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THE LOWER OXIDES OF SULFUR AND RELATED ORGANIC 
SULFOXIDES 

RALF STEUDEL 
I n s t i t u t  f u r  Anorqanische und A n a l y t i s c h e  Chemie, 
Sekr .  C 2 ,  Technische U n i v e r s i t a t  B e r l i n ,  
D-1000  B e r l i n  1 2 ,  F.R.G. 

A b s t r a c t .  The p r e p a r a t i o n ,  s t r u c t u r e s ,  s p e c t r a  and 
o t h e r  p r o p e r t i e s  o f  o r q a n i c  s u l f a n e  o x i d e s ,  R SnO 
( n = 3 , 4 )  , and d i o x i d e s ,  R2Sn0 ( n = 3 , 4 )  , as w e l ?  as  
of t h e  homocyclic s u l f u r  oxi8es SnO (n=6 ... l o )  and 
SnO (n=7 ,12)  are  d i s c u s s e d .  A l l  compounds are  s u l f -  
o x i 3 e s  and c o n t a i n  t w o  o r  more homonuclear S-S 
bonds.  

INTRODUCTION 

The element  s u l f u r  i s  unique i n  many r e s p e c t s .  For  i n -  

s t a n c e ,  it i s  t h e  e lement  w i t h  t h e  l a r g e s t  number of  

a l l o t r o p e s  ' I 2 ,  w i t h  t h e  l a r g e s t  number o f  molecular  

o x i d e s  3 ' 4  and a l so  wi th  the  laruest  number of  b i n a r y  

n i t r i d e s  5:  wh i l e  2 0  c r y s t a l l i n e  s u l f u r  a l l o t r o p e s  have 

been w e l l  c h a r a c t e r i z e d ,  15 molecular  o x i d e s  and 10 

n i t r i d e s  have been p repa red .  I n  a l l  t h r e e  cases t h e  t h e r -  

modynamic s t a b i l i t y  of t h e  homonuclear s u l f u r - s u l f u r  

bond i s  one of  t h e  r easons  f o r  t h e s e  l a r g e  numbers, 

s i n c e  a l l  of  t h e  a l l o t r o p e s  and m o s t  of  t h e  o x i d e s  and 

n i t r i d e s  c o n t a i n  one o r  more S-S bonds.  

Most of  t h e  e x i s t i n g  15 s u l f u r  o x i d e s  form s m a l l  mole- 
c u l e s  b u t  s o m e  a r e  polymer ic ,  e .g .  (S03)x and (S03+n)x 

wi th  x be inq  a ve ry  l a r q e  number and O c n  e l .  The b e s t  

known and most impor t an t  o x i d e s  are ,  o f  c o u r s e ,  SO2 and 

SO3 w i t h  o x i d a t i o n  numbers of  s u l f u r  of +4 and + 6 ,  

r e s p e c t i v e l y .  Oxides w i t h  an ave raae  o x i d a t i o n  number of 

less t h a n  +4 are  c a l l e d  " l o w e r  s u l f u r  o x i d e s "  . 7 
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34 R .  STEUDEL 

The number of known l o w e r  s u l f u r  o x i d e s  has  i n c r e a s e d  

from 2 i n  t h e  y e a r  1 9 6 0  t o  1 0  i n  1984 and m o s t  of  t h e  

new s p e c i e s  have been p r e p a r e d  i n  B e r l i n ;  t h e  f o l l o w i n g  

compounds are  p r e s e n t l y  known: 

so s2°2 s2° 5O '6' 7O 7'2 '8' 9 O  sloe 
The s u l f u r  t o  oxygen r a t i o  i n  t h e s e  molecules  v a r i e s  

between 1 O : l  and 1 : l  and t h e  t h e r m a l  s t a b i l i t y  ( o r  " l i f e -  

t i m e " )  of  t h e s e  thermodynamical ly  u n s t a b l e  compounds i s  

r e l a t e d  t o  t h i s  r a t i o :  wh i l e  S 0 s u r v i v e s  as  a c r y s t a l l i n e  

compound f o r  s e v e r a l  hour s  a t  25OC, t h e  s h o r t - l i v e d  s u l f u r  

momoxide S O  can  be  d e t e c t e d  f o r  o n l y  some m i l l i s e c o n d s  

8 

a f t e r  i t s  p r e p a r a t i o n  i n  t h e  vapor  phase  7 ,8  

A l l  lower  s u l f u r  o x i d e s  e x c e p t i n g  S O  c o n t a i n  one  o r  more 

S-S bonds.  

For  r e a s o n s  of space t h e  f o l l o w i n g  d i s c u s s i o n  w i l l  be  

r e s t r i c t e d  t o  t h e  7 homocyclic s p e c i e s  SnO (n=6 ... l o )  

and Sn02 (n=7 and 1 2 ) .  These compounds a l l  c o n t a i n  t h e  

s t r u c t u r a l  e lement  

- s - s - s -  
0 
II 

which can  be  s y n t h e s i z e d  by t w o  p r i n c i p a l l y  d i f f e r e n t  

rou te s :  r o u t e  A s t a r t s  from an e x i s t i n g  homoatomic c h a i n  

o r  r i n g  of  s u l f u r  atoms which i s  o x i d i z e d  by a s u i t a b l e  

r e a g e n t ,  e.g. a pe roxyac id ,  w h i l e  a c c o r d i n g  t o  r o u t e  B 

a c o n d e n s a t i o n  r e a c t i o n  between t h i o n y l c h l o r i d e  and a 
t h i o l  w i t h  e l i n i n a t i o n  o f  hydrogen c h l o r i d e  p r o v i d e s  t h e  

" o x i d i z e d  s u l f u r  c h a i n "  : 
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LO?, ;:Y. OXIDES OF SULFUR AND RELATED SIJLFOXIDrS 

A 

- s - s - s -  
II 
0 

- s - s - s -  

- S H  + C I - S - C l  + H S  - 
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I I  
0 

B 

B e s i d e s  t h e  l o w e r  S o x i d e s  ment ioned  t h e  " o x i d i z e d  s u l f u r  

c h a i n "  i s  a l s o  a c o n s t i t u e n t  o f  c e r t a i n  o r a a n i c  s u l f o x i d e s  

which a r e  f o r m a l l y  d e r i v e d  from b i s - o r a a n y l ' s u l f a n e s ,  

R2Sn ( n ,  1 )  I and which t h e r e f o r e  have  been  te rmed s u l f a n e  

o x i d e s .  These compounds w i l l  b e  d e a l t  w i t h  i n  t h e  f o l l o w -  

i n g  s e c t i o n .  

