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Department of Chemistry, Texas Tech University, 
Lubbock, Texas 79409 
PAUL S. ENGEL and DALEN E. KEYS 
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Abstract The thianthrene cation radical (Th' ) un- 
dergoes electron transfer in reactions with a num- 
ber of azoalkanes. The oxidized azoalkanes then en- 
ter primarily into carbocation reaction pathways 
rather than the free radical pathways with which 
they are commonly associated. Examples are given 
with Ill'-azoadamantane, phenylazotriphenylmethane, 
azoFoluene, and azo-tertiary-butane. Reactions of 
Th' with Grignard agents also result, to varying 
extynts, in electron transfer from the Grignard to 
Th' . Here again carbocation chemistry is seen but 
particularly with solvent tetrahydrofuran, which 
polymerizes. The Grignard group may end up primari- 
ly as alkane ( y . g .  , with t-butyl) or may also be 
trapped by Th' in the form of a 5-alkylthianthre- 
niumyl ion (e.g. with butyl) . Possible mechanisms 
of reactions are discussed 

ROBERT W. 

2c 

4- 

INTRODUCTION 

Cation-radical chemistry had its beginninq in the use 
of e.s.r. spectroscopy for characterizing newly discov- 
ered radical ions, mainly durincr the 1950s and 1960s. 
After physical characterization had become more or less 
commonplace and cation radicals became accepted as being 
not-so-uncommon reaction intermediates, attention began 
to turn toward studies of their reactions '. Orqanosul- 
fur cation radicals have played a prominent role in 
these studies, the reasons for which may be partly his- 
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112 13. J. SHINE et al. 

torical and partly accidental or coincidental. One- 
electron oxidation of organosulfur compounds is rela- 
tively easy. Relatively stable cation radicals can be 
made (e.g., for e.s.r. studies) and some of them can be 
isolated as crystalline salts, such as perchlorates, 
tetrafluoroborates, hexafluoroantimonates and the like. 
These characteristics made orqanosulfur cation radicals 
available for chemical studies, and particularly the 
cation radicals of heterocyclics such as thianthrene, 
phenoxathiin, and phenothiazine. Studies with these cat- 
ion radicals became all the more attractive as connec- 
tions became established between the cation radical chem- 
istry and the redox chemistry of the heterocycles and 
their sulfoxides which had been so well documented de- 
cades earlier, particularly in the German literature by 
Kehrmann and by Pummerer 3J .  Furthermore , unlike the 
somewhat more limited scope in the chemistry of polynu- 
clear aromatics,the chemistry of organosulfur cation 
radicals became widened in scope because reactions with 
nucleophiles led so often to addition at sulfur and occa- 
sionally substitution in the rings. Mechanistic studies 
followed and were adapted particularly well to electro- 

3a chemical methods especially by Blount, and by Parker . 
The thianthrene cation radical (Th") has had a large 
role in these studies. 

+ H' 

+ 2H+ 
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ELECTRON TRANSFER BY ORGANOSULFUR CATION RADICALS 113 

T h i s  p a p e r  i s  devo ted  main ly  t o  t h e  c h e m i s t r y  o f  Th", 

b u t  n o t  so much t o  i t s  a d d i t i o n  and  s u b s t i t u t i o n  reac- 

t i o n s  as  t o  c h e m i s t r y  of o t h e r  molecu le s  induced  by 

e l e c t r o n  t r a n s f e r  t o  T h e + .  A d d i t i o n  and s u b s t i t u t i o n  

i n  r e a c t i o n s  w i t h  a n u c l e o p h i l e  are  r e p r e s e n t e d  w i t h  

eq. 1 and 2 .  The n u c l e o p h i l e  may, o f  c o u r s e ,  be  a n  

a n i o n  and may a l so  be i n c a p a b l e  o f  l o s i n g  a p r o t o n  

(e .? . ,  p y r i d i n e ) ,  c a l l i n g  for changes  i n  t h e s e  e q u a t i o n s .  
Most of what w e  know a b o u t  t h e  c h e m i s t r y  of  Th' and  

i t s  a n a l o g u e s  i s  r e f l e c t e d  i n  t h e s e  s i m p l e  e q u a t i o n s .  

T h * +  a lso undergoes  o n e - e l e c t r o n  t r a n s f e r  r e a c t i o n s ,  

r e p r e s e n t e d  w i t h  eq. 3 .  I n  c o n t r a s t  t o  eq. 1 and 2 ,  t h i s  

c h e m i s t r y  of  Th" and i t s  a n a l o g u e s  h a s  been  l i t t l e  

s t u d i e d .  

+ 

ELECTRON-TRANSFER REACTIONS 

E l e c t r o n  t r a n s f e r  i n  c a t i o n  r a d i c a l  c h e m i s t r y  c a u s e s  

r e d u c t i o n  of  t h e  c a t i o n  r a d i c a l .  Long-known examples  

of  e l e c t r o n  t r a n s f e r  t o  Th '+  and i t s  a n a l o g u e s  i n c l u d e  

r e a c t i o n  w i t h  c y a n i d e  and h a l i d e  i o n s  and  w i t h  t r i a l k y l -  

amines .  Noth ing  i s  known of  t h e  f a t e  o f  t h e  cyano r a d i -  

c a l  and t r i a l k y l a m i n e  c a t i o n  r a d i c a l  which s h o u l d  
r e s u l t  from t h e  t r a n s f e r .  I n  t h e  r e a c t i o n s  w i t h  h a l i d e  

i o n  it i s  o f t e n  t h o u g h t  t h a t  e l e c t r o p h i l i c  r e a c t i o n  

w i t h  ha logen  f o l l o w s  t r a n s f e r  (eq. 4 and  5 ) ,  b u t  l i t t l e  
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114 H. J. SHINE er 01. 

h a s  been c l a r i f i e d  i n  t h e s e  r e a c t i o n s .  

Th + X2- p r o d u c t s  ( 5 )  

Brominat ion of N-a ry lpheno th iaz ines  and t h e  r e a c t i o n s  

of  - N-ary lpheno th iaz ine  c a t i o n  r a d i c a l s  w i t h  bromide 

i o n  have been s t u d i e d ,  however '. Reac t ion  w i t h  i o d i d e  

i o n  ( e q .  4 )  i s  r e v e r s i b l e  and i n  some cases can  be  car- 
r i e d  comple t e ly  t o  t h e  c a t i o n  r a d i c a l  s i d e  i n  t h e  p r e s -  
ence  of s i l v e r  i o n  . Ring n i t r a t i o n  o c c u r s  when some 

o r g a n o s u l f u r  c a t i o n  r a d i c a l s  (e .g., p h e n o t h i a z i n e  ' + )  

react  w i t h  n i t r i t e  i o n ,  whereas  o t h e r  n i t r i t e - i o n  reac- 
t i o n s  ( e . g . ,  w i t h  Th' ) l e a d  e x c l u s i v e l y  t o  s u l f o x i d e  

fo rma t ion .  The p o s s i b i l i t y  t h a t  e l e c t r o n  t r a n s f e r  p r e -  

c e d e s  p r o d u c t  fo rma t ion  and t h a t  t h i s  i n v o l v e s  r e a c t i o n s  

o f  NO2 h a s  been d i s c u s s e d  b u t  n e v e r  s e t t l e d  3h. Thus,  

f o r  a l o n g  t i m e  workers  i n  c a t i o n - r a d i c a l  c h e m i s t r y  

have encoun te red  e l e c t r o n  t r a n s f e r  r e a c t i o n s  b u t  t h e  

scope  o f  t h e  r e a c t i o n s  h a s  n o t  h i t h e r t o  a t t r a c t e d  much 

a t t e n t i o n .  T h i s  s i t u a t i o n  h a s  begun t o  change ,  however, 

as  t h i s  p a r t  o f  c a t i o n - r a d i c a l  c h e m i s t r y  becomes caugh t  

up i n  t h e  burgeoning  f i e l d  now b e i n g  d e s c r i b e d  w i t h  t h e  

seemingly mag ica l  p h r a s e  " s i n g l e  e l e c t r o n  t r a n s f e r "  and 

w i t h  i t s  i n i t i a l s  SET. 
Some y e a r s  ago P a r k e r  n o t e d  t h a t  t h e  r e a c t i o n  of  a n i -  
sole w i t h  Th" w a s  f i r s t  o r d e r  i n  Th' a t  l o w  and 

3h 

+ 

+ 

o r d e r  a t  h i g h  c o n c e n t r a t i o n s  o f  T h * + .  F i r s t  o r d e r  

k i n e t i c s  w e r e  e x p l a i n e d  as r e s u l t i n g  from d i s s o c i a t i o n  

and e s c a p e  o f  AnH' 

AnH (eq .  6 and 7 ) ,  which, i n  t h e  p re sence  o f  s u f f i c i e n t  

T h * + ,  c o u l d  be  o x i d i z e d  i n  a second-order  k i n e t i c  pa th -  

+ from a complex between Th'+ and 
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ELECTRON TRANSFER BY ORGANOSULFUR CATION RADICALS 115 

way ( e q .  8 and  9 ) .  

