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4. Phosphorus Pentachloride-Enamine or Amine 

5. 0,C-Dimethyl Hydrogen Phosphoroselenate 

6. @Ethyl Ethylphosphonothioc Acid 

111. ORWOSILICON CCMp0uM)S 

IV . 

V. 

VI . 

REFERENCES 

179 

180 

180 

181 

181 

182 

183 

183 

183 

184 

184 

185 

185 

185 

186 

186 

186 

187 

187 

187 

187 

187 

189 

190 

19 1 

19 1 

19 3 

193 

19 3 

172 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
1
:
3
2
 
2
7
 
J
a
n
u
a
r
y
 
2
0
1
1



FGDUZl?ICN OF SULFOXIDES. A REVIEW 

REDUCTICN OF S W X D E S .  A REVIEW 

J. Drabowicz,t H. Togo,' M. Milofajczyk,t and S. Oaett 

q- Department of Organic Sulfur CcrnpoUnds, Center of Molecular 

and Macramlecular Studies, Polish Acadeny of Sciences. 

90-362 ZdZ, BOCZM 5, FCXtBND 

# Department of chemistry, University of T s u k h ,  

Sakma, Niihari, Ibaraki 305, JAPAN 

tt Okayama University of Science, 

Ridai-cho 1-1, Okayama 700, JAPAN 

INlXDmIcN 

Methods for the reduction of sulfoxides have continuously been 

exploited and the aim of this review is to carrpile all the imprtant 

recent data on the reduction, thus bringing up to date the previous review 

on this subject published in 1977.l It is our intention that these two 

reviews for 

the conversion of sulfoxides to sulfides f m  the first report on this 

subject up to the erd of 1982. 

tqether will provide a comprehensive coverage of the method 

I. TRIvAzlrmT PESPHIRUS CDKXEDS 

Conversion of trivalent phosphorus ccmpounds to the corresponding 

pentavalent, four cordinate phosphoryl derivatives can generally be 

carried out under mild conditions due mainly to the strong affinity of 

tirvalent phsphorus atan toward oxygen. kcordingly, several reagents, in 

which trivalent phosphorus atcan plays a key role in the reaction, have 
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been used recently for conversion of sulfoxides t o  corresponding sulfides.  

Generally, the reaction can be expressed as shown i n  4.  1. 

R ~ - s - R ~  + R ~ P  (catalyst)  R ~ - s - R ~  + R 3 H  (1) 

1. Trivalent P h s p b r u s  Ccsrpx, UndS 

The mechanism of the reduction of the sulfoxides with t r ivalent  

phospbrus ccxnpunds, when the R group of R3P is chloride o r  phenoxy group 

is  depicted in 4. 2 ,  while that with t r ivalent  phosphorus derivatives, 

when R is butyl o r  diethylamino group, is better i l l u s t r a t ed  by Fiq. 3. 2 

n . .> 
R3P: + OCW2 -A+ R3P @$+Me2- R 3 P=O + M e  2 S (2)  

R = C1, OPh 

R3P: + oCSMe2 +-b R3P+-SMe - R PpSMe - R M + M e  S ( 3 )  2 3 2 3\rl 2 

R = NEt2, Bu z A- 0 

Triphenylphsphine is a weak reducing agent, but the reaction is 

accelerated by addition of such a Lewis acid as BF3.3 Trialkyl phosphite, 

P (OR)3 , upon 

heating, w h i l e  tris (trimethylsilyl)pbsphite,  P (oSiMe3) 3, can function as 

a strong reducing agent because of the high thermal s t ab i l i t y .4  Hata e_t 

- al.  found that heating of methyl phenyl sulfoxide with t h i s  reagent a t  

150° o r  8.5 hrs resulted i n  the formation of the corresponding sulf ide i n  

72% yield w h i l e  bis(trimethylsilyl)-S-phenylpbsphorothi~te was  formed in 

28% yield as a sole p b s p b m - c o n t a i n i n g  by-product. The reaction 

cannot reduce sulfoxides, since it isamerizes. t o  R-F@(OR) 
2 

proceeds i n  the following manner. The reduction obviously involves the 

i n i t i a l  nucleophilic attack of the phosphite on the sulfur t o  form a 

0 
t 

Ph-S-Me + :P(OSiMe3)3 -Ph-S-Me + O=P(OS*)3 
0 

B + + S i W  + Phs-P (05- l2 (4 )  

pentaamrdinate intermediate, followed by the ligand coupling. 

2. Triphenylpbsphine-Iodine-Sodium Iodide 
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REDUCTICN OF SULFOXIDES. A REVIEW 

l%e readily available triphenylphosphhe-iodine-dim iodide system 

was found to  be an useful reagent for the conversion of sulfoxides to 

corresponding sulfides. 5 a The reaction is relatively rapid and alkyl, 

aralkyl and dialkyl sulfides are formed in  70-95% yields after heating the 

corresponding sulfoxides for 10-60 m i n  with th is  reagent in boiling 

acetonitrile. obvicusly activation of triphenylpbsphine by iodine seens 

to be the essential step of this reduction. The same system reduces both 

arene- and alkanesulfonic acids and even sulfuric acid and sulfate?b In 

the excess iodine, alkanesulfonic and -sulfinic acids are directly 

converted to corresponding alkyl iodides via correspnding thiols. 