ORGANIC SULFANE OXIDES 

I t  h a s  been known f o r  some t i m e  t h a t  o r g a n i c  s u l f a n e s  

( s u l f i d e s ) ,  R 2 S ,  a s  w e l l  as d i s u l f a n e s  ( d i s u l f i d e s )  I 

R2S2, 
ponding  s u l f o x i d e s  which have  a l s o  been te rmed as  s u l f a n e  

o x i d e s  s i n c e  t h i s  nomenc la tu re  c a n  e a s i l y  be e x t e n d e d  

t o  s u l f a n e s  w i t h  more t h a n  two s u l f u r  a toms i n  a row: 

can  b e  o x i d i z e d  by p e r o x y a c i d s  t o  u i v e  t h e  c o r r e s -  

0 

O O H  
R - S - R  + R - C z  ___) 

R - S - S - R  + I I  

+ I I  
E t 2 O  - 
2 5 ° C  

R - S - R  
II 
0 

Sulfane -oxide 

R-S-S-R  

& 
Disulfane-ox ide 

Tr i su I f  ane - 1- o x i d e  

m.p. 133°C 
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36 R. STEUDEL 

The first oxidation of a trisulfane by peroxyacid was 
reported in 1965 by Milligan and Swan and it was shown 
that the a sulfur atom is the one which is oxidized in 
this reaction (sulfur atom nr. 1 ) .  The sulfoxide formed 
should therefore be termed as trisulfane-I-oxide. It is 
a yellow crystalline material. 
The oxidation of tri- and tetrasulfanes has been studied 
in some detail by the present author l o .  Usinu trifluoro- 
peroxyacetic acid at -4OOC and in different molar ratios 
several trisulfane monoxides and trisulfane-1,3-dioxides 
as well as a tetrasulfane monoxide and a tetrasulfane- 
1,4-dioxide have been prepared: 

1 : l  

R - S - S - S - R  + CF,C,OOH .P 

R - S - S - S - S - R  + II 

1:1 

II 
0 

2 R-S--5-S-R 

0 
II 

R-S -S -S  -R 

f ; ' :  
R-S-S-S -R 

T r i s u l f  a n e  - ox ides  

0 
II 

R-S-S-  S - S - R  

0 0 
R - S - S - S - S - R  

II II 

T e t r a s u l f a n e  - ox ides  

R S 0 , S R  + RS,R 

R S 0 , S S R  + RS,R 

All compounds have been obtained as crystalline solids 
and have been characterized by infrared and mass spectra, 
elemental analysis and in some cases molecular weight 
determinations. These materials are unstable at 25 C and 
decompose to mixtures of sulfones, sulfoxides and sul- 
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LOWER OXIDES OF SULFUR AND RELATED SULFOXIDES 

1 0  fanes , e.u.: 

31 

R - S 0 2 - S - R  + R-S4-R  

R-SO -S-S-R + R-S -R 2 3 

2 tBu-S-S-S-tBu 

From the above results it is obvious that only the ter- 
minal sulfur atoms can be oxidized by peroxyacids. Excess 
of peroxyacid yields sulfones rather than sulfoxides. 
To qet an oxygen atom linked to the middle (or D )  sulfur 
atom(s) of a tri- or tetrasulfane route B has to be 
followed. According to this route quite a number of tri- 
sulfane-2-oxides (dithiosulfites) have been prepared by 
various authors with R beina an alkyl, aryl, acyl or in- 
organic group 1 1 - 1 7 .  

* R-S-S-S-R  0 ° C  
R - S H  + CI-S-CI + HS-R 

II - 2  HCI  II 
0 0 

R =  a l k y l .  a r y l .  a c y l ,  

i n o r g .  groups 

SO, + R - S - S - R  

+ R - S - S - S - R  

The thermal stability of these compounds very much de- 
pends on the uroup R ,  and the products are always SO 

1 1 , 1 2 , ? 5  and oxygen-free sulfanes rather than sulfones 
The question whether the oxygen atom is linked to one 
of the terminal sulfur atoms or to the (or one of the) 
central S atom(s) of a bis-organyl tri- or tetrasulfane 
can easily be answered on the basis of the infrared 
spectrum. The SO stretching vibration of acyclic sulf- 
oxides X-SO-Y systematically depends on the electronega- 
tivity (x ) of the substituents X and Y 1 8 .  Three linear E 
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38 R. STEUDEL 

r e l a t i o n s h i p s  v 
d i n g  on t h e  p o s i t i o n  of X and  Y i n  t h e  p e r i o d i c  t a b l e  

(see F i g .  1 ) .  

= a.  z x ,  + b have  been  d e r i v e d  depen-  so 

F I G U R E  1 Dependence o f  t h e  S O  s t r e t c h i n g  wavenumber 
( v  ) on t h e  sum of t h e  e l e c t r o n e a a t i v i t i e s  
(xs? of t h e  s u b s t i t u e n t s  X and Y i n  s u l f o x i d e s  

X-EO-Y. Curve 1 h o l d s  €or  compounds w i t h  X and 
Y l i n k e d  t o  t h e  s u l f o x i d e  g roup  v i a  a f i r s t  row 
e l e m e n t ( F ,  0, N ,  C ) ,  c u r v e  3 f o r  second  o r  
t h i r d  row e l e m e n t s  ( C l ,  B r ,  S ,  S e ,  e t c . )  and  
c u r v e  2 f o r  cases w i t h  one  f i r s t  row and  o n e  
second o r  t h i r d  r o w  e l e m e n t .  
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L O X t R  OXIDES O F  SULFUR AND RELATED SULFOXIDES 39 

For X,Y = a r y l  o r  a l k y l  groups t h e  e l e c t r o n e g a t i v i t y  of  

carbon i s  used and t h e  f o l l o w i n a  wavenumbers have been 

observed  f o r  t h e  t h r e e  t y p e s  of  o r a a n i c  s u l f o x i d e s  

( v s o  i n  cCl4 o r  CS2 s o l u t i o n ) ;  a l l  v a l u e s  - + 10 ern -1 9,18 

R - S - R  R - S - S  - R  R - S - S - S - R  
0 n 0 0 

v - 1060 1100 1130 so - 

CYCLO OCTASULFUR O X I D E ,  S8g 

Those lower s u l f u r  o x i d e s  which c o n t a i n  an o x i d i z e d  

s u l f u r  r i n g  can a l so  be  p repa red  by t h e  t w o  r o u t e s  d i s -  

cussed  above. The f i r s t  compound of t h i s  t y p e  has  been 

t h e  c y c l o - o c t a s u l f u r  monoxide, S 0, which i s  a d e r i v a -  

t i v e  of S8 t o  which one e x o c y c l i c  oxygen atom has  been 

added : 

8 

0 
II w w  

SS SSO 
(symmetry b d )  (symmetry C,) 

We have found t h a t  t r i f l u o r o p e r o x y a c e t i c  a c i d  i s  t h e  

o n l y  peroxyac id  which a t t a c k s  e l emen ta l  s u l f u r  ( S 8 )  a t  

low t empera tu res .  The r e a c t i o n  i s  c a r r i e d  o u t  i n  CS, 
L 

or CH2C12 s o l u t i o n  a t  O°C and S 0 can be  i s o l a t e d  i n  

3 0 %  y i e l d  
8 19,20. 
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Route A s 

R. STEUDEL 

Route 8 

\ 
H CI 

H CI’ 

CS2 - MeqO / 
S? + so - 40°C 

0 CH2CI2 
S, + CF,-C: 

0-0-H 0°C 

CH2CI2 0°C f m.p. 78°C 

t 
Na2S, + HCl(aq)  

t 

The pe roxyac id  must be  f r e s h l y  p r e p a r e d  from c o n c e n t r a -  

t e d  H 2 0 2  and t r i f l u o r o a c e t i c  a c i d  anhydr ide .  

