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Abstmct -- Asymnetric oxidation of sulfides b 
titanium complexes MO further developed.The ef ect T 

hydroperoxides mediated by 
of water was discussed as 

ch;;;; 

OS steric and electronic fact;t-& of aryl groups in oryl-S-alkyl oxidation. When a;;; 
Is replaced by 1-olkyne. sulfoxlde IS still obtained with high ee. 
enantloselectivlty of oxidation 1s enhanced by using cumene hydroperoxide lnsttod of 
t-butyl hydroperoxide (up to 96%). The asymnetrlc oxidation was also run under 
cotolytic conditions (with respect to the titanium complex) and beneflclol effects 
were observed in the presence of molecular sieves in the reaction medium. 

INTRODUCTION 

I” 1984, we described a new method for the oxidation of sulfides to chit-al sulfoxldes (1.2). 

This method used tertiobutyl hydroperoxide (TBHP) as oxidant in presence of stoichiometric 

amounts of a modified Sharpless reagent (3). The modified reagent was obtained by the combino- 

tie” Ti(OiPr)4/DET/H20 - 1:2:1 and showed (I surprising hlgh stereoselectivlty in the oxidation 

of several classes of prochiral sulfides. We detailed the MI” features of this new method for 

the asymmetric oxidation of sulfides (1.2.4-6). The beneficial influence of 1 mol eq of water 

(with respect to tltonium) on the enantloselectivity was clearly established (1). although 

increased amounts of DET (dlethyl tartrate) with respect to Ti (from 1 to 3-4 mol eq) gave good 

results as It was also observed by Modena et 01 (7). We report here o tentative erplonotion of 

these findings. Detclls will be also given on the optlmizotion of enontiomeric excesses In the 

oxidation of some aryl methyl sulfides. Ee’s in the range of 95% are now routinely obtolned ot 5 

to 100 mnol scale by a careful control of the experimental conditions. The mechonlsm os well as 

the stereochemicol course of the reaction ~111 be also discussed. A general picture to predict 

absolute configuration of the sulfoxides (Including acetylenlc sulfoxldes) Is proposed. 

THE *WATER EFFECT. 

We discovered by serendipity that one mi eq of water deoctlvotes the Sharpless reagent for 

allylic alcohols epoxidation and promotes formation of on efficient reagent for enontloselectlve 

oxidation of sulfides (1,2). It was later found by the Sharpless group that the asymnetrlc 

epoxldotio” can be run catalytically (with titanium) by removing residual water with nKl1ecu10r 

sieves (8). The poisonous effect of water in epoxidotion of allylic alcohols was then well 

demonstrated. Clearly in the sulfide oxidotlon the coinblnotlo” Ti(OiPr),,/ 2 DET/ 1 H20 is 

excellent when using t8uOOH as oxidant. 
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FOt- example (R)-methyl p-tolvl sulfoxlde 2 was formed with 85-90$ ee when (R,R)-DET was uSed 

(2)(FIgure 1). The StrUCtUre Of the tItOnIUm complex ~(18 not estobllshed but we propossd that 

water promoted the formation of a TI-O-T1 unit (2.4). We wet-e Intrigued by the fact that o 

large excass of dlethyl tartrote gave the Some effect OS 1 or 2 mol eq of DET with 1 mol eq of 

water (2). In order to know accurately the amount of water present when preparing the reagent.. 

dlethyl tartrote was distilled and the solvent (methylene chloride) MB carefully dried and 

stored over molecular slevcs. A set of experiments (-23’C. 1 mol eq CTII. 1 mol eq r8uOOH) was 

then performed using various amounts of DET with or- without added water. Methyl p-tolyl 

Sulfoxlde 2 MS recovered by flash chromotogrophy. The moln results ore Indlcoted In Table 1 and 

compared with the previous ones. By taking the modified reagent prepared OS In out- previous 

work (2) with the stolchlometry TI/OET/H20 - 1:2:1 but using the above condltlons. we obtained 

very reproducible results, the isolated methyl p-tolyl sulfoxlde having an enontlomerlc exceSS 

close to 89$. This value was measured by 1t1 nmr spectroccopy “sing o chlral Shift reagent (9) 

but we found that more occurate doto In this range of ee’b could be routinely obtained by 

polarlmetry. A flash-chromatography gives a quantltotlve recovery of the sulfoxlde (which avoids 

any danger to change ee In the different fractions. as Is sometimes observed In chromatography 