Th.+ + AnH + (Th/AnH) '+ ( 6 )  

( 7 )  (Th/AnH) ' +  1;-- Th + AnH' 

(Th/AnH)'+ + T h . + e  (Th/AnH)2+ + Th ( 8 )  

( 9 )  (Th/AnH)2f 4 (ThAn)+ + H 

+ 

+ 

E q u a t i o n s  6 and  7 show, of course,  a n e t  e l e c t r o n  t r a n s -  

f e r  r e a c t i o n .  The f a t e  o f  e s c a p e d  AnH' i n  t h i s  case 
+ 

w a s  n o t  f o l l o w e d ,  b u t  i n  ana logous  ( b u t  s l i g h t l y  d i f -  
f e r r e n t  i n  overal l  detail) r e a c t i o n s  w i t h  d i b e n z o d i o x i n  

c a t i o n  r a d i c a l ,  t h e  AnH' + ended f i n a l l y  a s  4 , 4 ' -dimeth- 

oxyb ipheny l  and i t s  c a t i o n  r a d i c a l  '. W e  see h e r e  t h e  

b e g i n n i n g  of  electron-transfer-initiated c h e m i s t r y  of 

o r g a n o s u l f u r  c a t i o n  r a d i c a l s .  

The p r o b a b l e  o c c u r r e n c e  o f  e l e c t r o n  t r a n s f e r  i n  o t h e r  

o r g a n o s u l f u r  c a t i o n - r a d i c a l  r e a c t i o n s  became e v i d e n t  i n  

s t u d i e s  of  r e a c t i o n s  o f  o r g a n o m e r c u r i a l s  w i t h  Th' and  

p h e n o x a t h i i n  c a t i o n  r a d i c a l .  I t  had been found t h a t  a 

number of  d i a r y 1  m e r c u r i a l s  and d i m e t h y l  mercury reac- 
t e d  c l e a n l y  w i t h  Th" t o  c a u s e  a r y l a t i o n  ( and  methyla-  

t i o n )  on s u l f u r  ( e q .  l o ) .  These r e a c t i o n s  were i n i t i a l l y  

+ 
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116 H. J. SHINE et al. 

looked upon as i n v o l v i n g  e l e c t r o p h i l i c  d i s p l a c e m e n t  of  

R from RaHg by T h - +  (shown s c h e m a t i c a l l y  i n  e q .  1 1  and 

1 2 ) .  However, r e a c t i o n  w i t h  d i e t h y l  mercury gave f a r  

more t h i a n t h r e n e  (Th) t h a n  a l l o w a b l e  by t h e  s t o i c h i o -  

metry o f  e q .  l o .  I t  appea red  t h a t  e l e c t r o n  t r a n s f e r  

c o u l d  be o c c u r r i n q  and t h a t  t h e  pathway t o  t h e  s u l f o -  

nium-ion p r o d u c t  ( d e s i g n a t e d  as ThR ) s h o u l d ,  i n  f a c t ,  

be  i n i t i a t e d  also by e l e c t r o n  t r a n s f e r  ( e q s .  13-15)  . 
These e q u a t i o n s  show an i n i t i a l  e l e c t r o n  t r a n s f e r  (eq.13) 
fo l lowed  by t h e  decomposi t ion  of  R Hq'+, a r e a c t i o n  

+ 
7 

2 -  

RyHg-R R 

(13) .+ Th .+ + R2Hg 7- Th + R2Hg 

(Th/R2Hg)'+ + T h e +  - > ( T h R ) +  + RHg+ + Th (17) 

which had been shown ear l ie r  by Kochi ,  i n  r e a c t i o n  of 

d i a l k y l  m e r c u r i a l s  w i t h  h e x a c h l o r o i r i d a t e  i o n ,  t o  be  
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ELECTRON TRANSFER BY 3RGANOSULFUR CATION RADICALS 117 

+ very  f a s t  '. Decomposition o f  R2Hg' g i v e s  r a d i c a l s  
( R ' )  , which are scavenged ( eq .  15) o n l y  p a r t l y  by Th" 

i n  forming t h e  a d d i t i o n  p roduc t  (ThR)'. Hence, an e x c e s s  
of Th r e s u l t s ,  which i s  a t t r i b u t a b l e  t o  t h e  e l e c t r o n  
t r a n s f e r  r e a c t i o n .  Whether t h e s e  d e t a i l s  are correct ,  

o r  whether  perhaps  a n o t h e r  r o u t e  t o  (ThR) + p r e v a i l s ,  
e . g .  as  i n  e q s .  16  and 1 7  i s  n o t  known. What i s  known, 

though,  i s  t h a t  e t h y l  r a d i c a l s  are  indeed  formed i n  
t h e  r e a c t i o n s  w i t h  d i e t h y l  mercury.  Sugiyama and Shine 

showed t h a t ,  when t h i s  r e a c t i o n  w a s  c a r r i e d  o u t  under  
oxy-gen, ethyl.  r a d i c a l s  w e r e  scavenged by 02. Aceta lde-  

hyde, e t h a n o l ,  and t h i a n t h r e n e  5-oxide (Tho) w e r e  f o r -  
med. Fu r the r ,  when I8O2 w a s  used t h e  oxygenated p r o d u c t s  
c o n t a i n e d  
d i o x i d e  

neve r  been o b t a i n e d  i n  o t h e r  r e a c t i o n s  of a n u c l e o p h i l e  
w i t h  Th' . Sugiyama and Shine sugges t ed  t h e  f o l l o w i n g  

p o s s i b i l i t i e s  ( e q s .  18-21)  as v i a b l e  r e a c t i o n s ,  b u t  
a g a i n  no a t t e m p t s  have been made t o  v e r i f y  them i n  

o t h e r  ways. 

1 

80. Most i n t e r e s t i n g l y ,  t h i a n t h r e n e  5 , l  o- 
(Tho2) w a s  a l so  formed, a p roduc t  which has  

+ 

E t '  + O2 ,-) E t 0 2 '  

E t 0 2 '  4 CH3CHO/CH3CH20H 

Th + E t 0 2 '  4 Tho + E t O '  

Tho + E t 0 2 -  Tho2 + E t O '  

CURRENT WORK 

To o u r  knowledge t h e  work by Sugiyama znd Shine  w a s  t h e  

f i r s t  t o  show t h a t  Th' c o u l d  induce  a l k y l  r a d i c a l  reac- 
t i o n s  by an i n i t i a l  e l e c t r o n  t r a n s f e r  s t e p  I .  Th i s  and 
t h e  i n t r i g u i n g  p o s s i b i l i t y  t h a t  Th' might be an e f f i -  

+ 

+ 
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118 

c i e n t  s cavenge r  f o r  r a d i c a l s  ( eq .  15)  l e d  t o  t h e  work 
which i s  i n  p r o g r e s s  and some of which i s  now d e s c r i b e d .  

H. 3. SHINE et al. 

Reac t ions  of T h e +  w i t h  Azoalkanes.  

Our i n i t i a l  o b j e c t i v e  w a s  t o  g e n e r a t e  a l k y l  r a d i c a l s  

a t  room t e m p e r a t u r e  i n  t h e  p re sence  of Th' by t h e  w e l l  
known p h o k o l y s i s  of a z o a l k a n e s .  The p l a n  seemed t o  be 
a p romis ing  one  because  t h e r e  i s  a ''window" i n  t h e  uv- 
v i s i b l e  spec t rum of Th.' which would a l l o w  f o r  i r r a d i a -  
t i o n  of an azoa lkane .  However, it w a s  soon found t h a t  

t h e  a z o a l k a n e s  which w e r e  chosen  underwent r a p i d  reac- 
t i o n  w i t h  T h e +  i n  t h e  absence  of l i g h t ,  l e a d i n g  t o  t h e  

r e d u c t i o n  of Th' and e n s u i n g  r e a c t i o n s  of a l k y l  c a t i o n s  
and r a d i c a l s .  

