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INTRODUCTION 

Model compound s t u d i e s  have recent ly  been performed t o  he lp  e l u c i d a t e  the  types 
of  react ions which occur  during the  l i q u e f a c t i o n  of c o a l  i n  presence of  ZnC12(1-5). 
These inves t iga t ions  have shown t h a t  ZnC12 w i l l  ca ta lyze  t h e  cleavage of e t h e r ,  
s u l f i d e ,  and a l i p h a t i c  br idges  between aromatic  c e n t e r s  and t h e  hydrogenation of 
fused r ing  aromatics. It has  a l s o  been demonstrated t h a t  the  r e a c t i v i t y  of a 
given s t r u c t u r e  can be  s t rongly  a f f e c t e d  by t h e  composition of subs t iuents  
present  on the  aromatic  nuc le i .  
t h e  r o l e  of molecular  hydrogen i n  the  hydrogenolysis and hydrogenation of coal- 
r e l a t e d  model compounds and t o  demonstrate the d i f fe rences  i n  t h e  a b i l i t y  of 
ZnC12, ZnBr2, and Zn12 t o  a c t i v a t e  H2. 

The purposes o f  t h e  p resent  workwere t o  i d e n t i f y  

EXPERIMENTAL 

Apparatus 

3 

The p r e s s u r e  and temperature within t h e  au toc lave  were monitered 

Reactions were c a r r i e d  o u t  i n  a 300-cm s t i r r e d ,  s t a i n l e s s - s t e e l  autoclave 
f i t t e d  w i t h  a g l a s s  l i n e r  t o  f a c i l i t a t e  in t roduct ion  of r e a c t a n t s  and removal of 
products. 
continuously. For m o s t  of the  experiments descr ibed i n  t h i s  paper ,  t h e  solvent  
and c a t a l y s t  were preheated t o  r e a c t i o n  temperature w i t h i n  the  autoclave.  The 
reac tan t ,  d i sso lved  in a small amount of so lvent ,  was then i n j e c t e d  i n t o  t h e  
autoclave from a small pressure  vesse l .  Samples of t h e  l i q u i d  products  were 
withdrawn a t  p rescr ibed  times during t h e  course of a run. 

Mater ia ls  

Model compounds were obtained commercially. These m a t e r i a l s  were dried b u t  
no t  p u r i f i e d  before  use. Benzene and cyclohexane, used as so lvents ,  were dr ied  
by re f lux ing  over  a sodium-benzophenone mixture and then  d i s t i l l e d  under dry N2.  

The ZnC12, ZnBr2 and Zn12 were dr ied  i n  a vacuum oven overnight  a t  105OC and 
then s t o r e d  i n  an N 2  - purged dry box. 
i n t o  the g l a s s  l i n e r  w a s  a l s o  c a r r i e d  out  i n  t h e  dry box. 

Product Analysis  

Weighing of t h e  c a t a l y s t  and t r a n s f e r  

The l i q u i d  products  were analvzed bv nas chromatoaraphv. Product i d e n t i f i -  
c a t i o n  was e s t a b l i s h e d  by gas chromatographylmass spectrometry. 
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RESULTS AND DISCUSSION 

Cleavage of Ether Linkages 

The e f f e c t s  of  hydrogen p a r t i a l  p ressure  and c a t a l y s t  composition on t h e  
hydrogenolysis of dibenzyl  e t h e r  in benzene s o l u t i o n  a r e  l i s t e d  in Table I. 
It i s  observed t h a t  in t h e  presence of ZnCl , diphenyl methane is t h e  p r i n c i p a l  
product formed and t h a t  t h e  ex ten t  of  r e a c t l o n  is unaffected by t h e  presence 
o r  absence of  molecular hydrogen. These r e s u l t s  i n d i c a t e  t h a t  t h e  o v e r a l l  
r e a c t i o n  can be w r i t t e n  as fol lows:  

ZnC12 
, ~ . - c H ~ - & c H ~ - ’ $ ~  + ~ ( 0 7  ___> 2 a - c ~  2 1  -(o + H ~ O  

and t h a t  t h e  hydrogen requi red  f o r  t h e  formation of  water  der ives  from t h e  benzene. 
As a r e s u l t ,  molecular hydrogen does not  appear t o  be e s s e n t i a l  f o r  the  progress  
of the  reac t ion .  