3. Tris (dimethylamim) p b s p h i n e I o d i n e S u n  Iodide 

A mixture of tris (dimethylamino) pbsphine-iodinesodiun iodide systan 

was found to be m r e  effective than the system based on triphenyl- 

pbsphinefj Thus, for exmnple, diphenyl sulfoxide is capletely reduced 

in  20 m i n  instead of 1 hr ,  required with the reagent based on 

triphenylphosphine. In the case of aliphatic sulfoxides, m such catalyst 

as sodim iodide is necessary. Tris(dimethy1amino)pbsphine is clearly 

more useful than triphenylpbsphine as a deoxygenation agent because 

of the facile wrk-up procedure. Hexamethylpbspbtriamide, formed in 

th is  reaction as the m a i n  by-product, is canpletely miscible with water. 

Therefore, sulfides are isolated m e l y  by extraction with ether and no 

column chrmtcgrapqy is necessary for separation of the p d u c t  mixture. 

4. Phosphorus Triiodide (P131 

This readily available reagent, formed by treating pbspbrus  with 

iodine in carbn  disulfide, was used recently for rapid deoxygenation of 

sulfoxides to corresponding sulfides? The reaction takes place readily 

even a t  -78 , forming sulfides i n  71-91% yields. 

5. Diphosphorus Tetraiodide (P I ) 2 4- 

0 
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DRABOWICZ, TOGO, M I K W C Z Y K  AND OAE 

Denis and KrieHa and Suzuki et a1.8b have found independently that 

diphosphorus tetraiodide, a cheap, stable, readily prepared and easily 

handled trivalent phosphorus derivatives, is a useful dmxygenation 

reagent. P214 can convert various sulfoxides to corresponding sulfides at 

room temperature in less than 2 hrs. The work-up procedure is very 

simple, since all inorganic by-products are water soluble. 

6. Phosphorane 

Cyclic P-4 phosphorane (A) derived fram catechol gives, in 

dichlorcmethane solution, a tautcmeric form of phosphite (B) in an 

equilibrium. This trivalent tautamer reacts with sulfoxides in the 

presence of iodine to give the corresponding sulfides. This reaction is 

quite fast ( < 2 hrs ) and takes place under very mild and neutral 

condition. 9 Yields of sulfides are in the range of 91-100%. 

0 H'O b OH 6' 0 OH 

(A) (B) 

7. 2-Phenoxy(or Chloro)-1,3,2-benzodioxaplmsplmle 

2-Phenoxy-1,3,2-benzodioxaphosphole in the presence of a trace amount 

of iodine reduces alkyl, aryl and aralkyl sulfoxides to the corresponding 

sulfides in good yields (more than 90%). However, this reaction requires 

an elevated t-rature (70°) or a longer reaction period ( 3  hrs 1 ,  due to 
1 Oa 

the poor solubilities of the sulfoxides in carbm tetrachloride, 

whereas 2-chloro-1,3,2-benzdioxaphosphole alone can reduce similar sulfo- 

xides in short period (15-60 min) at room t-rature in dichlormethane 

176 
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REDcR3TIckJ OF SULFOXIDES. A REVIEW 

in excellent yields (90-100%) .lob This reation may proceed through the 

follawinq .scheme. 

8. Triphenylphosphine-Carbon Tetrachloride 

- psubst i tuted diary1 sulfoxides, Ar2S-0 (Ar = - p-CH3C6H5, etca, can 

be reduced t o  the corresponding sulfides i n  qood yields (80-100%) upon 

heating with triphenylphosphine in  the presence of c a r h n  tetrachloride 

for 2 hrs.ll The active species is probably either Ph M C 1 2  or  Ph3PC12 

ccanplex or both. 
3 

All the reactions depicted in 2, 3,  6,  7 and 8 proceed throuqh the 

nucleophilic attack of oxyqen of sulfoxide on the activated pbsphorus 

atan as sham i n  the following schme. 

0 FJ 

- F?-s-& + x2 (cat .)  (8)  

Meanwhile, i n  the reactions sbwn by Euations 4 ,  5 and 7 ,  the oxyqen 

a tm of sulfoxide would directly attack the central pbsphorus atan, since 

the central phosphorus atan i n  these phosphorus ccmpounds is substantially 

activated by bonding t o  electroneqative groups. 

2 x =mainly I 
2 

11. PENTACW- PHOSPHORUS COMPOUNDS 
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DFWXMICZ, TOGO, M I K W C Z Y K  AND OAE 

The strong aff ini ty  of phosphorus atan toward oxygen seems to  be 

responsible also for the deoqgenation of sulfoxides even in the reaction 

with several pentacoordinate phosphorus canpounds. I n  the last few years, 

a few deoxygenation procedures of sulfoxides with thiophosphoryl 

derivatives have been reported. In this reaction, thiophosphoryl 

ccknpounds are converted t o  corresponding phosphoryl derivatives according 

t o  the following general scheme (4. 9 ) .  