+ 

+ 

Reac t ion  w i t h  I , ? ' - azoadaman tane  

1, l ' -Azoadamantane undergoes the rma l  decomposi t ion  i n  
s o l u t i o n  a t  r e a s o n a b l e  rates o n l y  a t  r a t h e r  h i g h t e m p e r a -  
t u r e s  (270°C) . I r r a d i a t i o n  o f  azoadamantane a t  a m -  

b i e n t  t e m p e r a t u r e s  causes i s o m e r i z a t i o n  of t h e  s t a b l e  
t r a n s -  i n t o  t h e  m o r e  l a b i l e  -- cis-isomer,  and decomposi- 
t i o n  o f  t h e  c i s  isomer i n t o  r a d i c a l s  o c c u r s  a t  r e a s o -  

n a b l e  ra tes  o n l y  i f  t h e  s o l u t i o n  i s  warmed 
c o n t r a s t  r e a c t i o n  of  azoadamantane w i t h  T h '  i n  a c e t o -  
n i t r i l e  a t  ambient  t e m p e r a t u r e  r a p i d l y  produced n i t r o -  
gen and Th i n  q u a n t i t a t i v e  y i e l d .  Only t w o  o t h e r  pro-  
d u c t s  c o u l d  be  found by i s o l a t i o n :  - N-adamantylacetamide, 

a c c o u n t i n g  f o r  90% of  t h e  adamantyl  g roups ,  and b i a d a -  

manty l  ( b i a d a ) ,  a c c o u n t i n g  f o r  3-4% of t h e  adamantyl  
g roups .  A s m a l l  amount of  adamantanol  ( 0 . 6 % )  and ,  s u r -  

p r i s i n g l y ,  o n l y  a v e r y  s m a l l  amount ( 0 . 3 % )  of  adaman- 
t a n e  c o u l d  be found by gc a n a l y s i s .  C a r e f u l ,  r e p e a t e d  
measurement o f  t h e  s t o i c h i o m e t r y  of t h e  r e a c t i o n  showed 

9 

1 0 - 1 2 -  In 
+ 
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ELECTRON TRANSFER BY ORGANOSULFUR CATION RADICALS 

t h a t  1 . 7 7  m o l  of Th" w a s  u s e d  p e r  m o l  of 

119 

TABLE I D e t e r m i n a t i o n  of Molar R a t i o  of R e a c t a n t s  i n  
R e a c t i o n  of T h i a n t h r e n e  C a t i o n  Radical P e r -  
c h l o r a t s  w i t h  1 , l ' - A z o a d a m a n t a n e  i n  A c e t o n i -  
t r i l e .  

Run Th" c104 Azo Time of Mole R a t i o  
- 

mmo 1 mmo 1 s t i r r i n g , h  T h ' + / a z o  

1 0 . 8 1 4 5  0.4654 4 1 . 7 7  

2 0 . 9 9 9 8  0.566 1 4 0  1 . 7 7  

3 1 . o o o l  0 . 5 6 8 8  4 0  

4 2 . o o o l  1 .1299 15 

5 1 . o o o l  0 .5653 3 

b 6 2 . 0 0 0 1  1 .1292 - 

1 . 7 6  

1 . 7 7  

1 . 7 7  

1 . 7 7  

a ,  S o l i d  r e a c t a n t s  w e r e  p l a c e d  t o g e t h e r  i n  a sep tum-  
sealed r e a c t i o n  vessel u n d e r  a r g o n  a n d  40 mL (30 mL i n  
r u n  1 )  of d r y  s o l v e n t  w a s  i n j e c t e d  by s y r i n g e .  I n  r u n s  
1-4 t h e  i n i t i a l  r a t i o  of weighed  r e a c t a n t s  w a s  2 .00  : 
1 - 0 0 .  A f t e r  s t i r r i n g  (see t i m e ) ,  more a z o  w a s  $dded i n  
s m a l l  i n c r e m e n t s  t o  d i s c h a r g e  t h e  color  of Th'  . The 
da t a  r e c o r d  t h e  f i n a l  c o m p l e t e  amount  of a z o  u s e d .  
I n  r u n s  5 a n d  6 t h e  amounts  of r e a c t a n t s  w e i a h e d  i n i t i -  
a l l y  h a d  t h e  m o l e  r a t i o  shown. I n  t h e s e  cases t h e  co lo r  
o f  Th'  w a s  d i s p e l l e d  q u i c k l y .  b,  l e f t  v e r n i g h t  f o r  
c o n v e n i e n c e .  

The s i m p l e s t  e x p l a n a t i o n  o f  t h e s e  f i n d i n q s  i s  e x p r e s s e d  

i n  eqs. 22-25. The e q u a t i o n s  t e l l  u s  t h a t  i f  o x i d a t i o n  

Th" + AdN=NAd Th + A d N = N A d . +  ( 2 2 )  

AdN=NAd'+ ___j Ad* + ad+ + N 2  ( 2 3 )  

A d -  + T h * +  d A d +  + Th ( 2 4 )  

A d +  + CH3CN --+ 4 AdNHCOCH3 ( 2 5 )  
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120 H. J. SHINE et al. 

of adamantyl radicals by Th*+ were 100% efficient the 

ratio of reactants would be 2 Th": azoadamantane. The 
equations allow for a change in this ratio by Ad' es- 
caping oxidation and undergoing other reactions, such 
as dimerization and hydrogen abstraction. In that case, 
more azoadamantane would be needed for reaction with 
unused Th' and this would account for the ratio (1.77: 
1 )  which we have measured. It is interesting to note 
that the generation of an alkyl radical and its subse- 
quent oxidation to an alkyl cation has been proposed in 
reactions of tris-p-bromophenylamine - cation radical with 
carboxylates by Schmidt and Steckhan (eqs. 2 6 - 2 8 )  . 

i 

1 3  

( 2 6 )  

R C 0 2 '  + R '  + C 0 2  ( 2 7 )  

( 2 8 )  

+ Ar3N' + R C 0 2 - +  Ar3N + R C 0 2 '  

+ + Ar3N' + R'  + Ar3N + R 

The same authors have made an analouous proposal in reac- 
tions of tris-p-bromophenylamine cation radical with al- 
kyl p-anisyl ethers 14. In our work with azoadamantane, 
however, this type of straightforward and attractive ex- 
planation may not be valid. We have been unable to find 
more than traces of adamantane by assiduous searches. We 
feel that if substantial amounts of free adamantyl radi- 
cals had been formed (eq. 2 3 )  hydrogen abstraction 

from solvent should have led to our finding larger amounts 
of adamantane. 

Photochemical decomposition of azoadamantane in a num- 
ber of hydrocarbon solvents has been reported earlier 
to lead, in fact, to large amounts of adamantane and 
biada I. We have carried out a similar decomposition 
in acetonitrile and have obtained similar results. It 
may be, then, that reaction of Th' with azoadamantane 
follows a course in which few adamantyl radicals are 

+ 
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ELECTRON TRANSFER BY ORGANOSULFUR CATION RADICALS 121 

f r e e ,  and t h a t  t h e  adamantyl c a t i o n  i s  formed b e f o r e  t h e  

azoadamantane c a t i o n  r a d i c a l  decomposes. TWO r o u t e s  would 

a l l o w  f o r  t h i s  p o s s i b i l i t y .  One i s  t h a t  t h e  c a t i o n  r a d i -  

c a l  i s  a g a i n  o x i d i z e d  ( e q s .  2 9  and 30) b e f o r e  much of  it 

can decompose. The o t h e r  i s  t h a t  complexat ion o c c u r s  

(eq. 3 1 ) ,  a s  proposed ea r l i e r  f o r  t h e  a n i s o l e  r e a c t i o n  

by Pa rke r  5 ,  and t h a t  t h e  second o x i d a t i o n  s t e p  o c c u r s  

as  shown i n  eq .  33. Th i s  would a l l o w  f o r  a s m a l l  amount 

of competing decomposi t ion of t h e  azoadamantane c a t i o n  

r a d i c a l .  A t  p r e s e n t ,  t h e s e  s u g g e s t i o n s  a r e  on u n c e r t a i n  

grounds and a r e  i n  need of c l a r i f i c a t i o n .  I t  i s  n o t  

c l ea r ,  f o r  example, whether one can compare t h e  f a t e  of 

r a d i c a l s  produced i n  photochemical  r e a c t i o n s  w i t h  t h a t i n  

