a yellowish liquid in 
96% yield Rf(91 cyclohexane/ethylacetate) 0.35; [a]% +45.4' 
(c 1.3, CHCL). 

(1~~86R)-2L-Difluoro-3-methyl-6-[ (4-methylpheny1)th- 
io]cyclohexylBenzoate (17). 4-(Dimethylamino)pyridhe (3.0 
mg, 0.03 "01) was added to a dichloromethane solution (3 mL) 
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containing the thio alcohol (lS,3R,6R)-16 (70.0 mg, 0.26 mmol), 
benzoic acid (35.0 mg, 0.28 mmol), and dicyclohexylcarbodiide 
(58.3 mg, 0.28 mmol) at 0 OC. After 1 h at room temperature, 
dicyclohexylurea was removed by filtration and washed with 
hexane. The organic phases were dried over anhydrous sodium 
sulfate, the solvent was removed under reduced pressure, and 
the residue was flash chromatographed (955 cyclohexane/ethyl 
acetate) to give the desired product (1S,3R,6R)-17 (76.3 mg, 79% 
yield): Rf (955 cyclohexane/ethyl acetate) 0.35; [aIa0D +117.9' 
(c 0.5, CHCl3); lH NMR (CDCb) 6 8.1-7.1 (9 H, m), 5.59 (1 H, 
m), 3.35 (1 H, m), 2.32 (3 H, br s), 2.23 (1 H, m), 2.1-1.7 (3 H, 
m), 1.42 (1 H, m), and 1.05 (3 H, d, J= 6.7 Hz); l9F NMR (CDC1.d 
6 -110.17 (1 F, br d, J = 251.5 Hz), and -122.98 (1 F, br dd, J 
= 251.5 and 29.5 Hz). Anal. Calcd for C21HnF20aS: C, 67.00, 
H, 5.89. Found C, 66.25; H, 6.35. 
(1&3R)-2,2-Difluoro-3-methylcyclohexyl Benzoate (18). 

To a solution of (lS,3R,6R)-17 (60 mg, 0.15 "01) in ethanol (15 
mL) was added Raney-Ni (180.0 mg). The suspension was heated 
to 80 OC and stirred for 10 min. After that, the h e y - N i  was 
filtered and washed twice with ethanol. The solvent was removed 
under reduced pressure, and the residue was flash chromato- 
graphed (90.10 cyclohexane/ethyl acetate) to give (1R,3R)-18 (34 
mg, 87% yield): Rf (9010 cyclohexane/ethyl acetate) 0.35; [a]% 
-23.0° (c  1.7, CHCls); mp 54-57 OC (isopropyl ether); lH NMR 
(CDCl3) 6 8.05, 7.59, and 7.46 (5 H, m), 5.39 (1 H, m), 2.30 (1 H, 
m), 2.15-1.25 (6 H, m), and 1.10 (3 H, d, J = 6.8 Hz); lgF NMR 
(CDC13) 6 -112.40 (1 F, br d, J = 249.0 Hz) and -122.55 (1 F, br 
d, J = 249.0 Hz). Anal. Calcd for C&$202: C, 66.13; H, 6.34. 
Found C, 66.25; H, 6.35. 
(1&3R)-2,2-Difluoro-3-methylcyclohexanol (19). To a 

solution of (1R,3R)-18 (17.0 mg, 0.07 mmol) in methanol (0.5 
mL) was added a 1 % aqueous solution of potassium hydroxide 
(0.4 mL) at room temperature. After 1 h methanol was evaporated 
under reduced pressure and the organic products were extracted 
with ethyl ether (3 X 1 mL). The combined organic layers were 
dried over anhydrous sodium sulfate, the solvent was evaporated, 
and the crude was flash chromatographed (7:3 petroleum ether/ 
ethyl ether) to give (lR,3R)-19 (10.0 mg, 99% yield): Rf (73 
petroleum ether/ethyl ether) 0.35; [aImD-3.go (c 0.3, CHCb); 
NMR (CDCl3) 6 3.95 (1 H, m), 2.21 (1 H, m), 2.1-1.1 (7 H, m), 

br d, J = 247.0 Hz) and -123.60 (1 F, br d, J = 247.0 Hz). Anal. 
Calcd for C7H12Fz0: C, 55.99; H, 8.05. Found: C, 56.12; H, 8.02. 