(9)  
8 

' + 1 / 8 S  ,P=S + R -S-R - R -S-R +'/P=O 
\ \ 1 2  

1 
0 

1. Phosphorus Pentasulfide 
1L Micetich reported in  1976 the successful reduction of sane 

cephalosporin and penicil l in sulfoxides using phosphorus pentasulfide. 

subsequently, S t i l l  e t  a1.13 and mecmer et  a1.14 applied tkis reagent 

generally and f o d  that the conversion of sulfoxides t o  the corresponding 

sulfides with P S proceeds smoothly in  dichlorcmethane or carbon 

disulfide a t  room tenperatme, with reaction time generally shorter than 4 

hrs. 

2. Thiophosphoryl B&de 

4 10 

Yields are in the range of 45-99%. 

Thiophosphoryl brcknide, which is readily available ccmnercially, was 

found by S t i l l  e t  a l .  to be, in  many ways, a superior reagent to 

phosphorus pentasulfide in  the conversion of sulfoxides to  sulfides. It 

is  readily soluble in  mst organic solvents a d  thus the reduction can be 

carried out under hcmqenous conditions. Although the reaction time 

required for canpletion w a s  found to vary sanewhat widely (10 min t o  24 

hrs ) with thiophosphoryl brcanide, the yields w e r e  generally much better 

(78-99%) than those in the analogous reaction with phosphorus penta- 

sulfide. Thiophosphoryl chloride, hwever, has no reducing a b i l i t y .  

3. Dimer of p-Methoqphenylthionophosphosphine Sulfide (Lawesson Reagent) 

15 
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REDUCTION OF SULFOMDES. A REVIEW 

T h e  dimer of p-methoqphenylthionophosphine sulfide which is formed 

readily in  high yields by treatment of p-metbxyphenylinagnesim brcmide 

with phosphorus p t a s u l f i d e ,  was found16 to convert dimethyl sulfoxide 

and tetrahydmthiophene oxide to the corresponding sulfides i n  high 

yields. In this reaction, the corresponding disulfide, such as dimethyl 

disulfide and 1,2-dithiane respectively, w e r e  also f o n d  i n  minor yields. 

S 

s 
All the reactions described in 11.1-11.3 proceed through the nucleo- 

phi l ic  attack of the oxygen of the sulfoxide on the phospbrus atan 

through a transition state sham i n  the following schene (Eq.10). 

R ~ - s - R ~  + i / a  s8 (10) 

W driving force i n  these reductions is undoubtedly the formation of 

P=O linkage which has a larger (about 10 kcal /ml)  bond energy than that 

of P S  linkage. 

4 .  Phoshorus Pentachloride-Enhe or  Amhe 

Recently phosphorus pentachloride w a s  found to react with various 

sulfoxides i n  the presence of 1-mrpbr ine l -cyc lokene  t o  afford 

corresponding sulfides and enamine of 2-chlorocyclohexanone. The 

mechanisn of this reaction is not clear. Reaction time w a s  generally 

found t o  be shorter than 1 hr even below roan temperature and sulfides 

R l - s - ~ ~  + o-N-(-J u -%- R ~ - s - R ~  + O " N ~ +  d P O C ~ ~  (11) 

c1 
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were isolated i n  yields of 79-99%. 

5. 0,O-Dimethyl Hydrogen Phosphoroselenate 

I n  1966 Miko1ajczykl8 reported that O,&diethyl hydrcgen phosphoro- 

selenate reduces dimethyl sulfoxide t o  dimethyl sulfide as shown i n  the 

following equation. 

0 0 

(12)  
/ I  /I 

(EtO) P-SeH + M e  S-0 - (EtO)  P-OH + M e ?  + Se 
2 2 2 

c l i ves  -1.l' have also used this reagent recently for reduction of 

various sulfoxides to corresponding suifides.  They found that the 

treatment of sulfoxides with equivalent amounts of 0,O-diethyl hydrogen 

phosphoroselenate i n  an ine r t  a d s p h e r e  i n  chloroform solution for 1-24 

hrs afforded sulf ides  i n  

74-97% yields as sham in  the following equation. 

a t  room temperature or  a t  refluxing temperature 

0 0 0 

(13) 1 2  I1 1 I /I 
(EtO)  f-SeH + R -S-R2 -( (EtO) -P-Se) + H 0 + R -S-R 2 2 

6. @Ethyl Ethylphophonothioic Acid 

@Ethyl ethylpbsphonothioic acid can reduce sulfoxide t o  sulf ide.  

Miloiajczyk2' was  able t o  recover this optically active sulfoxide (0.p. 

3-4%) i n  the reaction of racemic sulfoxide and optically active &ethyl 

ethylphospbnothioic acid. 

0 0 0 0 
11 * t I /  t 

Etla-P -SH + Me-S-R - Et-P-OH + Me-S-R + 1/8 S + Me-S*-R ( 1 4 )  8 

(S 1 
I 
O E t  

I 
OEt 

All these reactions m y  proceed through the following pathway. 

