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Very many papers  have been devoted to the oxidation of the sulfur atom in sulfur-containing com-  
pounds. Hydrogen peroxide, nitr ic acid, hexavalent chromium salts,  potass ium permanganate,  periodates,  
hypoehlo'rites, and other inorganic oxidizing agents a re  used for  this purpose [1-4]. Among the organic 
reagents  the perac ids  [5] have found the most  extensive use.  The oxidation of the S - S  of disulfides to 
monosulfoxides by t rea tment  with pyridine N-oxide is known [6]. The react ion of alkyl and aralkyl  hydro-  
peroxides  with sulfides was descr ibed  some time ago. It was shown that the complete oxidation of methyl 
cyelohexyl sulfide to  the sulfoxide with ter t -butyl  hydroperoxide at 60~ occurs  in 64 h [7]. in recent  years  
the oxidation of organic compounds with hydroperoxides  in the presence  of var iable  valence metals  has 
found extensive use [8]. In par t icular ,  a reagent  composed of hydroperoxide and molybdenum salt is an 
active oxidizing agent. The oxidation of sulfides proceeds  rapidly under the action of hydroperoxides  in the 
p resence  of molybdenum acetylacetonate [91. The oxidation of the dimethyl, diethyl, dibutyl and diphenyl 
sulfides to the corresponding sulfoxides and sulfones with hydroperoxides  is possible in the presence  of 
Group IV and Group VII metals  [10]. The information on the catalyzed hydroperoxide oxidation of sulfides 
is summar ized  exhaustively in two recent  papers  [9, 10]. 

The purpose of the present  paper  was to make a more  carefuI study of the catalyzed oxidation of 
organosulfur  compounds of variable s t ruc ture .  Sulfides (I)-(IV) are  smoothly oxidized by t e r t - amyl  hydro-  
peroxide (TAHP) in the p resence  of MoCI 5 to the corresponding sulfoxides (V)-(VIII) or  sulfones (IX)-(XI), 
in which connection the oxidation rate  of diacetoxy sulfide (III) is noticeably lower than the t ransformat ion  
rate  of compounds (I)-(II), which is associa ted with the shielding effect of the aeetoxy group. Under opti- 
mum conditions the yields of the oxidation products  are  close to quantitative 
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Cyclic sulf ides  of the 2 - m e t h y l - l - t h i a d e c a l i n  type f o r m  sulfoxide (XII) and sulfone (XIII) ve ry  eas i ly .  
I t  should be ment ioned that p rev ious ly  [11] sulfoxide (XII) was obtained as an oil, whereas  we obtained a 
p r e p a r a t i o n  with mp 56-58 ~ The t r i cyc l ic  dichloro sulfide (XIV), obtained by the reac t ion  of norbornadiene  
with SCI 2 [12], is oxidized smoothly,  giving sulfoxide (XV) and sulfone (XVI). The advantages  of the hydro -  
peroxide  method can be seen  dis t inct ly  on the examples  of the oxidation of the i s o m e r i c  sulfolene adducts 
(XVII) and (XVIII) with SC12. We checked the oxidation of these compounds under  the conditions given in 
[13] and showed that the sulfones,  obtained by the action of H202, a re  substant ia l ly  contaminated with sulf-  
oxides.  Oxidation with TAHP gives  comple te ly  pure  sulfoxides (XIX)-(XX) and sulfones (XXI)-(XXII); the 
mel t ing  point of the compounds is h igher  than that given in [13]. 

The unsa tura ted  sulfide (XXIII) is not oxidized by H202 even under d ras t i c  conditions, whereas  sulf -  
oxide (XXIV) is  eas i ly  fo rmed  by the act ion of TAHP.  The yield of sulfone (XXV) is 60% when the oxidation 
is  run  in ref luxing dioxane.  

The oxidation of some  di-  and t r i su l f ides  was studied.  Thus,  5 ,5 ,10 ,10- t e t r amethy l -6 ,9 -d i th i a t e t r a -  
decane is  eas i ly  conver ted  to disulfoxide (XXVI) and disulfone (XXVII). The deg ree  of t r i th iane oxidation 
can be dis t inct ly  regulated,  to produce  the mono- ,  di- ,  or  t r i su l foxides  (XXIX)-(XXXI). The total  insolu-  
bili ty of the t r isul foxide m a k e s  it imposs ib le  to effect  fu r the r  oxidation. 

