
RETROGRESSIVE ARYL-ALKYL BONO FORMING REACTIONS 
FACILITATED BY REACTIONS OF SULFUR-CENTERED FREE RADICALS 

Mikha i l  S. A l n a j j a r  and James A. Franz 

P a c i f i c  Northwest Laboratory 
B a t t e l l e  Memorial I n s t i t u t e  

P. 0. Box 999, Richland, WA 99352 

Kevwords: S u l f u r ,  C-C  Bond Cleavage, Rearrangements 

INTRODUCTION 

It i s  w e l l  known t h a t  a d d i t i v e s  such as elemental s u l f u r ,  p y r i t i c  minerals and 
t h i o l s  p l a y  a s i g n i f i c a n t  r o l e  i n  s t r u c t u r a l  reorgan iza t ion  dur ing  the thermal 
degradat ion o f  Studies have shown t h a t  the r a t e s  f o r  hydrogen atom 
t rans fer  r e a c t i o n s  between benzy l i c  p o s i t i o n s  o f  model compounds and coals are 
increased s i g n i f i c a n t l y  w i t h  higher s u l f u r  Displacement react ions 
o f  aromatic s u b s t i t u e n t s  by t h i y l  r a d i c a l s  and a b s t r a c t i o n  reac t ions  by 
su l fu r -centered  r a d i c a l s  have long been r e ~ o g n i z e d , ~ - ~ '  and are thought t o  be 
important i n  coal  l i q u e f a c t i o n .  However, t h e  mechanist ic aspects o f  C-C and 
C - S  bond fo rmat ion  and the rearrangement o f  organic s t r u c t u r e  i n  coal  
f a c i l i t a t e d  by t h i y l  r a d i c a l s  i s  l e s s  w e l l  understood. 

enhancement o f  t h e  cleavage o f  strong C - C  bonds and i n  t h e  format ion o f  i n e r t  
thiophene s t r u c t u r e s  (eq. 1) .11*12 
the  presence o f  PhSSPh are shown i n  eq. 1. 

PhCH2CH2Ph 

Recent ly,  we have demonstrated the importance o f  t h i y l  r a d i c a l s  i n  the 

Products from the p y r o l y s i s  o f  bibenzyl i n  
Oiphenylmethane i s  formed i n  

PhSSPh 
- - - - ->  PhCH3 t Ph2CH2 t 2,3-diphenylbenzothiophene 

+ other products ( 1 )  

a sequence o f  r e a c t i o n s  i n v o l v i n g  t h e  key s tep  o f  phenyl migra t ion  from s u l f u r  
t o  the carbon-centered r a d i c a l  (eq. Z)13. Thus, a t  coal  

k2 
PhCH(.)SPh - - - - >  Ph2CHS. - - - - >  - - - - >  Ph2CH2 (2)  
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liquefaction temperatures (450°C), reaction (2) proceeds very rapidly and the 
rate constant of the phenyl migration ( k p )  approaches 1.5 x lo4 s-'.13 

In this paper, we present preliminary results of high-temperature reactions of 
elemental sulfur with diphenylmethane and triphenylmethane. These results 
demonstrate the complete reversibil ity of reaction (2) and provide direct 
evidence of thiyl radical participation in the cleavage of strong carbon- 
carbon bonds through a series of abstraction and migration reactions. 

RESULTS AND DISCUSSION 

Pyrolysis of diphenylmethane in the presence o f  excess elemental sulfur 
at 380 f 3 "C gave toluene, thiophenol and triphenylmethane as the major 
products along with lesser amounts o f  PhCH2SPh, PhSPh, PhSSPh and higher 
molecular weight products (Table I). The near unity ratio of toluene to 
thiophenol demonstrates the elementary free radical reactions in eqs.  3-10. 

S8 - - - -> .SS6S. - - - - >  ss. 

> .SS6S. sa - - - - -  

A 

Ph2CH2 t .SS6S. - - - - >  Ph2CH(.) t 

A 

B 
- A t S8 - - - - >  - - - - >  Ph2CHS( * ) 

OH (hydrogen donor) 
B - - - - >  PhCH(*)SPh - - - - -  > PhCH2SPh 

A c 
C - - - ->  PhCH2(.) t PhS(*) 

D E 
D t  OH - - - - >  PhCH3 
k t  OH - - - - >  PhSH 

( 3 )  

(4) 
(5) 

Triphenylmethane is formed via the termination reaction of diphenylmethyl and 
thiophenoxyl radicals followed by hydrogen atom abstraction and phenyl 
migration reactions (eqs. 11-13). The formation of 
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PhzCH(*) + PhS(.) - - - - >  PhZCHSPh 
f 

t RS(*) - - - - >  PhzC(.)SPh 
G 

- G - - - - >  ph3CS(.) - - - - >  - - - -  > - - - - >  Ph3CH 

The minor products show the origin of termination, displacement, abstraction, 
and oxidation reactions." 

As noted i n  Table I (compare entries 4 and Z ) ,  triphenylmethane was more 
abundant at low sulfur concentration. Rapid phenyl migration in eq. 13 and 
the low concentration of thiol donors provide an explanation for the observed 
result . 