0 0 0 R O  0 X- 

t It II I 1 1  I1 I +  R-S-R + -P-XH - R-S-R X-P- -R-S-$P- - -P-OH + (R-S -R) 
I f 1 /" 1 

X = S, Se HO- 

-R-S-R + X 

180 
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FEDUCI'ION OF SULFOXIDES. A REVIEW 

111. ORGANOSILICON COMPOUNDS 

In m y  organosilicon ccmpounds represented by %Six, the central 

silicon atan is considered to be the hard acid center and nucleophilic 

substituent, X, usually behaves as a soft base. Therefore, they can react 

very readily with organic ccmpounds containing oxygen (which is considered 

to behave as the center of a hard base) forming a very strong silicon- 

oxyqen bond. The anion, X-, formed in the initial reaction, acts as a 

stronq nucleopkile in the subsequent displacement step, to result in the 

cleavage of the S-O bond, since the reaction is usually carried out in 

aprotic media. This general scheme has recently been used in a few 

successful reductions of sulfoxides to corresponding sulfides. 

(16) 5 R 1 -%-R~ + 2~5six - R 1 2  -s-R + 5 + gSioSi 

1. Trimethylsilyl Halides 

Olah et a1.21 have investigated the reaction of sulfoxides with 

either iodotrimethylsilane-iodine system, as a sowce of iodotri- 

methylsilane. Alkyl, aralkyl and diary1 sulfoxides were found to be 

reduced effectively upon stirring with two equir~~lar amounts of either one 

of these halosilane systems at roantgnperature in less than 2 hrs. 

Hexamethyldisiloxane and halogen were formed as by-products while sulfides 

were obtained in 80-90% yields. Later, Olah et a1.22 found that this 

reduction of sulfoxides actually proceeds by the reaction with 

iodotrimethylsilane formed in situ by the addition of chlorotrhthyl- 

silane into a solution of sodim iodide and sulfoxide in acetonitrile. 

They also found that iodide can be replaced by other "soft" bases such as 

CN-I Q5s I s I m-, 3 '-. Oae et al. 23 have found deoxygenation of 

sulfoxides can also be achieved by treatment with chlorotrimthylsilane- 

thiol system. Thus treatment of various sulfoxides with RSH/TSiCl (R = 

Ph, Bu, Pr) in ethyl ether at room temperature under nitrogen atn-osphere 

- - 
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DRAKWICZ, TOGO, MIKOLRSCZYK AND OAE 

gave corresponding sulfides in 73-100% yields. when various sulfoxides 

w e r e  allowed to react with two equivalents of chlorotrimethylsilane in the 

presence of an equivalent m u n t  of powdered z inc  a t  r m  temperature 

below 3 @ ,  the corresponding sulf ides  were obtained in 77-94% yields.24 

Zinc chloride and hexamethylsiloxane w e r e  formed as by-products. 

2.  Trimethylsilyl Sulfide o r  Selenide 

This new type of s i l icon reagent have been used for  the reduction of 

sulfoxides by a y s a  and W e k ~ r , ~ ~  who found actually that e i the r  

b i s ( t r h t h y l s i l y 1 )  sulf ide o r  hexamethylcyclotrisilatrithiane reacts with 

sulfoxides in organic solvents (CHcl3, CH2C12, xylene) t o  give the 

corresponding sulfides in high yields (65-loo%), along w i t h  siloxanes and 

elemental sulfur  as by-products. Thiosulfoxides may be the intermediate 

d-S-s + (Me3SiI2S - R1-S-S + 1/8 S8 + (Me Si)  0 (18) 3 2  1 
0 

i n  this reachon. 

a - c h l o m t h y l  group direct ly  ccpnbined to a sulf inyl  function, such as 

I t  is interesting t o  note tha t  neither an a-keto nor an 

i n  

w-(methanesulfinyl)acetophenone or c h l o m t h y l  phenyl sulfoxide, is 

reduced by these d i s i l y l  o r  t r i s i l y l  sulf ide derivatives. Later, Dett$6 

reported that sulfoxides w e r e  reduced t o  corresponding sulfides w i t h  two 

equivalents of phenylselenotrhthyls i lane i n  very high yields even when 

sulfoxides bear various reducible functional groups. The reaction, 

generally depicted by F q .  1 9 ,  is ccrrrplete w i t h i n  a few minutes, w h i l e  work 

up can be carried out w i t b u t  water, t o  i so l a t e  the products. Det ty  and 

R 1 -S-R2 + 2PhSeSiMe3 - RI-S-R~ + PhSeSePh + (Me Sit 0 (19) 
3 2  1 

0 

Seidler have recently reprted that bis(trimethylsilyl)sulfide, selenide 

and t e l lu r ide ,  M e  SiXSiMe (X = S, Se, T e ) ,  a lso reduces sulfoxides to 
3 3 
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REDUCTION OF SULFOXIDES. A REVIFW 

sulfides.27 It is also interesting to  note that  phenylthiotrimethyl- 

si lane can reduce the sulfoxide to the corresponding sulfide in the 

presence of a catalytic m u n t  of an m n i u m  halide, while the reaction 

is very slow in the absence of m n i m  haiide.23 These reactions proceed 

__ via i n i t i a l  si lylation of oxygen of sulfoxide and the subsequent 

nucleophilic attack of X- on the activated central sulfur atan as i n  the 

reaction sbm by F4. 16. 

