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INTRODUCTION

Model compound studies have recently been performed to help elucidate the types
of reactions which occur during the liquefaction of coal in presence of ZnCl,(1-5).
These investigations have shown that ZnCl, will catalyze the cleavage of ether,
sulfide, and aliphatic bridges between aromatic centers and the hydrogenation of
fused ring aromatics. It has also been demonstrated that the reactivity of a
glven structure can be strongly affected by the composition of substiuents
present on the aromatic nuclei. The purposes of the present work were to ldentify
the role of molecular hydrogen in the hydrogenolysis and hydrogenation of coal-
related model compounds and to demonstrate the differences in the ability of
ZnClz, ZnBrz, and ZnI2 to activate HZ.

EXPERIMENTAL

Apparatus

Reactions were carried out in a 300-cm3 stirred, stainless-steel autoclave
fitted with a glass liner to facilitate introduction of reactants and removal of
products. The pressure and temperature within the autoclave were monitered
continuously. For most of the experiments described in this paper, the solvent
and catalyst were preheated to reactlon temperature within the autoclave. The
reactant, dissolved in a small amount of solvent, was then injected into the
autoclave from a small pressure vessel. Samples of the liquid products were
withdrawn at prescribed times during the course of a runm.

Materials
Model compounds were obtained commercially. These materials were dried but
not purified before use. Benzene and cyclohexane, used as solvents, were dried
by refluxing over a sodlumbenzophenone mixture and then distilled under dry Nz.
The chlz, ZnBr,, and ZnI, were dried in a vacuum oven overnight at 105°C and

then stored in an N,"- purged dry box. Weighing of the catalyst and transfer
into the glass liner was also carried out in the dry box.

Product Analysis

The liquid products were analyzed by gas chromatography. Product identifi-~
cation was established by gas chromatography/mass spectrometry.
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RESULTS AND DISCUSSION

Cleavage of Ether Linkages

The effects of hydrogen partial pressure and catalyst composition on the
hydrogenolysis of dibenzyl ether in benzene solution are listed in Table I.
It 1s observed that in the presence of ZnCl,, diphenyl methane is the principal
product formed and that the extent of react%on 1s unaffected by the presence
or absence of molecular hydrogen. These results indicate that the overall
reaction can be written as follows:

ZnCl

- 2 .
0r-CHy-0-CH,~0)  + 2(0> —— 5 2(0)-CH,~(0) + H,0

and that the hydrogen required for the formation of water derives from the benzene.
As a result, molecular hydrogen does not appear to be essential for the progress
of the reaction.

Table I shows that the catalytic activity of zinc halides decreases in the
order ZnCl, > ZnBr, > ZnI,. It 1s also seen that in the presence of ZnBr., and
ZnI,, toluene 1s produced”in addition to diphenyl methane. Moreover, while the
extént of dibenzyl ether conversion is unaffected by the partial pressure of
H,, the selectivity to toluene increases in direct proportion to the H, partial
pressure. These results suggest that ZnBr, and in particular Znl, are more
effective in activating H, than ZnCl2 but %hat even in an activated state
hydrogen does not affect ghe rate of "consumption of dibenzyl ether. However,
once activated hydrogen becomes effective in the formation of toluene.

The accumulated evidence suggests that the hydrogenolysis of dibenzyl ether
may proceed via the following sequence of steps

H+(ZnX20H)—
~CH, - -, /5 /5t —cHT -
(1) (0 -CH,-0-CH,~0, /0;~CH,O0H + {0, ~CH, (ZnX,0H)
H+(an20H)' .

o, - _— /9>- -
(2) 0;-cH,0H > Hy0 + (0)-CH,(ZnX,O0H)

o + - £ U [N + -
(3) 0'~CHy(ZnX,0H) +0% > 10'=CH,='0"  + H (ZnX,0H)

A + - - . -+ -
4) {0'-CH,(ZnX.,OH)~ + H > {0 ~-CH, + H (ZnX.,O0H)

RG] 2 2 d 3 2

Studies 1n which the ratio of H,0 to ZnX, were varied clearly demonstrate that the
active form of the catalyst 1s a Branstea acid, HY(ZnX,OH) . Cleavage of the ether
1s initiated by protonation of the ether and the rate Gf this reaction is affected
by the composition of the zinc halide. The nature of the final reaction products
is dictated by reactions 3 and 4 and the ratio of the rate coefficients associated
with these reactions is determined by the catalyst composition.



