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RECENT ADVANCES IN THE SYNTHESIS OF 
SULFOXIDES FROM SULFIDES 

ERNEST0 G. MATA 

Instituto de Quimica Orgdnica de Sintesis (CONICET- UNR). Facultad de Ciencias 
Bioquimicas y Fannackuticas. Universidad Nacional de Rosario. Casilla de Correo 

991, 2000 Rosnrio. Argentina 

(Receit-ed 31 December 1995; In j n a l  form 30 April 1996) 

This review deals with the various recent advances in the selective oxidation of sulfides to sulfox- 
ides. Non-stereoselective, diastereoselective as well as enantioselective methods are covered. A 
considerable number of new oxidizing agents have been reported in the last ten to twelve years 
including those aiming to replace m-chloroperbenzoic acid as the classical sulfide oxidant: Oxone". 
dimethyldioxirane, among others. Chiral sulfoxides are especially important in modem asymmetric 
synthesis. their obtention from prochiral sulfides by Davis' oxaziridines and modifications of Sharp- 
less procedure are discussed, along with other less common methods. The most newly reported 
microbiological and enzymatic oxidations are also included. 

1. INTRODUCTION 

The oxidation of sulfides is, undoubtedly, the most widely used route for the 
synthesis of sulfoxides. Although many methods have been known for decades, 
the lack of a wide range oxidizing reagent, the usual problem of overoxidation to 
sulfone, undesired side reactions and the effect over sensitive substrates, have 
accounted for the large amount of work done in this area in recent years. 

Particularly important advances have been made in the enantioselective oxi- 
dation of prochiral sulfides to the corresponding chiral sulfoxides. The main 
reason for this development is that chiral sulfoxides are widely used, due to their 
high diastereoselectivity, as auxiliaries or reagents in asymmetric synthesis.'*2 
The sulfoxide group is also involved in diverse biological activities and optically 
pure sulfoxides are of great pharmaceutical 
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232 E. G. MATA 

This review aims to account the synthetic methods for the preparation of 
sulfoxides from sulfides and it especially focuses on the last ten to twelve years 
of synthetic development in this field which is scarcely covered by reviews. An 
excellent account has been published in the middle e ight ie~.~ 

2. NON-STEREOSELECTIVE OXIDATION 

A considerable number of non-stereoselective methods has been reported for the 
synthesis of sulfoxides from sulfides. The research in this area has been in- 
creased during recent years, and one of the main reasons for such a development 
is the commercial discontinuity of a “classical” sulfide oxidant: 
m-chloroperbenzoic acid (MCPBA).6 

.2.1. Peroxidic Reagents 

2.1.1. Hydrogen Peroxide 

One of the simplest procedures for the oxidation of sulfides to sulfoxides is that 
involving hydrogen peroxide (H,O,) as oxidant, a very cheap reagent (Scheme 
1). The major drawback of using this method is the facile overoxidation to 
sulfone. 

The effectiveness of H20, in different solvents has been extensively studied. 
Aliphatic, aromatic and heterocyclic sulfoxides have been obtained using H,O, 
in acetone or aqueous solution at room temperature? 

Many catalysts have been reported to accelerate the sulfoxidation under H,O,. 
Traditionally, acetic acid7 and formic acid* were used as catalyst, but several 
others have been recently reported. Vanadium peroxide (V,O5)? selenium oxide 
(SeO,),” titanium trichloride (TiC13)11*12 and tellurium dioxide (Te02)13 are 
among them. In the last case, oxidation was performed with 0.1 equivalent of 
TeO, giving sulfoxides in high yields (81-95%) without overoxidation. In gen- 
eral, the addition of 0.01 equivalent of concentrated HCl improved reaction rates 
(Scheme 2),13 suggesting that the oxidizing species is the peroxytellenious acid 
(1) which would reduce back to tellenious acid (2) and quickly regenerate by 
H20,. 

fi’ 
+ 44 - + 40 

SCHEME 1 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
8
:
4
3
 
2
8
 
J
a
n
u
a
r
y
 
2
0
1
1



SYNTHESIS OF SULFOXIDES FROM SULFIDES 233 

a 
TQ, 0.1 q. 
HCI. 0.01 ea. 

4h 
53 

Te02 + H202 HOTeOOH 
1 

53 B 53 ,s, + HOTeOOH - ,S, + HOTeOH 
1 2 

TeO2 + H20 
B 

HOTeOH 7 
2 

SCHEME 2 

Mikolajczyk et al.14 have reported a new methodology that is especially ef- 
fective for the oxidation of sterically hindered sulfides to sulfoxides. The reac- 
tion was performed in the presence of a catalytic amount of a sulfuric acid/ 
isopropanol mixture (Scheme 3). l4 No overoxidation was observed. 

Titanium silicate molecular sieves TS-1 and TS-2 also catalyze the sulfoxida- 
tion by H20,15 but its utility is limited because this methodology is not suitable 
for bulky sulfides, probably because the active Ti(1V) species are located inside 
the pores. 

Methyltrioxorhenium (MTO) (3)16*” is another catalyst rendering sulfoxides 
in high yields and good chemoselectivity (Scheme 4).16 H202 (85%) must be 
used because less concentrated solutions produce overoxidation. This constitutes 
a clear drawback of the method since 85% H202 is not an “easy to handle” 
reagent. 

Urea-hydrogen peroxide (UHP) (4), a stable, safe and easy to prepare source 
of pure H20,, has been used in combination with phthalic anhydride to oxidize 
dialkyl, diary1 and alkyl aryl sulfides to the corresponding sulfoxides in excellent 
yields (8496%) (Scheme 5).’* Optimum molar ratios were 1 :4: 2 (substrate/ 
UHP/phthalic anhydride); excess of reagent has been found to produce sulfones 
exclusively. l9 

0 
II 

R* /S‘ Ru 30% H202/MeOH - Rn/S‘R#t 
H2S04/CPrOH 1 :1 

R’=Et,CPr,t-Bu r.t. yield= 77 - 100% 
Ph,Bn,etc 

SCHEME 3 
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0 
ii 

Me-FJe=O 3 
0 

0 
I I  

85% H202 (1 equiv.) c 
PhOS'Ph 3 (0.01 equiv.) 

P h % l  

CHCI3,2OoC yield= 91% 
SCHEME 4 

0 H 
I I  

UHP / phtalic anhydride 
t-BU 0s. 1-BU t-BuOShBu MeOH 
yield= 92% 

SCHEME 5 

In 1993, Page reported an efficient oxidation of sulfides to sulfoxides by 
treatment with H,O,/acetonitrildpotassium carbonate in methanol (Scheme 6).20 
Excess of the reactive mixture led to sulfone formation. In fact, this reaction 
consists in the in siru formation of a highly reactive peroxyimidic acid (5) which 
is the actual oxidizing species (Scheme 7)." 

2.1.2. Hydroperoxides 

In recent years, the most important development in the field of hydroperoxides 
as sulfoxidation reagents has been the synthesis of chiral sulfoxides from sul- 
fides (see Section 4). Many hydroperoxides have been used for sulfoxidation, 
being the terr-butyl hydroperoxide (TBHP) the most frequently utilized. 

0 
I I  

Rl/'\ Rot MeCN (1.5 equiv.), H202 (1.1 equiv.) L RI/SXRM 

K2C03, MeOH, 0°C 
R'=Me,Et,Ph, yield- 63 - 91% 
n-Bu,t-Bu,Bn 
R'=Me,Et, 
nBu,t-Bu,Bn 

SCHEME 6 
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J 

, ’ peroxyimidic acid 
SCHEME 7 

Fringuelli er a/.” have found that sulfoxides can be obtained in excellent yields 
(90-100%) by oxidation of sulfides with TBHP in heterogeneous aqueous me- 
dium (Scheme ga).’’ The oxidation rate was sometimes increased by addition of 
sulfuric acid (Scheme 8b).” 

Recently, silica gel-mediated oxidation by TBHP” has been reported as a 
convenient and “clean” method for sulfide oxidation. Adsorption of TBHP on 
the silica gel apparently facilitates oxygen atom transfer via synchronous hydro- 
gen atom exchange (Scheme 9).” Careful stoichiometric control was necessary 
to avoid the formation of sulfones. 

On the other hand, vanadium-pillared montmorillonite have been used as 
catalyst for the TBHP oxidation of sulfides to sulfoxides in excellent yields.23 

2.1.3. Other Organic Hydroperoxides 

Organic hydroperoxides such as flavin 4a-hydroperoxide~~~’’ and a-azohydro- 
are well documented as oxidants of sulfides to sulfoxides. Baun- 

stark’* reported that cyclic a-azohydroperoxides, such as 6, behave as highly 
reactive oxygen transfer reagents performing the oxidation of benzyl methyl 
sulfide in excellent yield (Scheme The enhanced reactivity of this and 
similar reagents is likely due to the basicity of the azo function that allows a 
five-membered intramolecular hydrogen bond. 

a) TBHP, HzO 

b) TBHP, HzO/H,SO, 
“ ~ e  (molar ratio H2SO4/sulfide 20:l) * 0”’. Me 

Conditions a = 95% yield 
Conditions b = 100°/~ yield 

SCHEME 8 
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0 
k TBHP (1 equiv.) 

~ B u '  h B u  
s 

IFBu' 'nBu Si02/CH& 

r.t. yield= 86% 

SCHEME 9 

yield= 100% 

SCHEME 10 

Unfortunately, these a-azohydroperoxides are photosensitive and rather un- 
stable. However, more recently, Nishio reparted that a series of N-substituted 
3-hydroperoxyindolin-2-ones (7) (Figure 1)33 are stable reagents for the selec- 
tive oxidation of different sulfides to the corresponding sulfoxides in generally 
good yields and without further oxidation to sulfones. 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
8
:
4
3
 
2
8
 
J
a
n
u
a
r
y
 
2
0
1
1
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yields 9 1 % 

SCHEME 11 

2.1.4. Organic Peroxyacids and Peroxides 

m-Chloroperbenzoic acid (MCPBA) was the most widely reported oxidizing 
reagent in the past thirty years or so but has been withdrawn from market by the 
major suppliers6 due to its shock-sensitive and potentially explosive character- 
istics. 