Table I shows tha t  t h e  c a t a l y t i c  a c t i v i t y  of z inc  h a l i d e s  decreases  in the  
order  ZnC12 > ZnBr2 > Zn12. 
Zn12, toluene is produced in addi t ion  t o  diphenyl methane. Moreover, whife  the 
e x t e n t  of dibenzyl  e t h e r  conversion is unaffected by t h e  p a r t i a l  p r e s s u r e  of  
H 2 ,  the s e l e c t i v i t y  to  toluene increases  in d i r e c t  p ropor t ion  t o  t h e  H2 p a r t i a l  
Pressure.  
e f f e c t i v e  in a c t i v a t i n g  H than ZnC12 but  $hat even i n  an a c t i v a t e d  s t a t e  
hydrogen does not a f f e c t  $he r a t e  of consumption of  dibenzyl  e ther .  
once a c t i v a t e d  hydrogen becomes e f f e c t i v e  in t h e  formation of toluene.  

It is a l s o  seen t h a t  in t h e  presence of ZnBr and 

These r e s u l t s  suggest  t h a t  ZnBr and i n  p a r t i c u l a r  Zn12 a r e  more 

However, 

The accumulated evidence suggests  t h a t  the  hydrogenolysis of dibenzyl  e t h e r  
may proceed v i a  t h e  following sequence of s t e p s  

H+(ZnX,OH)- 

(1) @-cH~-c-cH~-~o f6 -CH20H + ;o,-CHi(ZnX20H)- 

H+ ( ZnX20H) - 
(2 )  ~ , - C H ~ O H  > H20 + /O)-CHi(ZnX20H)- 

S tudies  in which t h e  r a t i o  of H20 t o  ZnX were var ied  c l e a r l y  demonstrate t h a t  t h e  
a c t i v e  form of t h e  c a t a l y s t  is a Brzns te i  ac id ,  H+(ZnX20H)-. 
is i n i t i a t e d  by protonat ion of the  e t h e r  and t h e  rate of t h i s  r e a c t i o n  is a f f e c t e d  
by the  composition of the  z i n c  ha l ide .  
is d i c t a t e d  by r e a c t i o n s  3 and 4 and the  r a t i o  of t h e  r a t e  c o e f f i c i e n t s  a s s o c i a t e d  
with these r e a c t i o n s  is determined by t h e  c a t a l y s t  composition. 

Cleavage of t h e  e t h e r  

The na ture  of  t h e  f i n a l  r e a c t i o n  products  

125 



Cleavage of A l i p h a t i c  Linkages 

The hydrogenolysis  of 4- hydroxydiphenyl methane (4HDM) and 1- benzyl- 
naphthalene (1BN) i n  benzene s o l u t i o n  were s tud ied  to  e s t a b l i s h  t h e  e f f e c t s  of 
hydrogen p a r t i a l  p r e s s u r e  and c a t a l y s t  composition on the  cleavage of a l i p h a t i c  
l inkages between aromatic  n u c l e i .  
4HDM r e a c t s  t o  form phenol, diphenyl methane, and toluene.  A s  shown i n  
Table 11, t h e  hydrogen p a r t i a l  p ressure  has  no e f f e c t  on t h e  conversion of  
4HDX but t h e  s e l e c t i v i t y  t o  toluene increases  wi th  the  hydrogen p a r t i a l  
pressure.  The c a t a l y t i c  a c t i v i t y  i n  t h i s  ins tance  decreases  i n  t h e  order  
ZnBr2 > ZnC12 > Zn12 and t h e  s e l e c t i v i t y  t o  toluene increases  i n  t h e  order  
ZnBr 
and Zoluene. 
on t h e  r e a c t i o n s  of t h i s  compound a r e  similar t o  those f o r  4HDM. 