AdN=NAd.+ + Th*++& (AdN=NAd)2+ + Th 1291 

(AdN=NAd)2+ 2 Ad+ + N 2  (30 )  

(31 1 Th" + AdN=NAd .d (Th/AdN=NAd) 

(Th/AdN=NAd) ' +  d- Th + AdN=NAd'+ ( 3 2 )  

(Th/AdN=NAd) .+ + Th'++ 2 Ad+ + 2Th + N 2  (33 )  

.+  

e l e c t r o n  t r a n s f e r  r e a c t i o n s .  W e  do n o t  know y e t ,  t h a t  i s ,  
how w e l l  hydrogen a b s t r a c t i o n  from s o l v e n t s  by a r a d i -  

c a l  can compete w i t h  e l e c t r o n - t r a n s f e r  o x i d a t i o n  of  t h e  

r a d i c a l .  I t  i s  n o t a b l e  t h a t  i n  t h e  r e a c t i o n s  of Schmidt 

and Steckhan ,  t h e  amounts of  a l k a n e  and a l k y l a c e t o n i -  

t r i l e  which were o b t a i n e d  (presumed t o  be formed by r a d i -  

c a l  r e a c t i o n s  w i t h  a c e t o n i t r i l e  s o l v e n t )  were always 
s m a l l  as compared wi th  amounts of ca t ion -based  r e a c t i o n  
p roduc t s  1 3 ,  l e a d i n g  u s  t o  s e n s e  t h a t  i n  t h o s e  cases, 

too, o x i d a t i o n  of r a d i c a l s  p r e v a i l e d .  

I t  i s  p o s s i b l e  t h a t  i n  o u r  work adamantyl r a d i c a l s  are  

formed and add e f f i c i e n t l y  t o  t h e  n i t r i l e  group of t h e  

s o l v e n t  and t h e  r e s u l t i n g  adduct  i s  o x i d i z e d  t o  p rov ide  

t h e  way for N-adamantylacetamide - ( e q s .  34,  3 5 ) .  However, 

P.S. -E 
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122 H. J. SHINE et 01. 

there are, to our knowledge, no precedents for such ad- 
ditions of radicals to acetonitrile. 

Ad' + CH3CN %d AdN=C -CH3 (34) 

(35) 
+ i 

Th' + AdN=C-CH j T h  + AdN=C-CH3 3 

+ 
The summary of the reaction of Th' with Ill'-azoadaman- 
tane is that efficient oxidation of the azo compound 
occurs, predominantly at the two-electron level, resul- 
ting mainly in the trapping of the adamantyl cation by 
solvent 15. A summary of the products is given in Table 2 .  

TABLE 2: Products of Reaction of Thianthrene Cation 
Radical Perchlorate with Ill'-Azoadamantane a in Acetonitrile - 

Product 

Nit roqen 
b Thianthrene - 

d Thianthrene 5-oxide - 
N-Adamantylacetamide - b ic  - 
- 

b,e 1,l'-Biadamantyl - - 
d I-Adamantanol - 

d Adamantane - 

% 

1 0 1  
1 0 1  
tr. 

9 0  

3 

0 . 6  

0 . 3  

- a, Mole ratio was 1.77:l except in nitrogen measurement, 

- b, By isolation 
- c, As the protonated perchlorate salt. .Neutralization 

in which the ratio was 1.86:l. 

and gc determinatian of N-adamantylacetamide - gave 
81% yield. 

- d, By qc determination, 10% S E 3 0  on Chromotorb W. 
- el Precipitated durinu reaction. 
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ELECTRON TRANSFER BY ORGANOSULFUR CAT1 ON RADICALS 123 

We note finally in describing our work with azoadaman- 
tane an initially misleading observation which was made 
in its early stages. When searching for reaction pro- 
ducts initially by gc, the reaction solution itself was 
injected into the column (protected by a guard column). 
Adamantane was observed in significant but variable 
amounts. It was found that this was being formed, either 
on the column ( 1  50 C) or in the injection port ( 2 5 0 O C )  , 
by decomposition of Ad6H2COCH3C104 . Decomposition of 
the authentic salt was found to give adamantane, and 
another, unidentified, compound, when injected in the 
same way. Thereafter, gc analysis of products was carried 
out only after neutralization of the reaction solution 
with potassium hydroxide and extraction of the products. 

0 

- 

Reaction with phenylazotriphenylmethane (PAT) 

Thermal decomposition of PAT is well known as a source 
of phenyl radicals in solution, and has also played a 
large role in answering questions of one- or two-bond 

1 6 , 1 7  scissions in the decomposition of azo compounds 
Reaction (in suspension) with Th' in acetonitrile at 
ambient temperature took place readily with the evolu- 
tion of nitrogen. Although extensive studies of the stoi- 
chiometry of reaction were not carried out, it appears 
that it has a molar ratio close to 2 . 0 :  1.0.  When reac- 
tion was complete, the visible spectrum of Th" (541 nm) 
was replacedwith that of the triphenylrnethyl cation 
( 4 3 0  and 406 nm) plus a small band of unknown origin at 
500 nm 1 8 .  These bands disappeared on addition of water 
to the solution. Reaction with PAT is similar to but 
more complex than with azoadamantane. More products 
were formed, many of them in amounts too small to be iden- 
tified as yet. Thus, TLC of the reaction mixture showed 

+ 
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124 H. J. SHINE el a!. 

10 spots, while after work up, the mixture of products 
had 17 peaks in its HPLC chromatogram. Major products were 
identified and assayed by a combination of direct isola- 
tion (Th and the sulfonium perchlorate - l), quantitative 
analytical HPLC, and recycle preparative HPLC. The sulfo- 
nium salt ( 1 )  - was identified by 'H NMR and comparison 
with an authentic sample prepared by reaction of Th" 
with diphenyl mercury '. The major products are listed 
in Table 3. 

TABLE 3 Major Products of Reaction of Thianthrene 
Cation Radical Pegc lorate with Phenylazo- 

in Acetonitrile triphenylmethane -I- h 
Product % 

92.2 - C Nitrogen - 
Thianthrene 77.2 
Thianthrene 5-oxide 3.2 a 
Sulf onium Salt (1) 

d 

50 .1  -I- d Triphenylmethanol 73.7 a 

Carbinol (2) - 5.2 - 

Ace tanil ide 13.6 a 
Benzene 6.5 a 

- - a, From 1 .oo mmol of Th.' C104 
30 mL of acetonitrile. b, All products except N2, 1 and 
- 2 were assayed by analytical HPLC. - c, From a separate 
reaction of molar ratio 1.93 - 1 -00 .  C&I Based on PAT. 
- e,BaSed on TH' . f,25.1% based on Th' . 

and 0.500 mmol of PAT in 
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125 ELECTRON TRANSFER BY ORGANOSULFUR CATION RADICALS 

They account  f o r  105% of t h e  Th" used ,  70.2% of  t h e  

phenyl  groups and 7 3 . 7 %  of  t h e  t r i p h e n y l m e t h y l  groups 

i n  t h e  PAT. Seven smaller p r o d u c t s  were i s o l a t e d  by 

, C I O i  

#L 

p r e p a r a t i v e  HPLC. S i x  of t h e s e  were i n  amounts of 1-3 mg 

and remain u n i d e n t i f i e d .  The s e v e n t h ,  ( 8 , 7  mg) , appea r s  
from 'H NMR and m a s s  spectrum t o  have t h e  s t r u c t u r e  2, 
i n  which c a s e  it accoun t s  f o r  5 . 2 %  of b o t h  phenyl  and 

t r ipheny lme thy l  groups .  

2 
N 

Formation of Tho ( 3 . 2 % )  s u g g e s t s  t h a t  6 . 4 %  of  Th" re- 
mained un reac ted  when w a t e r  w a s  added t o  t h e  r e a c t i o n  
mix tu re .  Assay of t h e  N 2  evolved  w a s  c a r r i e d  o u t  i n  a 

s e p a r a t e  r e a c t i o n  wi th  a molar r a t i o  of  r e a c t a n t s  of 

1 . 9 3  : 1.00 b u t  gave o n l y  9 2 %  of t h e  a v a i l a b l e  N 2 .  P ro-  

d u c t s  t h a t  might have been formed b u t  which cou ld  n o t  
be found by HPLC inc luded  b i p h e n y l ,  t r i pheny lme thane ,  N- - 
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126 H. J. SHINE et al. 

triphenylmethylacetamide, and t h e  dimer o f  t r i p h e n y l -  

methyl  ( s o - c a l l e d  hexapheny le thane ) .  