The only other peracid recently reported for sulfide oxidation to sulfoxides is 
magnesium monoperoxyphthalate hexahydrate (MMPP) (8). This non shock- 
sensitive, non deflagrating oxidant has been used, under stoichiometric control, 
for the selective synthesis of a large number of sulfoxides from the correspond- 
ing sulfides (Scheme 1 

2.3. Nitrogen-Containing Oxidants 

The “ancient” nitric acid oxidation of sulfides to sulfoxides has been improved 
through the years. Gasparrini er al. have reported the tetrabutylammonium tet- 
rachloroaurate(II1) (TBA+AUC~,- )~* .~~ and, especially tetrabutylammonium tet- 
rabromoaurate(II1) (TBA+AuBr,-)?’ as catalysts for the selective oxidation by 
nitric acid of alkyl aryl, dialkyl, diary1 and other sulfides to the’ corresponding 
sulfoxides (Scheme 12).40 The reaction was carried out in a 1 : 2-biphasic system 
containing nitromethane and 10% nitric acid. 

10% HN03/MeN0,, 2:l 0‘0 TBA+AuBr4- (cat.) 

yield 2 90% 
SCHEME 12 
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0 
.c II 

a) 1.5M HN03, 10% FeBr3 
R" r-t., MeN02 or CH2C12 

R'=Me,fiBu,Bn b) 1.5M HN03, 10% 9 Conditions a= 
60 - 96% yield r.t., MeN02 or CH2CI2 
Conditions b= 

R',s\ R" 
R'/S\ 

R"=n-BU, P h 

80 - 99% yield 

SCHEME 13 

Recently, Suirez et al. described the efficiency of two catalysts: FeBr, and 
(FeBr,),(DMSO), (9), in the selective sulfoxidation by nitric acid. Reaction 
under 9 as catalyst gave in general higher yields (Scheme 13).4' An induction 
period was observed in reactions catalyzed by 9 denoting that the organic sulfide 
coordinates to the metal prior to oxidation. 

Among nitrates used as oxidant of sulfides, the most popular is Cerium(IV) 
ammonium nitrate (CAN). Baciocchi found that sulfoxides can be obtained in 
very high yields (90-100%) by phase transfer catalyzed oxidation of the corre- 
sponding sulfides by CAN?* Cerium ammonium nitrate, as well as nitrogen 
oxide, have been used to catalyze sulfide oxidation by dioxygen (see Section 
2.8). 

Ska r~ewsk i~~  has recently investigated the system 2,2,6,6-tetramethylpiperi- 
dine- 1 -oxyl (TEMPO)/ sodium hypochlorite for the selective oxidation of sul- 
fides to sulfoxides. The active species is the oxoammonium salt, a mild electro- 
philic oxidant arising from TEMPO and stoichiometric amounts of NaOCl. 
When the reaction was co-catalyzed by potassium bromide and tetrabutylammo- 
nium chloride (phase transfer conditions), dialkyl and alkyl aryl sulfides were 
selectively oxidized to the corresponding sulfoxides in excellent yields (Scheme 
14).43 

H i r ~ b e ' @ , ~ ~  has reported the lutidine N-oxide oxidation of phenyl methyl and 
dibenzyl sulfides to the corresponding sulfoxides catalyzed by ruthenium por- 
phyrin complexes such as 10. Small amounts of sulfone were also obtained 
(Scheme 15).45 

NaOCl (1.2 equiv.)/TEMPO (1 mol %) ? 
Ra /S\ L. R A R "  KBr (1 0 mol%) / Bu,NCI (5 mol %) 

yields= 90 - 95% R'=Me,CGHl3 CHZCIZ / HzO 
R"=Me,(CHz)zOH,etc. 

SCHEME 14 
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B 
benzene, reflux 

yield- 90% 
(+7% sulfone) 

SCHEME 15 

2.4. Polyvalent Organoiodines 

2.4.1. Zodosylbenzene 

Iodosylbenzene is known since 1949 as sulfide oxidant.46 Using methanol as 
solvent, it has been reported to oxidize vinylsulfides to vinylsulfoxides at room 
temperat~re.~' In recent years, the major development in the area of iodosylben- 
zene oxidations has been its activation by a catalyst. 

Kim48 has informed the preparation of sulfoxides from various sulfides in 
excellent yields under mild conditions, using iodosylbenzene catalyzed with 
benzeneseleninic acid. No overoxidation was observed (Scheme 16).48 

Also, the iodosylbenzene oxidation in the presence of catalytic amounts of 
p-toluenesulfonic acid and acetonitrile as solvent has been reported to give sul- 
foxides in high yields, without over~xidat ion.~~ For example, a sulfoxide with 
an electron-withdrawing group, the p-nitorphenyl methyl sulfoxide, was ob- 
tained in 99% yield. 

Iron and manganese porphyrin complexes behave as good catalysts for iodo- 
sylbenzene oxidation of sulfides to s u l f o ~ i d e s ~ ~ ~ ~ '  (see also Section 4.4). In 
199 1, P a ~ t e t ~ ~  described a method that used metalloporphyrins immobilized on 
silica gel, to obtain good chemoselectivity on those oxidations. Thus, with het- 

R ' A  R" 

R'=Ph,pMePh,pCIPh, 
pN02Ph,  tBu, etc. 
R"=Me,Et,rrPr,Bn, etc. 

0 - 
PhlO I I  
0 * Rt/S'Rt< 

@&OH yields= 86 - 96% 
(cat .) 

CHsCN, 25-45°C 

SCHEME 16 
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0 
il 

PhlO s 
Ph0S'CH2c02Me FeTPPCl - silica g e r  Ph' .CH2C02Me 

yields 90% 
SCHEME 17 

erogenized chloro mesoltetraphenylporphyrinato iron(III) (FeTPPCl) on the sur- 
face of silica gel as catalyst, several sulfides were oxidized to the corresponding 
sulfoxides (Scheme 17).52 

2.4.2 Other Polyvalent Organoiodines 

(Ditrifluoroacetoxyiodo)benzene has been described as a better oxidant than its 
unfluorinated analog (diacetoxyiodo)benzene, although the former appears to be 
less se1ective.5~ 

o-Iodosylbenzoic acid has been used to oxidize several alkyl aryl, dialkyl and 
diary1 sulfides to sulfoxides in very good yields (Scheme 18).54 Since acetic acid 
was used as solvent and sulfuric acid as catalyst, o-iodosylbenzoic acid (11) was 
converted into the protonated form (12) which was postulated to be the active 
species. o-Iodosylbenzoic acid is easy to prepare by treatment of o-iodobenzoic 
acid with acetyl nitrate. 

rn-Iodosylbenzoic acid55 has also been reported for the oxidation of diphenyl, 
dibenzyl and phenyl benzyl sulfides to the corresponding sulfoxides in very 
good yields (82-94%). 

0 

- f5 
Ph Ph CH3C02H/ H2S04 (cat.) Ph Ph 

yield= 98% 

SCHEME 18 
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K(piodylphenyl)palrnitoylarnide 0 
S (1 equiv.) ! 

Ph' 'Me 

benzene, 10°C yield= 91% 

Ph' 'Me 
VO(acac), (0.01 2 equiv.) 

SCHEME 19 

Pautet et have demonstrated that poor oxidants as the iodylarenes be- 
come good oxidants in the presence of vanadyl acetylacetonate [VO(acac),]. 
The best result was obtained with N-(p-i~dylphenyl)palmitoylamide,~' which 
performed the VO(acac), catalyzed selective oxidation of thioanisole to phenyl 
methyl sulfoxide in 91% yield (Scheme 19).57 

On the other hand, a new stable crystalline (alky1peroxy)iodinane: l-(rert- 
buty1peroxy)- 1,2-benziodoxol-3( lH)-one (13) (Scheme 2O)'* has been reported 
to perform diphenyl sulfide oxidation to afford the diphenyl sulfoxide in good 
yield. 

2.5. Metaperiodates 

The main problem in non-stereoselective sulfide oxidation to sulfoxides is the 
overoxidation to sulfones. The most commonly employed reagent in this case is 
sodium metaperi~date.~~.~'  Santaniello et aL61 have reported that this reagent 
can be used under phase transfer conditions for the oxidation of sulfides to 
sulfoxides in good yields (70-75%). However, tetrabutylammonium periodate 
(TBAPI) in refluxing chloroform gave very high yields in shorter reaction times 
(Scheme 21).62 

Among the different variations of metaperiodate oxidation can be mentioned 
silica63 and aluminaa-supported sodium metaperiodate and periodate forms of 
Amberlyst A26 and Amberlyst IRA 904  resin^.^' 

t-BuOO-1-0 

0 f 
* PhOS'Ph 

b". 13 
PhOS'Ph 

CHZCIZ, 0°C 
yield= 84% 

SCHEME 20 
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0 
n-Bu4N+ lo4' I I  

R# /', R## - R' 0% R" 
CHC13, reflux 

yields- 72 - 90% R'= pMePh,Ph 
R"=Me,rrBu, 

pMePh,Ph 
SCHEME 21 

2.6. Bromites 

Sodium bromite has been reported for the synthesis of sulfoxides from sulfides 
in wateddioxane mixtures.66 Morimoto et al. have described that inorganic sup- 
ports serve as highly reactive sites for sodium bromite oxidation of sulfides in 
aprotic solvents, avoiding the problem of the negligible solubility of sodium 
bromite in organic solvents. Thus, "wet" m~ntmoril lonite,~~ kaolin and H+- 
exchanged zeolite F-g6' have been used for the oxidation of dialkyl, alkyl aryl 
and cyclic sulfides in dichloromethane to obtain the corresponding sulfoxides in 
good yields ,(Scheme' 2 2 p 7  

2.7. Halogenating Reagents 

Halogenating reagents work through an initial formation of an halosulfonium 
ion that subsequently, by hydrolysis or alcoholysis, gives rise to the correspond- 
ing sulfoxide. Various of these reagents have been developed in recent years. 

2.7.1 N-Halogenated Agents 

N-Chlorosuccinimide (NCS) and N-bromosuccinimide (NBS) have been used 
for oxidation of sulfides to sulfoxides for sometime.69 Monochlorourethane 
(MCU) in wet tetrahydr~furan'~ have been reported for the efficient chemo- and 
diastereoselective synthesis of Ceph-3-em (R)sulfoxides without overoxidation. 
Other N-halogenated reagents, such as N-bromobenzamide" and 
N-chl~roacetamide,'~ have been also used for the sulfide oxidation to sulfoxides. 

0 

R"=Me,Ph,rrBu,CH2CH=CH2-,etc. 

SCHEME 22 
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0 
HOCl(5% aq.) (2 equiv.) 
microemulsion (1 5mL) 

CI 
vieid= quantitative 

Microemulsion: 3% cyclohexane, 82% water, 
5% surfactant, 10% co-surfactant. 