According t o  r o u t e  B t h e  p r e p a r a t i o n  o f  S 8 0  star ts  from 
sodium s u l f i d e  which is c o n v e r t e d  t o  p o l y s u l f i d e  by 

r e a c t i o n  w i t h  s u l f u r  i n  aqueous s o l u t i o n .  The p o l y s u l -  
f i d e  s o l u t i o n  i s  poured i n t o  i c e - c o l d  c o n c e n t r a t e d  
h y d r o c h l o r i c  a c i d  t o  g i v e  a s u l f a n e  mix tu re  which i n t e r  

a l i a  c o n t a i n s  h e p t a s u l f a n e ,  H2S7.This s u l f a n e  m i x t u r e  

reacts w i t h  t h i o n y l  c h l o r i d e  under  t h e  c o n d i t i o n s  o f  t h e  

d i l u t i o n  p r i n c i p l e  t o  u i v e  S 0 i n  uram q u a n t i t i e s .  8 
S 8 0  forms y e l l o w  n e e d l e - l i k e  c r y s t a l s  s lowly  decomposing 
t o  SO2 and s u l f u r  a t  25 C .  The c r y s t a l  s t r u c t u r e  i s  shown 

i n  F i g u r e  2 .  

A s  c an  be s e e n  from t h i s  f i q u r e  t h e  s u l f o x i d e  g roups  of  

n e i g h b o r i n g  molecu le s  i n t e r a c t  w i t h  e a c h  o t h e r  t o  form 
an i n f i n i t e  p l a n a r  z ip-zaq-cha in .  The d i p o l e  moment of 

8,21  

0 

t h e  S O  groups  w i l l  c e r t a i n l y  be  r e s p o n s i b l e  f o r  t h i s  
t y p e  of  i n t e r a c t i o n  22,23 

The oxygen a t o m s  are  i n  a x i a l  r a t h e r  t h a n  e q u a t o r i a l  

p o s i t i o n s  w i t h  r e s p e c t  t o  t h e  S8 r i n u .  T h i s  r i n u  e x h i b i t s  
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LOWER OXIDES OF SULFUR AND RELATED SULFOXIDES 41 

F I G U R E  2 C r y s t a l  s t r u c t u r e  of c y c l o - o c t a s u l f u r  monoxide, 
S 0. The or thorhombic u n i t  c e l l  c o n t a i n s  f o u r  
molecules ,  t h e  i n t e r m o l e c u l a r  i n t e r a c t i o n  of 
t h e  s u l f o x l d e  groups i s  i n d i c a t e d  by d o t t e d  
l i n e s  (SO .... SO .... 1 .  

8 

t h e  same crown conformat ion  as  i n  S i t s e l f  b u t  as  t h e  

fo l lowing  diagram shows t h e  S-S bond d i s t a n c e s  ( i n  pm) 

have changed d r a m a t i c a l l y :  

8 

yso (cm-'  ) 

1 0 8 5  ( s o l i d )  

1130 ( C S 2 )  
1 4 8  

(cm- '  ) 
205 

300 - 5 2 0  
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42 R .  SEUDEL 

The S-S bond l e n g t h s  va ry  between 2 0 0  and 2 2 0  pm compared 

t o  t h e  205  pm obse rved  f o r  t h e  S 8  molecule.  The t w o  S-S 

bonds n e i g h b o r i n n  t o  t h e  s u l f o x i d e  group a re  t h e  weakest  

( l o n g e s t )  and must be  r e s p o n s i b l e  f o r  t h e  t h e r m a l  i n s t a -  

b i l i t y  o f  t h e  compound '. Going from r i u h t  t o  l e f t ,  t h e  

n e x t  t w o  bonds are t h e  s t r o n g e s t  S-S bonds i n  t h e  rnole- 

c u l e ,  and t h e n  f o u r  bonds of  almost normal l e n g t h  f o l l o w .  

T h i s  a l t e r n a t i o n  of t h e  bond l e n g t h s  symmet r i ca l ly  t o  
t h e  mirror  p l a n e  of t h e  molecule  i s  a c h a r a c t e r i s t i c  

f e a t u r e  of  cumulated S-S bonds.  

The v i b r a t i o n a l  s p e c t r a  of S 8 0  c l e a r l y  r e f l e c t  i t s  c r y s t a :  

and molecu la r  s t r u c t u r e .  The S O  s t r e t c h i n g  v i b r a t i o n  

s h i f t s  f r o m  1130 cm- '  i n  CS2 s o l u t i o n  t o  1085  cm- '  i n  t h e  

s o l i d  s t a t e  due t o  t h e  i n t e r m o l e c u l a r  SO...SO i n t e r a c t i o n .  

The S S  s t r e t c h i n g  v i b r a t i o n s  a s  obse rved  i n  t h e  Raman 

spec t rum are d i s t r i b u t e d  o v e r  t h e  l a r g e  r e g i o n  of 3 0 0 -  

5 2 0  cm-' 

s, : 

D4 d 

s,o : 

CS 

F I G U R E  3 

due t o  t h e  d i f f e r i n q  bond s t r e n s t h s  of  t h e  f o u r  

Raman Spectra of S, and S,O 

t r  
300c1n-~ ,rJ ii 1 200 ,  i 100 ' h L 

300 crn-' 200 100 0 

Cor re l a t ion  of t h e  Raman s p e c t r a  ot S8(symmetry 
D ) and S 8 0 ( C  ) i n  t h e  r i n g  bendinu  r e g i o n .  
V % r a t i o n s  d e g s n e r a t e  i n  S 8  s p l i t  i n t o  t h e i r  
components i n  S 0. The wavenumber o f  t h e  t o t a l l y  
symmetr ica l  r i n g  bending  mode ( a l  i n  S 8 , a '  
S 0 )  i s  c h a r a c t e r i s t i c  €or t h e  r m g  s i z e  

8 
2 in 

8 
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LOWER OXIDES OF SULFUR AND RELATED SULFOXIDES 43 

24  p a i r s  o f  e q u i v a l e n t  bonds w i t h i n  t h e  r i n g  . 
A compar ison  o f  t h e  r i n g  bend ing  v i b r a t i o n s  o f  t h e  h igh -  

symmetry molecu le  S (D ) w i t h  t h e  low-symmetry spe -  

c ies  S 0 (C ) i s  shown i n  F i g u r e  3 .  T h i s  f i g u r e  r e v e a l s  

t h e  o v e r a l l  s i m i l a r i t y  o f  t h e  two r i n g  c o n f o r m a t i o n s .  

