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AbM MonofluoroqzYohexonols 1 ore obtoined in opticoily pure $orm through rodicol cyclizotion of gem- 

chlorafluoroheptenols 2 which derive@m the condensation of a-lithium d&votive of sul$oxtde 3 on rocemic ethyl 

chlorojluoroocetate 4, and hya?ide-promoted reduction of the intermediote ketones 5. Some considerations on the 

stereochemical course of the radical promoted cyclizotion reaction follow. 

The synthesis of selectively fluorinated chiral molecules is an important area of research.1 Two routes are 
generally followed for the construction of target molecules: the stereo controlled fluorination of complex multi- 
fimctionalised compoundsz or the asymmetric total synthesis from fluorinated chirons3. Microbial 
transformations of easily available prochiral fluorinated substrates or reactions of chiral reagents on simple 
prochiral fluorine-containing substrates to generate fluorinated molecules bearing a chiral auxiliary group have 
been utilised to prepare the required fluorinated &irons4 

Scheme 1 

f Cl 

1 :X=H 2 :X=H 3 4 :X=H 
1’ : X=F 2’ : X=F 4’ : X=F 
1”: X=CI 2”: X=cI 4”: X=Cl 

12361 



12362 A. ARNONE et al. 

In previously reported studies some gem-diiuoro 1’,5 as well as some gem-chiorofluoro multi- 
fimctionalised cyclohexane derivatives 1 , ” 6 have been synthesized by the second route (Scheme 1). In those 
cases the key step for the construction of the carbocyclic framework has been the intramolecular trapping of a- 
fluoroalkyl radicals deriving 6om chlorodifluoro-2’ and dichlorofluoroheptenols 2”; respectively, on the 
terminal vinyl group. Monofluorocyclohexanols 1 had been obtained from 1” through reductive dechlorination 
reaction at the geminally chlorofluoro-substituted carbon atom, or from 2” through a one-step process of 
intramolecular radical cychzation and reductive dechlorination6. 

In the present paper, monofluorocyclohexane derivatives 1 have been synthesized through intramolecular 
trapping of monofluoroaikyl radicals obtained from gem-chlorofluoroheptenols 2, which derived from the 

condensation of a-lithium derivative of sulfoxide 3 on racemic ethyl chlorofluoroacetate 4 and the hydride- 
promoted reduction of the thus formed intermediate ketones 5. The herewith described procedure differs from 
those previously reported because the radical is generated on a carbon containing hydrogen and fluorine and we 
were interested in checking if a different asymmetric induction in respect with those previously described could 
be achieved for newly formed stereocenters. 

Results and Discussion 

The required substrates 5 and 2 for the radical cycliition were obtained as usual. The lithium derivative 
of 5-[(4-methylphenyl)sulfinyl]pent-1-ene (3) was reacted with racemic ethyl chlorofluoroacetate (4) in 
tetrahydrofuran (THE) at -6O’C. The P-ketosulfoxide 5 was obtained in pure form after flash chromatography 
as a mixture of diastereoisomers (80% overall yield) (Scheme 2). 

Four diastereoisomers were expected to be formed, because a new stereogenic carbon atom was created 
during the carbon-carbon formhtg reaction and racemic ethyl chlorofluoroacetate was used. In order to obtain a 

mixture enriched in a single diastereoisomer, the mono-anion a to the sulphinyl group or the a,y-bis-anion were 
generated in basic conditions and some diierent quenching procedures followed to give back compounds 5. As 
shown by NMB analyses performed on crude mixtures, only minor changes in the ratio of the diastereoisomers 

were achieved; anyway, a single diastereoisomer was always prevailing (see Experimental). 

Scheme 2 

8 7 

i) LDA, THF, -60 ‘C; ii) 4, THE, -78 “C; iii) Bu3SnH, hv, benzene, 35 “C. 
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We expected the fluorocyclohexanone derivatives 7 to be obtainable through the radical-promoted 
cyclixation methodology applied directly to the diastereoisomeric mixture of 5 (Scheme 2) and to equilibrate the 
formed diastereoisomers through basic treatment of ketones 7. For this purpose, the crude mixture of ketones 5 
was treated with tributyltin hydride in benzene under UV light irradiation. Uttgortunateiy, only the mixture of 
the corresponding open-chain a-fluorocarbonyl compounds 8 formed in moderate yield through reduction of 

the intermediate radical 6. As a consequence, we decided to reduce chlorofluoroketones 5 to the correspondiig 
secondary alcohols 2, although this procedure would produce a more complex mixture of diastereoisomers 

from which single ones should be separated. The crude mixture of ketones 5 was reduced both with sodium 
borohydride in me.thanoVaqueous ammonia solution and with diisobutyl ahuninium hydride (DIBAL-H) in THF. 
In both cases, the secondary alcohols 2 were obtained in high yields and in a diierent relative ratio, dependiig 
on the experimental conditions adopted, as shown by HPLC analyses (see Experimental). To obtain single 
diastereoisomers 2, reported on Figure <, the mixture was submitted to flash chromatography on silica gel. 

Fractional crystallization of eluted fractions followed. Derivatization with Q-(+)-2phenylpropionic acid 
(PPA) of some enriched fractions, separation by flash chromatography of the correspondmg PPA esters 14 
followed by basic hydrolysis furnished four optically pure alcohols: both (lR/S2R,3R&)- and both 

(lR&X?,3S,R$-2. The absolute contiguration at C-l carbon was not determined because it would have been 
lost during the following radical cyclixation process. 