SCHEME 23 

2.7.2. Other Halogenating Reagents 

Sodium hypochlorite has been known to oxidize sulfides to sulfoxides under 
controlled  condition^.^^ In 1990, Menger74.75 showed that oil-in-water micro- 
emulsion could remarkably increase the rate of sulfide oxidation with two 
equivalents of hypochlorite. No sulfone was formed (Scheme 23).75 Microemul- 
sion would increase the reaction rate due to the formation of large hydrocarbod 
water contact area that permits communication between the water-soluble HOCl 
and the oil-soluble sulfide with an interfacial co-surfactant serving as an inter- 
mediate. 

Tetraalkylammonium tribromides have been used, as a substitute of bromine, 
for the selective oxidation of sulfides to sulfoxides. Phenyltrimethylammonium 
tribromide (PTAB) oxidized a wide range of sulfides to the corresponding sul- 
foxides in  high yields (Scheme 24).76 This methodology is particularly recorn- 
mended for the synthesis of I80-labeled sulfoxides. 

Benzyltrimethylarnmonium tribromide7' also oxidizes dialkyl, aryl alkyl and 
diary1 sulfides to the sulfoxides in high yields. 

Ghelfi et al.78.79 have reported that the intermediate reagent Mn(1V)-CI, is an 
effective halogenating agent for the synthesis of sulfoxides from sulfides. This 
reactive species was generated either by the combination of manganese(1V) 
oxide-trimethylchlorosilane78 or manganese(IV)oxide-35% aqueous hydrogen 
chloride.79 Some aliphatic, aromatic and cyclic sulfoxides were obtained in very 
high yields, without overoxidation (Scheme 25).79 

Very recently, mercury(I1) oxide-iodine reagent has been reported to perform 
mild and selective oxidation of alkyl sulfides to sulfoxides in high yields.80 The 
reaction proceeds via the formation of an iodosulfinium cation, followed by its 
replacement by an oxygen from the HgO (Scheme 26).80 

"0 
s PTAB/pyridine-H2 "0 ! 

* PhCH2' 'Ph 0°C to r.t., 2 - 5 h 
PhCH2' 'Ph 

yield= 96% 

SCHEME 24 
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0 0'- Mn02/HCl(aq) ~ 

yield 2 90% 
MeOH 

SCHEME 25 

2.8. Oxygen 

In 1985, Riley" reported a highly selective oxidation of sulfides to sulfoxides 
using molecular oxygen. This autoxidation, performed at 40-atm pressure in 
polar solvents, does not require a catalyst, an initiator, or photosensitizer and 
light. Aliphatic sulfides can be converted to sulfoxides in good yields using this 
method (Scheme 27a)." In contrast, less electron rich phenyl substituents at the 
sulfur substantially reduce reactivity, since diphenyl sulfide was found to be 
inert to the reaction conditions. Mechanistically, one electron transfer from the 
sulfide to the oxygen gives the sulfide radical cation (14), which is then oxy- 
genated by triplet oxygen to the radical cation (15), a very potent oxidizing 
intermediate. Finally, conversion to the product is achieved when 15 is reduced 
to the zwitterion (16). followed by a bimolecular reaction with sulfide substrate 
to generate two molecules of sulfoxide (Scheme 27b).81 

This author82-86 has also studied the oxidation of sulfides using oxygen in the 
presence of catalysts. Autoxidation of sulfides catalyzed by cerium(1V) 
especially ceric ammonium nitrate (CAN), largely enhances the oxidation rate 
compared with the uncatalyzed one. The rate determining step in these oxida- 
tions is the Ce(1V)-promoted oxidation of sulfide to the radical cation 14 (see 
Scheme 27b). On the other hand, rutheniumsa6 and palladium8' complexes 
were also reported to catalyze autoxidation of sulfides to sulfoxides. 

Mixtures of nitrogen dioxide/oxygen have also been studied. Thus, dialkyl, 
diary1 and cyclic sulfides were converted in high yields to sulfoxides in the 
presence of oxygen and catalytic amounts of nitrogen No overoxida- 
tion was observed in any case (Scheme 28).88 

Recently, Lion et aLW reported a new and efficient method for oxidizing 
sulfides selectively to sulfoxides using atmospheric oxygen in the presence of an 
aldehyde (isobutyraldehyde) and Ni(I1) complexes catalysis (17). Controlling 
the reaction times, quantitative yields were observed since sulfone formation 

H O  R2S R&I + 9 R2S=0 + HgI2 

R=Pr,Bu,CPr,Bn,cyclic,etc. 
SCHEME 26 
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a) 0 0, (72 bar), 105°C II 

40 h, MeOH/ H20 * R/s. R 
R/"R 
R= alkyl yields= 78 - 93% 

b) R2S + 0 2  R2S" + 0;' 
14 

R2S+'+ 3 0 2  R2SL00* 
14 15 

SCHEME 21 

0 - 
I I  

R' /s.R" NOp (0.2 equiv.) / O2 (1 atrn) w/S'RU 
CHpClp, -50 to 25°C 

R'=Me,Bu,Ph,Bn,cyclic,etc. vields= 87 - 97% 
R"=Me,Bu,Ph,Bn,cyclic,etc. 

SCHEME 28 

was avoided (Scheme 29)." Aldehydes serve as sacrificial auxiliaries ending up 
as the corresponding carboxylic acids. Evidences support an acylperoxy radical 
as the active  specie^.^' 

Polymerizable tris( p-ketoesterate)iron(III) complexg2 has also been used as 
catalyst for molecular oxygen-sacrificial aldehyde oxidation of sulfides to sul- 
foxides. 

0 
atmospheric O2 Jil /lC: i-PrCHo Ni(ll) (17) (cat.) * + CPrC0,H 

Ph 60°C, CH3CN Ph CI 
yield= 100% 

R 

17 R=pMeOPh 

R R 

SCHEME 29 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
8
:
4
3
 
2
8
 
J
a
n
u
a
r
y
 
2
0
1
1



246 E. G. MATA 

2.9. Dioxiranes 

In few years since it was first reported?3 dioxiranes have become one of the 
most widely used methods for the selective oxidation of sulfides to sulfox- 

They show several desirable characteristics: mild reaction conditions, 
high yields, no sulfone formation and simple work-up, among others. Dimeth- 
yldioxirane (DMDO) (18) and trifluoromethyl-methyl dioxirane (TMDO) (19) 
are the most common dioxiranes (Scheme 30)?4 Dimethyldioxirane is obtained 
simply in acetone solution by distilling it from a mixture of Oxone@ and acetone 
at pH 7.4.98 

According to recent studies, DMDO is more selective on sulfoxide synthesis 
than TMDO, since the latter is a stronger oxidant and can oxidize both sulfides 
and su l f~x ides .~~  

2.10. Other Oxygen lkansfer Oxidants 

Oxaziridines are also a newly developed type of sulfide oxidant with particular 
interest in the area of asymmetric synthesis of sulfoxides (see Section 4.2). 

In 1988, F.A. Davis'00 described the chemoselective catalytic oxidation of 
aliphatic and aromatic sulfides to sulfoxides using N-sulfonyloxaziridines (20) 
and buffered Oxone@ as stoichiometric oxidant. Sulfoxides were obtained in 
very high yields; even in large excess of 20 overoxidation was extremely slow 
(Scheme 3 1).'O0 The catalytic cycle involves the continuous regeneration of the 
oxidizing species 20 by the Oxone@. 

More recently, perfluoro-cis-2,3-dialkyloxaziridines such as 21,"' have been 
used for stoichiometric oxidation of sulfides to sulfoxides. These reagents have 
strong oxidizing power since oxygen transfer is increased by effect of the 
electron-withdrawing ability of fluorine atoms. Yields were above 90% if one 
equivalent of 21 was used. Excess of reagent led to sulfone formation (Scheme 
321.''' 

Mexy 18 
Me 0 

cF3xy 19 
Me 0 

0 
II 

DMDO (18) 
acetone, r.t. 

yield= 98% 

SCHEME 30 
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0 

20 

Oxone@ (1.5 equiv.), buffer pH=8.5 
20 (0.2 equiv.), CH2CI2, 25°C 

P hS02N L'C H P hpN02 

0 
I I  

S c P 8 ' M e  Ph' 'Me 
yield= 95% 

SCHEME 31 

U - 

CF3CH20H 21 a or D atn 
L , , e 2  

C FC 13 

yield= 92% 
LNMe2 

SCHEME 32 

Another kind of oxaziridine. dihydroisoquinolin-derived oxaziridium salt (22) 
(Figure 2),'02 has also been used for sulfoxidation of sulfides. This oxaziridine 
was prepared in situ by the reaction of buffered Oxone@ with the corresponding 
iminium salt. 

On the other hand, Mo(V1) peroxopolyoxo complexes such as tetrahexylam- 
monium tetrakis(diperoxomo1ybdo)phosphate (23),lo3,'04 cetylpyridium tetrakis- 
(diperoxomolybdo)phosphate'05~106 and others,'" have been reported to perform 
the oxidation of some aryl methyl sulfides to the corresponding sulfoxides in 
high yields (Scheme 33).'03 In each case the complex was prepared by treating 
the corresponding salt of 12-molybdophosphoric acid with aqueous hydrogen 
peroxide. 

22 
FIGURE 2 
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Oxo(phosphine)ruthenium (IV) complexes"* were also reported to oxidize 
cleanly sulfides to sulfoxides. 