(10.11)). The moxlmum specific rotation of methyl p-tolyl sulfoxlde was reexomlned on a highly 

purified sample and found to be [a]D - +146’ (c-1, acetone). The enontlomerlc purity of the 

compound was checked by 1~ nmr spectroscopy with chit-01 reagents ond 0160 by hplc on o chit-al 

phase (13). The Calrex value 1s in agreement with the InItIal report of Mlslow (14) and departs 

from several other publications. 

Table 1 

Asymnetrlc oxidation of methyl p-tolyl sulfide 1 by 1 mol eq of tB”OOH In 
presence of 1 mol eq of tltonlum complex (TI(OiPr)4 + xDET + yH20). 

Entry mol eq of mol eq Isolorjjl yield COtlfI “ratIon 
(R.R)DET 

es $ Ref. 
of water of sul 9 oxide Zc 

1 1 o 1 95 R 84 (2) 

2 2b 1 90 R 89 

3 4 o.e 0 6od R 88.3 (7) 

4 3” 0 85 R 82 (2) 

5 20 0 85 R 70 (2) 

6 1 Q 0 41 (17% sulfone) 0 (2) 

7 2e 1 89 R 86 (4) 

8 4 b.e 0 80 R 76 

9 4 e.b.f 0 47 R 31 

10 4 e.b.g 0 40 R 21 

used as received from Aldrich Chemical Co. [a] e t-+7.9. 
distilled prior to use 

Sulfoxlde “as Isolated 
(bp-110’C / 0.1 rmnflgy, [a],eot-+8.8. 

by flash chromotogrophy. 
e Isoloted by dIStIllotIon (7). 
n carried out in ClCH2CH2Cl. 
d pellet 41 molecular 
d powdered 41 molecular 

sieves wet-e odded after preparation of the reagent. 
sieves were added after preparation of the reagent.. 

In Table 1 ore arranged the data concerning vorlous reports (2.7) involving oxidation In preoen- 

ce of the comblnotlon TI(OiPr)4/DET (1 to 4 mol eq) and In the absence of water (entries J-4). 

The general trend Is clear : the more DET Is Introduced, better Is ths ee of the sulfoxlde. We 

performed o set of complementary experiments (entries 7-9. Table 1) In order to better analyze 

the Influence of water. In very dry conditions with 4 mol eq of DET there Is a decrease In ee 

with respect to experiments quoted In entries 3 and 4. Moreover introduction of molecular Sieves 
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after the formation of the reagent and before beginning the oxidation ensures to remOve all 

traces of water (residual. or formed during the course of the oxldotlon). Experiments In entries 

9 and 10 (Table 1) show under these conditions 0 slow down of the reactivity ond a spectacular 

drop In the ee (to 316 and 21%) which has to be compared to 86-88% (entries 3-5). One tentative 

Interpretation of this effect is the following : the undlstlllsd dlethyl tortrote used In the 

experiments of entries 3-5 could contain some water giving o beneficial effect which overlaps 

wlth the effect (if any) of a large excess of DET itself. Another explanation could be that. 

molecular sieves Interfere in some way with the titanium complex. reducing Its reactivity and 

enantloselectlvity. We do not favor this hypothesis (see later on the influence of molecular 

sieves). The actual water content necessary to obtain the maximum quantity of the useful chlral 

titanium complex remains to be clarified. Our previous investigations indicated on optimum 

amount close to a 1:l composition (TI/H20). but this value should be corrected for the oddltio- 

nCl1 residual water present in the reagents or occurlng In the system. It Is also possible that 

the beneficial quantity of water is correlated with the amount of dlethyl tortrate. Whatever is 

the exact stoichiometry of the active chlral complex it seems clear that. a controlled amount of 

water Is a useful component, while a strictly anhydrous medium hos to be avoided. 