Figure 1 

I 

Compounds 2 l!‘F NMR, 6 &, min. RF 

1R&2R,3R,Rs - 147.73 10.74 0.29 
I 

lR/S,2R,3R& - 147.46 11.18 0.29 
OH lR&?S,3S& - 144.24 13.11 0.23 

IR/S,2S,3SR.q - 147.94 14.31 0.23 
’ lR/S,2R,3SR~ - 144.50 20.31 0.19 

lR&zR,3SJ(q - 144.54 21.60 0.19 

The absolute contiguration of the hydroxyl-bearing carbon of the four above mentioned diastereoisomers 
2 was established as usual7 by *H NMR studies performed on (R)-(-) and Q-(+)-PPA esters 10. In fact, for the 
(lR&ZR,3R,R&2 pair, the protons of the pentenyl chain of (Z’S)-10 showed an up field shift (AIM = 0.07 - 0.36 
ppm) with respect to the corresponding protons of the (2’R)-10 epimer, as a consequence of the shielding effect 

exerted by the phenyl group of the esterifying acid in the preferred conformation shown in Figure 2. An 
opposite behaviour was observed for the esters 10 obtained reacting the remaining pair of alcohols 2 with (S)- 
(+)- and (R)-(-)-PPA, thus indicating as S the absolute contiguration at C-2. Another couple of heptenols, 
(lR&B,3S,R$-2, was isolated as a one to one C-l epimeric mixture. The chirahty at C-2 and C-3 was readily 
assigned because they afforded, inter ah,* the same cyclic derivatives (lS,2R,3R/S$S,R~)-1 obtained Tom the 
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corresponding dichlorofluoro analogs via dechlorination of the intermediate cyclohexanol (lR,2&3Z2&6S,&)- 
l”, as already described6h 

Figure 2 

z 

@?92 OH 

O/CHCF 
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i) 4-DMAP, (5’)-(+)-PPA DCC, CH2Cl2, rt.; ii) 4-DMAP, (R)-(-)-PPA, J-XC, CI+&, r.t. 

Radical Cycliitioa Process. Heptenols 2 were treated with an excess of tributyltin hydride in degassed 
benzene. The energy required for bond breaking was supplied by irradiating the solution with a mercury 
discharge lamp with significant emission at 300 nm. The whole radical chain process was as shown in Scheme 3 
for (lR&8,3R,R~)-2: hydrogen abstraction from tributyltin hydride generates a tributyltin radical, which 
through chlorine abstraction from the chlorofluoroakyl group produces the fluoroalkyl radical 11. This reactive 
electrophilic radical is intramolecularly trapped by the terminal vinyl group in a fast em-trig cyclization, giving 
primary cyclohexylmethyl radicals 12 that, in turn, abstract a hydrogen atom from the stannane affording the 

products 1 and a tributyltin radical that propagates the chain reaction. 
Scheme 3 

i) BgSnH, hv, benzene, 35 ‘C; ii) NaI, (CF3CO)2O, acetone, -40°C. 
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The open chain compounds 2 submitted to cyclization and the obtained fluorocyclohexanols 1 are 

reported in Table 1. From optically pure (lRLSJR,3R,Rs)-2 (S, - 147.73), four cyclohexanols were formed 
(entry l), but, surprisingly, two of them, (lS,2R,3R,SR,Ss)- and (lS,2&3R$R,Ss)-1, had opposite chirality at 
the sulphur atom since they showed lH and 1% NMR spectra (Tables 2 and 3) identical with those exhibited by 
the known cyclohexanols (lR,ZS,3&6S,R& and (lR,2R,3&6S,R&l6 and opposite optical rotatory 
measurement values9. The stereochemistry of the remaining two cyclohexanols 1 was established as 

(lSJR,3R,6R,R$ and (lSJS,3R,SR,Rs) because they gave, upon deoxygenation, the same pair of thio 
derivatives 13 obtained from the above-cited C-2 epimers (Q-1. Therefore, they must differ each other only in 

the chirality at the fluorinated C-2 carbons. Comparable results were observed from the optically pure (2&35’)-2 
alcohols: four cyclohexanols were formed in both the examples (entries 2 and 3), the Fax/Fq ratio being similar 
and the only difference being the degree of the racemization at the sulphinyl sulphur atom, ie. the (Rs)l(+J 

ratio. The stereochemical determination on these compounds was straightforward, since they presented 
identical 1H and 1% NMR spectra with those exhibited by the enantiomeric products of entry 1. 

From the one to one 1R to 1s mixture of (2R,3s)-2 (entry 4), eight products were formed, four of them 

being here again the corresponding products of epimerization at sulphur. As already mentioned, two of the main 
products, (lSJR,3R,6S,R& and the (33-l analogue, were identified by comparison with known 
compounds,6b while the stereochemistry of the two remaining cyclohexanols was assigned as (lS,2$3$6S,R$ 

and (1&2$3R,6S,R~) by inspection of appropriate II-I, 1H and ‘H, 1% coupling constants. In fact, the values 
exhibited by H-lp, H-6a (10.0 and 10.1 Hz), H-SD, H-6a (11.0 and 11.5 Hz), H-l& F-2a (29.0 and 27.0 Hz) 
and H-3, F-2a (34.5 and 11.5 Hz) indicate that the two cyclohexane rings preferentially assume a chair 
conformation in which the hydroxyl and the p.tolylsulphinyl groups are frans diequatorially disposed and H-3 
and F-2a are, respectively, trans diaxially and gauche disposed, 

Table 1. Ratios and chemical yields of fluorocyclohexanols 1. 

Entry Substrates 2 

PF, 8) 

1 lRIs,2R,3Rps 
(- 147.73) 

2 lRLS,2S,3S,R&’ 
(- 144.24) 

3 lRLs,2s,3SJz$ 
(- 147.46) 

4 1Rfs,2R,3sJ$ 
(- 144.50 /- 144.54) 

lS,2R,3R,6R 33 

2s 12 

lRJS,3S,6S 25 

2R 9 

lR,2S,3S,6S 20 

2R 7 

lS,2R,3R,6S 14 

2S,3R 16 

2R,3s 18 

2S,3s 17 _-i-L 

W% 
Global ratio 

2.1 : 1.0 

1.3 : 1.0 

5.7 : 1.0 

aR&rred to tltreo/eryfm reiationsllip with sulptlinyl ~.kpime.r al au carbons in respea to subsha@ ofcllhy 1. 

cEpime.r at C-l in respect to subsbate of entry 2. 
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Scheme4 
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Some considerations could arise from the observed stereochemistries of the products 1. First of all, 
entries 1, 2 and 3 show that the fluoroalkyl radical must approach the vinyl group through a folded-chain 
conformation to give the chair-like intermediate 11, having the bulkier sulfinyl substituent in a quusi-equatorial 
position. In order to avoid 1,3-diaxial interaction.@ with pseudo-axial hydroxyl group, the incoming methyl 
group should choose a pseudo-equatorial orientation as shown on Scheme 3. Second, final compounds having 
the fluorine atom axially disposed, were predominant in respect with those having the fluorine equatorially 
disposed, their relative ratio being 2.5: 1.0. and 2.1 : 1 .O. The main diastereoisomers so obtained showed a 1,2- 
cis relationship between fluorine atom and methyl group. It is interesting to remind that compounds 1 obtained 
through reductive dechlorination of the corresponding gem-chlorofluoro derivatives 1” and having the same C- 
l/C-6 relative stereochemistry, showed a preferential 1,Ztranr relationship between the same grouping&. 