A rather different kind of oxidizing system was reported by Kim:109 
2-nitrobenzenesulfinyl chloride and potassium superoxide. The active species 
was the in situ generated sulfinylperoxy intermediate (24). Several aryl alkyl, 
aryl benzyl and dibenzyl sulfides were oxidized under these conditions to the 
corresponding sulfoxides in very high yields (Scheme 34).'09 

2.11. Other Oxidizing Agents 

2.11.1. Organoselenium Reagents 

Benzyl selenoxide"' and @-methoxypheny1)selenoxide" ' in acetic acid as sol- 
vent, have been used for the sulfoxidation of different sulfides. Recently, Rayner 
reported a mild and selective sulfoxidation using the selenoxide-sulfonic acid 
system. This combination allowed the use of more practical solvents such as 
dichloromethane (Scheme 35).'12*113 

2.11.2. Znorganic Peroxyacids and Salts 

Oxone@ is a stable form of potassium hydrogen persulfate, containing also 
potassium hydrogen sulfate and potassium sulfate. This oxidizing agent was first 
reported for the oxidation of sulfides to s~lfones."~ Later studies showed the 
possibility of using Oxone@ for the selective oxidation to sulfoxides under 
controlled conditions. Thus, diarylsulfides yielded predominantly diarylsulfox- 
ides in a phase transfer controlled oxidation by Oxone@ (Tetrabutylammonium 

R'=Ph ,pMePh,pCIPh, CHsCN, -25OC yields= 91 - 94% 
pBrPh,Bn,etc. 
R"=Me,Et,Bn 

SCHEME 34 
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CH2C12, r.t. yield= 94% 

SCHEME 35 

bromide, water/CH,Cl, as ~olvent) ."~ In 1990 Quallich116 reported the selective 
oxidation of sulfides to sulfoxides using 1.2 equiv. of OxoneB in watedacetone. 
However, Webb"' described more refently the sulfoxidation of various sulfides 
by 0.65 equiv. of Oxone@ in 12.5% aqueous acetone, buffered to pH 8, with 
modest to excellent yields (Scheme 36)."' In this case, an in siru generation of 
dimethyldioxirane was believed to be involved (see above). Using 1.3 equiv. of 
Oxone@ and room temperature, the corresponding sulfones were obtained in 
high yields. 

The use of the system OxoneB-wet alumina is another variety reported for 
this kind of sulfide oxidation. Under stoichiomeuic control (1 equiv. of OxoneB) 
sulfoxides were exclusively obtained. Excess of oxidant yielded the sulfones 
(Scheme 37)."* 

Sodium perborate oxidation, developed by M c K i l l ~ p , " ~ * ' ~ ~  is one of the best 
known methods for the selective sulfoxidation of sulfides. This method has been 
used with a wide variety of substrates,'2'*'22 and in some cases, such as the 
selective oxidation of the N,N-dimethyl- 1 -(2-ethylthiophenyl)ethylamine (25), it 
showed to be better than several other oxidants (Scheme 38).'23 

Although permanganate salts are generally used for sulfone synthesis, barium 
permanganate [Ba(MnO,),] in refluxing acetonitrile has been reported for the 
mild and selective oxidation of sulfides to sulfoxides with modest to high 
~ i e 1 d s . I ~ ~  Zinc bismuthate [Zn(BiO,),] has also been employed for the sulfoxi- 
dation of ~u1fides . l~~ 

0 - 
S 0.65 equiv. Oxone' k 

Ph' 'CH2C02H 12.5% aq. acetone Ph' 'CH2COzH 
pH 8 (Na2C03) yield= 99% 

OOC, 5 rnin 

SCHEME 36 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
8
:
4
3
 
2
8
 
J
a
n
u
a
r
y
 
2
0
1
1



250 E. G. MATA 

Oxone" (1 equiv.) 5) 
PhO"R Ah%, CH2CI2 reflux, 1-3 h PhRS'R 

yields= 56 - 96% R=Me,CH2CI,CH2C02Me, 
CH2CH2COMe,etc. 

SCHEME 37 

25 0 26 
yield= 90% 

SCHEME 38 

2.12. Photochemical Oxidation 

Photooxidation of organic sulfides has been extensively studied under a variety 
of conditions. Direct photooxidation in the presence of oxygen has been de- 
scribed for some aliphatic and aromatic  sulfide^.'^^'^^^ 

Recently, Bhalerao reported the efficient and selective photooxidation of sev- 
eral sulfides to sulfoxides under 1,4-dimethoxynaphthalene (DMN) sensitiza- 
tion. This reaction is carried out through an electron transfer mechanism without 
involving singlet oxygen (Scheme 39).12' The sulfide radical cation (28) is gen- 
erated by a one-electron transfer from the sulfide to the DMN radical cation 
(27), the former reacting with the oxygen radical anion to form the zwitterion 
(29). Finally the bimolecular reaction with a sulfide renders two molecules of 
sulfoxide (Scheme 40).12' 

Excellent results have also been obtained using tetranitromethane (TNM) as 
electron acceptor in photooxidation of  sulfide^.'^' Various aryl alkyl, dialkyl, 
diary1 and dibenzyl sulfoxides were obtained in good to excellent yields. Over- 
oxidation to sulfones did not occur even in excess of TNM and prolonged 
photooxidation (Scheme 41).12' 

0 hu, DMN II 
R' AR" 

oxygenated CH3CN, 4-6 h R'+T 
yields= 06 - 89% R'=t-Bu,nBu,Ph,Bn 

R"=t-Bu,nBu,Ph,Bn, 

SCHEME 39 
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DMN+' + 02-' 0 2  DMN DMN' 
polar solvent) 27 

DMN+' + R2S ) DMN + R#+' 
27 28 

R2S+' + 0;' - [ R2S~O-O--R+=Ot0-] - R2S 2 R2S=0 
28 29 

SCHEME 40 

0 
I I  

PhO S 'Me hu, TNM - PhO"Me 
CHzCI,, 6-8 h 

yield= 92% 
SCHEME 41 

Photooxygenation of substituted diphenyl sulfides on irradiated titanium di- 
oxide (TiO,) powders suspended in oxygenated acetonitrile, afforded the corre- 
sponding sulfoxides in good yields (73-95%).130.'31 However, dibenzyl sulfides 
suffered C-S cleavage under similar conditions. This Ti02-photocatalyzed reac- 
tion is initiated by the formation of a surface bound radical cation generated by 
interfacial electron transfer. The photogenerated hole, located at the surface of 
the irradiated semiconductor, is trapped by an adsorbed sulfide yielding the 
adsorbed sulfide radical cation.13' 

Photooxidation involving singlet oxygen has been reported using different 
sensitizers such as rose bengal,'32-'34 tetraphenylphosphine (TPP), 132-' 34 meth- 
ylene blue (MB), or 10-methylphenothiazine (MPT).'35 The proposed mecha- 
nism involves also the zwitterion 29 (see Scheme 40).136.137 Foote has also 
reported the synglet oxygen photooxidation of thiirane~,'~' but only alkyl thi- 
iranes in non-nucleophilic solvents gave thiirane oxides as main product. 

Recently, Scarpati el al. described an indirect way to obtain sulfoxides by 
photooxidation. Oxidation of 2-methoxyfurans (30) by methylene blue sensi- 
tized photooxidation afforded a strong oxidant (31) which concomitantly oxi- 
dized sulfides to sulfoxides in high yields (Scheme 42).'39 

2.13. Electrochemical Oxidation 

Electrochemical oxidation of sulfides to sulfoxides has obtained the best results 
using bromide salts as electrolytes. 140.'J1 Sawaki IJ2  reported that the electrooxi- 
dation of 4@-chlorophenyl)thiane (32) in aqueous organic solvent gave pre- 
dominantly the trans sulfoxide using tetrabutylammonium bromide as electrolyte 
(Scheme 43).14, 
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I 30 

SCHEME 42 

R=pCIPh ratio cis-trans, 9:91 
yield 2 80% 

SCHEME 43 

It appears that the electrolysis of 32 in the presence of sulfuric acid gave 
preference to the cis-isomer (ratio cis-trans, 67 : 33). 

3. DIASTEREOSELECTIVE OXIDATION 

In recent years, there has been a variety of reports concerning the diastereose- 
lective oxidation of sulfides to sulfoxides. Steric hindrance or participation of 
neighboring groups are often involved in this selectivity. 

Proximal hydroxy groups have shown to play an important role in promoting 
the complete stereoselectivity of sulfide 0xidati0n.l~~ It has been extensively 
studied in the case of l0-mercapto-2-exo-hydroxybornyl derivatives, since the 
corresponding sulfoxides have received a great deal of interest in asymmetric 
Diels Adler  reaction^'^"^^ and Michael  addition^.'^"'^^ 

Thus, vinyl sulfoxides such as the (1s) 10-mercaptoisoborneol derivative (35) 
was obtained with high diastereoselectivity by rn-chloroperbenzoic acid 
(MCPBA) oxidation in CH,Cl, at 0°C (Scheme 44).14 This specificity was 
attributed to the incipient hydrogen bonding between the substrate hydroxy 
group and the percarboxylic acid. Solvents like acetone or methanol decreased 
diastereoselectivity by competing for hydrogen bond formation. 
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&OH 

s, 34 
X 

MCPBA - 
CH2C12, O°C 

XPP hSO2- (R) (9:1) 

MeS02- yield= 74% 

SCHEME 44 

Later, Annunziata et al. 149 improved the diastereoselectivity by lowering the 
reaction temperature (-78°C) obtaining only one diastereoisomer in 90% yield. 
The corresponding acetoxy derivative was also oxidized to give only a 65:35 
mixture of the epimers, pointing to the role of the hydroxy group in promoting 
diastereoselectivity. Related substrates have been investigated by Koi- 

Aryl sulfides containing enantiomerically pure 4-hydroxymethyl substituted 
oxazolidines (36) gave sulfoxides with good levels of diastereocontrol using 
MCPBA or TBHP/Ti(OiPr),'54 (Scheme 45). 

It is noteworthy that related aryl sulfides such as 26 (see Scheme 38) were 
obtained with up to 78% de. In the case of 36, hydroxy-directing effect contrib- 
utes greatly on selectivity. 

MCBPA and TBHP/Ti(OiPr), were reported for the diastereoselective oxida- 
tion of 2,bdisubstituted thiaz01idines.l~~ MCBPA has also been used in other 
hydroxy-delivered  oxidation^.'^^.'^' Ozone is another oxidant which has been 
described for the highly diastereoselective oxidation of cyclohexenyl methyl 
sulfides containing a proximal hydroxy group.'58 

and Ridley. 14' 
zumi 145.150-153 

MCPBA 96 : 4 (76%) 
TBHPTTi(OPr)4 97 : 3 (41%) 

SCHEME 45 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
8
:
4
3
 
2
8
 
J
a
n
u
a
r
y
 
2
0
1
1



254 E. G. MATA 

A directing effect has also been noted in the case of a neighboring amido 
proton. Glass159 reported a very high diastereoselectivity for the dimethyldiox- 
irane oxidation of 1,2-dithiolan-3-ones bearing an amide group at position 4 
(39). The highest diastereoselectivity (trans-cis, 18: 1) was achieved at -78°C 
(Scheme 46).159 

In contrast, similar studies about the oxidation of 3-substituted thietanesla 
gave only modest diastereoselectivity. 