INFLUENCE OF THE STRUCTURE OF THE HVDROPEROXIDE 

One feature of our system not yet Investigated wos the nature of the oxidant (apart from 90% 

Ii202 or MCPBA which led to very low ee’s (15)). We were not encouraged to use other hydropero- 

xldes thon TBHP since It Is known that Shorpless epoxidotlon Is not very much changed by repla- 

cing TBHP by other hydroperoxldes (16). We were then very surprised to see that cumene hydrope- 

t-oxide (PhC(Me)200H, CHP). o cheap and soslly ovollable compound, gives 0 slgnlflcont Increase 

In the ee’s of many sulfoxldes, without any decrease in the chemical yields. The results 

obtained are indicated in Table 2 ; for a preliminary report see (17). Many sulfoxides were 

recovered with ee’s above gO$ (up to 962). The method con be performed up to 150 mm01 scale. 

the product is cleanly scporoted from cumene alcohol by flash chromatography. 

Because of the good results obtolned by Introducing one aromatic group Into the peroxide we 

Investigated the .oxldotion of methyl p-tolyl sulfide by trltyl hydroparoxide (Ph3COOH) in the 

conditions of Table 2. Methyl p-tolyl sulfoxlde MS isolated in 90 % yield with 202 ee (R 

configuration). There Is a strong decrease In ee tien compared with the oxidation by TBHP or 

cumene hydroperoxide (entry 1. Table 2). It would be interesting to study the oxidation with the 

intermedlote hydroperoxlde Ph2C(Me)OOH. 

Table 2 

As mnetric oxidation of 
(yI(OiPr)4/(+)-ClET/H20 

sulfides by the modified 
= 1:2:1) using various hydroperoxldes. 

reagent 

Entry Sulfide0 
sulfoxlde : 

PhC(Me )200H 

yield (%) ee(%)c 
CslD 

In acetone 

1 Me-S-p-tolyl 93 

2 Me-S-(o-onlsyl) 97 

3 Me-S-p-chlorophenyl 85 

4 Me-S-phenyl 93 

5 Me-S-(CH2)7CH3 71 

6 Me-S-benzyl 84 

96 d-c 

93 d 

91 = 

93 d.= 

80 d 

61.5 C 

t1390 

+313o 

+114o 

+135.40 

- 66.60 

- 590e 

a. 

b. 

C. 

d. 
e. 

Ph COOH 
sul oxide 3 

ee% 

16.3 d. 

32.5 ! -- c 

-- 
IBuOOH 
sulfoxl e 

ee(S) g 

89 

74 

78 

88 

53 

35 

Oxidations were performed at - 23OC for 20h. in CH2Cl in presence of 1 mol eq of Ti 
reo ent 
Tab e have (R 9 7 

repared OS (2). 1.1 No1 eq of ROOH MS “se 2 All the sulfoxldes of this 
conflgurotlon. 

Results taken from our previous publication (2). Some of the ee’s quoted In (2) were 

reevaluated by using hplc on chiral column (13), corrected data ore Indicated here. 
Calculated with maximum rotation references 
(14).(12).(21).(22). 

specifique given respectively in 

Ee confirmed by chlral HPLC. 
In ethonol 96%. 
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Anot?er advantage of using cumene hydroperoxyde is the easiness in getting optically pure 

sulfoxldes by means of osymnetric oxidation of sulfides followed by fractional recrystallization 

in appropriate solvents thonks to the high cc’s of sulfoxldes formed in oxidation. Thus the 

sulfoxldes obtained after oxidation with cumene hydroperoxlde were readily purified by 

recrystallization Into optically pure ones with good yields except for the p-chlorophenyl methyl 

sulfoxlde which Is llquld at room temperature (Table 3). 

Table 3 

Obtolnlng of optically pure sulfoxldes by recrystalliratlon 

Sulfoxidea Solvent of 
recrystallizationb 

we-S(O)-p-to1y1 n-hexone 76 t146' acetone 

Me-S(O)-o-on1sy1 n-hexone 80 +339o " 

Me-S(O)-phenyl ether-pentone 60 +147’ acetone 

Me-S(O)-(CH2)7-CH3 n-hexane 40 - 83’ ocetone 

Me-S(O)-benzyl cyclohexone 45 - 96O ethanol 

Cl. Recrystollizotlons performed on optlcolly active sulfoxldes coming from oxidation by CHP 
with 1 mol eq. of Ti/(+)OET/H 0 then flash-chromatography 

b. Number of recrystolllzatlons 1 s 2 to 3. 
C. Calculated by respect to the sulfoxides obtained OS a. 