On the other hand, when substrates 2, having a thee relationship between sulphinyl and hydroxyl groups 
were submitted to cyclition (entry 4), a lower diastereoselection was observed in the formation of the C-3 

stereogenic centre, because the 1,3-diaxial interaction was lost in the intermediate analogue of 11. Moreover, 
cyclohexanols 1 having the fluorine atom axially disposed were formed in similar ratio to the fluorine 
equatorially-disposed ones. 

In all examined cases, a certain degree of epimerization at sulphur occurred during the cyclization 
process. Though the photora cemization of s&oxides is a well-known tvent,Il any epimerization at sulphur had 
never been observed during cyclization of difluoroalkyl 2’ and chlorofluoroalkyl 2” radicals. Probably, in the 
present case, the pyramidal inversion llc of sulfoxides occurred during the cycliition process involving the 
excited radical 11. It differs from those already described,6 leading to structures 1’ and l”, for the presence of 
the hydrogen atom on the radical carbon: a close approaching of the radical carbon to the stereogenic sulphur 
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atom may be more favaurable in the present case. When the cyclic product (lS,2R,3R,6R,R&l was submitted 
to the same reaction conditions employed for radical cyclixation, no epimerixation at sulphur was observed. 
Moreover, small amount of unreacted substrates 2, epimers at sulphur, were isolated from the reaction mixture 
obtained upon treatment with tributyhin hydride: those observations are consistent with an epimerixation event 
occurring on the reactive radical intermediates. 

An intramolecular transfer of energy from the higher-energy-level radical to the sulthryl group promoted 
by interactions with an electron lone pair12 on the oxygen or on the sulphur atom should allow the 

epimerixation process. The observed differences in the epimerixation degree starting from (lR/S,2&3S,R$-2 
(entry 4) should be due to a less efIicient energy transfer that could result from conformational ditfere&es for 
these diastereoisomers during the cycliition process, or from faster and correspondingly less selective at C-2 
ring closure. 

Conclusion. Although during the radical cycliition of fluorochloro derivatives 2, a certain degree of 
mcemixation at sulphur is observed, the resulting monofluoro cyclohexanols I are obtainable in optically pure 

form. From a synthetic point of view, this drawback can be overcome: it should be remembered that in further 
elaboration on derivatives 1, the sulphinyl sulphur is generally lost.5,6 It can be focused that the herewith 
described route and the one that starts from 4” are complementary because the diastereoisomeric alcohols 2 
and 2”, having an eryjhro relationship between sulfinyl and hydroxyl groups, bring, as main products, to 
monofluorinated cyclohexanols 1 with identical configuration at the methyl-bearing carbon but opposite 

stereochemistry at the fluorine-bearing carbon atom. 

Experimental 

General Details. tH and 1% NMR spectra were recorded on a Bruker AC 250L spectrometer; chemical 
shifts are in ppm (6), tetramethylsilane was used as internal standard (S, and 8~ = 0.00) for IH and 1% nuclei, 
while C&j was used as internal standard (8~ = -162.90) for l% nuclei. [a]~ Vahres were obtained on a Jasco 
DIE-181 polarimeter. Melting points are uncorrected and were obtained on a capillary apparatus. Flash 
chromatographies were performed on silica gel 60 (60-200 pm, Merck) and preparative TLC separations were 
performed on Merck 6OF254 precoated plates. All reactions were monitored by TLC performed on analytical 
Merck silica gel 6OF254 TLC plates. Run times were determined on a Waters 600E HPLC instrument, using 
Lichrosorb Si60 (5 pm) prepacked columns (Merck) and HPLC-grade ethyl acetate and hexane (Merck) as 
eluents. Tetrahydrofirran (THE) was freshly distilled from lithium aluminium hydride and diisopropylamine was 
distilled from calcium hydride and stored on 4A molecular sieves. Benzene was refIuxed and distilled from 
sodium and stored over molecular sieves (4A); in other cases, commercially available reagent-grade solvents 
and reagents were employed without purification. The synthesis of compound 3 was already describedl3. 

Synthesis of I-Chloro-1-flrroro-3-[(l-metkylpkenyl)sre (5). A solution of 3 
(S.OOg, 24.Ommol) in dry THF (25ml) was added dropwise to a stirred solution of lithium diisopropylamide 
(LDA, 28.8mmol) in THE (20 ml) at -6YC. After 5 min a solution of ethyl chlorofluoroacetate (4, 5. log, 36.1 
mmol) in THF (10 ml) was added at the same temperature. After 5 min. the reaction mixture was quenched at - 
65°C adding a saturated aqueous solution of ammonium chloride (100 ml). The pH was adjusted to cu. 3 with 2 
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N hydrochloric acid, and ethyl acetate was used for extra&on (3x50 ml). The combined organic layers were 

washed with a saturated aqueous solution of sodium chloride and dried over anhydrous sodium sulfate. 
Evaporation at reduced pressure and flash chromatography of the residue (eluent: 7:3 hexan&thyl acetate) 
gave a mixture of the diaatereoisomeric ketosulfoxides 5 (80?? overail yield) whose HPLC analysis (9:l 
hexan&thyl acetate, 1.0 ml/mitt) gave: 21.70 min (49%, two broad peaks), 24.23 mitt (43%) and 27.59 min 
(8%); 1H NMR (CDCI,): 1.6-2.3 (4H, m, Hz-4 + Hz-S), 2.4-2.5 (3H, brs, CHs), 4.0-4.5 (lH, m, H-3), 4.9-5.2 
(2H, m, Hz-7), 5.5-5.9 (D-i, m, H-6), 5.8-6.6 (U-I, d,H-1, J-50 Hz), and 7.1-7.6 (4H, m, AS); 1eF: - 147.96, - 
148.16, - 149.92, and - 151.35 (lF, 4&5OHz, F-l). 