The p r o d u c t s  which we  have i d e n t i f i e d  g i v e  u s  s i g n i f i -  

c a n t  i n f o r m a t i o n .  Benzene (6 .5%)  and 1 (50 .1%)  s u g g e s t  

t h a t  phenyl  r a d i c a l s  are t r a p p e d  by s o l v e n t  and Th" 

r e s p e c t i v e l y .  I f  t h i s  i s  correct,  it would mean t h a t  

Th' i s  a more e f f i c i e n t  s cavenge r  of phenyl  r a d i c a l s  

t h a n  s o l v e n t .  However, t h e  su l fonium i o n  may have been 

formed v i a  r e a c t i o n  w i t h  a Pa rke r - type  complex ( e q .  3 5 ) ,  

+ 

+ 
(Th/PAT)'+ + Th.+- - 1 + Th + Ph3C (35)  

r a t h e r  t h a n  by t h e  scavenging  of  f r e e  phenyl  r a d i c a l s .  

C e r t a i n l y ,  t h e  m o s t  l i k e l y  s o u r c e  of  benzene i s  t h e  phe- 

n y l  r a d i c a l .  The fo rma t ion  o f  a c e t a n i l i d e  s u g g e s t s  t h a t  

phenyl  c a t i o n s  are formed and react  w i t h  s o l v e n t ,  though 

w e  c a n n o t  r u l e  o u t  a d d i t i o n  of  phenyl  r a d i c a l  t o  t h e  

n i t r i l e  group fo l lowed  by o x i d a t i o n  of t h e  r e s u l t i n g  radi- 
cal  (PhN=t-CH3) by T h ' + .  Thus, t h e  q u e s t i o n s  t h a t  per- 

vade t h e  work w i t h  PAT are whether  phenyl  r a d i c a l s  o r  

phenyl  c a t i o n s  are formed and whether  a complex ( e q .  

35)  i s  invo lved .  A s  f o r  t h e  t r i p h e n y l m e t h y l  p o r t i o n  of 

PAT, t h e r e  i s  no doubt  from s p e c t r o s c o p i c  ev idence  t h a t  

t h e  c a t i o n  w a s  formed, and t h a t  it d i d  n o t  add t o  a c e t o -  

n i t r i l e  a t  room t e m p e r a t u r e .  I n s t e a d  it remained ( p e r -  

haps  i n  e q u i l i b r i u m  w i t h  t h e  p e r c h l o r a t e )  a v a i l a b l e  f o r  
c o n v e r s i o n  i n t o  t r i p h e n y l m e t h a n o l  . 2 1  
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ELECTRON TRANSFER BY ORGANOSULFUR CATION RADICALS 127 

TABLE : P r o d u c t s  o f  R e a c t i o n  o f  T h i a n t h r e n e  C a t i o n  
R a d i c a l  g e r c h l o r a t e  w i t h  A z o t o l u e n e  i n  Aceto- 
n i t r i l e  - 

P r o d u c t  % mmo 1 

T h i a n t h r e n e  8 8 . 3  2 0 . 8 8 3  
C T h i a n t h r e n e  5 - o x i d e  1 2 . 0  - 0 . 1 2 0  

- N-Benzylace tamide  5 4 . 1  - 

0 . 1 0 5  d Biben  zy 1 1 8 . 7  - 
d 

d T r i a z o l e  ( 4 )  - 2 5 . 6  - 

0 . 6 0 6  

0 . 1 4 3  

- a ,  I s o l a t e d  by p r e p a r a t i v e  TLC. T h i a n t h r e n e  and  b i b e n -  
z y l  w e r e  n o t  s e p a r a b l e  a n d  w e r e  a s s a y e d  i n  t h e i r  mix- 
t u r e  by ' H  N M R . +  

b ,  Molar r a t i o  Th'  : a z o  w a s  1 . 7 9 : I . o o .  
c ,  Based on  Th'  . 
- d ,  P e r c e n t a g e  of a z o t o l u e n e  u s e d  i n  f o r m i n q  p r o d u c t .  

R e a c t i o n  w i t h  A z o t o l u e n e  

- 
- 

The p r o d u c t s  o f  t h i s  r e a c t i o n  a re  l i s t e d  i n  T a b l e  4. I t  
i s  s e e n  t h a t  s u b s t a n t i a l  amounts  of b i b e n z y l  and  - N-ben- 

z y l a c e t a m i d e  w e r e  f o r m e d ,  i n d i c a t i n g  t h a t ,  i n  t h i s  case, 

b o t h  a l k y l  c a t i o n  a n d  r a d i c a l  were g e n e r a t e d .  T h u s ,  h e r e  

w e  c a n  f e e l  a s s u r e d  t h a t  t h e  a z o a l k a n e  c a t i o n  r a d i c a l  

does decompose (eq.  3 6 ) .  T h i s  o c c u r r e n c e  may be r a t i o n a -  

l i z e d  by a t t r i b u t i n g  t h e  d e c o m p o s i t i o n  t o  t h e  r e l a t i v e  

s t a b i l i t y  of t h e  t w o  b e n z y l i c  f r a g m e n t s .  Most i n t e r -  

e s t i n g  a n d  e x t r a o r d i n a r y  i s  t h e  f o r m a t i o n  o f  t h e  t r i a -  

z o l e  ( 4 )  - i d e n t i f i e d  by ' H  NMR and  m a s s  s p e c t r o m e t r y .  

The s o u r c e  of t h e  t r i a z o l e  i s  u n d o u b t e d l y  c y c l o a d d i t i o n  

o f  s o l v e n t  a c e t o n i t r i l e  t o  a n  o x i d i z e d  f o r m  o f  b e n z -  

a l d e h y d e  b e n z y l h y d r a z o n e  (3)  . T h i s  i s  r e p r e s e n t e d  

i n  Scheme 1 where w e  u s e  t h e  c a t i o n  r a d i c a l  of t h e  hy- 

d r a z o n e  r a t h e r  t h a n  t h e  more o x i d i z e d  f o r m ,  t h e  
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128 H. J. SHINE et al. 

Scheme 1 

Ph A,+ 
'CH 
\ YHCHZPh - 

N =  C 

Th'+ - 
- H' 

CH 

\ N= C /NCH2Ph 
\ 

CH3 

Scheme 2 

METHODS OF PREPARING TR IAZOLES 

? 
RC=NNHR'  

R'CN \ AICI3 

CI 
~ t =  NNHR' 

N- R' 
\ / 

N =  C, 
R '  

+ 
INTERMEDIATE : RC=NNHR' 

PCI Ij $' 0 
R; NHNHR' - RC=NNHR' 
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depro tona ted  d i c a t i o n .  Azotoluene i s  known t o  t au tomer i -  

z e  e a s i l y  and w e  r e p r e s e n t  t h e  hydrazone as  be ing  formed 

i n  t h i s  way, b u t  it may be t h a t  it i s  t h e  c a t i o n  r a d i c a l  

of azo to luene  which t a u t o m e r i z e s  r a t h e r  t h a n  azo to luene  

i t s e l f .  I n  any e v e n t ,  t h i s  i s  an e n t i r e l y  new t y p e  of 

r e a c t i o n  whose scope w e  are now e x p l o r i n g .  I t  i s  i n t e r -  

e s t i n g  t o  n o t e  t h a t  1 , 2 , 4 - t r i a z o l e s  are made c u s t o m a r i l y  

by c y c l o a d d i t i o n s ,  as  shown i n  Scheme 2 2 3 ' 2 4 .  The c a t i o n -  

r a d i c a l  i n i t i a t e d  c y c l o a d d i t i o n  i s  i d e n t i c a l  i n  p r i n c i p l e  

w i t h  t h e  e a r l i e r  s y n t h e s e s ,  b u t  t h e  necessa ry  two-elec-  

t r o n  o x i d a t i o n  s t a g e  of  t h e  hydrazone i s  reached  i n  s t e p s  

perhaps  a s  w e  have shown i n  Scheme 1 .  Table  4 shows t h a t  

a s u b s t a n t i a l  amount of  t h i a n t h r e n e  5-oxide (Tho) w a s  
formed. The source  of  Tho i s  t h e  r e a c t i o n  of Th' w i t h  

w a t e r .  S ince  c o n s i d e r a b l e  care w a s  t aken  t o  d r y  t h e  so l -  

v e n t  and exc lude  moi s tu re  d u r i n g  r e a c t i o n ,  it i s  p robab le  

t h a t  T h * +  remained unused (and unde tec t ed  i n  t h e  c o l o r e d  

r e a c t i o n  mix tu re )  a f t e r  a d d i t i o n  of azo to luene  w a s  s t o p -  

ped. Reac t ion  w a s  c a r r i e d  o u t  by s lowly  addinq  azo to luene  

i n  a c e t o n i t r i l e  t o  t h e  Th" s o l u t i o n  u n t i l  t h e  c o l o r  of 

t h e  Th.+ appeared t o  have been d i s p e r s e d .  Thus, t h e  Tho 

i s  b e l i e v e d  t o  have been formed i n  working up t h e  r e a c -  

t ion  mix tu re .  