(1&3S,6S&)- 1-( Benzyloxy)-2,2-difluor-3-met hyl-6-[ (4- 
methylphenyl)sulfinyl]cyclohexane (20). To a suspension 
of sodium hydride (50.0 mg, 1.04 mmol) in dimethylformamide 
(DMF, 5 mL) at 0 "C was added dropwise a solution of 
(1R,3S,6S,&)-7 (150 mg, 0.52 mmol) and benzyl bromide (0.62 
mL, 5.20 mmol) in DMF (3 mL). Stirring was continued at 0 OC 
for 1 h, and then the suspension was poured into a water/ice 
bath, extracted with ethyl ether (3 X 10 mL), and dried over 
anhydrous sodium sulfate. The solvent was evaporated under 
reduced pressure, and the residue was flash chromatographed to 
give (lR,3S,6S&)-20 (160.0 mg, 81% yield): Rf (64 hexane/ 
ethyl acetate) 0.35; [a]%-13.6O (c  0.8, CHC13); lH NMR (CDCl3) 
6 7.5-7.2 (9 H, m), 4.82 (1 H, dd, J = 11.6 and 1.9 Hz), 4.41 (1 
H,d,J=11.6Hz),3.42(1H,ddd,J=6.2,3.5,and2.7Hz),2.85 
(1 H, ddddd, J = 12.8,4.5,4.5,2.7, and 1.8 Hz), 2.42 (3 H, br s), 
2.31 (1 H, m), 2.14 and 2.10 (2 H, m), 1.87 and 1.30 (2 H, m), and 
1.02 (3 H, d, J = 6.7 Hz); l9F NMR (CDCl3) 6 -108.25 (1 F, br 
d, J = 252.5 Hz) and -119.65 (1 F, br dd, J = 252.5 and 29.5 Hz). 
Anal. Calcd for C21HaF202S C, 66.64; H, 6.39. Found: C, 66.41; 
H, 6.38. 
(3S,55)-3-(Benzyloxy)-4,4-difluoro-S-methylcyclohex-l- 

ene (21). A solution of (lR,3S,6S&)-20 (70.0 mg, 0.19 mmol) 
in 1,a-ethandiol (0.5 mL) was heated at 155 OC under Ar 
atmosphere and magnetically stirred for 8 h. Then the solution 
was poured into water (1 mL) and extracted with ethyl ether (3 
X 2 mL). The crude was flash chromatographed (955 hexane/ 
ethyl ether) to give (3S,5S)-21 as pure compound (20.0 mg, 51 % 
yield): Rt (955 hexane/ethyl ether) 0.30; [Cula0D +154.4O (c 0.8, 
CHCla); lH NMR (CDCl3) 6 7.5-7.2 (5 H, m), 5.87 and 5.69 (2 H, 
m), 4.85 (1 H, br d, J = 11.9 Hz), 4.67 (1 H, d, J = 11.9 Hz), 3.90 
(1 H, br ddd, J = 8.4, 5.5, and 4.5 Hz), 2.42 (1 H, m), 2.35 and 
2.00 (2 H, m), and 1.11 (3 H, d, J = 6.7 Hz); 19F NMR (CDCb) 
6 -116.95 (1 F, br d, J = 246.0 Hz) and -121.33 (1 F, br ddd, J 

and 1.03 (3 H, d, J = 6.8 Hz); "F NMR (CDCla) 6 -113.54 (1 F, 
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= 246.0,29.7, and 8.2 Hz). Anal. Calcd for Cl4Hl820 C, 70.57; 
H, 6.77. Found C, 70.65; H, 6.75. 

(1~S,S5)-3-(Beneyloxy)-4,4-difluoro-5-methylcyclo- 
hexane-lf-diol(22). Osmium tetraoxide (4% w t  in water, 20.4 
mg, 0.08 "01) was added at 0 "C to a stirred solution of 
cyclohexene derivative 21 (160 mg, 0.67 -01) in THF (4 mL) 
and water (0.12 mL) under Ar atmosphere. The reaction mixture 
was stirred at 0 "C for 10 min and kept in the dark, and then 
trimethylamine N-oxide (74.7 mg, 0.67 m o l )  was added. Stirring 
was continued for 4 h, and then a saturated aqueous solution of 
sodium sulfite (1 mL) andcitric acid (10mg) were added. Stirring 
was continued for 10 min, and then the solution was extracted 
with ethyl acetate (5 X 2 mL), the organic layers were combined 
and dried over anhydrous sodium sulfate, the solvent was removed 
under reduced pressure, and the residue was flash chromato- 
graphed (1:l hexane/ethyl acetate) togive (lR,M,3S,58)-22 (170 
mg, 93 % yield) as a pure compound Rf (73 hexane/ethylacetate) 
0.35; [a]%-21.18° (c 1.1, CHC&);mp 75-76 OC (isopropyl ether); 
lHNMR(CDCb)67.5-7.2(5H,m),4.86(1H,brd, J=11.5Hz), 
4.62 (1 H, d, J = 11.5 Hz), 4.06 (1 H, br dddd, J = 9.0,6.1,4.8, 
and 3.2 Hz), 3.93 (1 H, m), 3.82 (1 H, ddd, J = 8.0,6.8, and 5.4 
Hz), 2.32 (1 H, m), 2.32 (1 H, ddd, J = 5.2,2.0, and 1.7 Hz), 2.24 
(1 H, br d, J = 6.1 Hz), 1.77 and 1.69 (2 H, m), and 1.14 (3 H, 
d, J = 7.0 Hz); 19F NMR (CDC13) 6 -112.51 (1 F, br d, J = 256.0 
Hz) and -116.06 (1 F, br d, J = 256.0 Hz). Anal. Calcd for 