However, v i b r a t i o n s  doubly  d e g e n e r a t e  i n  S s p l i t  i n t o  

t h e i r  components i n  S 8 0 .  The most c h a r a c t e r i s t i c  f e a t u r e  

i s  t h e  t o t a l l y  symmet r i ca l  r i n g  bend ing  mode which s i v e s  

r i s e  t o  t h e  v e r y  s t r o n g  Raman l i n e  a t  218 cm-’  and whose 

wavenumber depends  on t h e  r i n g  s i z e .  T h i s  wavenumber c a n  

t h e r e f o r e  b e  used  t o  d e t e r m i n e  t h e  number o f  s u l f u r  a toms 

i n  t h e  r i n g  i n  cases  where no s i n g l e  c r y s t a l s  a re  a v a i l a b l e  

t o  c a r r y  o u t  an X-ray s t r u c t u r a l  a n a l y s i s .  The comple t e  

a s s i g n m e n t  of t h e  i n f r a r e d  and Raman s p e c t r a  o f  S 0 t o -  

8 4d 

8 S 

8 

8 
g e t h e r  w i t h  t h e  c a l c u l a t i o n  of f o r c e  c o n s t a n t s  25,’‘ p ro -  

v i d e d  t h e  know-how n e c e s s a r y  t o  u n d e r s t a n d  t h e  more com- 

p l i c a t e d  s p e c t r a  o f  t h e  o t h e r  homocycl ic  s u l f u r  o x i d e s  

t o  b e  d i s c u s s e d  below.  

ADDUCTS OF S80 W I T H  LEWIS ACIDS 

L i k e  o t h e r  s u l f o x i d e s  S 0 forms a d d u c t s  w i t h  c e r t a i n  L e w i s  

a c i d s ,  f o r  i n s t a n c e  ant imony p e n t a c h l o r i d e  and t i n  t e t r a -  

c h l o r i d e .  With SbC15 an i n t e r e s t i n g  i s o m e r i z a t i o n  o f  t h e  

S 0 molecu le  t a k e s  p l a c e  s i n c e  t h e  oxygen atom i n  t h e  

a d d u c t  i s  found i n  t h e  e q u a t o r i a l  p o s i t i o n .  The a d d u c t  i s  

u n s t a b l e  a t  2OoC decomposing t o  SOC12, SbC13 and s u l f u r .  

T rea tmen t  w i t h  a c e t o n e  r e s u l t s  i n  t h e  l i b e r a t i o n  o f  S80 

s i n c e  t h e  c a r b o n y l  oxygen i s  o b v i o u s l y  a s t r o n g e r  donor  

t h a n  S80. The r e c o v e r e d  S 0 i s  i d e n t i c a l  w i t h  t h e  s t a r t i n g  

ma te r i a l  c o n t a i n i n g  t h e  oxygen i n  t h e  a x i a l  p o s i t i o n  . 

8 

8 

2 7 .  
8 
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44 R. STEUDEL 

- 5 0 ° C  /cs ,  
s,O + SbCI, - S, O.-...S b C I 

acetone 
axial t r i g .  bipyr.  eqat.  octah. 

orange crystals 71 O,, 

J 20°C 
SOCI,  + SbCI,  + S ,  

FIGURE 4 Molecu la r  s t r u c t u r e  o f  t h e  a d d u c t  S 0.SbC15 
( m o l e c u l a r  symmetry C - g i v e n  are  t8e bond 
l e n g t h s  i n  pm and  t h e s ; o r s i o n a l  a n g l e s  o f  t h e  
s u l f u r  r i n g ) .  The oxygen atom i s  i n  a n  e q u a t o -  
r i a l  p o s i t i o n  w i t h  r e s p e c t  t o  t h e  r i n g  and  
l i n k s  t h e  S8 u n i t  t o  t h e  n e a r l y  o c t a h e d r a l l y  
c o o r d i n a t e d  an t imony atom. 

I n  F i g u r e  4 t h e  m o l e c u l a r  s t r u c t u r e  o f  S80.SbC1 

shown; t h e  c o o r d i n a t i o n  o f  t h e  Sb a t o m  i s  n e a r l y  o c t a -  

h e d r a l  2 7 .  The f a c t  t h a t  t h e  i s o m e r i z a t i o n  o f  S80 t a k e s  

p l a c e  r a p i d l y  even  a t  l o w  t e m p e r a t u r e s  i n d i c a t e s  a low 
a c t i v a t i o n  e n e r g y  and  t h u s  e x c l u d e s  a p y r a m i d a l  i n v e r -  

s i o n  a t  t h e  t h r e e - c o o r d i n a t e d  s u l f u r  atom. More l i k e l y  

i s  t h e  s t e p w i s e  r i n g  i n v e r s i o n  shown i n  F i g u r e  5 which 

a l so  t r a n s f o r m s  a n  a x i a l l y  bound e x o c y c l i c  s u b s t i t u e n t  

i s  5 
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LOWER OXIDES OF SULFUR AND RELATED SULFOXIDES 45 

i n t o  an e q u a t o r i a l  p o s i t i o n  v i a  a number of t o r s i o n a l  

motions 2 7 .  This  p i c t u r e  i s  of c o u r s e  an i d e a l i z e d  de- 

scription of t h e  r i n g  i n v e r s i o n  s i n c e  t w i s t e d  conforma- 

t i o n s  may a lso be invo lved .  The t o r s i o n a l  b a r r i e r  t o  r o -  

t a t i o n  about  t h e  S-S bonds i n  homocyclic Sn molecules  

i s  known t o  be q u i t e  low ( 5 2 4  kJ/mol 2 8 )  a s  w i l l  be 

d i s c u s s e d  below. 

F I G U R E  5 The most p robab le  b u t  i d e a l i z e d  r e a c t i o n  pa th -  
way f o r  t h e  e x c h m q e  of t h e  oxygen atom of S 8 0  
between t h e  a x i a l  and e q u a t o r i a l  p o s i t i o n s  by 
r i n g  i n v e r s i o n .  

F i g u r e  6 shows t h e  molecular  s t r u c t u r e  of  an adduct  b e t -  

ween S 8 0  and SnC14 c o n t a i n i n g  t h e  t w o  s u l f o x i d e  l i q a n d s  

i n  c i s  p o s i t i o n s  t o  each  o t h e r  3 ' 2 9 .  I n  t h i s  compound 
t h e  oxygen atoms are i n  t h e i r  u s u a l  a x i a l  p o s i t i o n s  w i t h  

r e s p e c t  t o  t h e  s u l f u r  r i n q .  
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46 R. STEUDEL 

FIGURE 6 Molecu la r  s t r u c t u r e  of t h e  a d d u c t  (S80)2SnC14.  
The S 0 l i g a n d s  occupy c i s  p o s i t i o n s  a t  t h e  
t i n  aeom. 