1. Sulfur Oxide-Halogen 

A sulfur dioxide-iodide (or branine) ccpnplex was fomd to convert 

sulfoxides a t  

01ah e t  a1.29 recently reported that a mixture of 80 i n  acetonitrile. 

trimethyl (or triethy1)amine-sulfur dioxide along w i t h  iodine and sodim 

iodide i n  acetonitri le can reduce aliphatic sulfoxides to  corresponding 

sulfides i n  78-90% yields a t  roan temperature. Aramatic sulfoxides, how- 

t o  corresponding sulfides when the reaction is carried out 
28 0 

ever, even upon heating in refluxing acetonitrile, afforded only low 

yields ( L 25%) of the corresponding sulfides, whereas a mixture of pyri- 

dine-sulfur trioxide ccmplex with sodium iodide reduces both aliphatic and 

aranatic sulfoxides t o  corresponding sulfides a t  rcun tarrperature i n  

91% yields. The reaction probably proceeds through the following scheme. 

80- 

2. Formamidinesulfinic Acid 

Formamidinesulfinic acid, which is easily prepared by oxidation of 

thiourea with two equivalent of hydrogen peroxide, was found t o  reduce 

sulfoxides t o  corresponding sulfides in the presence of a catalytic munt 

of iodine. 30 Thus, dialkyl, alkylaryl and diary1 sulfoxides are a l l  

converted to corresponding sulfides in  yields exceeding 90% af te r  heating 
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DRABCWICZ, TOGO, MIKOLUCZYK AND 0% 

in  refluxing acetonitri le for a short time (20 min) . The reac tion may 

proceed through the following ccanpetitive reactions by both H I  and 

NH C (SO H) =NH. 
2 2  

m m UP 
C-S-I + H I  

F r o  c-s: + I I 
// I I  2 

0 N H O  
(C )  . .  

0 N H O  R1 NH I 
t \ 2 t  i I 

(C) + R1-S-S - c-s-0-s+ 1- -4fc-so- + d-s -2 3 + // 
NH 

I l l  \R2 
N H O  

t 
R1-s-R2 + I (cat .)  + H+ (21)  2 

0 I ,'HI 
I /  

d-l-F? + H I  + d-S+-& I- + d-S -$ + OH- + I 
OH 

3. Alkane- and Arenesulf inic  Acid 

Methane- and p-toluenesulfinic acids can reduce dialkyl, alkylaryl 

and diaryl sulfoxides t o  corresponding sulfides, w h i l e  the sulfinic acids 

are oxidized t o  the sulfonic acids, i n  high yields a t  40° for 6-20 hrs 

without solvent, though the reduction of diaryl sulfoxides is slm. 

Interestingly, the reaction proceeds through a hamolytic process. 

- 

31 

4 .  Alkane- and Arenesulfinyl Chlorides 

fkthanesulfinyl chloride can reduce dialkyl, aralkyl and diaryl 

sulfoxides a t  room taperatwe for 0.5 h r  t o  give the corresponding 

32 p-Nitro- sulfides and the sulfonyl chlorides in refluxing benzene. 

benzenesulfinylchloride can also reduce sulfoxides t o  sulfides i n  

refluxing benzene. 

- 

32 

+ RSO c1 (22) + 2 
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REDUCTION OF SULFOXIDES. A FEVIEM 

5. Tkiol and selenol 

Tkiols are h a m  to be oxidized by dimethyl ~ u l f o x i d e . ~ ~  Thus, 

thiols are good reducing agents. Actually, cysteine, cysteamine and 

glutathione are important also as reducing agents i n  biological systens. 

Sulfoxides can be reduced to sulfides by various kinds of t h i ~ l s . ~ ~  The 

relative reactivity is  as below,35 w h i l e  relative reducing ab i l i t i es  

of thiols f a l l  i n  the following order, ArSH > AralkylSH > W I S H .  In 

this reaction, both the acidity of th io l  and the basicity of sulfoxide are 

very important because the addition of either base? and acid7 accelerate 

the reduction. Therefore, highly acidic dithiccarbxqlic acids , R&SH 

(pK = 2 .5)38r dithiophosphoric acids (pKa = 1. 813’ , can reduce sulfoxide 

very rapidly. Since the selenol is similar t o  the thiol  but mre acidic 

‘PKa = 5.48) , it can reduce sulfoxides veq readily to sulfides?’ A l l  

these reactions appear t o  proceed through the f o l l h g  scheme. Though 

H Spl thiol;p2 and dimethyl sulfide43 are mild reducing agents, the re- 

a 

2 
El 

I 

SR ItSSR+HO ( 2 3 )  

duction of sulfoxide is accelerated remarkably in  the presence of 

acylating agent such as (CF3cO)20. 

6. 

2 

Sodium Metabisulf ite (Na2S205 1 

The reduction of sulfoxides with Na2S2024 is rather convenient, 

because this reagent is an inorganic ccmpound and reducible functional 

groups such as C=O, OH, C=C and COOR are not reduced. The mechanism of 

this reaction is not h a m ,  hawever, the reaction is cmplete in 20 hrs a t  

9 8  i n  high yields. 