CATALYTIC ASypmETRIC OXIDATION 

Oxidation of methyl p-tolyl sulfide was taken OS a model for the study of the conditions to use 

cOtalytlC amounts of our chlrol titanium reagent. We decreased progressively the amount of the 

reagent, keeping the scme 011 the other parameters OS In the stoichlometric reaction (tempero- 

ture, time, TBHP....). The results ore in Toble 4. They show that in the presence of 0.5 mol eq 

of titanium reagent the oxidation of methyl p-tolyl sulfide affords the some results OS in the 

stolchicmetrlc conditions. 

4 Table 

Asymnetric oxidation 
amount of 0 

of methyl p-tolyl sulfide b hydroperoxides in presence of D catalytic 
chiral Tl complex (TI(OzPr)4/(+)-DEl/H 0 

molecular sieves pe 5 
- 1:2:1) and 

lets) 
addltlves (salts or 

Entry ratio(Tl/sulflde) Additive0 
Sulfoxlde 

Hydroperoxlde Yield $ ee z 

1.7 

A.67 
0.54 

No TBHP 
II I 
I I 
I * 
I n 
I I 

I b 
0.6 b 
0.2 

A.25 

TBHP 

:z 
17 . 
:r: 
54 

A2 
0:2 c 
0.15 
0.15 
0.15 
0.10 
0.10 h 

Moleculy s)c;lyez (1) e TBHP I 

TBHP or CHP 

TBHP 

(1. In brackets ore molor ratio for salts and weight rotio for sieves with respect to 
sulfide. 

E: F;;:de is methyl phenyl sulfide. 

d. In th; some experiment with powdered molecular sieves. ee is lower. 
e. Molecular sieves ore added before all the other additions. 
f. Added after Ti complexotion. 
g. Non activated molecular sieves added otter Ti complexotlon. 
h. Without H20. 
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If the amount of titanium is less than 0.5 rol eq with respect to the sulfide. the oxidation 

occurs with o decrease in ee (entries 1-9. Table 4). This 1s Indicative of at least one non 

enontloselectlve pathway involving catalysis by CI new titanium species. The direct oxidation by 

TBHP has been shown to be very slow in the standard conditions (2) and does not fit with the 

good chemical yields quoted In Table 4. One pothwoy diverting from the main stereoselective 

route could be caused by occumulotlon of the sulfoxlde os the reaction proceeds. It is known 

that sulfoxldes ore good llgcnds for tltanlum (18). so that one con envisage o loss of stereose- 

lectlvlty for (1 chlrol reagent bearing a coordinated sulfoxlde. To test thls hypothesis. cotoly- 

tic reactions were performed in presence of sever01 salts of hard metal ions which should 

compete with titanium for coordlnctlon of. sulfoxldes. LiBF4. LlCl, KNOS were tested, without any 

increase in the ee’s (entries 10-14. Table 4). Indeed the stoichlometric reaction (1 ma1 eq of 

Tl reagent) is severely perturbed by addition of metallic solts presumably because of o change 

of the structure of the modified titanium reagent. This unexpected observation deserves further 

investigation in heteropolymetallic species formation. 

Another approach to achieve cotolytic oxidation wos then investlgoted. It appears that excess 

water has deleterious effects on the enantioselectivity of osymnetrlc oxidotlon by the modified 

reagent, (IS found previously for the stolchlometric reaction (2). In catolytlc conditions small 

amounts of water present in the reaction media could be sufficient to destroy the right titanium 

catalyst, leading to titanium complexes of low enontioselectivity. In order to protect the 

desired chirol titanium catalyst (Tl(OiPr),/(+)-DET/H20 - 1:2: 1) against excess of water a set 

of oxidations was undertaken in presence of 41, molecular sieves (entries 15.-22. Table 4). In 

most of the cases a beneficial effect was observed when the sieves were added before the other 

components. When the sieves (activated or not) were added after Ti complexatlon, they hod no 

effect. This seems to indlcote thot molecular sieves regulate the amount of water in the reoc- 

tion but do not act themselves OS coto1ysts. 