Table  4 shows t h a t  more N-benzylacetamide t h a n  b i b e n z y l  

i s  o b t a i n e d .  I f  t h e s e  two p r o d u c t s  w e r e  formed s o l e l y  

from f ragments  as o b t a i n e d  i n  e q .  36 w e  would e x p e c t  t o  
f i n d  twice  a s  many mmol of  N-benzylacetamide a s  b iben-  

zyl. The expe r imen ta l  r e s u l t  however w a s  0 . 6 0 6  mmol of 

N-benzylacetamide and 0.105 m m o l  of b i b e n z y l .  Obviously,  

-!- 

2 PhCH2' - PhCH2CH2Ph 
+ 

PhCH2 + CH3CN + __$ PhCHpCOCH3 

( 3 7 )  

(38 )  
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130 H. J. SHINE ef al. 

then, more benzyl cations are formed than can be produced 
by eq. 36, and it seems therefore that again we must in- 
voke either the oxidation of benzyl radicals (e.g., as 

in eq. 24) or the oxidation of a complex of Th' and azo 

compound, as in eq. 33. 

+ 

Reaction with azo-t-butane (ATB) 

This reaction appears superficially to be quite clean 
and simple, but in reality has some complexity. Oxidation 
to the two-electron stage was complete, with a stoichio- 
metry of 2.0 Th' : l . o  ATB. Thus, t-butyl cations appear 
to be formed entirely (eq. 39). Consistent with this was 
the measurement of the nitrogen evolved. At a 1.0:l.o 
molar ratio 54% of t h e  available N2 was evolved, meaninq 
that insufficient Th.' was present to oxidize all of the 
ATB. At a 2.0:l.o molar ratio all of the Th' was conver- 
ted into Th,and N2 evolution was 100%. Curiously, however, 
although - N-t-butylacetamide was formed (approx 80% was 
isolated), the formation of its precursor cation (eq. 41) 
was not instantaneous. Also, although isobutene was ob- 
tained by injecting the reaction solution onto a gc column 
(BEEA/Chromosorb W) the isobutene was not present as tru- 
ly free isobutene. That is, pumping off volatile products 
from the reaction mixture and trapping them in liquid 
nitrogen failed to give the large amounts of isobutene 
which appeared initially by qc to be present in the reac- 
tion mixture. Injection of aqueous bicarbonate solution 
into the reaction solution soon after reaction was com- 
plete gave not only - N-t-butylacetamide but also substan- 
tial amounts of t-butanol, indicating that t-butyl cat- 
ions were available in solution and had not yet reacted 
with solvent acetonitrile. The situation was analogous, 

i 

i 
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i n  f a c t ,  t o  t h a t  i n  t h e  case o f  PAT i n  which Ph3C+ 

c a t i o n s  remained a v a i l a b l e  f o r  c o n v e r s i o n  i n t o  t r i p h e -  

n y l c a r b i n o l .  I t  a p p e a r s  t h a t  t - b u t y l  c a t i o n s ,  formed 

as  i n  eq. 39,  w e r e  p r e s e n t  i n  t h e  r e a c t i o n  s o l u t i o n ,  

p e r h a p s  i n  e q u i l i b r i u m  w i t h  t - b u t y l  p e r c h l o r a t e ,  and 

t h a t  t h e i r  c o n c e n t r a t i o n  d e c r e a s e d  as  t h e y  r e a c t e d  slow- 

l y  w i t h  s o l v e n t  ( e q .  4 0 , 4 1 1 .  W e  are u n c e r t a i n  y e t  a s  t o  

whether  o r  n o t  eq. 4 1  s h o u l d  be shown a s  r e v e r s i b l e .  

2 Th" + tBuN=NtBu j 2 Th + 2 tBu+ + N 2  ( 3 9 )  

tBuC104 tBu+ + C 1 0 4  ( 4 0 )  

tBu+ + CH3CN CH3C=NtBu ( 4 1 )  

Al though o x i d a t i o n  of a l l  t - b u t y l  g roups  i n  ATB appea red  

t o  be comple te  from t h e  r e a c t i o n  s t o i c h i o m e t r y  and t h e  

q u a n t i t a t i v e  y i e l d  of  n i t r o g e n ,  w e  w e r e  a b l e  a l s o  t o  f i n d  

e v i d e n c e  f o r  t h e  f o r m a t i o n  o f  f r e e  t - b u t y l  r a d i c a l s .  That 

i s ,  r e a c t i o n  i n  t h e  p r e s e n c e  of  I 8 O 2  l e d  t o  t h e  f o r m a t i o n  

of  ThI80 and ThI8O2, as  shown by t h e  r e l a t i v e  abundances  

of t h e  masses 232/234 and 248/252 i n  t h e  mass s p e c t r a .  

Thus,  s caveng ing  of  t - b u t y l  r a d i c a l s  o c c u r r e d  and t h e  

t - b u t y l p e r o x y  r a d i c a l s  l e d  t o  Tho and Tho2, i n  t h e  same 

way as e x p e r i e n c e d  ea r l i e r  w i t h  oxygen scavenq ing  i n  t h e  

r e a c t i o n s  w i t h  Et2Hg (see e q s .  18 -21) .  I t  a p p e a r s ,  t h e n  

t h a t  oxygen w a s  a b l e  t o  Compete w i t h  Th' i n  scaveng-  

i n g  t - b u t y l  r a d i c a l s .  

- 

+ 

+ 

R e a c t i o n s  of  Th' + w i t h  Gr igna rd  Reagents  

Very l i t t l e  i s  known a b o u t  r e a c t i o n s  o f  c a t i o n  r a d i c a l s  

of  any k i n d ,  l e t  a l o n e  o r g a n o s u l f u r  c a t i o n  r a d i c a l s ,  w i t h  

s t r o n g l y  b a s i c  n u c l e o p h i l e s ,  such  as R-, OR- ,  N H 2  , 

N R 2  
of  c a t i o n  r a d i c a l  r e a c t i o n s  3 g r  25. E l e c t r o n  t r a n s f e r  

- 
- . Eberson h a s  commented on t h i s  gap  i n  o u r  knowledge 
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h a s  been shown, i n  c o l l a b o r a t i v e  work w i t h  P r o f .  M .  

Newcomb, t o  o c c u r  w i t h  t h e  probe  5 which underwent SET 

H. J.  SHINE e l  al. 

- 
and c y c l i z a t i o n  t o  6 i n  r e a c t i o n  w i t h  Th' + ( eq .  4 2 )  26 .  , 

_. 

and some i n d i c a t i o n s  of SET w e r e  o b t a i n e d  i n  my l a b o r a -  

t o r y  y e a r s  ago i n  r e a c t i o n s  of Th" w i t h  t - b u t o x i d e  

i o n  . 26 

+ Th'* N: 5 t T h  
€3: 

5 -5 ".I 

, N: 
Bu 

6 
-4 

Recen t ly  w e  began s t u d y i n g  r e a c t i o n s  of T h * +  w i t h  Grig-  

na rd  r e a g e n t s  and t h e s e  are t h e  subject of t h e  second 
p a r t  of t h i s  r e p o r t .  