(1S,25,45,65)- and (lR,2S,4S,6R)-2-(Benzyloxy)-3,3-dif- 
luoro-kmethyl-7-oxabicyclo[4.l.0]heptane (23). To a solution 
of (3S,5S)-21(200 mg, 0.84 mmol) in dichloromethane (5 mL) at 
room temperature was added m-CPBA (205 mg, 1.01 mmol). 
After 2 days at room temperature, the reaction mixture was 
washed with an aqueous solution of NazSzOb and NaHCO3. The 
organic layer was dried over anhydrous sodium sulfate and 
evaporated under vacuum. Flash chromatography (49:l cyclo- 
hexane/ethyl ether) gave (lS,2&4&6S)-23 (60 mg, 28% yield) 
and (1R,2S,4S,6R)-23 (60 mg, 28% yield). (lS,2S,4S,6S)-23: Rf 
(982 cyclohexane/ethyl ether) 0.35; [ a I m D  +5O.go (c 0.1, CHCk,); 
1H NMR (CDCb) 6 7.5-7.2 (5 H, m), 4.87 (1 H, d, J = 12.2 Hz), 
4.77 (1 H, d, J = 12.2 Hz), 3.85 (1 H, ddd, J = 10.5,5.2, and 4.8 
Hz), 3.26 (1 H, ddd, J = 3.6,2.3, and 1.9 Hz), 3.24 (1 H, ddddd, 
J=4.8,4.2,3.6,1.3,andl.lHz),2.30(1H,ddddd,J~23.2,11.8, 
8.7,7.0, and 5.3 Hz), 2.26 (1 H, br d, J = 14.9 Hz), 1.80 (1 H, ddd, 
J=  14.9,11.8, and 1.9 Hz) and 1.02 (3H, d, J= 7.0Hz); l9F NMR 
(CDC&)6-119.48(1F,brddddd, J=250.5,8.7,5.2,4.2,and3.0 
Hz) and -119.75 (1 F, br ddd, J = 250.5,23.2, and 10.5 Hz). Anal. 
Calcd for C14H18202: C, 66.13; H, 6.34. Found C, 66.07; H, 
6.32. (lR,2S,4S,6R)-23: Rj (982 cyclohexane/ethyl ether) 0.35; 

4.91 (1 H, d, J = 11.8 Hz), 4.71 (1 H, d, J = 11.8 Hz), 3.98 (1 H, 
ddd, J = 9.0,8.0, and 1.6 Hz), 3.23 (1 H, ddddd, J = 3.9,3.6,2.6, 
1.6, and 1.0 Hz), 3.21 (1 H, dddd, J = 4.2, 3.6, 1.0, and 0.5 Hz), 
2.28 (1 H, ddddq, J = 18.4,10.4,8.2,7.2, and 6.8 Hz), 2.18 (1 H, 
dddd, J = 15.2, 7.2,4.2, and 2.0 Hz), 1.87 (1 H, dddd, J = 15.2, 
8.2, 1.0, and 1.0 Hz) and 1.03 (3 H, d, J = 6.8 Hz); l9F NMR 
(CDCb) 6 -113.49 (1 F, br ddddd, J = 250.0, 10.4,9.0, 3.9, and 

Anal. Calcd for C14Hl$zOa: C, 66.13; H, 6.34. Found C, 66.10; 
H, 6.33. 13C NMR (CDCla) selected resonances, 6: 74.62,72.85, 
54.56, and 51.00 [lJ(C,H) = 183 and 179.5 Hzl, 30.18,28.86 and 
13.16. 
(3S,SR)-3-(Benzyloxy)-4,4-difluor0-2-[ (4-met hylpheny1)- 

thio]cyclohexene (24) and (4R)-2-(Benzyloxy)-3,3-difluoro- 
1-[ (4-methylphenyl)thio]cyclohexene (26). As already de- 
scribed for ( 1R,3S,6S,Rs)-20. (lS,3R,6R,Rs)-l-(benzyloxy)-2,2- 
difluoro-3-methyl-6- [ (4-methylphenyl)sdfbyl] cyclohexane (20) 
was synthesized in 48% yield R, (7525 hexane/ethyl acetate) 