Result of entry 17 (Table 4) oppeors to be the best one dealing with cota1yt1c asymnetrlc 

oxidation of sulfides. Recently Fujlta et al (19) reported 40% ee by using a catalyst based on 

optically active Schlff base p-ox0 vonadlum complexes. Colonno et 01 (20) obtained 212 ee with c 

cotolyst prepared frpm chlrol amino acids and tltonium complex. 

INFLUENCE OF AN UNSATURATED QRDIJP IN ASYPmTRIC OXIDATION 

The presence of on aromotlc ring directly connected to sulfur ensures a good ee (80-95%) in the 

osymnetrlc oxidation of sulfides such Ar-S-CH5 ((2) ond Table 1). Moreover these sulfoxides ore 

formed in the (R) configurotlon when (R.R)-DET 1s token (1s the chirol OuxiliOry. It was pointed 

out that o simple scheme allows to predict the steric course of most of the asymnetric oxida- 

tions (2.4) : 
‘~,...‘* ITi1 

.* 0 

A’ \8 
O-DE: 

(A - ‘Large”. 8 - “Small”) 

Flaure. 2 

In this picture the A.6 pairs ore respectively (aryl. n-olkyl) (2). (oryl, l8u) (7), (olkyl, Me) 

(2). (PhCH2. Me) (the absolute configurotlon of PhCH2!-Me given In ref.2 was erroneously written 

and has to be reversed), (oryl. S oryl) (6), (oryl. OMe) (6). An aromotlc group stands always OS 

A (“large’). However there is not so much difference in ee’s in the series Ar-S-Me (85-90s ee) 

whatever is Ar (Phe, a or II-nophthyl. aothrocenyl) (2.5). Moreover phenyl appears to be ‘larger” 

than I8u if we take Into account results of ref.7 (for on opposite finding during the weakly 

enontioselective oxidation of sulfides by chlrol peracids see (21)). These facts suggest that 

the aromatic group influences asymnetrlc induction by a ccmblnotlon of steric ond electronic 

effects. Polar effects of on aromotlc ring in osymnetrlc reactions hove 11'10ny precedents. For 

example charge control was found operating in osymnetrlc reduction of prochiral benzophenones by 

c chlrol Grlgnard reagent bearing 0 benzene ring (23). The apparent size of a phenyl group hod 
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oeen discussed in Sever01 pOpCrS (25-24). A test to assess the relative Importance of steric ond 

electronic effects of 0 phenyl group on stereoselective transformations 1s to replace it by the 

linear ocetylenic moiety which has 0 small bulkiness and two r-systems. In the Horeou method for 

oselgning absolute conflgurotion of secondary alcohols by kinetic resolution of a-phenylbutyric 

onhydrlde (26,27) it ~8 found thot the ethynyl group acts OS "large" with respect to 0 

n-olkyl chain 

8 

in the some way 0 phenyl does (28). It Is well known that ketones such OS 

Ar- -0lkyl or R-C=& 8 -0lkyl ore reduced by various chit-01 reo ents Into alcohols with high eels 

and often with the some stereochemical course, while 1 RCH2CH2 -0lkyl gives alcohols of low ee's 

(28-31). 

Noyori carefully onolyzed the origin of enontloselectivity during the reduction of 0 wide 

variety of ketones by o chlrol hydride reagent, BINAL-H(30). He concluded that unsaturated 

(phenyl. olkenyl, olkynyl) and saturoted groups ottoched to 0 corbonyl function ore dlfferen- 

tioted primarily by their electronic properties. 