OTHER HOMOCYCLIC SULFUR O X I D E S  

The eight-membered s u l f u r  r i n g  i s  t h e  m o s t  s t a b l e  one  

b u t  many o t h e r  r i n g  s i z e s  a re  known. F i q u r e  7 shows t h e  

m o l e c u l a r  s t r u c t u r e s  o f  a l l  t h o s e  s u l f u r  a l l o t r o p e s  which 

SO f a r  have  been  i n v e s t i g a t e d  by X-ray c r y s t a l l o g r a p h y .  

These  r e s u l t s  have  been  o b t a i n e d  i n  s e v e r a l  l a b o r a t o r i e s :  

f o r  r e c e n t  r e v i e w s  on e l e m e n t a l  s u l f u r  see 

The s t r u c t u r e s  of s u l f u r  r i n g s  Sn w i t h  n $. 8 d i f f e r  f rom 

t h e  one  of S 8  mainly  by t h e  v a r y i n g  bond d i s t a n c e s  which 

a r e  a r e s u l t  of t h e  d i f f e r i n g  t o r s i o n a l  a n q l e s  a t  t h e s e  

bonds .  I n  S8 a l l  t o r s i o n a l  a n a l e s  a re  i d e n t i c a l  and  t h e r e -  

f o r e  a l l  bonds  a re  e q u i v a l e n t  l e a d i n q  t o  t h e  h i q h  D 4 d  

symmetry. The s a m e  h o l d s  f o r  t h e  S6 (symmetry D 3 d )  and 

S I 2  m o l e c u l e s  

s e v e r a l  d i f f e r i n q  t o r s i o n a l  a n q l e s  (2) and T v a l u e s  b e t -  

ween 0 

t h e  r e l a t i o n s h i p  between t h e  bond l e n g t h  dSS and  t h e  

1 , 2 , 3 0  

(symmetry a l s o  D 3 d ) .  All o t h e r  r i n g s  show 

0 and 1 4 0 °  have  been o b s e r v e d  28. F i q u r e  8 shows 
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LOWER OXIDES OF SULFUR AND RELATED SULFOXIDES 47 

m 
FIGURE 7 M o l e c u l a r  s t r u c t u r e s  of t h e  r i n g s  S 6 '  ' 7 '  s 8 f  

S l 0 '  S ' , , I  S 1 2 '  s l y  a-S B-SI8 and S 2 0  as 

w e l l  as of p o l y m e r i c  s u l f u r  Sm a c c o r d i n g  t o  X-  

r a y  s t r u c t u r a l  a n a l y s e s .  
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48 R. STEUDEL 

t o r s i o n a l  a n g l e  a t  t h i s  bond. The optimum v a l u e  of  T 
r e s u l t i n g  i n  t h e  s h o r t e s t  S-S bond is  o b v i o u s l y  found 

n e a r  9 0  ( S g ,  S I 2 )  b u t  n e i t h e r  t h e  c i s -  n o r  t h e  t r a n s -  
b a r r i e r  of  t h e  p o t e n t i a l  energy  c u r v e  a re  ve ry  h i g h .  A 

c i s - p l a n a r  c o n f i g u r a t i o n  h a s  been obse rved  f o r  t h e  S 7  

molecule  (one bond w i t h T  = 0) and from t h e  h e a t  of  f o r -  

mat ion o f  S7 from S g  i n  t h e  vapor  phase  t h e  t o r s i o n a l  

b a r r i e r  ( c i s - b a r r i e r )  h a s  been d e r i v e d  as  6 2 4  kJ/mol . 

0 

28 

0 0 

205 

09 L 0. 80. 120. 180° 
r s s  

FIGURE 8 Dependence of  t h e  SS bond d i s t a n c e  (dss i n  pm) 
i n  homocyclic Sn molecules  on t h e  t o r s i o n a l  
a n g l e  Z 
t u r e s  wi?RSS v a l u e s  r a n g i n g  from 0 t o  140' 
have been obse rved .  

o f  t h e  Corresponding  bonds.  S t r u c -  

9 Four of t h e  s u l f u r  r i n g s  shown i n  F i g u r e  7 a s  w e l l  as  S 

have been used  f o r  t h e  p r e p a r a t i o n  of t h e  c o r r e s p o n d i n g  

homocyclic s u l f u r  o x i d e s  r e s u l t i n g  i n  t h e  f o l l o w i n g  new 
compounds: 
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LOWER OXIDES OF SULFUR AND RELATED SULFOXIDES 49 

d e c .  3 9 ° C  

d e c .  3 4 ° C  

/p S, + CF,C, 
O O H  

II s7 + 

The o x i d a t i o n  

d e c .  5 5 ° C  < s70  s 7 0 2  d e c .  7 1 ° C  

1 :  2 
d e c .  3 2 - 3 4 ° C  * s 9 0  

1: 2 - SIOO d e c .  5 1 ° C  

r e a c t i o n s  a r e  c a r r i e d  o u t  a t  low tempera- 
t u r e s  i n  methylene c h l o r i d e  s o l u t i o n .  I n  t h e  c a s e  of  S 6  

t w o  o x i d e s  of i d e n t i c a l  composi t ion  have been o b t a i n e d  

which may be e i t h e r  polymorphic m o d i f i c a t i o n s  o f  one and 

t h e  same compound o r  confo rma t iona l  i somers  d i f f e r i n g  

j u s t  i n  t h e  a x i a l  o r  e q u a t o r i a l  p o s i t i o n  of t h e  oxygen 
atom 3 1 .  All o x i d e s  shown form ye l low o r  oranqe  c r y s t a l s  

which decompose a t  2 5  C more o r  less r a p i d l y  ( f a s t e r  t h a n  

S 8 0 ) .  Spontaneous decomposi t ion w i t h  l i b e r a t i o n  of SO2 

t a k e s  p l a c e  a t  t h e  t empera tu res  i n d i c a t e d .  
3 2  So f a r ,  S 7  i s  t h e  o n l y  s u l f u r  r i n g  of which a monoxide 

a s  w e l l  as  a d i o x i d e  3 3  have been p repa red .  The i n f r a r e d  

s p e c t r a  of bo th  compounds show t h a t  t h e y  are s u l f o x i d e s ;  
3 4  w i th  o t h e r  words t h e  oxygen atom o f  S 0 i s  e x o c y c l i c  

and t h e  very  u n s t a b l e  S 7 0 2  i s  a d i s u l f o x i d e  r a t h e r  t h a n  
a s u l f o n e .  S 6 0 r  S 9 0  and SloO accord inq  t o  t h e i r  v i b r a -  

t i o n a l  s p e c t r a  are  a l s o  s u l f o x i d e s  d e r i v e d  from t h e  

cor responding  r i n g s  

s t r u c t u r e s  have been d e r i v e d  from t h e  v i b r a t i o n a l  s p e c t r a  
( i n  t h e  c a s e  of  S 7 0 2  t w o  s t r u c t u r e s  e x p l a i n  t h e  s p e c t r a  