In  the presence of z i n c  ha l ide  c a t a l y s t ,  

> ZnClf > ZnI . The r e a c t i o n  of 1 B N  produces naphthalene, diphenyl methane 
The e z f e c t s  of hydrogen p a r t i a l  p ressure  and c a t a l y s t  composition 

The r e a c t i o n  products  obtained from 4HDM and 1 B N  and the k i n e t i c s  by which 
these  reac tan ts  a r e  converted t o  products (2 )  can be explained on t h e  b a s i s  of 
t h e  fol lowing mechanism: 

/ 2 \  
(7 )  :07 -CH2(ZnX20H)--, + @ 1 0  -CH -'d + H+(ZnX20H)- 

H2 
(8) @-CH:(ZnX20H)- - > .-o -CH3 + H+(ZnX20H)- 

A s  i n  the c a s e  of t h e  cleavage of e t h e r  l inkages ,  r e a c t i o n  i s  i n i t i a t e d  by 
pro tona t ion  of the r e a c t a n t .  The primary d i f f e r e n c e  is t h a t  t h i s  s t e p  is re- 
v e r s i b l e  and cleavage of t h e  a l i p h a t i c  l inkages occurs  i n  a subsequent r a t e  
l i m i t i n g  1 s tep .  The d i s t r i b u t i o n  of f i n a l  products i s  governed by reac t ions  
7 and 8. 

Hydrogenation of Condensed Aromatics 

Studies  of t h e  hydrogenation of  fused-r ing aromatics  catalyzed by ZnCl 
have shown (5) t h a t  1-naphthol and anthracene undergo extensive reac t ion .  
inf luence of  hydrogen p a r t i a l  p ressure  on t h e  e x t e n t  of r e a c t i o n  and the d i s t r i -  
bu t ion  of products  formed is shown i n  Table 111. It is apparent  t h a t  i n  t h e  
absence of hydrogen both r e a c t a n t s  a r e  converted ex tens ive ly  t o  t a r  v i a  Schol l  
condensation. I n  t h e  presence of hydrogen, 1-naphthol is hydrogenated to 
1,2,3,4-tetrahydro-l-naphthol which then undergoes dehydration t o  form 

genation t o  form t e t r a l i n  and dehydrogenation t o  form naphthalene. The hydro- 
genat ion of an thracene  produces pr imar i ly  dihydroanthracene and smal le r  amounts 
of te t rahydroanthracene and octahydroanthracene. 

?he 

-1~L--._I..^_ ̂-L *L - 1 ."I. - L _  I - -- .I , -.- -. -- - ̂ - a  ~~- --..,-. Y L L ' y  .IL.. ..ALII... ..LC c"y.yv. .L,y &a " C L J  LSaCL*"C : 5 : ,  C;krgG<;g >+x- 
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The hydrogenation of both r e a c t a n t s  i s  bel ieved t o  proceed by s e q u e n t i a l  
protonat ion and hydride addi t ion ,  a s  exemplified by the f i r s t  s t a g e s  of 
anthracene hydrogenation shown below. 

The formation of te t rahydro-  and octahydroanthracene i s  assumed t o  involve a 
r e p e t i t i o n  of s t e p s  similar t o  reac t ions  9 and 10. 

CONCLUSIONS 

The fol lowing conclusions may be  drawn from t h e  present  s tudy:  

- Zinc h a l i d e  c a t a l y s t s  a r e  a c t i v e  i n  t h e i r  Bronsted ac id  form, e . g . ,  
H+( ZnX20H)-. 

- Cleavage of e t h e r  and a l i p h a t i c  1ink.ages between aromatic  n u c l e i  i s  
ind ica ted  by protonat ion of t h e  s u b s t r a t e  and i s  unaffected by the  
presence of molecular hydrogen. 

dibenzyl  e t h e r ,  4HDM and 1 B N  and the  s e l e c t i v i t y  f o r  forming toluene 
from these  r e a c t a n t s  depends on t h e  na ture  of the  ha l ide  used. - The hydrogenation of  fused-ring a romat ics . involves  molecular hydrogen 
and appears t o  proceed v i a  s e q u e n t i a l  protonat ion and hydride t r a n s f e r .  

- Hydrogen t r a n s f e r  t o  benzyl ic  groups l i b e r a t e d  by t h e  cleavage of  
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