It MS then lnterestlng to examine osymnetric oxidotlon of ocetylenic sulfides such 0s 

R-C-&S-R’ to see If the absolute configuration of the sulfoxlde Is In agreement with the 

previous A-S-B scheme (Figure 2) where A Is the olkynyl moiety when 9 - Me. Indeed we observed 

osymnetrlc oxldotlon of two ocetylenlc sulfoxldes (R - n-Bu) with R' - Me or Phe. These 

compounds 3 and 4 were prepared from 1-pentyne through Its lithium derivative os depicted in 

Figure 3. 

n-&,-~-C_S-Me “::l:““‘:,_gu_~)S~~ 

n_Bu_m_LI 7 J 

c 

(-j-(R)-5 

h 
CTll/(+DET 

n-Bu-(rC-S-pT01 > 
“\ .::o 

TBHP pT0l~~~~C=C-o-i3" 
4 

(+)-(R)-6 

Flqure 3 

Oxidation of 3 by the modified reagent ((R,R)-OET) and TBHP In our stondord conditions gives 

(R)-(-)-5 (75% ee) in 83% yield. The absolute configuration of (-j-S wos established by the 

reaction indicated In Figure 4. The known methyl I-butyl sulfoxlde was obtained olmost quontita- 

tively (S configuration. 75% ee). 

(-1-E 
Flqure 4 

(S) 

This efficient substitution reoctlon of on olkynyl group bound to 0 sulflnyl function seems to 

hove no precedent in literature (although It Is known on Sane types of olkynyl or aryl sulfides 

(32). It seems o general one since n-but.91 lithium gave olso the substitution reaction (n- 

butyl methyl sulfoxlde (75% ee) Is produced with 95% yield). This displacement reaction could be 

related to the report of Johnson et al (33) who obtained optically active dlolkyl sulfoxldes 

from aryl olkyl sulfoxides and alkyl lithium reogents. The exchange reoctlon occured with 

Inversion of stereochemistry 0s In 011 the dlsplocement reoctlons on compounds with on osymne- 

tric sulfur otcm (34). It Is then very reasonable to assume Inversion of configuration for the 

tronsformotion In Figure 4. meaning thot (-)5 hos (RI-conflgurotlon. In turn this means that 

osymnetrlc oxidations of 3 and Ar-S-M hove o slmllor sterlc course, the olkynyl group ploylng 

the some role 0s 0 phenyl ring. SlmIlor oxidation of 4 led to the known sulfoxlde B (29% ee) 

with the absolute conflgurotlon shown In Figure 4. The low ee Is best explolned by opposite 

effects of the alkynyl and tolyl groups, leodlng to o small predominancy of the tolyl group. The 

reactivity of 4 Is small and obliged us to perform oxidation at + 3-C. It 1s Interesting to 

recall that the modified reagent does not oxidize mesityl phenyl sulfide In the standard 

conditions (2). 
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In conclusion it seems well estobllshed that the beneficial role of an orcmotlc ring in sulfides 

is reloted to the arusatic l-system. In addition a route IS opened to the formation of I-alkynyl 

methyl sulfoxldes. These compounds ore not eoslly ovalloble by the Andersen method (14) 

apart from (-)-menthyl-p-toluene sulflnote and 1-alkynyl organcmetolllcs (35.36), which leads 

to 1-alkynyl-p-tolylsulfoxldes. 

INFLUENCE OF THE ALREADY FOMD SULFOXIDE DN THE OPTICAL YIELD 

Since once formed, the sulfoxide may react with the Tl complex, It was Interesting to see If the 

enontloselectlvlty of oxldotlon changes with the conversion extent. The results In Table 5 show 

that the optical yield does not s1gn1flcontly vary with the conversion. 

5 Table 

Oxldotlon of methyl-p-tolyl sulfide as function of conversion extent. 

Time (hours) TBHP mol eq Isolated yield (0) ee (s) 

0.25 1.1 46 62 

1 1.1 57 66 

2 1.1 65 65 

4 1.1 80 07 

CONCLUSION 

A highly enontioselectlve system for the oxldotlon of many sulfides has been set up. It Is bosed 

on the use of cumene hydroperoxlde In the presence of o stolchlometrlc amount of a tltonium 

canplex (Tl(OiPr)4/(+)-DET/tl20 - 1:Z:l). Ee's In the range of 90-96% are often obtolned. 