Cata lyzed hydroperoxide  oxidation was used by us to obtain the oxidized de r iva t ives  of su l fu r -con-  
taining a r o m a t i c  compounds.  Thiophene is des t royed  by excess  hydroperoxide  with the fo rmat ion  of su l -  
fonic acids ,  which were  not identif ied.  The oxidation of benzothiophene under mild  conditions makes  it 
poss ib le  to es tab l i sh  ch roma tog raph ica l ly  that sulfoxide (XXXII) is f o rmed  as the sole reac t ion  product .  
However ,  while a t tempting to i so la te  it we always obtained a mix tu re  of sulfide, sulfoxide and sulfone. 
This  is a s soc ia t ed  with the rap id ly  p r o g r e s s i n g  d ispropor t iona t ion  of the sulfoxide, which up to now has  
not been iso la ted  in the pure  s ta te  [14]. Benzothiophene sulfone (XXXIII) is f o rmed  in quanti tat ive yield�9 
2 ,3-Dichlorobenzothiophene is a l so  eas i ly  oxidized, giving sulfoxide (XX-XIV) and sulfone (XXXV) in quan- 
t i ta t ive yield.  

Phenoxathi in  is  oxidized so v igorous ly  that we obse rved  the quanti tat ive fo rmat ion  of sulfoxide (XXX 
�9 VI) within 2-3 rain af ter  ref luxing the r eac tan t s  in benzene.  Fu r the r  oxidation gives  the sulfone (XXXVII). 
3-Chlorophenath iaz ine  is conver ted  to the sulfoxide and sulfone (XXXVIII)-(XXXIX) under  the s a m e  condi-  
t ions.  

For  the thianthrene de r iva t ives  (XL) and (XLV) we obtained compounds that co r r e spond  to all of the 
poss ib le  deg ree s  of oxidation of the sulfur  a toms ,  (XLI)-(XLIV) and (XLVI)-(XLIX). 

Thianaphtheno[2,3-c] thianaphthene when reac ted  g ives  the monosulfoxide (L), monosulfone (LI) and 
disulfone (LID; only the monosulfone is fo rmed  in oxidation by H202 [15] 
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TABLE 1. Oxidat ion of Su l fu r -Conta in ing  Compounds  with t e r t -  
Amyl  H y d r o p e r o x i d e  in the P r e s e n c e  of MoC1 or  Mo(CO)~ 

Com- 
pound 

I Yield, 
T,~ Time,h % Mp, ~ 

Empirical 
formula 

Found, % Calculated, % 

c h s C l H I S  

V I  60 t 1 ! 96--98 
VII I 60 1t,5 74--75 

175--80 1t,5 24--225 VIII 2 
I 80 /t,5 " 76--177 

XI , 80 |0,5--2 II.+4__--i2556 5~2 
XII 60 ,52 ') 
XIX 70 80 
xx, 19o.tOOl 3--4 2175--276 
XX 180--85 | 2 17t--173 
XXII 190--t001 4 227--229 
XXIV | 70 |t,5--2 ~ 78--t80 

x x v ,  

XXXIV 60 0,51 .59--161 XXXV 75 80 I 
posol I ,20_221 

XLVII '.78--28C 
XLVIII | 60 / 2--3 D2dec. 
XLIX 1 8 0  1 2 7 3 1  +52--::.52. 

45 50 t92--19+ 
l,II / 80 / 3 ~08--3tC 

C1~H2oC12OS 
C~6H2~O5S 
C2sH2sC1 ~ N=O aS 
C12H2oC1202S 
CI~H:s0sS 
CloH~sOS 
CsH~zCl~O 5Sa 
Cs HleCI~06Sa 
CsH~CI~O~Sa 
CsHI~C120~Sa 
CsH~oO~Sa 
CsH~o0sSa 
C~.sHa40~S~ 

CsH+C]=OS 
CsH~CIr 
Ctslt~s0S~ 
C~sHts0~S~ 
C~sH~sOaS~ 
C~H~OaS ~ ' 
C~HsOS~ 
C~HsO~S~ 

5'1,3 7,7 tt,850,8 
57,81 7,9 9,7D8,2 I 
58,61 <51 5,4t58,51 
48,11 5,31 tl,5148d I 
55,11 ~,~ 9,1155,51 
64,3 t t6,9[64,5J 
26,91 3,3j~.7,3J27,tl 
25,51 3,4 t )-+5,8125,9] 
27,21 3,3 I)"7,9127,1I 
25,61 3,41 )+5,4125,9 
34,81 3,4134,0/34,0 i 
32,4] 32,2132,2 ] 
59,2] 3:4 19,3|59,61 
53,81 9,4 / 18,3154,2 
44,2 / t ,6] i4,~|43,8 
41,4[ 1,5113,3140,8 
66,5| 5,6+ 2t ,9166,6 
62,91 5,2 2t,0163d 
60,31 4,9 203160,0 
57,21 4,6 t8,9157,t 
65,t I 2,9 24,8165,6 

2,6 2t ,0155,2 55,21 

7,ttii,3 
7,81 9 j  
4,5[ 5,6 
6,7[i0,7 
7,5 9,2 
9,7]17,2 
3,4127,t 
3,2125,9 
3,4127,t 
3,2125, 9 
3,5134,0 
3,3132,2 
0,5/i9,9 
9,6/18,1 
1,8~t4,6 
t ,7|13,6 
5,5122,2 
5,21m,o 
5,o]2o,o 
~,7119,o 
3,1125,0 
2,512t,0 

\ / / \ x / \ s / , . ~ /  [ ~---]-- 
(L)--(LI) X=SO, S02; (LII) 

Thus, the advantages of catalyzed hydroperoxide oxidation, such as the possibility of sharply regulat- 

ing the degree of oxidation of the sulfur atom, the high yields, and also the simplicity of running the reac- 

tion and the convenience of isolating the products, make this method the most universal of the known meth- 

ods for the oxidation of organosulfur compounds. 