(9H,m),4.92(1H,brd,J=10.7Hz),4.85(1H,d,J=10.7Hz), 
4.42 (1 H, m), 2.89 (1 H, m), 2.42 (3 H, br s), 2.4-1.1 (5 H, m), 

br d, J = 251.5 Hz) and -120.99 (1 F, br dd, J = 251.5 and 29.5 
Hz). Anal. Calcd for C21Hd202S: C, 66.64; H, 6.39. Found 
C, 66.40; H, 6.41. To a solution of (lS,3R,6R&)-20 (300 mg, 0.78 
mmol) and 2,4,6-trimethylpyridine (230 pL, 1.72 mg) in aceto- 
nitrile (3 mL) cooled at -20 OC under Ar atmosphere was added 
a solution of trifluoroacetic anhydride (313 pL, 1.56 mmol) in 

C14Hl8203: C, 61.76; H, 6.66. Found: C, 61.73; H, 6.68. 

[(YI2OD+17.3O (C 0.2, CHCb); 'H NMR (CDCb) 6 7.5-7.2 (5 H, m), 

2.0 Hz) and -114.23 (1 F, dddd, J = 250.0,18.4,8.0, and 2.6 Hz). 

0.35; [aI2O~ +136.0° (C 0.3, CHC13); 'H NMR (CDCb) 6 7.7-7.2 

and 1.02 (3 H, d, J = 6.7 Hz); '9F NMR (CDCl3) 6 -110.59 (1 F, 
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acetonitrile (1 mL) dropwise. Stirring was continued for 0.5 h 
at room temperature, and then the solution was again cooled to 
-20 O C ,  potassium carbonate was added up to pH 7, and asolution 
of mercuric chloride (638 mg, 2.35 mmol) in acetonitrile (3 mL) 
wasaddeddropwise. After 12 hatroomtemperature,thereaction 
was monitored by TLC, but any improvement was not detected. 
The reaction mixture was fiitered on Celite, and the yellow liquid 
was diluted with water and extracted with ethyl ether (3 X 5 
mL). The combined extracts were dried over anhydrous sodium 
sulfate and the solvent was evaporated under vacuum. Flash 
chromatography (982 hexane/ethyl ether) of the residue gave 
(3S,5R)-3- (benzyloxy)-4,4-difluoro-2- [(4-methylphenyl)thiol cy- 
clohesene (24) [& (98:2 hexane/ethyl ether) 0.35; *H NMR 
(CDCls) 6 7.5-7.0 (9 H, m), 6.11 (1 H, ddd, J = 5.0, 2.7 and 1.3 
Hz),4.77 (1 H, br d, J =  10.8Hz),4.56 (1 H, d, J -  10.8Hz),3.82 
(1 H, br ddd, J = 7.0, 5.0, and 1.3 Hz), 2.43 (1 H, m), 2.36 and 
2.12 (2 H, m), 2.33 (3 H, br s), and 1.11 (3 H, d, J = 6.7 Hz); '9F 
NMR (CDCla) 6 -115.77 (1 F, br d, J = 246.5 Hz) and -123.20 
(1 F, br ddd, J = 246.5,32.5, and 7.OHz). Anal. Calcd for C21HaFr 
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OS: C, 69.97; H, 6.15. Found: C, 70.11; H, 6.141 and (4R)-2- 
( b e ~ l o ~ ) - 3 , 3 d i t l u o ~ l -  [(4methylphenyl)thiol cyclohesene (25) 
[RfO.32; lH NMR (CDCb) 6 7.6-7.1 (9 H, m), 5.09 (1 H, d, J = 
11.0 Hz), 5.05 (1 H, d, J = 11.0 Hz), 2.35 (3 H, br s), 2.15 (1 H, 
m), 2.05 (2 H, m), 1.65 and 1.55 (2 H, m) and 1.09 (3 H, dd, J = 
6.8 and 1.0 Hz); l9F NMR (CDCW 6 -105.99 (1 F, br d, J = 263.0 
Hz), and -107.34 (1 F, br d, J = 263.0 Hz)] in a 2 1  relative ratio 
and in 71% global yield. 
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