Kqnilib&on of the D~ww&M& Ketones 5 by Fotvnat&n of the Gumspow h&w- and Bis- 
anhs. To a stirred solution of the mixture of ketones 5 (50 mg, 0.165 mmol; 1% signal vs ratio: -147.9/- 

148.2/-149.9/-151.3 = 1.49/1.00/2.49/1.82) in anhydrous THF (5 ml), a solution ofLDA (0.198 mm01 or 0.397 

mmol) in THF (2 ml) was added at once at -70°C. After periods of time varying from 2 min to 30 min the 
reaction mixture was quenched at cu. -5O’C adding a mtumted aqueous solution of ammonium chloride (10 
ml). 1% NMR Analysis of the mixture obtained from mono-anion showed in all cases poor modification of the 
diastereoisomers ratio. From a,y-b&anion quenching, after 2 min, a slightly modiied ratio was observed 
(1.86/1.00/5.05/4.36). Alternatively, to a solution of ketones 5 (50 mg, 0.165 mmol) in THF a solution of LDA 
(0.297 mmol) in THF was added and quenched in 45 min by slowly adding at co. -30°C a solution of butsnol in 
THF. After the same work-up described above, leF NMR analysis showed again a slightly modiied ratio 
(2.14/l .00/5.33/4.76). 

Attkmpted Photo&tic ZMiuzl Cyclization of the Mii of K&tones 5. A solution of the mixture of 
ketones 5 obtained as above described (IOOmg, 0.33mmol) and tributyltin hydride (0.39mmol) in oxygen-&e 
benzene (Sml) in a Pyrex tube was irradiated with a 350 nm lamp in a Bayonet apparatus at 35V. After 
evaporation of the solvent, acetonitrile (Sml) was added and the solution was washed with hexane (3x5 ml). 
Ace-ton&rile was removed at reduced pressure and the residue was purified by flash chromatography (7:3 
hexane/ethyl acetate). After short reaction times (Erom 30 min to 1 h) tH and 1% NMR analysis of the puri&d 

reaction products revealed the presence of l-fluoro-3-[(4-methylphenyl)sul6nyl]hept-6-en-2-one 8 (20% yield) 
along with some unreacted starting material and unidentiiied decomposition products. After longer reaction 
times (from 1 hour to 5 hours) only decomposition products could be revealed. 

K&&on of the Ketones 5 to the Gmvsponding Alcohok l-Chlor~l-j7noro-3-[(C 
mctkuCpnKlryr)sl~ay~h~t-~a-2-dr (2). Reduction with &Mum Borohydid?. A suspension of sodium 
borohydride (69 mg, 1.82 mmol) in 3 ml of a 9:l (v/v) mixture of methanol and 30% aqueous ammonia was 
dropped into the mixture of ketones 5 (0.5Og, 1.65mmol), dissolved in the same solvent mixture (5ml), at O’C 
under nitrogen atmosphere. After 10 min, an aqueous solution of hydrochloric acid was added until pH 4 was 

reached. After methanol evaporation, extraction with ethyl acetate (3x2Oml) and anhydrification, the mixture of 
diastereoisomeric alcohols 2 (71.5% global yield) was submitted to HPLC and NMR analyses, showing the 

presence of, respectively, seven peaks and eight products: Rt: 9.68 min; (h: - 142.81 and - 143.53 ppm), 

20.0%; 10.74 min (8,~: - 147.73 ppm), 16.7%; 11.18 min ($:- 147.46 ppm), 10.0%; 13.11 min ($:- 144.24 

ppm), 11.2%; 14.31 tin &: - 147.94 ppm), 16.6%; 20.31 min (6p: - 144.50 ppm), 18.2%; 21.6 min (Q- 

144.54 ppm), 7.0%. 

Red&ion with DZBALJZ. A 1 N solution of DIBAL-H in hexane (12.7ml, 12.7mmol) was added 
dropwise to a stirred solution of the mixture of ketones 5 (3.2g, 10.6 mmol) in THF (15 ml) at -60°C under 
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nitrogen. A saturated aqueous solution of ammonium chloride (5Oml) was added, pH was adjusted to cu. 3 with 

2 N hydrochloric acid and extra&on was performed with ethyl acetate (3xSOml). After washing of the 
combined organic phases with a saturated aqueous solution of sodium chloride, drying over anhydrous sodium 
sulphate, and solvent evaporation, by HPLC and NMR analyses of the crude (73 hexane/ethyl acetate, 1.0 
ml/mm) six compounds were detected: b: - 147.73 ppm, 27.0%; - 147.46 ppm, 8.0%; - 144.24 ppm, 27.8%; - 
147.94 ppm, 5.6%; - 144.50 ppm, 16.4%; - 144.54 ppm, 16.0%. By TLC (7:3 cyclohexane/ethyl acetate) of the 
crude only three spots (RP : 0.29, 0.23 and 0.19) were detectable. By flash chromatography (6:4 
cyclohexanekthyl acetate) the three diikrent tiactions (RF 0.29, 840 mg, solid; $0.23, 726 mg, oil; RP 0.19, 
650 mg, oil; in global yield 70%) were isolated. HPLC analysis showed that each fraction was a mixture of two 

compounds. RP 0.29 fraction (3.4:l.O mixture of Rt 10.74 / Rt 11.18 min) was crystalized (isopropyl ether) 
giving a 9:l ratio enriched mixture that was used as starting material for the cychzation reaction (see below). 
RF 0.23 tktction (4.8 : 1.0 mixture of Rt 13.11 / Rt 14.31 min) were separated and submitted to cyclization in 
opticallypurefo~.~0.19fraction(1.0:1.0mixtureof~20.31/~21.60min)wesusedasmixtureofthe 
two alcohols epimer at C-l; 1H NMR (CDCl$: 1.4-2.3 (2 x 4H, m, Hz-4 and -5), 2.43 (2 x 3H, bn, ArMe), 
2.93 and 3.08 (2 x 2H, m, H-3), 4.21 (2 x lH, m, H-2), 4.45 and 4.55 (2 x HI, broad signal, OH-2). 4.8-5.0 (2 
x 2H, m, Hz-7), 5.50 (2 x lH, m, H-6), 6.40 and 6.46 (2 x lH, dd, J = 50.0 and 5.1 and 49.6 and 5.1 Hz, H-l) 
and 7.3-7.6 (2 x 4H, m, W-i); 1% (CDCQ: - 144.50 and - 144.54 (2 x lF, m, F-l). 