0 

7 

3 5 .  The f o l l o w i n g  molecular  
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50 R. STEUDEL 

e q u a l l y  w e l l )  : 

The t w o  m o s t  i n t e r e s t i n g  homocyclic o x i d e s  of s u l f u r  are  

S 7 0  and S 7 0 2 .  The e x i s t e n c e  o f  t h e  l a t t e r  h a s  prompted 

u s  t o  a t t e m p t  t h e  p r e p a r a t i o n  o f  a d i o x i d e  o f  S 8  which 

shou ld  be  m o r e  s t a b l e  t h a n  S 0 due t o  t h e  h i g h e r  s t a b i -  

l i t y  o f  t h e  eight-membered r i n g  compared t o  t h e  r a t h e r  

u n s t a b l e  S 7 .  However, t h e  o x i d a t i o n  of  S 8  d i s s o l v e d  i n  

methylene c h l o r i d e  by e x c e s s  of CF3COOOH d i d  n o t  g i v e  

any d i -  o r  t r i o x i d e  of S 

i n s t e a d  3 3 :  

7 2  

b u t  SO2 and S702 were o b t a i n e d  8 

ox. so,  + s, - s,o + so ,  

t 
S , O ,  ( d e c .  6 1 ° C )  

I t  i s  b e l i e v e d  t h a t  an u n s t a b l e  o c t a s u l f u r  d i o x i d e  o r  

even a t r i o x i d e  a re  formed as  i n t e r m e d i a t e s  which obv i -  

o u s l y  e l i m i n a t e  SO2 t o  y i e l d  S 7  or S 7 0 ,  r e s p e c t i v e l y ,  

which t h e n  a re  o x i d i z e d  f u r t h e r  t o  g i v e  S702. I n  f a c t ,  

t h e  Raman spec t rum of  t h e  S702 p r e p a r e d  i n  t h i s  way 
a lways  shows t h e  p r e s e n c e  o f  traces o f  S 0. The above 

mechanism r e q u i r e s  s t e p  ( 1 )  b e i n g  f a s t ,  s t e p  (2) slow and 

s t e p s  ( 3 )  , ( 4 )  and ( 5 )  ve ry  f a s t .  

7 
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LOWER OXIDES OF SULFUR AND RELATED SULFOXIDES 51 

The exact molecular structure of S 0 is not known yet 
but S 7 0  has been investigated by X-ray diffraction on 
single crystals . 
Figure 9 shows the crystal structure. The molecules have 

36  37 but the oxygen the same rinq conformation as S 
atoms lower the molecular symmetry ta C1. As has been 
observed for S 8 0 ,  the sulfoxide groups of S 7 0  interact 
to form chains SO- * * S O -  ' . with S - - -  0 distances much 
smaller than the van der Waals distance. 

7 2  

3 4  

7 

FIGURE 9 Crystal structure of cyclo-heptasulfur monoxide, 
S 7 0 .  The monoclinic unit cell contains four 
molecules. The rinq conformation is the same 
as in S7 (see Fig. 7). 
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5 2  R. STEUDEL 

f n  F i g u r e  1 0  t h e  molecu la r  s t r u c t u r e s  o f  S 7 0  and S7 

(symmetry C ) are compared. Due t o  t h e  v a r y i n g  t o r s i o n a l  

a n g l e s  t h e  S7 molecule  e x h i b i t s  S-S bonds r a n g i n g  from 

2 0 0  t o  218 pm i n  l e n q t h  3 6 ' 3 7 .  A s  can  be  seen  from t h e  

F i g u r e ,  t h e  bond d i s t a n c e s  a l t e r n a t e  symmet r i ca l ly  t o  
t h e  mi r ro r  p l a n e .  

I n  S 7 0  t h i s  a l t e r n a t i o n  of  bond l e n g t h s  i s  enhanced by 

t h e  e f f e c t  of t h e  oxygen a t o m  which weakens t h e  t w o  
n e i g h b o r i n g  bonds.  A s  a r e s u l t ,  t h e  l o n g e s t  bond now 

becomes 2 2 7  pm lonu  and i t s  ne ighbor  i s  o n l y  1 9 6  pm 

long  34. With o t h e r  words,  t h e  bond o r d e r  v a r i e s  c o n s i -  

d e r a b l y .  The obse rved  bond l e n q t h s  are  t o  b e  compared 

w i t h  t h e  s i n q l e  bond d i s t a n c e  o f  205pm as  i n  S8 and 

t h e  doub le  bond d i s t a n c e  o f  189 pm as  i n  t h e  S2 molecule  

whose e l e c t r o n i c  s t r u c t u r e  i s  ana logous  t o  t h a t  of 02. 

S 

0' g; 2 2 8  go5 210 

1 9 6  

220 
2 00 199 

21 8 

F I G U R E  1 0  S u l f u r - s u l f u r  bond d i s t a n c e s  ( i n  pm) i n  S 7 0  
( l e f t )  and i n  S7 ( r i g h t ) .  The a l t e r n a t i n g  
bond d i s t a n c e  p a t t e r n  can  c l e a r l y  be  recog-  
n i z e d .  

From t h e  Raman spec t rum o f  S 7 0 2  it h a s  been concluded  

t h a t  t h e  second s u l f o x i d e  qroup - prov ided  t h e  f i r s t  one 

i s  i n  t h e  same p o s i t i o n  a s  i n  S 7 0  - must be  s e p a r a t e d  

from t h e  o t h e r  one by t w o  s u l f u r  atoms, The m o s t  p r o b a b l e  

molecu la r  s t r u c t u r e s  are t h e r e f o r e  t h o s e  shown i n  t h e  

above d iaqram 3 , 3 3  
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LOWER OXIDES OF SULFUR AND RELATED SULFOXIDES 53 

I n  a l l  cases where s i n g l e  c r y s t a l s  o f  t h e  homocycl ic  

s u l f u r  o x i d e s  c o u l d  n o t  b e  o b t a i n e d ,  w e  have  t r i e d  t o  
p r e p a r e  a d d u c t s  w i t h  SbC15 o r  SnC14 hopincr t h a t  t h e s e  

may be  grown as w e l l  deve loped  s i n g l e  c r y s t a l s .  I n  f a c t ,  

a l l  homocycl ic  s u l f u r  o x i d e s  do form such  a d d u c t s ,  b u t  

t h e s e  n o t  a lways  c r y s t a l l i z e  v e r y  w e l l .  I n  t h e  case o f  

S 6 0  t h e  r e a c t i o n  w i t h  SbC15 l e d  t o  an  unexpec ted  new 

p r o d u c t  t h e  f o r m a t i o n  o f  which c a n  be  u n d e r s t o o d  by a 

d i m e r i z a t i o n  o f  S 0 y i e l d i n g  t h e  s p e c i e s  SI2O2 l i n k e d  

t o  two SbC15 molecu le s  3 8  as  shown i n  t h e  f o l l o w i n g  

diagram: 

6 

2 S60 + 2 SbCI, 
cs2 v 
-78" 

S,202* 2 SbCI,*3CS2 

orange c r y s t a l s  

0 

The compound S1202(SbC15)2 forms u n s t a b l e  o r a n g e  c r y s t a l s  

which c o n t a i n  some CS2 molecu le s  i n  a d d i t i o n .  The mole- 
38 c u l a r  s t r u c t u r e  of  t h i s  a d d u c t  i s  shown i n  F i p u r e  1 1  . 