The area of p-lactam compounds, especially penicillins and cephalosporins, is 
full of examples of diastereoselective oxidation of sulfides. The amide-directed 
effect on the oxidation of 6-acetamidopenicillin derivatives (i.e.: Penicillin V 
(41)) led exclusively to the corresponding p-sulfoxide (S) (42), using different 

(Scheme 47).16' Similar results were reported in the case of 
cephalosporins. 161*8+70 

Several 6-halopenicillin derivatives have been oxidized by dimethyldioxirane 
(DMDO) with complete stereocontrol; only one of the corresponding diatereoi- 
someric sulfoxides was obtained in each case. Steric effects were mainly respon- 
sible for this selectivity (Scheme 48).'63 

A remarkably high diastereoselectivity has been reported on the use of ?err- 
butyl hypochlorite (t-BuOC1) as diastereoselective oxidant for simple acyclic 
sulfides (43).la Interestingly, for aryl sulfides like 43, t-BuOC1 was by far the 
best diastereoselective oxidant, while MCPBA and NalO, gave the opposite 
diastereoisomer and modest selectivity (Scheme 49).Ia 

In contrast, t-BuOC1 and MCPBA have demonstrated poor diastereoselectiv- 
ity for the oxidation of N-arylthio- and N-alkylthioderivatives of Evans oxazo- 
1idin0nes.I~~ 

The combination of MoO,(acac),/TBHP has been reported for the oxidation 
of cyclic and open-chain sulfides derived from lactic acid and 3-hydroxybutiric 
acid. Diastereoselectivity and yields were only modest.'& 

oxidants7. 161,162 

R= NHAc 40a 40b 
NHCbz ratio trans-cis, 18:l 
NHBz 

SCHEME 46 
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H H n 
I 

PhOCHzCOk 
HZOZ 

0 Ey, CHZCI, * 

42 60zH 41 COzH 
yield= 90% 

SCHEME 47 

0 F H  F H ?  
DMDO (0.08M in acetone) B r p y ,  

, CHzCIz, r.t. 

kOpBn 
yield= quantitative 

SCHEME 48 

4. ENANTIOSELECTIVE OXIDATION 

Enantiomerically pure sulfoxides are increasingly used as chiral synthons and 
are now among the most important intermediates for enantioselective carbon- 
carbon bond formation. Being the most useful and promising method for the 
preparation of enantiomerically pure sulfoxides, asymmetric oxidation continues 
to attract a great deal of attention within the organic chemistry community. 

There are two main methods used for this asymmetric oxidation, those based 
on modified Sharpless asymmetric epoxidation conditions and those based on 
chiral oxaziridines. The metallo(sa1en) complexes- and metallo porphyrin- 
catalyzed oxidations are among the other methods developed in recent years for 
the enantioselective oxidation of sulfides. 

~-BUOCI /CH~CI~ , -~~"C 98 : 2 
MCPBA/CHzCI~,-78"C 30 : 70 
NalO4/dioxane-HZO,r.t. 23 : 77 

SCHEME 49 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
8
:
4
3
 
2
8
 
J
a
n
u
a
r
y
 
2
0
1
1



256 E. G. MATA 

0 s TBHP 
R1 ’ ‘R2 TI(OBr),/(+)-DET/H,O = 1 2 1 -  

CH& -2OOC 
TABLE I Asymmetric oxidation of aryl akyl and dialkyl sulfides by TBHP and Ti(OiPr),,/(+)- 
DET/H20.176.177 

E n i p  R‘ R2 yield( %J ee(%J 

1 p-tolyl methyl 90 89 
2 o-anisyl methyl 70 84 
3 p-anisyl methyl 58 86 
4 l-naphthyl methyl 98 89 
5 2-naphthyl methyl 88 90 
6 p-tolyl ethyl 71 74 
7 p-tolyl n-butyl 15 20 

9 t-butyl methyl 72 53 
10 n-octyl methyl 17  53 
11 cyclohexyl n-butyl 67 54 

8 2-naphthyl n-propyl 78 24 

12 methyl C H C 0 M e 84 63 

4.1. Modified Sharpless Methodology 

Modification of the Sharpless epoxidation procedure was first reported indepen- 
dently by K a g a r ~ ’ ~ ~  and Modena.”’ 

Kagan ‘67-177 discovered by serendipity that deactivated Sharpless reagent was 
excellent to promote asymmetric oxidation of sulfides to sulfoxides. Thus, tert- 
butyl hydroperoxide (TBHP) (1.1 equiv.) and titanium tetraisopropoxide [Ti(O- 
iPr),]-diethyltartrate (DET)-water (1 : 2 : 1) reagent, in dichloromethane, at 
-20°C afforded sulfoxides in good yields and with an enantiomeric excess (ee) 
often in the range of 80-90%. In Table I are summarized the results obtained by 
Kagan. 

High enantioselectivity (80-90%) was obtained for aryl methyl sulfides (En- 
tries 1-5). Bulky alkyl groups decreased ee’s (Entries 6-8). Dialkylsulfides led 
to optically active sulfoxides with lower enantiomeric excess (<60%) (Entries 

A further improvement was obtained when cumene hydroperoxide (CHP) was 
used instead of TBHP. Asymmetric induction was significantly increased for all 
the reactions and the use of CHP allowed to reduce the amount of Ti complex to 
0.2 mol equiv. (Scheme 50).’78*’79 

9-12). 
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@j- Ti(ORr)41(+)-DET/H20 = 1 :2:1 (' 
Me CKCI,. -23OC Me 

TBHP= 74% ee 
CHPa 93%ee 

SCHEME 50 

More recently, Kaganl8O has described very well defined experimental condi- 
tions for the preparation of the titanium complex, which are needed to ensure 
reproducibility. It is noteworthy that the same author has also reported that 
further enrichment of optically active sulfoxides can be achieved by preparative 
flash chromatography.I8I 

While the mechanism of this asymmetric oxidation of sulfides by water- 
modified Ti reagent remains a matter of debate, prediction of the absolute con- 
figuration of the sulfoxide is well established. Being the large group (L) an 
aromatic ring and the small group (S) an alkyl group, sulfoxides have R con- 
figuration when (+) DET is used (Scheme 51).17' 

Figure 3176 shows a tentative model for this asymmetric oxidation, assuming 
that the reaction goes through a bititanium species and that tartrate acts as a 
tridentate ligand. 

1,3-Dithiane 1-oxide derivatives (47) serve as chiral acyl anions equivalent 
for the enantioselective synthesis of a wide range of products.I8' During the 
development of an efficient synthesis of optically pure 47, Page183-187 found that 
2-acyl- 1.3-dithianes (45) undergo Kagan's sulfoxidation with a higher enantio- 
selectivity than simple 2-alkyl dithianes. Steric differentiation between the two 
groups attached to the sulfur atom and the effect of the presence of a polar group 
within the molecule may be the cause of this impr~vement."~ After sulfoxida- 
tion, the acyl group can be eliminated cleanly with NaOH to afford the desired 
1,3-dithiane I-oxide (47) (Scheme 52).183 

Kagan's reagent has also been used for the asymmetric oxidation of aryl 
ferrocenyl sulfides to reach the corresponding sulfoxides in very high enantio- 
selectivity (>99% ee), as long as the aryl groups were devoid of electron- 
withdrawing groups (Scheme 53).188 

In a similar approach, Thomas et af. have described the oxidation of meth- 
ylthio substituted tricarbonyl(q6-arene)chromium(0) complexes under Kagan's 
conditions giving the corresponding sulfoxides in 90-95% ee. The reaction con- 
ditions were ineffective for other alkylthio and arylthio substituents (Scheme 
54). 189.1 90 
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SCHEME 51 

H 

R 

FIGURE 3 

0 , o  ? 0 
/(+)-DETM20 t-BuOOH, Ti(OPr), = 1:2:1 -ct46 ' Rd[ R NaOH ~ CYR 

CHzClp, -20°C 
45 anti (major) 47 

up to 97% 09 

SCHEME 52 

Contemporaneous with Kagan's work, Modena et a/. 191-199 described the 
asymmetric oxidation of sulfides using several Ti complexes [(Ti(OPr),, VO(0- 
 PI-)^, MoO,(acac),] with a larger excess of DET (4 eq. molar) and without 
adding water. The best results were found when Ti(OiPr), was used (Scheme 

Modena also noted that for asymmetric oxidation of S-methyl P-hydroxysul- 
fides, protection of the hydroxy group improved yields and enantioselectivity. 195 

55).'9' 
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SCHEME 54 

yield= 60 - 73% 
99s 90 - 95% 

0 
S 1-BuWH (2 eq.) II 

R'/ 'R" Ti(OrPr), (1 eq.), (+)-DET (4 e; Ro/S\R#e 
R'=Ph,pMePh, dichloroethane, -20°C yie,d= 99% 

R"=Me,f-Bu, 
pCIPh,Bn ee= 34 - 88% 

CH2CH2O H 
SCHEME 55 

In a modification of Kagan's procedure, Uemura ef u1.200*201 have reported the 
use of R( +)-binaphthol instead of diethyltartrate as the chiral source. The high- 
est enantioselectivities (up to 96% ee) were obtained with TBHP at 25°C and 2 
mol% of the catalyst (Scheme 56).'0° All the sulfoxides obtained had the R 
configuration. 

As in the case of Kagan's reagent, 0.5 to 3.0 eq. of water was necessary, not 
only to produce an effective catalyst but also to maintain the catalyst activity of 
the Ti-binaphthol complex for longer time. Interestingly, mechanistic studies 
revealed that the initial asymmetric oxidation (-50% ee) is followed by a se- 
lective sulfoxide oxidation, resulting in an enhancement of the ee's values 
around 8496% (Scheme 57).201 Consequently, the complex Ti(OiPr),- 
binaphthol catalyzes not only the asymmetric oxidation of sulfides but also the 
kinetic resolution of sulfoxides. 

Choudary et al. have also adapted Kagan's methodology using titanium cata- 
lysts supported on A1,0,, SiO,, ZrO, and montmorillonite. Thus, high enantio- 
selectivity has been achieved using montmorillonite KlO as solid 

-G. ,o 
'**S 

OH R ( + )  

Me /'\A, *Me' 'Ar 
Ti(ORr)4 (0.1 eq.), H20 (2 eq.) yield= 32 - 88% 

ee= UP to 96% 
SCHEME 56 
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9 
S* S Asymmetric oxidation 

* Me0 'Ar Me' 'Ar 

ca. 50% ee 

Kinetic resolution 

$? 
S* Me0 'Ar 

up to 96% ee 
SCHEME 57 

4.2. Chiral Oxaziridines 

An important class of synthetically useful stoichiometric chiral sulfide oxidizing 
reagents are the N-sulfamyloxaziridines and N-sulfonyloxaziridines, which have 
been developed by D a ~ i s . ~ ' ~ - ~ "  

Chiral 2-sulfamyloxaziridines (48) afforded high asymmetric oxidation of 
nonfunctionalized sulfides to sulfoxides (53-91 % ee) (Scheme 58).205 Enanti- 
oselectivities were comparable to those using Kagan's methodology. 