I n  p r i n c i p l e  a Gr igna rd  r e a g e n t  may react  w i t h  Th' e i t h e r  

by d i r e c t  a d d i t i o n s  ( e q s .  43 and 4 4 )  o r  by a d d i t i o n  fo l low-  

i n g  e l e c t r o n  t r a n s f e r  ( e q s .  45, 4 6 ) .  These p o s s i b i l i t i e s  

a r e ,  i n  f a c t ,  ana logous  t o  t h o s e  i n  r e a c t i o n s  of Th' w i t h  

+ 

+ 

( 4 3 )  
+ 

Th.+ + RMgX ThR' + MgX 

ThR' + Th" d ThR+ + Th ( 4 4 )  
T h * +  + RMgX d Th i R '  + M g X +  (45)  

R '  + Th.+ --> ThR+ ( 4 6 )  

R2Hg mentioned ear l ie r .  The Gr igna rd  r e a c t i o n s  a re  more 
d i f f i c u l t  t o  d e a l  w i t h  however, because  oxyqen canno t  be  

used  as a t r a p  for r a d i c a l s ,  and t h e  r e a c t i o n s  canno t  be  

c a r r i e d  o u t  homogeneously. Although it i s  p r o b a b l e  t h a t  

homogenous r e a c t i o n  of  RMqX w i t h  Th' i n  a c e t o n i t r i l e  
+ 
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may be f a s t  enough t o  avo id  r e a c t i o n  w i t h  a c e t o n i t r i l e  

i t s e l f ,  w e  have chosen t o  work w i t h  s o l u t i o n s  of  RMgX 

i n  THF and e t h e r  i n  which Th.+C104 

t h e r ,  w e  began t h i s  work  by u s i n g  commercial ly  a v a i l a b l e ,  

s t a n d a r d i z e d  s o l u t i o n s  of Gr ignard  r e a g e n t s  i n  e t h e r  and 

THF, b u t  found a f t e r  time-consuming s e a r c h e s ,  t h a t  some 

of t h e  unknown p r a d u c t s  of  o u r  r e a c t i o n s  i n  e t h e r  were, 
i n  f a c t ,  i m p u r i t i e s  i n  t h e  Gr ignard  s o l u t i o n s .  They re- 
main s t i l l  unknown, b u t  w e  t u r n e d  t o  making o u r  own 

Gr ignards  from c a r e f u l l y  p u r i f i e d  h a l i d e s  and e t h e r .  

Reac t ions  were c a r r i e d  o u t  under  a rgon  a t  O°C by adding  

t h e  Gr ignard  r e a g e n t  by s y r i n g e  v i a  a septum t o  a s t i r r e d  

suspens ion  of Th' C 1 0 4  . A f t e r  one hour  of s t i r r i n g ,  t h e  

mixture  w a s  f r o z e n  i n  l i q u i d  n i t r o q e n ,  t h e  a p p a r a t u s  w a s  

evacuated  and a l l  v o l a t i l e  materials i n  t h e  m i x t u r e ,  i n -  

c l u d i n g  s o l v e n t ,  w e r e  d i s t i l l e d  a t  O°C i n t o  a r e c e i v e r  

coo led  i n  l i q u i d  n i t r o g e n .  The s o l u t i o n  of  v o l a t i l e s  w a s  
removed f o r  q u a n t i t a t i v e  a n a l y s i s  by g c .  Anhydrous e t h e r  

was added t o  t h e  s o l i d  r e a c t i o n  r e s i d u e  i n  t h e  reassembled 

a p p a r a t u s .  Water w a s  i n j e c t e d  t o  decompose u n r e a c t e d  

Gr ignard ,  and t h e  a l k a n e  so formed w a s  d i s t i l l e d ,  a long  

w i t h  s o l v e n t  and o t h e r  v o l a t i l e s  if p r e s e n t ,  i n  t h e  eva-  

c u a t e d  a p p a r a t u s  a s  d e s c r i b e d  ea r l i e r  f o r  qc a s s a y .  The 

new s o l i d  r e s i d u e  w a s  t h e n  worked t o  p r e c i p i t a t e  a 

t h i a n t h r e n i u m y l  p e r c h l o r a t e ,  i f  p r e s e n t ,  from methylene 

c h l o r i d e  w i t h  e t h e r ,  and t o  s e p a r a t e  Th and Tho b y c o l -  

umn chromatography. F i n a l l y ,  i n  a c o n t r o l  expe r imen t ,  
t h e  Grignard i t s e l f  w a s  decomposed by i n j e c t i n g  w a t e r  

i n t o  an a l i q u o t  under  t h e  same c i r c u m s t a n c e s ,  and t h e  

v o l a t i l e  p roduc t s  w e r e  a s sayed  by gc .  

- 
is  i n s o l u b l e .  Fur-  

- + 
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134 H. J.  SHINE et al. 

React ion  w i t h  n-butylmagnesium c h l o r i d e  i n  e t h e r .  

L e t  u s  s t a t e  t h e  p r o d u c t s  o b t a i n e d  f i r s t .  They w e r e  bu- 

t a n e ,  b u t e n e ,  o c t a n e ,  b u t a n o l ,  t h e  mixed e t h e r  e t h y l  1- 

m e t h y l p e n t y l p e n t y l  [(CH3CH2CH2CH2CH(CH3)OCH2CH3, d e s i g -  

n a t e d  M E ] ,  t h i a n t h r e n e ,  t h i a n t h r e n e  o x i d e ,  and 5 -bu ty l -  

t h i a n t h r e n i u m y l  p e r c h l o r a t e  ( 7 ) .  - Search  w a s  a l s o  made 

by gc f o r  p r o d u c t s  t h a t  c o u l d  a r i se  f r o m  t h e  s o l v e n t ,  
0u 

7 
namely, bisfl-methylpenty1)ether and e t h y l  v i n y l  e t h e r  

b u t  t h e y  c o u l d  n o t  be found.  Y i e l d s  of  p r o d u c t s  are q i v -  

en i n  Table 5.  The l a s t  e n t r y  i n  Table 5 shows t h a t  an 

a l i q u o t  of BuMgCl c o n t a i n e d  d i s s o l v e d  b u t a n e ,  bu tene  and 

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

t a i n e d  by decomposing such an a l i q u o t  w i t h  w a t e r .  The 

bu tane  formed (2 .165  m m o l ) ,  when c o r r e c t e d  f o r  t h a t  a l -  

r eady  p r e s e n t  (0.201 m m o l )  i s  i n  f a i r  agreement  w i t h  t h e  

measured m o l a r i t y  of t h e  Gr igna rd ,  t h a t  i s ,  1 . 9 6  M as  
compared w i t h  2 - 0 7  M by d i r e c t  t i t r a t i o n .  The f i r s t  e n t r y  

shows t h a t  when equimolar  amounts of  Th" and BuMgCl 

w e r e  u s e d ,  t h e r e  w a s  i n s u f f i c i e n t  Th' t o  react w i t h  a l l  

of  t h e  Gr igna rd .  That  i s ,  BuMgCl ( 0 . 7 9 1  mmol) remained 

t o  react w i t h  w a t e r  added i n  t h e  second s t a g e .  S i n c e  
equimolar  amounts of reactants  had been u s e d ,  it becomes 

e v i d e n t  t h a t  some r e a c t i o n s  between Th' and BuMgCl i n -  

vo lve  t w o  moles of  Th" and one o f  BuMgC1. I t  i s  e v i d e n t  

a l s o  from t h e  amounts of  o c t a n e  formed t h a t  b u t y l  r a d i -  

c a l s  must be i n v o l v e d ,  b e i n g  formed i n  an SET s t e p .  The 

mixed e t h e r  (ME) a l s o  a p p e a r s  t o  be b e s t  a t t r i b u t e d  t o  

r a d i c a l  fo rma t ion  and combina t ion  r e a c t i o n s  ( e q .  5 3 ) .  

Butanol  (Tab le  5 )  w a s  found i n  t h e  second stage d i s t i l -  

d 

+ 

+ 
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136 H. J. SHINE etnl. 

l a t i o n ,  a f t e r  add ing  w a t e r  t o  t h e  r e s i d u e  of t h e  f i r s t  

d i s t i l l a t i o n .  The source  o f  t h e  b u t a n o l  i s  n o t  known a t  

t h e  p r e s e n t  t i m e .  Tab le  5 a lso l i s t s  Tho as a p r o d u c t .  