The molecu le  i s  of  C i  symmetry (a  c e n t e r  of i n v e r s i o n  as  
t h e  o n l y  symmetry e l e m e n t )  which s u p p o r t s  t h e  i d e a  of  a 

d i p o l a r  a d d i t i o n  o f  two S 0 molecu le s  as shown above .  

The S-S bond d i s t a n c e s  i n  t h e  twelve-membered r i n g  r a n q e  

from 1 9 9  t o  2 1 9  pm and t o r s i o n a l  a n u l e s  of  between 84 

and 168O have been o b s e r v e d .  The f o r m a t i o n  o f  S1202 from 

S 0 i s  t h e  f i r s t  d i m e r i z a t i o n  r e a c t i o n  of a s u l f u r  r i n g  

y e t  obse rved .  

6 

0 

6 
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54 R. STEUDEL 

FIGURE 1 I Molecu la r  s t r u c t u r e  o f  t h e  adduct  

S1202(SbC15)2  p r e p a r e d  from S 6 0  and SbC15 

( m o l e c u l a r  symmetry C i ’  - g i v e n  are t h e  bond 

d i s t a n c e s  i n  p m  and  t h e  t o r s i o n a l  a n a l e s  of 

t h e  r i n g )  . 
CORRELATION O F  SULFUR-SULFUR BOND PROPERTIES 

A c o v a l e n t  S-S bond c a n  b e  c h a r a c t e r i z e d  by i t s  bond 

d i s t a n c e ,  t h e  s t r e t c h i n g  f o r c e  c o n s t a n t  and  wavenumber, 

t h e  bond e n e r q y  and  t h e  t o r s i o n a l  a n q l e .  A l l  t h e s e  yuan- 

t i t i e s  are - as w e  have  found - c o r r e l a t e d  t o  e a c h  o t h e r .  

I n  F i g u r e  1 2  t h e  c o r r e l a t i o n  o f  t h e  S-S bond l e n q t h  w i t h  
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LOWER OXIDES OF SULFUR AND RELATED SULFOXIDES 55  

b o t h  t h e  s t r e t c h i n g  f r e q u e n c y  ( i n  cm-l)  and  t h e  s t r e t -  

c h i n g  f o r c e  c o n s t a n t  i s  shown ’ I 3  

t i e s  a re  c o r r e l a t e d  t o  e a c h  o t h e r  by t h e  harmonic o s c i l -  

l a t o r  m o d e l ) .  

These c o r r e l a t i o n s  c a n  b e  used  t o  es t imate  bond l e n g t h s  

f rom Raman s p e c t r a  when c r y s t a l  s t r u c t u r e  d e t e r m i n a t i o n s  

a re  n o t  p o s s i b l e  due  t o  t h e  l a c k i n g  s i n g l e  c r y s t a l s ,  €or  
i n s t a n c e  i n  t h e  case of S60, S702 ,  S9,  S 9 0  and SloO. 

The d a t a  used  i n  F i g u r e  1 2  show a l r e a d y  t h e  ex t r eme  

f l e x i b i l i t y  o f  c o v a l e n t  S-S bonds which c a n  v a r y  i n  

l e n q t h  between 1 8 0  and 300 pm w h i l e  f o r c e  c o n s t a n t s  o f  

between 1 .5  and 6 .2  N c m - ’  have  been c a l c u l a t e d .  Obv ious ly ,  

t h e  S-S bond i s  n o t  a lways  a s i n g l e  bond a s  i n  Sa and i n  
1 1 6  o r g a n i c  p o l y s u l f a n e s  , 

Another  i n t e r e s t i n g  and h i q h l y  c h a r a c t e r i s t i c  f e a t u r e  of 
S-S bonds i s  t h e  u n u s u a l l y  s t r o n g  bond-bond i n t e r a c t i o n  

i n  sys t ems  w i t h  cumula t ed  s u l f u r - s u l f u r  bonds as  i n  homo- 

a tomic  c h a i n s  and r i n y s  ‘. T h i s  phenomenon can  b e s t  b e  

e x p l a i n e d  u s i n g  t h e  m o l e c u l a r  s t r u c t u r e  of S 0. I n  t h i s  

mo lecu le  t h e  S-S bond l e n g t h s  v a r y  between 2 0 0  and 2 2 0  

pm and t h e y  a l t e r n a t e  s y m m e t r i c a l l y  t o  t h e  m i r r o r  p l a n e  
of t h e  molecu le .  S i n c e  t h e  t o r s i o n z l  a n g l e s  ssss a re  

a l l  n e a r  looo as  i n  S i t s e l f  t h e  v a r y i n a  bond l e n g t h s  

c a n  o n l y  b e  c a u s e d  by t h e  oxyTen atom. W e  b e l i e v e  t h a t  

one  of t h e  t w o  l o n e  p a i r s  a t  oxygen - t h e  one  i n  t h e  2 9  

o r b i t a l  - i s  p a r t l y  d e l o c a l i z e d  i n t o  t h e  a n t i b o n d i n g  03 
m o l e c u l a r  o r b i t a l  o f  t h e  two n e i g h b o r i n g  SS bonds c a u s i n g  

t h e  l e n q t h  of t h e s e  bonds t o  i n c r e a s e  from 2 0 5  p m  i n  S8 

t o  2 2 0  p m  i n  S a O .  The f o l l o w i n g  r e s o n a n c e  s t r u c t u r e s  

show t h i s  e f f e c t  u s i n g  v a l e n c e  bond t h e o r y  models  . 

( t h e  two l a t t e r  q u a n t i -  

R2 ’n 

a 

8 

2 3 .  
e - - -  e - - -  - -  

- S - S - s -  t* -21 S - 5 -  M - A - S  LA 
Y !@ 8@ - 
0 
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5 1  LOWER OXIDES OF SULFUR AND RELATED SULFOXIDES 

The bond-bond i n t e r a c t i o n  now r e s u l t s  i n  a s h r i n k i n g  of  

t h e  t w o  S-S bonds n e x t  t o  t h e  t w o  l o n g  bonds and  t h e s e  

s h o r t  bonds i n  t u r n  c a u s e  t h e  n e x t  t w o  bonds to  i n c r e a s e  

somewhat i n  l e n g t h .  I n  t h i s  way t h e  a l t e r n a t i n g  bond d i s -  

s t a n c e s  are u e n e r a t e d  and t h i s  view i s  s u p p o r t e d  by an  

a n a l y s i s  of  t h e  c o r r e s p o n d i n g  molecular  o r b i t a l s .  