IsoWor of Optica& Awe Alcohol 2 yia t&e Corrcsporrdirrg PPA Esters 14. Gened Procedure. 4- 
Dimethylaminopyrid (14.3mg, O.117mmol) was added to a dichloromethane solution (2.5mi) of the mixture 
of two akohols 2 (355mg 1.17 mmol), (+)-Q-PPA (175pf, 1.28mmol) and dicyclohexylcarbodiide (264mg 
1.28mmol). After 30 nun at room temperature, the dicyclohexylurea was Rhered and washed with hexane. The 
dried residue was purified by flash chromatography (8:2 cyclohexan&thyl acetate) to give the two 
diastereoisomeric esters 14 in opticahy pure form. From (lWSJR,3R&)-2 couple & = 0.29 in 7/3 
cyclohexanekthyl acetate; 1%: -147.73.and.-147.46), the following esters were obtained: & 0.40; 1H NMR 

(CDC13): 1.56 (3H,d,J=7.1 Hz,H3-3’) 1.5 -2.1 (4H,m,H+ and H2J), 2.40 (3H,brs,ArCH3), 2.98 
(lH,ddd,J=7.7,4.6 and 2.9 Hz,H-3), 3.79 (lH,qJ=7.1 Hz,H-2’) 4.90 and 4.95 (2H,m,H2-7) 5.49 (lH,m,H-6), 
5.55 (lH,ddd,J=18.3, 3.0 and 2.9 Hz,H-2), 6.06 (lH,dd,J=50.4 and 3.0 Hz,H-l), and 7.5-7.3 (9H,m,ArH); 1%: 
- 147.26 (lF, brdd, Jc50.4 and 18.3 Hz,F-1). RF 0.35; 1H NMR (CD(&): 1.56 (3H, d, J=7.1 Hz, H3-3’), 1.4 - 
2.0 (4H m, Hz-4 and HZ-~), 2.41 (3H, brs, ArCH3), 2.86 (lH, ddd, J=7.2, 5.1 and 3.7 Hz, H-3), 3.81 (H-I, q, 
J=7.1 Hz,H-2’) 4.85 and 4.93 (2H rn, HZ-~), 5.42 (H-I, m, H-6), 5.69 (HI, ddd, J=15.5, 4.3 and 3.7 Hz, H-2), 
6.02 (H-I, dd, J=49.3 and 4.3 Hz ,H-1), and 7.2 - 7.5 (9H m, ArH); 1%: - 148.18 (lF, brdd, J=49.3 and 15.5 
Hz ,F-1). The same procedure was employed for the (lR&?S,3S,R~)-2 couple & = 0.23 in 7/3 
cyclohexanekthyl acetate; l$: - 144.24 and - 147.94), which was esterifkd with both (+)-(S)- and (-)-(R)- 

PPA. All the four PPA esters 14 were isolated in optically pure form and immediately hydrolysed to obtain the 

two optically pure alcohols 2, or deoxygenated to the correspondiig thio derivatives 10 (see below). 
Saponification of the Esters 14. General Procedure. NaOH (4.4mg, 0.1 Immol) was added to a 

methanohc solution (1 ml) of the ester 14 (4Omg, 0.092 mmol) and after 30 min solvent was evaporated, than 
the crude mixture was dissolved in ethyl acetate (3ml) and washed with 5% aqueous solution of hydrochloric 
acid (3x3ml). The organic phase was dried as usual and concentrated to give a residue which was purilied by 
flash chromatography (65:35 cyclohexandethyl acetate) to give: (lI?&ZR,3R,R~)-2, Rt 10.74 min. (major 
isomer); [a]Dzo + 203.0 (c 0.2, CHCl3); m.p. 82-84 “C (isopropyl ether); 1H NMR (CDC13): 2.0-2.6 (4H, m, 



12370 A. ARN~NJZ er al. 

Hz-4 and Hz-Q 2.44 (3H, br s, Me), 2.79 (lH, dddd, J = 9.9, 3.9, 1.7 and 1.5 Hz, H-3), 4.22 (D-J, dddd, L= 

l1.1,5.8,2.1and1.5~H-2),4.42(l~dd,1:=2.land1.7Hz,OH-2),5.13and5.14(W,m,H2-7),5.80 

(lH, m, H-6), 5.99 (lH, dd, ,! = 50.4 and 5.8 Hx, H-l), 7.38 and 7.46 (4H, m, Ar-H); 1sP NMR (CDC13): - 

147.73 (IF, br dd, I= 50.4 and 11.1 Hz, F-l), and (lR/S$!R,3R,RS)-2, J$ 11.18 min. (minordisstereoisomer); [ 

a]D2’ + 157.5 (c 0.4, CHC13); 1H h&lR (CDt&): 1.9 - 2.6 (4&tl,H24 and HZ-~), 2.46 (3H,brs,CH$, 2.73 

(lH,dddd,J=9.9, 4.1, 1.5 and 1.4 Hz, H-3), 4.32 (lH,dddd,~=l3.1, 6.8,2.0 and 1.5 Hz, H-2), 4.60 (lJ-&d,~=2.0 

Hx, OH-2), 5.12 and 5.13 (2H,m,H2-7) 5.76 (lH,m,&6), 5.94 (lH,dd,P50.9 and 6.8 Hx, H-l), and 7.39 and 

7.49 (4H$n&H); 1% - 147.46 (lF,brdd,$=50.9 and 13.1 Hx, F-l). Analogously, the esters of the other 

alcohols gave: major isomer, (lRL!$LS,3S,R&2 (Rt = 13.11 min) which showed: [aID + 256 (c 0.2, CHCQ; 