The r e a s o n a b l e  s o u r c e  of  t h i s  i s  h y d r o l y s i s  of  Th' by 

wa te r  o c c u r r i n g  e i t h e r  a d v e n t i t i o u s l y  i n  s t a r t i n g  o u t  

t h e  r e a c t i o n  ( f i r s t  e n t r y )  o r  d e l i b e r a t e l y  when an ex- 
cess of  Th' was used  ( t h i r d  e n t r y ) .  To sum up ,  o u r  b a s i c  

premise  i s  t h a t  e l e c t r o n  t r a n s f e r  o c c u r s  ( e q .  4 7 )  and 

t h a t  b u t y l  r a d i c a l s  t h u s  formed can  d i m e r i z e ,  d i s p r o p o r -  

t i o n a t e ,  and be t r a p p e d  by Th' . I n  a t t e m p t i n g  t o  a r r i v e  

a t  a mater ia l  b a l a n c e  w e  a re  o b l i g e d  t o  assume a l s o  t h a t  

bu tane  i s  formed by hydrogen a b s t r a c t i o n  from t h e  so l -  

v e n t ,  and t h a t  t h e  s o l v e n t  r a d i c a l  s u f f e r s  f u r t h e r  loss  

of hydrogen t o  become e t h y l  v i n y l  e t h e r  ( e q .  51,521.  A s  

ment ioned above,  w e  w e r e  unab le  t o  f i n d  t h i s  e t h e r  amon? 

t h e  r e a c t i o n  p r o d u c t s ,  b u t  t h i s  i s  n o t  s u r p r i s i n q  because  

w e  found,  i n  s e p a r a t e  expe r imen t s ,  t h a t  t h e  a u t h e n t i c  

e t h e r  w a s  r e a d i l y  polymerized by Th' i n  e t h e r  s o l u t i o n  

+ 

+ 

+ 

+ 

( 4 7  

2 BUS d C 4 H l o  + 'qH8 (48  

+ 
Th" + BuMgCl- Th + Bu' + MgCl 

B'- - C8H18 Th" + Bu- - ThBu (1) 
Bu' + E t O E t  - 
Bu' + C H 3 ? H O E t 4  BuH + C H 2 = C H O E t  

Bu' + CH3?HOEt  ME 

Th.+ + C H 2 = C H O E t  j polymer 

BuH + C H 3 C H O E t  

Reac t ions  w i t h  Gr igna rd  Agents i n  THF 

W e  have i m p l i c a t e d  dehydrogenat ion  of  s o l v e n t  e t h e r  i n  

t h e  BuMgCl/ether r e a c t i o n .  I n d i c a t i o n s  t h a t  t h e  s o l v e n t  

was invo lved  w e r e  q u i t e  f i r m  i n  r e a c t i o n s  i n  THF because  

e a c h  r e a c t i o n  l e d  i n  v a r y i n g  e x t e n t s  t o  poly(THF) .  The 
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r e a c t i o n s  are n o t  y e t  known w i t h  as  much q u a n t i t a t i v e  

d e t a i l  as  i n  t h e  BuMgCl/ether r e a c t i o n  b u t  n e v e r t h e l e s s  

have t h e  f o l l o w i n g  c h a r a c t e r i s t i c s .  Much of RMqX w a s  
conve r t ed  i n t o  t h e  a l k a n e  R H ,  and i n  some cases i n t o  

s m a l l  amounts of  t h e  dimer RR ( R = M e ,  E t ,  i P r ,  nBu).  

Very l i t t l e  a l k e n e  w a s  o b t a i n e d .  I n  a l l  cases poly(THF) 
2 7  w a s  formed and appeared t o  be  t h e  " l i v i n g "  polymer . 

A l l  i n d i c a t i o n s  p o i n t e d  t o  c a t i o n i c  po lymer i za t ion  of  

THF. I t  appea r s  t h a t  o x i d a t i o n  of  t h e  Gr ignard  by Th.' 

occu r red  ( eq .  4 5 )  and t h a t  t h i s  l e d  t o  a b s t r a c t i o n  of  

hydrogen atom from THF, fo l lowed by o x i d a t i o n  of  t h e  

THF r a d i c a l  and po lymer i za t ion  ( e q s .  55-57) .  A b s t r a c t i o n  

of H '  from THF has  been shown by o t h e r s  t o  occur  q u i t e  

e a s i l y .  I n  f a c t  t h i s  o c c u r s  more e a s i l y  t h a n  from cyc lo -  

pentane  ( u s i n g  tBuO' 2 8 )  , from t o l u e n e  ( u s i n g  C6H5 

and from e thy lbenzene  ( u s i n g  t r i p l e t  an th raqu inone  3 0 )  . 
W e  w e r e  unable  t o  f i n d  t h e  dimer of THF, a p roduc t  which 

w a s  found t o  a s m a l l  e x t e n t  i n  making I-ethoxy-7-norbor- 

nylmagnesium bromide i n  THF 3 1  and i n  ve ry  h igh  y i e l d  

from h e a t i n g  t -bu ty l -pe rox ide  i n  THF 3 2 .  W e  w e r e  unable  

t o  f i n d  I l2 -d ihydro fu ran  ( D H F )  e i t h e r ,  b u t  t h i s  i s  n o t  

s u r p r i s i n g  s i n c e ,  l i k e  e t h y l  v i n y l  e t h e r ,  D H F  w a s  found 

n o t  t o  s u r v i v e  i n  t h e  p re sence  of  Th' . The o v e r a l l  view 

o f  r e a c t i o n s  i n  THF i s  t h e n ,  t h a t  e l e c t r o n  t r a n s f e r  

o c c u r s  n o t  on ly  from RMgX b u t  a l s o  from THF r a d i c a l s .  

The c u r i o u s  a p p a r e n t  anomaly ar ises  t h a t  c a t i o n i c  poly-  

. 2 9 )  

+ 
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m e r i z a t i o n  o f  THF w a s  i n i t i a t e d  i n  such  b a s i c  sys t ems ,  

b u t  " l i v i n g "  p o l y m e r i z a t i o n  w a s  s u s t a i n a b l e  o n l y  , of  

c o u r s e ,  a f t e r  a l l  RMgX had been exhaus ted .  

SUMMARY 

The t h i a n t h r e n e  c a t i o n  r a d i c a l  (Th") , used  as  a model 

f o r  o r g a n o s u l f u r  c a t i o n  r a d i c a l s ,  underwent e l e c t r o n -  

t r a n s f e r  r e d u c t i o n  by a number of  a z o a l k a n e s  and Grig-  

na rd  r e a g e n t s .  T h i s  redox r e a c t i o n  induced ,  i n  t u r n ,  t h e  

o x i d a t i v e  decomposi t ion  of  t h e  r e d u c i n g  a g e n t s .  Oxida- 

t i o n  of  t h e  a z o a l k a n e s ,  moreover, reached  t h e  two-elec- 
t r o n  l e v e l  t o  a l a r g e  e x t e n t  l e a d i n g  t o  b o t h  a l k y l - r a d g  

cal and c a r b o c a t i o n  c h e m i s t r y . U n c e r t a i n t y  e x i s t s ,  

however, as  t o  whether  s i n g l e  e l e c t r o n  t r a n s f e r  (SET) 

l e d  t o  f r e e  a l k y l  r a d i c a l s  which w e r e  t h e n  o x i d a t i v e l y  

scavenged by a second Th' , o r  whether ,  i n i t i a l l y ,  com- 

p l e x a t i o n  o c c u r r e d  between Th' and a z o a l k a n e ,  and w a s  

fo l lowed  by b o t h  un imolecu la r  and b i m o l e c u l a r  ( w i t h  a 

second Th") o x i d a t i v e  decomposi t ion  of t h e  complex. 

I n  some cases t h e  azoa lkane  w a s  i somer i zed  t o  t h e  cor- 
r e spond ing  hydrazone,  which underwent o x i d a t i v e  1 , 3 -  

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

p r o d u c t s  of  such r e a c t i o n s  w e r e  1 , 2 , 4 - t r i a z o l e s .  I n  

t h e  case of  Gr igna rd  r e a g e n t s  a l k y l - r a d i c a l  c h e m i s t r y  

w a s  induced .  The weight  of  ev idence  p o i n t e d  t o  subse-  

q u e n t  t r a p p i n g  of a l k y l  r a d i c a l s  by Th' , g i v i n g  a 5- 

a l k y l t h i a n t h r e n i u m y l  c a t i o n ,  and t o  hydrogen-atom ab-  

s t r a c t i o n  from t h e  s o l v e n t .  S o l v e n t  involvement  l e d  u l -  
t i m a t e l y  t o  p o l y m e r i z a t i o n  of t h e  s o l v e n t :  t h a t  i s ,  a s  

p o l y  (THF) and (assumed) p o l y  ( v i n y l  e t h y l  e t h e r )  . R e a c -  

t i o n  pathways are  proposed s p e c u l a t i v e l y  i n  numbers of  

i n s t a n c e s  and have y e t  t o  be v e r i f i e d .  

+ 
+ 
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