The c o r r e l a t i o n  between t h e  l e n g t h s  o f  n e i u h b o r i n g  bonds 

can  be  s e e n  from t h e  ma themat i ca l  r e l a t i o n s h i p  between 

d2  and t h e  a r i t h m e t i c  mean o f  d l  and d3  i n  t h e  s t r u c t u r a l  

u n i t  

/ - s  

T h i s  r e l a t i o n s h i p  i s  shown i n  F i g u r e  13  which i s  based  

on t h e  s t r u c t u r a l  data  o f  t h e  c y c l i c  s p e c i e s  S 6 ,  S7' Slo, 

S I 2 '  S 7 0  and S 8 0  ' 
shows t h a t  t h e  e l e c t r o n s  i n  cumula ted  s u l f u r - s u l f u r  bonds 

must be r e g a r d e d  a s  c o n s i d e r a b l y  d e l o c a l i z e d .  

34. The e x i s t e n c e  o f  t h i s  i n t e r a c t i o n  

MOLECULAR STRUCTURES OF TRISULFANE-2-OXIDES 

The molecu la r  s t r u c t u r e s  of S 0 and  o f  t h e  t r i s u l f a n e - 2 -  

o x i d e s  d i s c u s s e d  above o b v i o u s l y  must be  r e l a t e d  t o  e a c h  

o t h e r .  W e  have  t h e r e f o r e  c a r r i e d  o u t  a n  X-ray s t r u c t u r a l  

a n a l y s i s  of  t h e  compound (C1C6H4S)2S0 3 9 .  I n  F i u u r e  1 4  

t h e  c r y s t a l  s t r u c t u r e  o f  t h i s  compound i s  shown. The most 
r emarkab le  f e a t u r e  o f  t h e  s t r u c t u r e  i s  t h e  p l a n a r  c e n t r a l  

backbone c o n s i s t i n g  o f  t h e  f i v e  atoms C-S-S-S-C which a re  

l o c a t e d  i n  a p l a n e .  The su l fu r -oxygen  bond i s  approxima- 

t e l y  p e r p e n d i c u l a r  t o  t h i s  p l a n e .  The t o r s i o n a l  a n g l e s  

8 

P.S. c 
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58 R. STEUDEL 

F I G U R E  13 The s t r o n g  bond-bond i n t e r a c t i o n  i n  sys tems 
w i t h  cumulated s u l f u r - s u l f u r  bonds i s  demon- 
s t r a t e d  by t h e  unique  c o r r e l a t i o n  between t h e  
l e n g t h s  of n e i q h b o r i n g  bonds o r i g i n a t i n g  from 
two-coord ina ted  s u l f u r  atoms. I f  d 2  i s  s m a l l  
t h e n  t h e  a r i t h m e t i c  mean of  d l  
l a r g e  and v i c e  v e r s a .  The d a t a  have een  taken  
from t h e  s t r u c t u r e s  of t h e  compounds i n d i -  
c a t e d  i n  t h e  f i s u r e .  

and d2 becomes 

amount t o  1 7 7 O  and t h e  t w o  a n g l e s  rcsso amount 
l e a d i n g  t o  t h e  f o l l o w i n g  Newman p r o j e c t i o n :  
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LOWER OXIDES OF SULFUR AND RELATED SULFOXIDES 59 

FIGURE 14 Crystal structure of the trisulfane-2-oxide 

(ClC6H4S)2S0. The monoclinic unit cell con- 

tains four molecules the central part CSSSC 

of which is planar. 

The bond distances in the central part of the molecule 

are: dSO = 145, dSS = 213 and dCS = 178 pm, the molecular 
symmetry is Cs 3 9 .  Very similar values have been observed 
for the analogous compound (C6H5S)2S0 . 
Only the S-S bond length is worth to be commented on. It 
is by 8 pm (or 4%) larqer than the sinqle bond value and 
this must again be caused by the oxyuen atom. Therefore, 
all attempts to react compounds of this type in order to 
substitute the oxyqen atom by some other aroup have failed 

4 0  

+ I  
SO far since always the S-S bonds brake down . The same 
holds for the homocyclic sulfur oxides. Consequently, very 
few reactions of the -S-SO-S- qroup have been studied 
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60 R. STEUDEL 

so f a r .  Bes ides  t h e  t h e r m a l  decomposi t ion  y i e l d i n ?  SO2 

and oxygen f r e e  s u l f a n e s  o r  s u l f u r  t h e  react i o n  

w i t h  c h l o r i n e  and bromine may be  mentioned which r e s u l t s  

i n  a s t e p w i s e  f i s s i o n  o f  t h e  t w o  S-S- bonds l e a d i n g  

f i n a l l y  t o  t h i o n y l  c h l o r i d e  8,17 

CONCLUSION 

Summarizing, it can  b e  s t a t e d  t h a t  homoatomic s u l f u r  

c h a i n s  and r i n g s  can  be o x i d i z e d  by t h e  ( f o r m a l )  a d d i -  

t i o n  of  one o r  t w o  oxyuen a t o m s  l e a d i n g  t o  branched  

s t r u c t u r e s  which can  be  d e s c r i b e d  by t h e  t w o  r e sonance  

s t r u c t u r e s  and j& i n  t h e  f o l l o w i n g  d iagram.  

la l b  2 

S /  I \ I  1 
C 
I 01 01 -s-%- s- - s - s - s -  - s - s - s -  
3 4 5 

Other  s t r u c t u r a l  u n i t s  of  t h i s  t y p e  have been p r e p a r e d  

w i t h  bo ron ,  c a r b o n ,  s u l f u r  and even i o d i n e  atoms l i n k e d  
t o  t h e  homoatomic s u l f u r  c h a i n  o r  r i n g ,  r e s p e c t i v e l y .  

These u n i t s  are p r e s e n t ,  f o r  example,  i n  t h e  f o l l o w i n g  

compounds: 
4 2  - 2 i n  ( C H 3 )  2Nl 2 B  ( C H 3 )  B2S4Br2 

3 i n  (CH3S)3SbC16 43 
- 
4 i n  S I 9 ( A s F  ) 4 4  

6 2  - 

45 - 5 i n  (S71)  (SbF6) . 
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LOWER OXIDES OF SULFUR AND RELATED SULFOXIDES 61 

All these species have been prepared or properly charac- 
terized for the first time within the last 10 years and 
it therefore can be expected that more fascinating com- 
pounds of this type will be found in the near future. 
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