Table I1  gives the product distributions of the pyrolysis reaction of 
triphenylmethane with elemental sulfur at 38OOC 3. The formation of 
thiophenol and diphenylmethane i s  a consequence of phenyl migration from 
carbon to a sulfur-centered radical, eqs. 14-19. The production 

Ph3CH + .SS6S. - - - - >  Ph3C(.) + * 

H 
H + Sg - - - - >  - - - - >  Ph3CS(.) 

I 
I - - - ->  Ph.$(.)SPh 

J 
J - - - - >  - - - - >  PhzCH(*) + PhS(.) 

DH 
PhzCH(*) - - - - -  > PhzCHz 

DH 
PhS(.) - - - - -  > PhSH 

SS6SH 

of toluene and diphenyldisulfide is the result of further reactions of 
diphenylmethane with sulfur and the termination of  thiophenoxyl radical 
respectively. 
the presence of low concentration of sulfur (Table 11, entry 4). 

A similar interpretation explains the high yield of PhzCHz in 
Rapid phenyl 
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migra t ion ,  eq. 16, followed by a b s t r a c t i o n  and f u r t h e r  reduc t ion  produced t h e  
des i red  product. 

SUHMRY 
These observat ions show t h a t  the  cleavage o f  s t rong a lky l -a romat ic  

carbon-carbon bonds can become completely r e v e r s i b l e  under the  inf luence of 
t h i y l  rad ica ls ,  via a r a p i d  sequence o f  1,2-phenyl migra t ion ,  o r  n e o p h y l - l i k e  
rearrangements o f  t h i y l  

EXPERIMENTAL 

General. Diphenylmethane, triphenylmethane, and s u l f u r  were purchased from 
the A l d r i c h  Chemical Co. and used as received. Products were i d e n t i f i e d  by 
gas chromatography by c o i n j e c t i o n  w i t h  au thent ic  samples. 
was c a r r i e d  out using a Hewlett-Packard Model 5890A equipped w i t h  an on- 
column i n j e c t o r  and f lame- ion iza t ion  de tec t ion .  
25-m, 0.32 mm i .d.  J&W S c i e n t i f i c  08-5 c a p i l l a r y  column. 

Gas chromatography 

Analyses were performed on a 

General orocedure f o r  Thermolvsis Reactions. To a 0.01-0.059 o f  
diphenylmethane o r  triphenylmethane was added an appropr iate amount o f  s u l f u r .  
The mix tu re  was mixed, freeze-thaw degassed i n  l i q u i d  n i t rogen,  and sealed 
under h igh  vacuum. 
380'C 3 f o r  i n t e r v a l s  o f  5 and 20 minutes, cooled immediately i n  tap water, 
open under n i t rogen,  and t r a n s f e r r e d  t o  a degassed s o l u t i o n  o f  CH2C12 
con ta in ing  naphthalene as an i n t e r n a l  G.C. standard. 

The tubes were introduced t o  a f l u i d i z e d  sand bath a t  
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Table I 

E f f e c t  o f  S u l f u r  on Product D i s t r i b u t i o n s  from Diphenylmethane 
Thermolysis a t  380 3 o C . a * b * c  

- _______________________________________- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -  
Time PhCH3e PhSHe Ph3CHe 

m i  n x 10 x 10 x 10 
0.55 5 0.86 0.68 1.32 
0.55 20 1.42 1.40 1.80 
0.22 20 0.82 1.10 0.80 

1 -31 1 -31 1 -41 
[Ph2CH,l/[sld 

10. of  20 1.60 1.75 8.9 

a) 
amounts o f  PhCH3, PhCH2CH2Ph, Ph3CH and tetraphenylethane under the  r e a c t i o n  
condi t ions.  b) % Conversion o f  Ph2CH2 = 10-20%. c) PhCH2SPh, PhSSPh, PhSPh 
and h igher  molecular weight mater ia ls  were a lso  produced i n  small amounts. d)  
Ratio o f  diphenylmethane t o  s u l f u r .  e)  I n  mmoles. f )  PhCH2CH2Ph and St i lbene 
were a lso  produced. 

I n  the c o n t r o l  experiment, the  absence o f  s u l f u r ,  Ph2CH2 produced t r a c e  

Table I 1  
E f f e c t  o f  S u l f u r  on Product D i s t r i b u t i o n s  from Triphenylmethane 

Thermolysis a t  380 2 3 ' C . a , b * c  

PhSHe Ph2CH2e PhSSPhe PhCHi=? x 10 x 10 
[Ph3CH]/[SId Time 

J - 1 1 -32 1 -3) -31 min x 10 
0.55 5 0.30 1.0 3.63 0.45 
0.55 20 9.7 3.38 6.55 1.2 
0.22 20 7.15 2.20 4.03 0.20 

10.0 20 3.0 3.20 11.7 1.75 

a) 
detectable products. b )  % conversion o f  Ph3CH = 10-20%. c )  Higher 
molecular weight mater ia ls  were a l s o  produced. d) Rat io  o f  triphenylmethane t o  
s u l f u r .  e )  I n  mmoles. 

I n  a c o n t r o l  experiment i n  t h e  absence o f  s u l f u r ,  Ph3CH produced no 
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