Moreover the titanium complex can work as a cotolyst. wlthout decrease In the chemical yield. 

but with 10% decrease In ee In the case of the oxidation of p-tolyl methyl sulfide. In the 

presence of octlvated molecular sieves (Pellet), the catalytic oblllty of the titanium reagent 

Is Improved with respect to both ee and yield of the sulfoxlde obtained. Synthetic oppllcotlons 

of thls system seem promising. The absolute configuration of the sulfoxldes is predictable In 

many cases, on the basis of a simple model which 0160 Includes oxidation of SOfIle 1-olkynyl 

sulfides. The electronic properties of.phenyl ond olkynyl groups ore of great Importonce for 

ochlevlng the preferred transition stote during the snontloselectlve oxidation. The nature of 

the exact titanium species which Is formed in presence of excess dlethyl tortrote ond water 

remains to be clorlfled. 

EXPERIMWTAL SECTION 

Apparatus 

1~ NMR spectra were recorded on Bruker AM 250 MHz spectrometer. Optical rototlons were measured 

on o Pcrkln-Elmer 241 polarlmeter. 

Chemicals 

CH2C12 wos distilled over calcium hydride and stored under nitrogen over molecular sieves. TBHP 

SOl"tlons In toluene were prepared according to ref (3) ond stored over molecular sieves under 

nitrogen. Cumene hydroperoxlde was purchased from Aldrich Co (60$) and stored over sieves. 

Slllcogel (Merck, 230-400 mesh) was used for flash column chrrxnatography. (+) and (-) dlethyl 

tartrate were purchased from Janssen Co. Tl(OiPr)4 was obtained from Fluka and dlstilled before 

use. Unoctlvoted pellet 41 molecular sieves were obtolned from Aldrich Chemical Co. ond octlvo- 

tlon was accomplished by heating at 250-3OO'C overnight. 

Asvmnetrlc oxidotlon with TBHP 

Stolchlometrlc oxidation of methyl p-tolyl sulfide 06 an example Is performed 06 follows : 
(R.R)-DET (1.71 ml. 10 mnol) Is dissolved ot room temperature In 50 ml of CH2Cl2 under orgon ; 
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then, TI(OiPr)4 (1.49 ml. 5 mnol) Is added through (1 septum vlo o syrynge with stirring ; 

similoriy. H20 (5 mnol) 16 introduced via (1 microsyringe and stirring is mointoined until the 

yellow sol”tIon becomes homogeneous (20 min). then sulfide (0.69 g, 5 mnol) is added. The 

solution IS cooled to -3O’C and 5.5 mn01 of o TBHP solution in toluene (3.6 M) ore then 

introduced dropwise via o syringe and the whole system Is kept at -23’C overnight. Water (2 ml) 

IS added to the solution at - 23’C and a vigorous stirring Is maintained for 1 h at room 

temperature. The white gel Is filtered over celite and thOrOuQhly washed with CH2C12. The 

filtrate Is stirred with NoOH (5%) ond brine for 1 hour In order to remOve DET and then 

separated. The orgonlc phase 1s dried over No2SO4 and concentrated to give the crude product, 

Flash chromatography (AcOEt) on silica gel affords 0.7 g (90s) of (R)-methyl p-tolyl sulfoxlde. 

a ore measured in acetone (c-O.5 z 2.0) and the enontlomerlc excesses ore colculoted from 

Calmox - t146°(acetone) (ref.14). 

Asymnetrlc oxidation with CHP(cumene hydrooeroxidel 

CHP is used Instead of TBHP in the some way. In the workup, 2-phenyl isopropanol was 

separated during the flash chromatography (AcOEt). 

Catalytic oxidations 

For entry 18 of Table 4, for exemple. the workup Is the following: 

2.2 g of activated molecular sieves ore added In 100 ml of CH2C12 under argon. and (+)-CET 

(1.026 ml. 0.6 mnol) and TI(O-iPr)4 (0.694 ml, 0.3 rmnol) ore added. Water (54 ~1. 3mnol) Is then 

Introduced via o microsyringe. The mixture is stirred at room temperature for 25 minutes before 

addition of methyl p-tolyl sulfide (2.9 g. 21 mnol). After cooling to -30°C, CHP (22 mnol) Is 

added dropwlse and the mixture Is kept at -23’C overnight (28 hrs). The usual procedure of 

treatment (as in the stolchlometrlc conditions) affords 3 g of methyl p-tolyl sulfoxlde ( 93%. 