The rate of oxygen transfer by the oxaziridine was slower when bulky andor 
electron-donating substituents were attached to the nitrogen and carbon atoms of 
the oxaziridine ring.205 

Many N-sulfonyloxaziridines have been developed in recent years. Thus, the 
first report for the asymmetric sulfide oxidation was the (10-camphorsulfony- 
1)oxaziridine (49) (Figure 4), but the levels of enantioselectivity were only mod- 
est (1 340% ee).203*2" 

Later, oxaziridines like (+) (2R,8aS)-(camphorylsulfonyl)oxaziridine 
(50),206*207 (2,2-dichlorocamphorylsulfonyl)oxaziridine (S1),21 (3-oxocamphor- 
ylsulfony1)oxaziridine (52)212 and related lactone 53213*2'4 were developed (Fig- 
ure 5 ) .  The ee's were at best only modest (5-74%). 

The best result up to date for the asymmetric oxidation of sulfides was ob- 
tained with N-(phenylsulfonyl)(3,3-dichlorocamphoryl)oxaziridine (54) (Figure 
5).208v209 This reagent was very efficient for the enantioselective oxidation of 
alkyl aryl sulfides, functionalized sulfides and for rert-butyl methyl and rerr- 
butyl benzyl sulfides. The corresponding sulfoxides were obtained in very high 
and predictable stereoselectivities (66->95% ee). In most cases ee's values 
were higher than using Kagan's reagent. 

Likewise other oxaziridines, steric effects are primarily responsible for the 
enantiofacial recognition. Thus, high ee's (>90%) were observed when the dif- 
ference in size of groups bonded to the sulfur was large, i.e., r-Bu vs. methyl, 
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0 
"AAr Ar= a) 2-chlorod-nitro 

b) 3,5-dinitro 
c) pentafluorophenyl 

H 

J 48 
Ph 

SCHEME 58 

Ar 

(S,S)( 1 O-camphorsulfony1)oxazi ridine 

FIGURE 4 

FIGURE 5 

benzyl, etc. (entries 7 and 8, Table II), meanwhile similar size in both substitu- 
ents gave poor selectivity (entry 9). However, high ee's in non polar solvents for 
aryl alkyl sulfides suggest that also a stereoelectronic component is contributing 
to the process. 

A different kind of oxaziridines, chiral N-phosphinoyloxaziridines, have also 
been shown to produce asymmetry in sulfide oxidation.215 Both diastereoiso- 
meric N-phosphinoyloxaziridines 55a (configuration RCRNRP) and 55b (config. 
S,S,R,) (Scheme 59)2'5 converted sulfides into chiral sulfoxides at 0-20°C with 
little or no sulfone formation. In all cases, enantioselectivity was moderate and 
the opposite configuration of the sulfoxide was obtained with each diastereoiso- 
mer. Having both diastereoisomers the same configuration at the phosphorus 
atom, these results indicate, against any prediction, that the rather bulky mesityl- 
phenylphosphinoyl group is not relevant for chiral recognition. 
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262 E. G. MATA 

TABLE I1 Asymmetric oxidation of sulfides to sulfoxides by N-(phenylsulfonyl)(3,3- 
dichlorocamphory1)oxaziridine (-) 54, in CC14 at 2OoC.*O9 

Entp Sulfoxide %ee(conjig.) yield 

1 p-MePh-S(0)-Me >95 (9 95% 
2 p-MeOPh-S(0)-Me 80 (9 74% 
3 p-MePh-S(0)-CH,Ph 94 (S) 94% 

4 92 (9 90% 

5 95 (9 60% 

6 94 (9 60% 

Me-S(0)-CMe, 94 (9 84% 
8 PhCH,-S(0)-CMe, 91 (9 80% 
7 

9 Me-S(0)-(CH,),CH, 13 (9 94% 

550 55b 

s. nBu Oe ,nBu 

4333 
!5Sn = 69% yield (45% ee, R) 
55b = 70% yield (S) 

SCHEME 59 

In terms of selectivity and efficiency, Davis’ and Kagan’s asymmetric sulfoxi- 
dation procedures seem to be complementary. Direct comparison of the oxida- 
tion of 2,3-epoxy showed that Davis’ reagent gave good selectivity 
when phenyl epoxy sulfide was used as substrate, while Kagan’s method was 
better for the methyl epoxy sulfide. In another comparative study, Davis’ ox- 
aziridines proved to be clearly superior for the asymmetric oxidation of aryl and 
alkyl 2-(mmethylsilyl)ethyl sulfides?17 however, it must be mentioned that 
simple methyl and ethyl substituents at the sulfur atom were not included in this 
comparison. 
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SYNTHESIS OF SULFOXIDES FROM SULFIDES 263 

Recently, Page et u1.218*219 have reported a new system for the asymmetric 
oxidation of dialkyl sulfides using hydrogen peroxide and catalytic sulfo- 
nylimines. The highest enantioselectivities (from 40 to 98% ee) were obtained 
using the oxocamphorsulfonylimine acetal (56) (Scheme 60).219 

Addition of hydrogen peroxide to the sulfonylimine (56) in basic conditions 
produces a highly reactive hydroperoxyamine (57) that transfers oxygen to the 
sulfide in an enantioselective manner. The catalytic cycle restarts when the sul- 
fonylimine (56) is regenerated by dehydration of hydroxyamine (58) (Scheme 
61).219 Formation in situ of Davis’ oxaziridine (59) is possible, but authors rule 
out 59 as the oxidizing species because the stereochemical outcome is opposite 
to that observed using directly Davis’ oxaziridine. 

4.3. Metallo(sa1en)-Catalyzed Oxidation 

Chiral disalicylaldehyde ethylenimine (salen) Ti and V complexes have been 
used as catalysts for enantioselective sulfide oxidation. 

In 1986, Fujita reported the asymmetric oxidation of aryl methyl sulfides by 
hydroperoxides (THBP and CHP) with optically active (salen)oxovanadium(IV) 
complexes as catalysts.220*221 The best result was obtained with complex 60, 
giving (5‘)-sulfoxides in optical yields that ranged from 7 to 40% ee. Fujita has 
also developed a binuclear (salen)titanium(IV) complex (61)222*223 which was 
used to catalyze asymmetric oxidation of methyl phenyl sulfide by trityl hydro- 
peroxide in methanol at 0°C. The methyl phenyl (R)-sulfoxide was obtained in 
very high yields and 60% ee (Scheme 62).223 

The related N-salicyldene-L-aminoacids(sa1-L-aa) titanium(1V) complexes 
have also been used in combination. with r-butyl hydroperoxide to obtain sulfox- 
ides in ee’s up to 21%.224 

(1 eq.), 4 eq. H2Q/H20 0 

0 

yield= 
quantitative 

4 eq. DBU, CH2C12, -2OOC 
F k  alkyl, phenyl 

88= 40 - 98% 
SCHEME 60 
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60 

Trityl hydroperoxide (2 eq.), 

MeOH, 0°C 
MeNS\ph (R,R)-61 (10 md%) 

yield= 98% 
88s 60% 

SCHEME 62 

Taking into account the clear homology between epoxidation and sulfide oxi- 
dation, Jacobsen et al. have reported the asymmetric oxidation of sulfide with 
H202 catalyzed by the chiral (sa1en)manganese complex (62) (Figure 6),225 

FIGURE. 6 
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Phi0 (1 eq.), "\ ,,+O 
S 

Ar / 'Me (8S,8'S,l"S,2S)-63 (0.01 eq.) DAr/S:Me 
CHaCN. 1 h yield ee 

Ar=o-NO,Ph 51% 90% 
Ar=o-Br<h 74% 88% 
Ar=pMeOPh 45% 40% 

SCHEME 64 

which had been previously used with great success in epoxidation of conjugated 
olefins. 

Unbuffered hydrogen peroxide oxidation of aryl sulfides, catalyzed by 2-3 
mol% of 62 in acetonitrile, rendered the corresponding sulfoxides with high 
yield and moderate enantioselectivity (Scheme 63).225 

It was not surprising to observe that ligand characteristics for increasing enan- 
tioselectivity in sulfide oxidation were similar to those for optimal selectivity in 
epoxidation,2'6 i.e., the presence of bulky substituents on 3.3' and 5 3 '  positions 
of 62 favored substrate approach closer to the disymmetric diimine affecting 
selectivity. 

In 1994, Katsuki et al. reported the asymmetric synthesis of chiral sulfoxides 
using different (salen)manganese(III) c ~ r n p l e x e s . ' ~ ~ - ~ ~ ~  They found that com- 
plex 63 showed high asymmetric induction up to 90% ee (Scheme 64).227 Un- 
like Jacobsen's work,"' iodosylbenzene was the best oxidant in all cases. 

Aryl substituents bearing electron-withdrawing groups showed higher enan- 
tioselectivity than those bearing electron-donating groups; Katsuki et al. sug- 
gested that the reaction proceeded via a charge transfer complex. 