7. sodium Sulfite(N-1 
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DRABCkJICZ, MGO, MIKOIPJCZYK AM) OAE 

I t  is h a m  that the reduction of sulfoxides by NaHSO proceeds by 

the nucleophilic attack of q2- on the sulfur atom of the sulfoxide.45 

The reaction proceeds through the following pathway involving addition of 

q2-, followed by ligand coupling. The c&-isamer of 2lnethylthiolane 

(24)  

3 

>S-0 + k -,&-OH \ -d>p”.- I * Hso4- + s< 

OH 

oxide can be reduced mre readily than the trans-derivative. 

1. Chromium (11) Dichloride 

Diphenyl and dibenzyl sulfoxides w e r e  deoxygenated t o  correspnding 

sulfides i n  low yields (20-24%) upon refluxing with chromium(I1) chloride 

i n  methanol for 2 hrs.46 

2. T i t a n i u m  (11) Chloride 

T i t an im( I1 )  chloride, which is readily prepared by t reat ing titanium 

(FJ) chloride with zinc dust,  w a s  found t o  be a very useful reagent for  

the reduction of sulfoxides.47 Thus, dialkyl,  arylalkyl and diary1 

sulfoxides are a l l  reduced to corresponding sulfides snw~thly at  roan 

tanperatwe when zinc dust is  added t o  an etheral solution of sulfoxide 

and titanium(IV) chloride o r  alternatively when a dichloromethane solution 

of sulfoxide is added t o  an etheal solution of titanium(I1) chloride 

prepared by reduction of t i t a n i u m ( I V )  chloride by zinc dust j u s t  before 

use. Later, titanium(I1) chloride, prepared by treatment of t i t a n i u n ( N )  

chloride with sodium borohydride i n  diglyme was a lso found t o  reduce 

sulfoxides to sulfides.48 low valent titanium ccBnpounds, prepared i n  the 

reaction between titanium (N) chloride and lithium hydriddg o r  l i t h i u m  

alminum hydride ,50 also reduce sulfoxides smothly t o  correspnding 

sulfides.  Titanium(II1) chloride can also reduce sulfoxides m t h l y  i n  

186 
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51 gccd yields. 

3. mlybdenun Hexacarbnyl 

When dialkyl, arylalkyl and diaryl sulfoxides w e r e  treated with 

excess roolyWenm hexacarbonyl and acetic acid in refluxing chloroform, 

the mrresponding sulfides were obtained i n  relatively short periods of 

time and the yields can be substantial (25-90%). 

4. Iron Pentacarbonyl 

52 

Iron pentacarbonyl can reduce dialkyl, aralkyl, diaryl sulfoxides 

3-8 

Wever ,  in the case of penicil l in sulfoxide, the yield 

to 

hrs i n  d i q l ~ . ~ ~  

the corresponding sulfides in good yields(50-90%) a t  130-139 for 

of the reduced sulfide was p r ( 1 2 % ) .  

5. Cobalt(II1) Chloride-Sodim Borohydride 

Diary1 and arylalkyl sulfoxides can be reduced t o  the corresponding 

sulfides by treament with N a B h  in the presence of CoC12 a t  room 

tgnperature for 2 hrs in ethanol in high yields(95-100%). 

6. Others 

53 

ml3 -Zn, 55 vc12 ?5 K3W2CI.9 r 56 (m )4b$18 NH4c1,56 cs3kb2c18s6 

K ~ M o C C ~ , ~ ~  SnClf5' and € U I ( I I I ) H ~ ~ ~  can also reduce sulfoxides bearing 

various functional groups such as epoxy, ketone, ester, n i t r i l e  and nit ro  

groups selectively under mild conditions for a few burs i n  high yields 

under iner t  atmosphere, though the mechanism of these reductions are not 

knm a t  a l l .  Probably the reaction proceeds - via the i n i t i a l  coordination 

of oxygen of sulfoxide to the central  metal atan and then one electron 

transfer frm metal t o  sulfur would take place. 

VI .  REDUCTICN OF SULFOXIDES VIA ACTIVA'I'ION OF SULFINYL OXYGEN 

The formation of acyloxysulfonim s a l t  in the treatment of sulfoxide 

with oxalyl chloride was proposed to be a key step in the reduction of 

187 
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D m C Z ,  MGO, MIKOWCZYK AND OAE 

sulfoxide with an oxalyl chloride-sodium iodide system. The reaction is 

usually conducted at 0 or at room temperature by addition of oxalyl 

chloride to a solution of sulfoxide and sodium ididide in acetonitrile. 

Yields of sulfoxides and scdium iodide are generally high(70-90%) while no 

chlorinated by-product is formed. Diphenyl sulfoxide was found to be 

reduced efficiently by treatment with other acid chlorides, such as SOCL;!, 

PK13 and PC4, in the presence of sodium iodide. Formation of 

alkoxysulfonium salts in the reaction between sulfoxides and cyanuric 

chloride or fluoride is also the initial step of the deoxygenation of 

sulfoxides by these two reagents. Diary1 sulfoxides were found to undergo 

facile conversion into the corresponding sulfides when the sulfoxides 

were treated with cyanuric chloride in refluxing dioxane. Arylalkyl and 

diaryl sulfoxides, however, were found to react with cyanuric chloride 

0 

59 

6 0  

exothermally yielding ccarrplex mixtures of chlorinated products. 