(a)C-+111.3 c- 1.015 acetone. ee-76.5s for R) 

Preporotion of methyl-n-hexyn-1 sulfide 

To 33 ml of n-6”Li under orgon at -2O’C In hexone (1.6 M ; 50 mol) was added slowly o solution 

of 5.7 ml (50 mnol) of distilled n-hexyn-1 in 25 ml ether. After half on hour, a solution of 

4.4 ml of dimethyldlsulfide (50 mnol) in 30 ml ether Is added. The temperature Is allowed to 

raise to room temperature. then the solution Is refluxed for 5 hours. After the usual workup, 

the methyl n-hexyn-1 sulfide Is purified by distillation under reduced pression (Eb - 

85’C/15 mnHg). Yield : 30$. 

NMR : I 0.9 (3H.t) ; 1.5 (4H.m) : 2.3 (2H.t) : 2.4 (3H,s). 

MS : PI+ - 128 (m/e : 71 ; 61 ; 65 : 113) 

Oxidation of methvl n-hexvn-1 sulfide 

The routine procedure of stoichicmetrlc osymnetric oxidation affords the methyl-n-hexyn-1 

sulfoxlde in 83% yield and [a]D - - 59.1’ (CHC13. c-1.3). 

NMR : L 0.9 (3H.t) ; 1.5 (4H.m) ; 2.45 (2H,t) : 2.95 (3H.s). 

The ee Is measured by RMN in the presence of o chit-al shift reagent (ref.9) : 75%. 

Determinotlon of the absolute conflquratlon of-methyl-n-hexyn-1-sulfoxldt 

To o solution of 580 mg (4 mnol) of sulfoxide in 80 ml ether, at -76’C, under orgon. ore rapidly 

added 11 ml (16 mnol) of t-BuLl In pentane. Three hours later, water was introduced (60 ml) : 

extraction wlth CH2C12 gives 380 mg of o yellow liquid (60% yield). The ee of methyl t-butyl 

sulfoxide was estlmoted by the use of chirol shift reagent to be 752. The sign (+) 

(22) of the measured [a] and the position of nmr lines in presence of chiral shift reagent (9) 

prove the S ConfIguratIon. Assuming that the substltutlon occurs with Inversion of ConfigurOtiOn 

at sulfur, it comes that the methyl n-hexyn-1 sulfide has the R-configuration. The some reaction 

between methyl n-hexyn-1 sulfoxide and n-EuLi carried out under the some conditions. affords n- 

butyl methyl sulfoxide with 73s yield. ee - 752 (measured by chlral shift reOgent and sPeCi- 



Asymmetric oxidation of sulfides 

fit r0t0t10n (Calmax - + 108.. c-1.5. acetone. s confIgurctIon (33)). 

PrepOratIOn of p-tolyl n-hexyn-1 sulfide 

This Is obtained by the reaction between p-tolyl sulfenyl chloride and n-hexynylllthium. 

p-Tolylsulfenyl chloride prepared in situ according to (25) from thloonisole and N-chlorosucel- 

nlmlde (0.05 m01 In 40 ml ether) IS added to n-hexynylllthium In excess ot O'C and the mixture 

Is allowed to stand at rocfn temperature overnight. The workup gives 83% sulfide which ~(1s 

purified by flash chromatography (cyclohexone-AcOEt 95/S) and dIstIllotion (Eb - 115’/0.4 “Hg). 

MR : 6 0.9 (3H.t) ; 1.5 (4tl,m) : 2.3 (3tl.s) ; 2.4 (2H.t) ; 7.2 (4H) 

Analysis : calculated : C 76.47 Ii 7.84 S 15.69 

found 76.18 7.8 15.53 

MS : M+ - 204 (m/e : 81 ; 91 ; 117 : 161) 

Oxidation of p-tolyl n-hexvn-1 sulfide 

This was performed ot 3’C during 60 h. The sulfoxlde was Isolated by flash chromatography 

(AcOEt : cvclohexone 1:2) In 97% yield. [a]D - i22.2’ (CHC13, 1.5) ee - 292 ([almax - + 77.6’ 

for R configuration (36)). 
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