Cleavage of Aliphatic Linkages

The hydrogenolysis of 4- hydroxydiphenyl methane (4HDM) and 1- benzyl-
naphthalene (1BN) in benzene solution were studled to establish the effects of
hydrogen partial pressure and catalyst composition on the cleavage of aliphatic
linkages between aromatic nuclei. In the presence of zlnc halide catalyst,
4HDM reacts to form phenol, diphenyl methane, and toluene. As shown in
Table II, the hydrogen partial pressure has no effect on the conversion of
4HDM  but the selectivity to toluene increases with the hydrogen partial
pressure. The catalytic activity in this instance decreases in the order
ZnBr, > ZnCl, > ZnI, and the selectivity to toluene increases in the order
ZnBr,, > ZnCl2 > ZnI,. The reaction of 1BN produces naphthalene, diphenyl methane
and %oluene. The e%fects of hydrogen partial pressure and catalyst composition
on the reactions of this compound are similar to those for 4HDM.

The reaction products obtained from 4HDM and 1BN and the kinetics by which
these reactants are converted to products (2) can be explained on the basis of
the followlng mechanism:

- +
wt (ZnXZOH)

(5)  HO-(0>-CHy~ O P —— (Ho-.0/-CH,~10" ) (ZnX,0H)

™ o

+
_ B . -
(6) (HO—0/-CH,~(0,) (ZnX,O0H)

- o~ ot -
> {0 =OH + .0 ~CH,(ZnX,0H)

o it - & + -
(7) 0’ -CH,(ZnX,0H) _@__> ‘0’ -CH,~0  + H'(ZnX,0H)
H

+ - - + -
(8)  (0)-CH,(ZnX,0H) > 0 =CH, + H' (ZnX,0H)

As 1n the case of the cleavage of ether linkages, reaction is initiated by
protonation of the reactant. The primary difference is that this step 1s re-
versible and cleavage of the aliphatic linkages occurs in a subsequent rate
limiting 1 step. The distribution of final products 1s governed by reactions
7 and 8.

Hydrogenation of Condensed Aromatics

Studies of the hydrogenation of fused-ring aromatlcs catalyzed by ZnCl
have shown (5) that l-naphthol and anthracene undergo extensive reaction. %he
influence of hydrogen partlial pressure on the extent of reaction and the distri-
bution of products formed 1s shown in Table III. It is apparent that 1n the
absence of hydrogen both reactants are converted extensively to tar via Scholl
condensation. In the presence of hydrogen, l-naphthol is hydrogenated to
1,2,3,4-tetrahydro~1-naphthol which then undergoes dehydration to form
dihydronaphthalene.  The latiter compound 1s very reactive {5}, undargoing hydre-
genation to form tetralin and dehydrogenation to form naphthalene. The hydro-
genation of anthracene produces primarily dihydroanthracene and smaller amounts

of tetrahydroanthracene and octahydroanthracene.
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The hydrogenation of both reactants is believed to proceed by sequential
protonation and hydride addition, as exemplified by the first stages of
anthracene hydrogenation shown below.

+ - H' (ZnC1,0H)”
H' (ZnC1,0H) b
@ 0000 (> 0019,
q+(2nc120H)'
SN A 2 NS 4+ -
10 10— QO + H (zac1,00)

The formation of tetrahydro- and octahydroanthracene is assumed to involve a
repetition of steps similar to reactions 9 and 10.

CONCLUSIONS
The following conclusions may be drawn from the present study:

- Zinc halide catalysts are active in thelr Bronsted acid form, e.g.,
HF (znX,0H)~.

- Cleavage of ether and aliphatic linkages between aromatic nuclei is
indicated by protonation of the substrate and is unaffected by the
presence of molecular hydrogen.

- Hydrogen transfer to benzylic groups liberated by the cleavage of
dibenzyl ether, 4HDM and 1BN and the selectivity for forming toluene
from these reactants depends on the nature of the halide used.

- The hydrogenation of fused-ring aromatics. involves molecular hydrogen
and appears to proceed via sequential protonation and hydride transfer.
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