'\ ,,.' 
S" H202,( R,R)-62 (2-3 molo/o) 

CH3CN R' 'Ar 
R=Me,CBu, yields 84 - 95% 
cyclopropyl W= 34 - 68% 

SCHEME 63 
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More recently, the asymmetric oxidation of sulfides with molecular oxygen 
and catalyzed by other Mn(II1) complexes, the p-0x0 aldiminato Mn(1II) com- 
plexes (i.e.: 64, R = 2,4,6-trimethylphenyl), was informed by Mukaiyama et 
~ 1 . ~ ~ ’  They found that addition of a sacrificial aldehyde bearing a bulky alkyl 
group, such as r-butyl, can improve optical purity (Scheme 65).230 

It should be noted that the opposite absolute configuration (5‘) was obtained 
when N-methylimidazole was added. These results were in agreement with those 
obtained for the asymmetric epoxidation of olefins by a similar procedure.231 

4.4. Metallo Porphyrin-Catalyzed Oxidation 

Synthetic chiral porphyrins as cytochrome P-450 models have been reported to 
catalyze enantioselective sulfide o ~ i d a t i o n s . ~ ~ ~ - ~ ~ l  

In 1990, Groves and Viski described the synthesis and applicability of chiral 
binaphthyl chloroiron(II1) porphyrin complex (65-Fe”C1) (Figure 7).236 

This binaphthyl-bridged metalloporphyrin exhibited strong asymmetric inter- 
action with substrates and robustness to endure the course of catalytic oxygen- 
ation. Unfortunately, good results in terms of enantioselectivity in epoxidation 
and hydroxylation were not followed by similar results in sulfoxidation, since 
aryl methyl (R)-sulfoxides were obtained with only 1 4 4 3 %  ee. Iodosylbenzene 
was used as stoichiometric oxidant (Scheme 66).236 

In a related work Naruta and Maruyama237*238 have reported the obtention of 
chiral sulfoxides in moderate to good enantioselectivities by iodosylbenzene as 
oxidant with “twin coronet” porphyrins (66) as catalyst, in the presence of 
1-methylimidazole (Scheme 67).237 

These “twin coronet” porphyrins bear chiral binaphthalene moieties rigidly 
linked to both faces of the porphyrin ring to form chiral substrate binding sites. 
The addition of 1-methylimidazole as an axial ligand, remarkably increased 
stereoselectivity, probably due to changes on porphyrin structure in the vicinity 

64 

Me s. 
64 (S,S)-p-oxo aldiminato Mn“’ (cat.) 

D 

mpjuunu, I a1111 u2 , I.L. 
yield ee 

X-Br 93% 70% 
X-CI 72% 72% 

SCHEME 65 
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FIGURE 7 

PhlO, 65-Fe'11CI (cat.) '\ .p0 
Ar CH2C12,O"C )ArOS'Me 
Ar= Ph, OBrPh, yield= 67 - 00% 

pBrPh, ee= 14- 48% 
pMeOPh 

SCHEME 66 

66 

. .  

PhlO, 66 (cat.) 
c 

X 1 -methylimidazole, CH,CI, 

SCHEME 67 

X 
ee= 17 - 73% 

of the iron. Alike other asymmetric oxidants, steric hindrance around the sulfur 
atom rather than the electronic character of the substituents is dominant for the 
enantiofacial recognition. 
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268 E. G. MATA 

In 1992. Inoue239.240 reported the oxidation of aryl methyl sulfides by iodo- 
sylbenzene using a C,-chiral 1,4-xylylene-strapped chloroiron porphyrin com- 
plex (67-Fe'I'Cl) as catalyst, yielding the corresponding sulfoxides in 18-7 1 % 
ee. Porphyrin moiety has no chiral substituents but diastereotopic faces due to 
the strap (Scheme 68).239 

The effect of increasing selectivity by adding imidazole as axial ligand was 
also observed. It was speculated that imidazole may block the unstrapped face of 
the porphyrin leaving only the most sterically demanding face available for the 
oxygen transfer reaction. 

In the other hand, Halterman er al. used catalytic amounts of a D4- 
symmetrical chloromanganese tetra(dimethanoanthraceny1)porphyrin complex 
(68) (Figure for the iodosylbenzene oxidation of aryl alkyl sulfides. Good 
chemical yields were obtained and enantioselectivities ranged from 40 to 68% 
ee. 

4.5. Miscellaneous Asymmetric Oxidation 

Chiral flavins have also been described to obtain chiral s~lfoxides.~' N(5) -  
Ethylflavinium derivative (69) was reported as an asymmetric catalyst for the 
oxidation of methyl aryl sulfides in the presence of hydrogen peroxide. The 
degree of enantioselectivity ranged from modest to good ( 1 9 4 5 %  ee). In fact, 
the oxidizing species is the hydroperoxyflavin (70) which is regenerated by the 

67, Strap= -NHCH2C8H,CH2NH- 

PhlO, (+) 67-Fe"lCI (cat.) 

irnidazole, CH2C12 

yield= 6870 
ee= 43% 

SCHEME 68 
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hydrogen peroxide (Scheme 69).” The stereoselectivity obtained can be ex- 
plained by the planar chirality of 69, which is maintained during the oxygen- 
ation cycle. 

In an original approach, Adam242 opened up a new route for asymmetric 
sulfoxidations, i.e., the use of metal-coordinated sulfides. The prochiral sulfide 
was first coordinated to an optically pure ruthenium complex fragment (72), and 
then oxidized by dimethyldi~xirane.”~ Oxidation of the coordinated sulfides 
gave the corresponding coordinated sulfoxides (73) in high chemical yields. The 
latter was then decomplexed with sodium iodide, affording the chiral sulfoxides 
(74) in variable ee’s (Scheme 70).242 

Cyclodextrins (CDs) also provide a chiral binding site capable of including 
several kinds of hydrophobic compounds and have been used to increase enan- 
tioselectivity of s u l f o ~ i d a t i o n . ~ ~ ~ ~ ~  In a comprehensive study, Sakuraba and 
Tanaka’” reported that, for alkyl phenyl sulfide oxidation, P-cyclodextrin (p- 
CD) complexes gave higher chiral induction than a-CD complexes, with ee’s 
ranging from 15 to 81%. The best optical yield was achieved when methyl 
1-naphtyl sulfide (75) was treated with crystalline p-CD complex suspended in 
water at 0°C and using peracetic acid as oxidant. The corresponding (S)-  
sulfoxide (76) was obtained in an excellent chemical yield (Scheme 7 1).250 

Other methods for asymmetric sulfoxidation can also be mentioned. Chiral 
micelles formed from chiral surfactants such as N-dodecyl-N,N- 
dimethylephedrine bromide, have been used for enantiomeric discrimination in 
oxidation of phenyl alkyl sulfides by sodium periodate (ee: 1.6 to 15%).’5’ In 
1990, a Russian group reported the use of ozonides of chiral phosphites as 
oxidant in combination with Ti(OiPr)d.252 

68 

FIGURE 8 
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3 Nal Ph2, I 0 
R' 'Me acetone fi-RU+Me 

Ph2 R 74 

E. G. MATA 

-Y- 

PF6- 

L 

Ph2, I 
G?U-C' 

Ph2 71 

Et 6 
69 

SCHEME 69 

NHdPF6 

fa 1' 

72 1 acetone 

0 fa 1' 

Imamoto er ul.253 first reported the use of polyvalent organoiodine compounds 
as asymmetric oxidizing agents. New iodosylbenzene-derived chiral reagents 
such as 77 (Figure 9),253 oxidized cleanly prochiral aryl methyl sulfides to the 
corresponding optically active sulfoxides in moderate enantioselectivity (30- 
53% ee). 
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yield= 90% 
88= 81% 

75 

SCHEME 7 1 

76 

77 

FIGURE 9 

Bovine serum albumin (BSA), used as natural chiral auxiliary, has been used 
in combination with different  oxidant^^^^^'^ to prepare chiral sulfoxides 
(Scheme 72).2s8 

5. BIOLOGICAL OXIDATION 

5.1. Microbiological Oxidation 

Since the first reported method in 1954,260 many fungi and strains have been 
employed for the microbiological oxidation of sulfides to sulfoxides.26' 

Holland et a1.262-268 have extensively investigated the use of fungi such as 
Helminthosporium and Mortierella isabellina for the asymmetric oxidation of 
sulfides. Helminthosporium efficiently oxidized phenyl and benzyl alkyl sul- 
f i d e ~ , ~ ~ ~ . ~ ~ ~  p-alkylbenzyl methyl sulfides,264 and isothiocyanate sulfides (78- 
80)26s3266 to the corresponding (S)-sulfoxides. Although chemical yields were 
not always good (sulfone was also obtained in some cases), ee's were generally 
above 80%. 

yield= 67% 
88s 89% 

SCHEME 72 
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Mortierella isabellina and Helminrhosporium were complementary since the 
former produced the opposite R configuration at the sulfur,266269 albeit yields 
and enantioselectivities were sometimes lower than when using the latter 
(Scheme 73).266 

Oxidation of alkyl aryl and ally1 aryl sulfides by Corynebacterium equi was 
described by Otha.27@272 Results showed high ee’s (R configuration) and some 
overoxidation to sulfone, especially in cases where the alkyl chains were long 
(n-C,,H,,, n-C,H,) (Scheme 74).270 

More recently, the same a u t h 0 2 ~ ~  reported that 2-alkylethyl phenyl sulfides 
could be oxidized by Rhodococcus equi to afford the corresponding (R)- 
sulfoxide in high enantiomeric excess. 

Buist er a1.274.275 demonstrated that Baker’s Yeast (Saccharomyces cerevisiae 
NRC 2335) was capable of enantioselective sulfoxidation of fatty acid ana- 
logues. Thus, methyl S-benzyl-8-mercaptooctanoate (81)275 was converted by 
Baker’s Yeast to the (3-sulfoxide 82 with 70% ee (Scheme 75a).275 

Very recently, Roberts er al.276*277 have described a highly enantioselective 
oxidation of methyl p-tolylsulfide (83) to the corresponding (R)-sulfoxide (84) 
using Baker’s Yeast (in this case, S. cerevisiae NCYC 73) (Scheme 75b).276 This 
transformation was performed with 92% ee and 60% yield, and the product was 
used as chiral auxiliary in the synthesis of key intermediates in the preparation 
of mevinic acid analogues. 

In 1995, Boyd and Dalton279 reported the microbial oxidation of aryl alkyl 
and diaryl sulfides to optically active sulfoxides by selected strains of the bac- 
terium Pseudomonas putida. For example, P. purida UV4 gave (R)-sulfoxides 
with very high enantioselectivity, although chemical yields for diaryl sulfoxides 
were extremely low (Scheme 76).279 Dioxygenase enzymes were found to be 
responsible for this catalytic sulfoxidation. Interestingly, when another strain of 
l? putida was employed (NCIMB 8859). (3-sulfoxides were obtained preferen- 
tially. 