When cyanuric fluoride was used instead of cyanuric .chloride, both 

arylalkyl and diaryl sulfoxides were converted m t h l y  to the 

corresponding sulfides without formation of halogenated by-products. 
61 6 2  

Similarly, acylating agents such as (CF3C0)20, CH3coCl can also 

reduce functionalized(e.g. COOH) sulfoxides instantly in quantitative 

yields. The reduction proceeds thrcguh the initial formation of an 

acyloxysulfonium and halide ion,e.g. iodide functions as a reducing agent 

as shown in Eq.25 .  seems to 

(25) 

Activation of sulfinyl oxygen by protonation 
- -m- 1 - 1 2  

R1-S+-R2 + I - R -S;'-R2 + I -------+ R -S-R + I 2  

L - R  

be an essential step in the reduction of diary1 sulfoxides by anhydrous 

hydrogen chloride in chloroform solution. have found that 

this systan can best be used for the reduction of diaryl sulfoxides in 

which the armtic groups are not activated tcward electrophilic attack. 

6 3a 
Chasar et al. 
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when the aromatic ring is activated strongly for electrophilic attack, the 

m a i n  reaction is the reductive chlorination of the start ing sulfoxide. 

However, HEW or HC1 generally cannot reduce sulfoxides, though H I  can 

reduce slfoxides t o  sulfides easily.63b Therefore, iodide is an effective 

reducing agent for various sulfoxides i n  the presence of an acid to afford 

the corresponding sulfides i n  quantitative yields .64 

In the reduction of substituted arylmethyl sulfoxides with iodide i n  

the presence of acids ( A C ~ ~ / K I , ~ ~  H c 1 0 4 / d 6 ) ,  the HaMnett correlation of 

the rates of this reaction gave a considerably large negative P value 

(N-0.9) and the rate, v, of the reduction is lcwered markedly by steric 

bulkiness of the qroup, R, i n  R-&-Ph. The rate of the reaction, v, can 

be expressed as  v = k(sulfoxide)l (HI)2.65,67 Meanwhile, the rate of 

reduction of cyclic sulfoxides by HI(KI/HC104) d e m s  mainly on S1.68 

The unstable alkoxysulfoniun branide is believed to be the init ial  

intermediate i n  t h i s  sequential reaction which eventually results i n  the 

reduction of sulfoxides by heating w i t h  an excess of &-butyl brcmide a t  

8 8 -  By this procedure69 as depicted by 4. 26, a wide variety of 

sulfoxides have been reduced through the follcwing path. 

R1 
\ 

a 3  R, I 

CH3 

R1-S-R2 + CH -C-Br -+ S-Dc-CH3 Br - HBr + SKI + CH =C (CH ) 
2 3 2  12 R 4 1  CH3 R 

1 3 l  
0 

1 1 R -S-R2 

CH2=C(CH3 1 + Br2 -Bra2< (a3 '$5' 

+ 2 HBr -R -S-R2 + H 0 + Br2 
2 b 

V I I  . Dichlorccarbene 

Sulfoxide can be deoxygenated by carbene species which are electron- 

deficient. This w a s  f i r s t  shown by Mao and later s t d i e d  i n  de ta i l  by 

W e b e r ? '  Dichlorccarbene, generated in  s i t u  (fm chloroform and 50% 
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D m C Z ,  TOGO, MIKOWCZYK AM) OAE 

sodium hydroxide) under phase-transfer conditions can deoxygenate most 

sulfoxides t o  the corresponding sulfides i n  high yields a t  room 

temperature for  20 hrs, forming phosgene as the by-product. Yields vary 

C0Cl2 (271 

(20-96%) but are generally h i g k r  for  diary1 sulfoxides than for dialkyl 

sulfoxides. Very recently Dyer and Evans72 have carried out a detailed 

mechanistic study of t h i s  reaction and fu l ly  confined the observation of 

1 RW-R~ + :cci - R -s-R~ + 
2 

Soysa and W e b e r .  They also observed a marked steric acceleration with the 

increase the 

reduction by resonance interaction of sulfoxide group with aranatic rings. 

Thus, the reactivities of sulfoxides f a l l  i n  the follawing order, 

(~-BU)~S-O > ( i -Prb S-0 > P h p O  > Me;S+O. 72 The s t e r i ca l ly  hindered 

sulfoxides can be reduced mre readily. The reaction proceeds via the 

following scheme. The rate-detenninig s tep is the d e c m p s i t i o n  of zwitter 

of the steric reqiurement of R group and the retardation of 

R 1  

ion (D) . 

VIII. GRImm REAGENT 

As ear ly  as 1961, dimethyl sulfoxide w a s  sbwn t o  react w i t h  the 

Grignard reagents, FMgX, t o  give calkylated sulfides,  CH3-S-CHP, w i t h  

concornitant formation of much olefines derived fran the Grignard 

reagent. 73 Later, the following reductive c r a w l a t i o n  of methyl- 

thicmethyl sulf ide w i t h  the Grignard reagent w a s  reported by Hojo e t  

a l . .  74 
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REDUCTION OF SULFOXIDES. A REVIEW 

A similar reaction was already described by Manya i n  1970.75 

The reaction is presuned to proceed through tk follawing F'umnerer 

type scheme. 