IH NMR @X13): 1.7-2.0 (4JJ, m, Hz-4 and -5), 2.44 (39 brs, ArMe), 2.86 (D-I, br signal, OH-2), 2.98 (IH, 

m, H-3), 4.52 (lH, ddd, I = 9.2, 5.4, and 3.1 Hz, H-2), 4.86 and 4.92 (29 m, HZ-~), 5.50 (lH, m, H-6), 6.25 

(19 dd, L= 49.7 and 5.4 Hz, H-l), 7.37 and 7.49 (4H, m, ArH); *!‘P (CDC13): - 144.24 (IF, dd, L = 49.7 and 

9.2 Hx, F-l); and minor isomer (lR&U,3S,R$-2 (Rt = 14.3 1 mitt) which showed lH NMR (CDC13): 1.7-2.0 

(4H, m, Hz-4 and -5) 2.44 (39 brs, ArMe), 2.99 (IH, m, H-3), 3.35 (IH, br signal, OH-2) 4.41 (NJ, ddd, i = 

15.1, 5.3 and 3.2 Hx, H-2), 4.89 and 4.93 (2H, m, Hz-7) 5.51 (lH, m, H-6), 6.20 (D-I, dd, L = 50.4 and 5.3 

Hq H-l), 7.37 and 7.51 (4H, m, ArH); ‘* (CDC13): - 147.94 (lF, dd, J= 50.4 and 15.1 Hz, F-l). 

Rcdvction of SnlQinyl Alcohds 2 to the Correspondkg T&o Alcohok 1-Chlbmdjl1~oro-3-[(C 
~hy~henyl)i~o/hl;pr_6_crr_2_ds @). Tritluoroacetic anhydride (16Oul, 1.1 Smmol) was added dropv&e to a 

solution of (lR&LR,3R,R~)- 2 (major diastereoisomer, Rt = 10.74 min) (7Omg, 0.23mmol) and sodium iodide 

(103 mg, 0.69 mmol) in acetone (4 ml) at -40°C under nitrogen atmosphere. After quenching with a saturated 

acpous solution of sodium sulphite and sodium hydrogen carbonate, acetone was removed and the aqueous 

layer was extracted with ethyl acetate (3xlOml). The combined organic layers were dried as usual and the 

solvent was evaporated. Flash chromatography of the residue (9:1 hexanekthyl ether) gave the thio alcohol 

(lRLY,2R,3R)-9 in 90% yield: [a]D20 +23.45 (c 1.1, CHCl,); IH NMR (CDC13 ): 1.64 and 1.95 (2H, m, Hz-4), 

2.29 and 2.44 (2H, m, HZ-~), 2.34 (3H, br s, Me), 2.48 (lH, d, J = 5.3 Hz, OH-2), 3.16 (lH, br ddd, I= 10.3, 

6.0 and 3.3 Hz, H-3), 3.91 (WI, dddd, J = 7.3, 6.0, 5.3 and 4.5 Hz, H-2), 5.02 and 5.08 (2H, m, HZ-~), 5.80 

(lH, m, H-6), 6.49 (D-J, dd, J_= 49.4 and 4.5 Hz, H-l), 7.12 and 7.32 (4H, m, ArH); 19~: -143,58 (lF,brdd,l= 

49.4 and 7.3 Hx,F-1); the same procedure,on the minor diastereoisomeric alcohol 2 (Rt = 11.18 min.), gave: 1H 

h&lR (CDCI3 ): 1.5-2.6 (4H, m, Hz-4 and -5) 2.34 (3H, brs, ArMe), 2.66 (D-I, d, J = 4.5 Hx, OH-2) 3.27 

(lH, ddd, J = 10.5, 6.1 and 3.2 Hx, H-3), 3.78 (ID, dddd, J. = 17.9, 6.1, 4.5 and 4.2 Hz, H-2), 5.02 and 5.08 

(2H, m, HZ-~), 5.80 (IH, m, H-6), 6.43 (lH, dd, Z = 50.3 and 4.2 Hz, H-l), 7.12 and 7.32 (4H, m, ArH); l?P: - 

148.98 (lF, dd, I = 50.3 and 17.9 Hx, F-l). 

Synthesk of the PhenyrprOpionic Estm 10 of Alcohols 9. 4-(Dimethyhunino)pyridine (1.3mg, 

O.OlO4mmol) was added to a dichloromethane solution (1.5ml) of the thio alcohol (lRB,2R,3R)-9 (3Omg, 

O.lO4mmol), (S)-(+)-PPA (15.6~1, 0.114 mmol) and dicyclohexylcarbodiide (23.5mg, O.ll4mmol). After 30 

min at room temperature the dicyclohexylurea was removed by filtration and washed with hexane. The solvent 

was evaporated and the residue was flash chromatographed (97:3 hexanekthyl acetate) to give (S)-(+)-2-phenyl 

propionate 10 of the thio alcohol (lRLS,2!?,3R)-9: (lRLS,2R,3R,2’S)-10: 1H Nh4R (CDCI,): 1.19 and 1.40 (2H, 

m, HZ-~), 1.52 (3H, d, J = 7. I Hz, H3-3% 2.11 and 2.22 (2H, m, HZ-~), 2.32 (39 br s, ArMe), 3.07 (lH, ddd, 

J = 10.2,7.4 and 3.2 Hz, H-3), 3.78 (lH, q, J = 7.1 Hz, H-2’) 4.92 and 4.93 (2H, m, H2-7). 5.30 (lH, ddd, J = 

9.0, 7.4and3.4Hx,H-2), 5.52(lH, m,H-6), 6.6O(lH, dd,J=48.8and3.4Hz, H-l), 7.0-7.4( 9H, m, ArH); 
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1%: -144.02 (lF, brdd, i= 48.8 and 9.0 Hz, F-l).The reaction perfbrmed on the same thio-alcohol9 by using 
(R)-(-)-2-phenylpropionic acid afforded the diiereoisomeric ester 10: (lR&!R,3R,2’R)-10: 1H NMR 
(CDCl3):1.52 (3H, d, J = 7.2 Hz, H3-31, 1.55 and 1.63 (2H, m, HZ-~), 2.32 (3H, br s, ArMe), 2.24 and 2.37 
(2H, m, Hz-S), 3.19 (lH, ddd, I= 10.3, 6.5 and 3.4 Hz, H-3). 3.73 (D-I, q, 1 = 7.2 Hz, H-2’) 5.00 and 5.02 
(2H, m, Hz-7), 5.29 (D-I, ddd, J = 9.2, 6.5 and 3.8 Hz, H:2), 5.69 ( lH, m, H-6), 6.47 (lH, dd, J = 48.8 and 