Recently, a comparative study of Kagan’s and Davis’ procedures and micro- 
biological methods for the synthesis of optically active vinyl (8-sulfoxides was 
reported (Figure The conclusion reached was that the three methods were 

? 
S=C=N-(CH2){S*CH3 - S=C=N-(CH,);( s: CH3 

Helminthosporium Mortierella isabellina 
78 n-3 24%(S) 68%ee 6%(R) 63%ee 
79 n=4 45%( S) 93%ee 9%( R) 58%ee 
80 11x5 34%( S)  88%ee 7%( R) 82%ee 

SCHEME 73 
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R'= H,Me yield= 7 - 100% 
ee- 75 - 100% R"=Me, CH,=CHCH,-, 

*Bus *GnHn 
SCHEME 74 

0 0, ,f 
a) R s , ( C H z ) + O M e  ' as\(CHz)$OH 82 

81 NRC 2335 
Be= 70% (S) 

*- 0 

b) DSbMe Baker's a's'Me 
Yeast 

83 NCYC73 Me 84 Me 

yield= 60% 
ee= 92% (R)  

SCHEME 75 

R'= Me,Et,Pr,Bu,CPr P. putida UV4 97->98% ee (R) 
P. putida NClMB 8859 76-91% ee (S) 

SCHEME 76 

R'= H, Ph 
R"= Ph, 3'-Me0-C6Hq, 

R" S.-Me 3'-pyridyl, 4'-pyridyl. 
*. 4 '0 

FIGURE 10 

complementary. Thus, there is no general method for the preparation of vinyl 
(S)-sulfoxides since the enantioselectivity observed for each method strongly 
depends on the structure of the substrate. 
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5.2. Enzymatic Oxidation 

Walsh et al. have described the synthesis of both enantiomers of ethyl p-tolyl 
sulfoxide by the use of hog liver flavin adenine dinucleotide (FAD) containing 
monooxygenase (R-sulfoxide, 90% ee),281 or both, purified cytochrome P-450 
isozymes (S-sulfoxide, 5 8 4 8 %  ee),282 or flavin-containing cyclohexanone mo- 
nooxygenase (CMO) from Acinerobacter (S-sulfoxide, 64% ee)281 (Scheme 77). 

Enzymatic oxidation by microsomal cytochrome P-450 has been studied quite 
extensively. Mechanistically, this reaction can involve an oxygen transfer to the 
sulfur atom from the iron-oxo complex (85) suggested to be the active species 
(path i, Scheme 78).283 Alternatively, an electron transfer step is also possible 
leading to a cation radical (88), which then collapses to the products (paths ii 
and iii). Although there is not a clear decision between these two pathways, a 
recent report283 suggests that an oxygen transfer mechanism is more likely. 

Colonna et ~ 1 . ’ ~ ~ ~ ~ ~  extended the investigation of the cyclohexanone mo- 
nooxygenase (CMO) to a collection of different sulfides. They found that enan- 
tioselectivity was dramatically influenced by the structure of the sulfide. Thus, 
optical purities ranged from 99% ee and R configuration to 93% ee and S 
configuration depending on the sulfide Phenyl methyl sulfide was oxi- 
dized to the corresponding (R)-sulfoxide with 99% ee, but when the size of the 
alkyl chain was increased and p-substituents in the phenyl group were present, 
the corresponding (S)-sulfoxides were obtained in high optical purity, i.e., 
p-fluorophenyl ethyl (S)-sulfoxide was prepared with 93% ee (Scheme 79).284 

Being the CMO a flavin-containing enzyme, the proposed mechanism289 in- 
volves the formation of a 4a-hydroperoxy flavoenzyme complex which acts as 
the oxygen transfer species. 

Later, the same authors successfully developed an active site model to explain 
and predict the stereoselectivity of this enzymatic sulf~xidation.~~’ CMO seems 
to be the oxidant system of choice for 1,3-dithioa~etals,’~~ since the correspond- 
ing (R)-monosulfoxides were obtained in 8 1-94% chemical yield and >98% ee. 
These results were clearly better than chemical and microbial oxidation in terms 

Et &3+g0 Et 

FAD 90% ee (R) 
CMO 64% ee (S) 
cytochrome P-450 58 - 68% ee (S) 

SCHEME 77 
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0 - 

V Por-Fe =O + ,s, 

Por= porphyrin 

85 

87 88 
SCHEME 78 

Q 
R,OS.R" + NADPH + o2 + H+ - R'/S-R" + NADP* + H20 

R'=Ph, R"=Me 99% ee (R) 
R'ZpFPh, R"=Et 93% ee (S) 

SCHEME 79 

of enantioselectivity. The very high ee's were due to a combination of asym- 
metric synthesis and kinetic resolution, since the (S)-monosulfoxide was oxi- 
dized faster than its (R)-enantiomer (Scheme 80).288 

Chloroperoxidase (CPO) from Culduriompces fumago is a heme-containing 
glycoprotein that has been used in the peroxide dependent enantioselective oxi- 
dation of sulfides to the corresponding sulfoxides having the ( R )  absolute con- 
f i g ~ r a t i o n . ' ~ ~ ' ~ ~  

reported the CPO-catalyzed oxidation of substituted 
aryl methyl sulfides using hydrogen peroxide as oxidant to obtain the (R)- 
sulfoxides in high chemical and optical yield (Scheme 8 1).295 

When racemic I-phenyl ethyl hydroperoxide (89) was used as oxidant, the 
enzyme selectively accepted the (R)-hydroperoxide as substrate and oxidized 
sulfides exclusively to the (R)-sulfoxide (90), leaving also the corresponding 
(S)-hydroperoxide (91) and the (R)-alcohol (92) (Scheme 82).295 

CPO-catalyzed oxidation is in competition with the spontaneous oxidation of 
the sulfides by the peroxide, which leads to racemic sulfoxides. This undesirable 
reaction can be minimized by reducing the concentration of the substrates 
(sulfide-hydroperoxide), adding them to the CPO containing solution in small 
fractions every hour.295 

Horseradish peroxidase (HRP) has been the most investigated heme- 
containing peroxidase. Although its use in peroxidase-catalyzed sulfoxidation 
has been known for some time, HRP seems to be limited in terms of inducing 

In 1992, Wong et 

chira]ity.'9 1-293.297-299 
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k 
, (R)-~O~OSUlfOxide 

\ (a-monosulfoxide 

1,3-dithioacetal E$zr kinetic rnonosutfone resolution 

SCHEME 80 

X= H, CI, F, Me, Me0 yield= 66 - 92% 
97 - 100% 

SCHEME 81 

SCHEME 82 

In 1992, Colonna et al.300 reported for the first time some enantioselectivity 
(30-6870 ee) in the HRP catalyzed oxidation of p-substituted phenyl methyl 
sulfides by H202. Asymmetric induction was not observed for o-substituted 
phenyl, benzyl, and 2-pyridyl methyl sulfides. Interestingly, the S configuration 
was obtained in all cases in contrast to that observed with CPO (vide supra). 

Some months later, Ortiz de M~nte l l ano~~ '  obtained similar results for the 
same substrates, although the ee's were better (62-70%). More recently, this 
author302 reported that the mutant F41L HRP, obtained by replacing Phe-41 on 
the HRP for a leucine, oxidized sulfides with invariably higher enantioselectivity 
than the native HRP. The largest increase in enantioselectivity was for cyclopro- 
pylmethyl phenyl sulfide from 7% by native HRP to 94% by F41L HRP 
(Scheme 83).302 
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NativeHRP F4IL HRP 
X=H, RPMe 72%ee 97%ee 
X-H, R-Et 35%ee 94%ee 
X-CI, R-Me 68%ee 00%ee 
X=Me, RaMe 6 7 % ~  97%ee 

SCHEME 83 

These results suggest that the replacement of Phe-41 by a smaller aminoacid 
probably increases the access of the sulfide to the ferry1 oxygen of the ironpor- 
phyrin. 

Several other hemoproteins have been shown to catalyze sulfoxidation. Thus, 
microperoxidase- 1 1 303.304 catalyzed the oxidation by H,O, to (S)-sulfoxide al- 
beit with poor enantioselectivity. Soybean hydroperoxide-dependent oxyge- 
nase305 gave methyl p-tolyl (S)-sulfoxide with about 95% ee. 

In one of the few reports regarding enzymatic oxidation of aliphatic sulfides, 
May"' informed that Pseudomonas oleovorans monooxygenase (POM), a non- 
heme iron monooxygenase, catalyzed the stereoselective sulfoxidation of ali- 
phatic methyl sulfides with varying efficiency (2-88% ee) (Scheme 84).306 

5.3. Other Biological Oxidations 

In a very different and novel approach, Schultz et ~ 7 1 . ~ ' ~  recently reported pre- 
liminary results that suggest the possibility of using antibodies as catalysts for 
chemo- and stereoselective sulfoxidation. Since the aminophosphonic acid hap- 
ten (93) is protonated at physiological pH, antibodies specific for 93 were used 
to stabilize the incipient positive charge on sulfur at the transition state. Thus, 
high rate of enhancement was noticed for the antibody-catalyzed sodium perio- 
date oxidation of p-nitrobenzyl and p-nitrophenyl alkyl sulfides (Scheme 851.~'~ 

POM B 
/s NADPH/O, - /s 

88% ee (g 
SCHEME 84 
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NalOB 
Antibody 2804.2 02N O2N 

SCHEME 85 

6. CONCLUSIONS 

Sulfide oxidations to sulfoxides have attracted the interest of many research 
groups worldwide, and this has been reflected in the numerous and varied meth- 
ods developed and reported in recent years. 

With MCPBA out of the market, sodium metaperiodate, iodosylbenzene and 
the McKillop’s reagent are competing to be the most successful among the 
traditional oxidants. To this list, Oxone@ and dimethyldioxirane have to be 
added as newly developed successful methods. 

However, none of the above mentioned methods can be considered of general 
applicability and, considering the every day increase in functionalization and 
complexity of the sulfoxides required in modem organic synthesis, the probabil- 
ity of developing a general method seems to be remote. Therefore, these meth- 
ods might be considered as complementary. 

Undoubtedly, the most important development in recent years has been related 
to the achievement of methods for the enantioselective oxidation of prochiral 
sulfides to the corresponding sulfoxides. Among these methods, Davis’ oxaziri- 
dines and Kagan’s and Modena’s modifications of Sharpless procedure are the 
most widely used. These are well-established and “first choice” procedures. 
Nevertheless, many new methodologies and modifications of those already 
known have been recently reported, including metallo(sa1en) complexes- and 
metallo porphyrin-catalyzed oxidations. Also, newly reported microbiological 
and enzymatic methods focus on the highly enantioselective synthesis of sulfox- 
ides. 

Regarding the degree of enantioselectivity, while the oxidation of alkyl aryl 
sulfides can be performed with high enantioselectivity, dialkyl sulfides are gen- 
erally oxidized with only poor enantioselectivity. Consequently, more work has 
to be done in the area. 
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Asymmetric oxidation is potentially the most useful method for the prepara- 
tion of enantiomerically pure sulfoxides and will surely continue to attract at- 
tention in the future. 
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