R~-S-CH R~ mcrx R 1 - S d  a g x +  d-S&R2 (30)  
I 2 -RH 

CMgX 
1 
0 

Recently, Posner and Tang76 have reported that alkenyl sulfoxides can 

be reduced t o  the corresponding sulfides efficiently by treatment with 

ethylmagnesium brcknide and 10% cuprous iodide a t  00 for 1 hr. N o  double 

bond isanerization w a s  observed during the reduction and also 1, 

3-butandienyl sulfoxides w e r e  reduced cleanly to lr3-butadienyl sulfides. 

IX. BORONSULFIDE AM) BORONSELENIDE 

The deoxygenation of sulfoxides was found t o  be achieved by Baechler 

et a l . ,  using a new reagent, i.e. (X = S, S e ) .  They have found 

that treatment of variuos sulfoxides with boron sulfide (B S ) gave the 

orresponding sulfides in  high yields. Recently, the canpounds w i t h  

selenium boron canpounds was also used for the same purpose by Clive and 

Menchen. 77b !l"he canpounds (E, F, G) w e r e  found to deoxygenate sulfoxides 

efficiently an3 fa i r ly  rapidly even a t  r o a n  tenperature. Yields were in 

the range of 74-97%. Hmever,in the reduction of cephalosporin sulfoxide, 

the corresponding sulfide w a s  isolated in 25% yield only a f te r  refluxing 

i n  chloroform for 24 hrs. 

2 3  

B (S*l3 B (SeW3 BU-B/--S~Y+BU 

E F 

X. HYDRIDE FIEAGENT 

Sulfoxides can be readily reduced by treatment with various alminium 

, L~AUI(W$ , a t  o0 for a few hours i n  hydride reagents such as 
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DRABOWICZ, TOGO, MIKOLAJCZYK AND OAE 

quantitative yields. 78 This reaction requires two equivalents of hydride 

species (H: -) and 

is considered to proceed by the direct nucleophilic attack of hydride, 

H: , on the sulfur atm. One interesting application is a partial 

asyxrtnetric reduction of racemic sulfoxide with an optically active 

LiA1H4-n (OR* ) (R * = (+) -quinidine) . Thus the recovered sulfoxide was 

found to retain 0.2-2.7% of optical activity. 79 No boron hydride agent 

can reduce the sulfoxide group except B2H6 which can reduce the sulfoxide 

to give one equivalent of hydrogen gas and the sulfide, 

- 

mever the afioxysulfonim group can be reduced not only with 

NaEiH CN NaBH481 but also with NaBH CN82 which is a weak reducing agent. 

can also reduce keto-sulfoxides to keto-sulfides in good yields. 
3 3 

Since silicon has a strong oxygen affinity, C1 SiH83a can also reduce 

sulfoxides to sulfides at r m  temperature to Oo in a few burs; the 

yields sulfoxides 

are high (s 85%). However, in the case of dialkyl sulfoxides, the yields 

of the reduction products are not high and thicacetals are formed as 

by-products. In the reduction of psubstituted diaryl sulfoxides, the 

KH(SCH;!R)2 + IECySCYR (31) 

3 

of diaryl sulfides obtained in the reduction of diary1 

- 
RC?S-CH;!R HSiC13 - 

about 1 : 1 
1 
0 

1 1 rate of reaction, v, was shown by v = k(su1foxide) (HSiCl ) , and the 

H m t t  correlation of the rate gave P value of -1.54. Thus the reaction 

is considered to proceed through the nucleophilic attack of terminal 

oxygen of the sulfoxide on the silicon as shown below. 

3 

( 3 2 )  

Reduction of diaryl sulfoxides and sulfilimines to corresponding 

sulfides by both NaBH4 and l-benzyl-l,4-dihydronicotinamide( BNAH ) have 

been found to proceed in the presence of a catalytic w u n t  of 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
1
:
3
2
 
2
7
 
J
a
n
u
a
r
y
 
2
0
1
1



REDUCTION OF SULFOXIDES. A REVIEW 

metallo-Etetraphenylporphins in excellent yields. The cataiytic 

ability of metalloporphin in the reduction of sulfoxide with BNAH 

increases with the decrease of the reduction potential of the catalyst, 

thus in the order of TPPFe(III)+> TPFCo(I1) > TppCu(I1). 83b 

Non-functionalized diary1 and arylalkyl sulfoxides can be deoxygenat- 

ed with low pressure Hg arc lamp or Hanovia H-45OW m e d i u m  pressure lamp in 

high yields in benzene at 45-50° €or 10-23 hrs. 84 The singlet oxygen, 

produced in situ, was t r a m  with cyclohexene in 41% yield. But t h i s  

reduction can be applied only to certain aryl sulfoxides. 

XII. OTHERS 

“bugh a few examples of the reduction of sulfoxides by hydrogenation 

are kna~n, 85 t h i s  metbod cannot be used in general because of the 

poisoning of the catalyts by divalent sulfur ccmpounds. In a typical run, 

the reduction of dibenzyl sulfoxide was carried out in ethanol containing 

Pd-C with the hydrogen of 79 atmospheric pressure at 80-90° for a few 

days, and the mrrespding sulfide was obtained in 90% yield. 
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