3.8 Hz, H-10) and 7.0-7.4 (9H, m, ArH); 1%: -144.46 (lF, br dd, J = 48.8 and 9.2 Hz, F-l). From the minor 

thio derivative (lRL!QR,3R)-9 and (S)-(+)-PPA, (lR&!R,3R,2’S)-10 was obtained in 95% yield : 1H NMR 
(CDc13): 1.20 and 1.35 (2H, m, H+), 1.55 (3H, d, J = 7.1 Hz, H3-3’), 2.09 and 2.25 (2H, m, Hz-5), 2.32 (3H, 
brs, ArMe), 3.10 (N-I, ddd, 1 = 10.2, 8.2 and 3.4 Hz, H-3), 3.83 (lH, q, J = 7.1 Hz, H-2’), 4.89 and 4.90 (2H, 
m, Hz-7), 5.18 (lH, ddd, J = 20.5, 8.2 and 2.9 Hz, H-2), 5.48 (lH, m, H-6), 6.61 (lH, dd, J = 49.5 and 2.9 Hz, 
H-l) and 7.0-7.5 (9H, m, ArH); analogously, from (R)-(-)-PPA, (lR/SJR,3R,2’R)-10 was obtained in 90% 
yield: lHNMR (CDC13 ): 1.50 and 1.60 (2H, rn, Hz-4) 1.57 (3H, d, J= 7.2 Hz, H3-3’) 2.23 and 2.35 (2H, m, 
HZ-~), 2.33 (3H, brs, ArMe), 3.20 (lH, ddd, 1 = 10.2, 7.3 and 3.5 Hz, H-3), 3.83 (lH, q, I= 7.2 Hz, H-2’) 

4.99 and 5.00 (2H, m, Hz-7), 5.20 (lH, ddd, J= 19.0, 7.3 and 3.5 Hz, H-2), 5.66 (U-I, m, H-6), 6.46 (lH, dd, J 
= 49.0 and 3.5 Hz, H-l) and 7.0-7.5 (9H, m, ArH). 

Reakdion of Snlfnyl Esters 14 ro Ic Correspnding Thio Esters 10. General Procedure, 

Trifluoroacetic anhydride (160~1, 1.15mmol) was added to a solution of ester 14 (lOOmg, O.23mmol) and 
sodium iodide (103 mg, 0.69 mmol) in acetone (4 ml) kept at -40°C under nitrogen atmosphere. An excess of a 
saturated aqueous solution of sodium sulphite and sodium hydrogen carbonate was added, acetone was 
removed under reduced pressure and the aqueous layer was extracted with ethyl acetate (3xlOml). The 

combined organic layers were dried as usual and the solvent was evaporated. Flash chromatography of the 
residue (9:l pentan&thyl ether) gave the thio ester 10. The reaction was performed on the four pure esters 
(lR&X,3$R~2’RLS)-l4 deriving 6om alcohols 2 (Rt =13.11 and 14.31 min.). The 1H NMR spectra of the 
four esters 10 so obtained were identical to the appropriate thio esters deriving from the (lWS,2R,3R)-9 
alcohols, this fact implying an enantiomeric relationship at all carbons. 

Photo&tic Raakal Cyclization of 2. General I%ocednrc. Alcohol 2 (97mg, 0.32mmol), in oxygen-free 
benzene (5 ml), and added of tributyltin hydride (128~11, 0.47mmol) was irradiated in a Pyrex tube for 20 h 
under a 300 run lamp in a Rayonet apparatus, at 35°C. Benzene was evaporated, acetonitrile (Sml) was added 
and the solution was washed with hexane (3x5ml). AtIer acetonitrile removal, flash chromatography of the 

residue (cyclohexane/ethyl acetate varying from 7:3 to 4:6) or purification by using precoated silica gel plates 
(layer thickness 0.5-2.0 mm), Tom (lR&ZR,3R,R~)3, the four obtained cyclohexanols were separated in 
optically pure form: (lS,2R,3R,6R&)-1 (7Omg 33%yield); RP (6:4 cyclohexane/ethyl acetate) 0.32; [aID* + 
57.0’ (c 0.2, CHCl,); m.p. 170-173’C (isopropylether); (lS,2R,3R,6R,S&l (3011~5, 14%yield); RF (6:4 
cyclohexan&thyl acetate) 0.22; [a]D*o - 42.3 (c 0.3, CHCI,); (lSJS,3R,6R,R&1(25mg, 12%yield); RF (6:4 
cyclohexan&thyl acetate) 0.15; [a]D *O + 150.0 (c 0.2, CHC13); (lS,zT,3R,6R,S8)-1 (15mg, 7%yield); Rp (6:4 
cyclohexane/ethyl acetate) 0.125; [a]$ - 67.1 (c 0.2, CHCIJ), along with: (~R&!R,~R,SS)-~ (2Omg, 
‘I%yield); RF (6:4 cyclohexan&thyl acetate) 0.38 ; [U]D *O - 249.0 (c 0.3, CHCl,); lH NMR (CDCl,): 1.2 - 2.0 

(4H, m, Hz-4 and HZ-~), 2.44 (3H, brs, CH$, 2.98 (2H, m, H-3 and OH-2), 4.51 (lH, m, H-2), 4.85 and 4.91 
(2H, m, HZ-~), 5.50 (lH, m, H-6), 6.25 (D-I, dd,J = 49.7 and 5.5 Hz, H-l), 7.36 and 7.50 (4H, rn, ArH); 1%: - 
144.24 (IF, brdd, J = 49.7 and 18.2 Hz,F-l), (2R,3R~~)-l-fluoro-3-[(4-methylphenyl)sulfinyl]hept-6~n-2~1 
15 (22mg 10.3%yield), and traces of unreacted starting material. 1H And 1% NMR data of cyclohexanols 1 
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Tabk 2. Selected lH and 19F NMR chemical shifts (6) of cyclohexanols 1 and 13 