EXPERIMENTAL METHOD 

The tert-amyl hydroperoxide used in the work, after purification via the Na salt and vacuum-distilla- 

tion, had a purity of 90-96~c. The IR spectra were recorded on a UR-20 speetrophotometer using either a 

Nujol mull or a film. The ehromatographing was run on Al203 (Ill activity). The completeness of oxida- 
tion was checked by TLC. 

Oxidation Method. To a solution of the compound being oxidized and the catalyst (either 5-10 mg of 

MoCl 5 or Mo(CO)G per gram of sulfide) in either benzene or CHCI 3 (50-100 ml per gram of sulfide) was 

added the hydroperoxide. The mixture was kept at 0-80~ for 0.5-8 h. When preparing the su!foxides 

the oxidation was run with a strictly equimolar amount of TAHP, while 2-3 M of the hydroperoxide were 

used when preparing the sulfones. The IR spectra of all of the obtained sulfoxides contained characteristic 

frequencies in the 1035-1070 cm -I region. The sulfonyl group is characterized by absorption at 1120-1130 

and 1310-1320 cm -I. 

Preparation of Diehlorodicyclohexyl Sulfoxide (VI). To a solution of 1 g of diehlorodicyelohexyl sul- 

fide and 0.01 g of MoCI 5 in 50 ml of benzene was added 0.45 g of TAHP (98~c). The mixture was heated at 

60 ~ for 1 h, washed with water, dried over Na2SO4, and evaporated to dryness. We obtained 0.9 g of (VI); 

~S=O 1040 cm -I. 

Bis-3-chlorotetrahydrothiophene Dioxide l~1,4~4-Sulfoxide (XXIX). To a solution of 0.5 g of (XXXIII) 

in 50 ml of absolute dioxane were added 5 mg of either MoCl 5 or Mo(CO)6 and 0.37 g of TAHP (98~), and 

the mixture was heated for 2 h at 70-80% Then the mixture was cooled to 0 ~ and the obtained precipitate 
was separated and washed with acetone. We obtained 0.45 g of (XXIX), mp 230-232~ ~'S=O 1080 cm -I. 

Found: C 26.9; H 3.2; S 27.1~c. C8H12C1205S 3. calculated: C 27.11; H 3.4; S 27.1%. 

Bisdihydrothiophene l,l-Dioxide 4~4-Sulfone (XXV). A mixture of 0.5 g of sulfide (XXIII), 20 rag of 
MoCI 5 and 1 g of TAHP in 150 ml of dioxane was refluxed for 12 h, and then the solvent was evaporated. 

We obtained 0.32 g of (XXV), ~,SO 2 1130 and 1325 cm -I. 
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Thianaphtheno-[2 ,3-c] - th ianaphthene  Disulfone (LII). To a mix tu re  of 0.5 g of th ianaphtheno-[2 ,3-c] -  
thianaphthene and 10 mg of e i ther  MoC15 or  Mo(CO)6 in 70 ml  of benzene was added 0.6 g of TAHP (100~c) 
in drops ,  and the mix tu re  was ref luxed for  3 h, a f te r  which it was cooled to 20 ~ and allowed to stand ove r -  
night. The obtained c r y s t a l s  were  sepa ra t ed  and washed s e v e r a l  t imes  with acetone.  We obtained 0.49 g 
of (LII), PSO 2 1130 and 1320 em -1. 

The p r o p e r t i e s  of the newly obtained compounds a r e  s u m m a r i z e d  in Table  1. The mel t ing points of 
the known produc t s  coincide with the l i t e r a tu re  data and a re  identical  with those of the compounds synthe-  
s ized by another  method.  

CONCLUSIONS 

i. A study was made of the oxidation of complex alieyclie sulfides with hydroperoxides in the presence 
of molybdenum salts and it was established that hydroperoxide oxidation catalyzed by metals can serve as a 
convenient method for the preparation of pure sulfoxides and sulfones in high yields. 

2. Sulfur-containing aromatic heterocyeles can be oxidized to sulfoxides and sulfones by treatment 
with hydroperoxides in the presence of molybdenum compounds, with a clear-cut regulation of the degree 
of oxidation of the sulfur atoms. 
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