3.82 4.04 

4.58 3.96 

1.95 2.14 

1.53 -1.75 

1.45 1.04 

1.66 -1.75 

1.77 -1.75 

3.40 3.04 

1.01 1.01 

2.64 2.48 

-208.76 -188.38 

Table 3. Selected NMR coupling constants (J/Hz) of cyclohexanols 1 and 13 
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are reported in Tables 2 and 3. The global yield of the cyclixation reaction resulted 66%. From 
(lRLS,2S,3S,R$-2 (Rt 13.11 mitt) the four obtained cyciohexanols were analysed in mixture: (lR,ZT,3S,6S,R& 
1 was obtained in 25%, (lR,2&3S$S,S8)-1 in 16%. (lR,2R,3S,6S,R8)-1 in 9% and (lR,2S,3S$S,S8)-1 in 11% 
yield (60% global yield). The stereochemical attributions were made on the basis of the tH, 1% NMR and 
analytical data in comparison with the products 1 obtained from (lR/S,2R,3RRs)-2. The same procedure was 
followed for the four products deriving from (lWS,ZS,3S,R$2 (Rt 14.3 1 min.) (see Table 1). From the mixture 
of the two C-l epimers (lR/SJR,3S,R~)-2, eight products were obtained (65% global yield) and four of them 

were isolated in optically pure form. Among them, (lS,2R,3S$S&)-1 (18% yield) and (lS,2R,3R$S&)-1 
(14% yield) presented spectroscopical, analytical and chemico-physical data identical to those of the same 
already described compounds;~ the remaining two showed the following properties: (1S,2&3R,6S&>1(16% 
yield) [a]#’ + 23.8 (c 0.2, CHCI,); m.p. 172-174’C (isopropyl ether); tH NM8 (CDCl$: 0.93 (3H, d, J = 7.5 
Hz, H3-7), 1.1-1.9 (4H, m, Hz-4 and -5), 2.28 (lH, m, H-3), 2.43 (3H, brs, ArMe), 2.88 (lH, brddd, J = 11.5, 
10.1 and 4.OHx, H-6), 3.66 (lH, d, J= 6.5 Hz, OH&l), 4.11 (lH, dddd, J= 27.0, 10.0, 6.5 and 2.3 Hz, H-l), 
4.68 (lH, ddd, J = 49.6,4.0 and 2.3 Hz, H-2), 7.33 and 7.47 (4H, m, A&i); 1%: - 194.89 (lF, brddd, J = 49.6, 
27.0 and 11.5 Hx, F-2); and (lS,zT,3S,6S,R8)-1 (17% yield) showed: [a]Dz” + 50.6 (c 0.2, CHCI,) and tH 
NMR (CDC13): 1.12 (3H, d, J = 6.6 Hx, H3-7), 1.1-1.8 (SH, m, H-3, H2-4 and -5), 2.42 (3H, brs, ArMe), 2.88 
(IH, brddd, J = 11.0, 10.0 and 5.8 Hx, H-6), 3.90 (lH, brs, OH-l), 3.93 (U-T, m, H-l), 4.68 (lH, brd, J = 51.7 
e H-2), 7.34 and 7.46 (4H, m, ArH); l%: - 217.60 (IF, brddd, J = 51.7, 34.5 and 29.0 Hx, F-2). The 1q 
NMR signals of the remaining four cyclohexanol derivatives 1, having opposite chirality at the sulphur atom, 

resonated at 6: - 190.45 @rd, 1FJ.t = 53.6 Hz), - 190.70 (brd, b;,~ = 49.0 Hz), - 193.87 (ddd, J = 48.8,22.8 and 

11.2Hx),-216.78(ddd,J=51.3, 34.2and27.3Hz). 
AItcnrpted Epimerization at Sulphur of (1&2R,3&6R,R&l. A solution of the cyclohexanol 

(lSJR,3R,6R,R&l (2.3mg, 0.0085mmol) and tributyltin hydride (3.4 ~1, 0.0128mmol) in oxygen-&e benzene 
was introduced in a Pyrex tube and irradiated for 21 h as above described. By TLC (6:4 cyclohexaneIethy1 
acetate) only unchanged starting cyclohexanol 1 was detected. 

Deoxygenating of Sulfnyl Cyclohtmanols I to the Gnresponding Thio Cyclohaxno~ 13. To a 

solution of cyclohexanol (lSJR,3R,6R,Rs)-1 (16mg 0.059 mmol) and sodium iodide (35mg, 0.236mmol) in 
acetone (3ml) at -40°C under nitrogen atmosphere, a solution of trifluoroacetic anhydride (5Opl, 0.354mmol) in 
the same solvent (0.5ml) was added. Quenching and work-up were performed as previously described, giving 
13.5 mg (89.6% yield) of pure thio cyclohexanol (lSJR,3R,6R>13: [a]# + 57.6 (c 1.0, CHCl$, tH and 1% 
NM8 data are reported in Tables 2 and 3. On (lS,2R,3R@,Ss)-1 the correspondmg thio cyclohexanol 13 was 
obtained: [a]D20 + 56.2 (c 0.8, CHC13) and superimposable 1H and teF NMR spectra. Starting from the 
epimeric couple (lSJS,3R,6R,R& and (S&l, (lS,2S,3R,6S)-13 was the common product obtained: [a@0 + 
26.1 (c 1.2, CHCI3) from (R&l and [a]D2o + 25.2 (c 0.8, CHCl3) from (Ss)-1. Both thio-cyclohexanols 
showed identical lH and leF NMR spectra (see Table 2 and 3). The same reaction was per8ormed on the open- 

chain alcohol (lWSJR,3R&)-2 (see above). The tbio alcohol showed identical physical and spectroscopic 
properties in respect with the thio alcohol (lWSJR,3R)-9 i.e. [a]Dzu + 25.4 (c 1.2, CHCl,) along with 
superimposable lH and tq h&f8 spectra. 
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