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A study has been conducted of the cleavage of aliphatic linkages between aromatic centers under
the influence of zinc halide catalysts. The purpose of this work was to learn more about the
chemistry occurring during the liquefaction of coal. 4-Hydroxydiphenylmethane (4-HDPM), 2,4,6-
trimethyldiphenylmethane (TMDPM), and 1-benzylnaphthalene (1-BN) were used to simulate
structural units present in coal. ZnCl,, ZnBr,, and Znl, were used as catalysts. It was found that all
of the zinc halides are active when converted to a Bronsted acid by interaction with either water or
methanol. For a given catalyst, the reactivity of the reactants decreases in the order TMDPM > 4-
HDPM > 1-BN. For a given reactant, the catalyst activity decreases in the order ZnBr, > ZnCl, >
Znl,. Cleavage of the methylene linkage always occurred at the aryl group exhibiting the highest
Bronsted basicity. The distribution of reaction products depended on reaction conditions, as well
as on reactant and catalyst composition. The reaction kinetics for 4-HDPM, 1-BN, and TMPDPM
can be described successfully in terms of a cabocation mechanism. Rate coefficients for each of the

elementary steps in the sequence were determined by simulation of the experimental data.

INTRODUCTION

Aliphatic groups constitute one of the im-
portant linkages between aromatic and hy-
droaromatic clusters present in coal (I-6).
During the liquefaction of coal, these link-
ages are cleaved. The rate at which this
process occurs depends on the nature and
degree of substitution of the aromatic cen-
ters to which the aliphatic groups are at-
tached, and whether or not a catalyst is
present. In the absence of a catalyst, it has
been observed that at temperatures above
673 K dibenzyl-type linkages react more
readily than diphenylmethane-type link-
ages, and that the reactivity of both is con-
siderably greater than that of direct aryl-
aryl linkages (7). The introduction of Lewis
acid catalysts significantly accelerates the
cleavage of aliphatic linkages. Tsuge and
Tashiro have found that AlCl; catalyzes the
total cleavage of many substituted forms of
diarylmethane at temperatures as low as 373
K (8). Taylor and Bell have reported that

! Present address: Stauffer Chemical Co., Rich-
mond, Calif. 94804.

ZnCl; catalyzes the cleavage of several sub-
stituted diphenylmethanes at 598 K (9).
Their studies showed that, in general, sub-
stituted diphenylmethanes will cleave pre-
dominately at the substituted diphenyl
group and to a lesser extent at the unsubsti-
tuted ring. Thus, for example, 4-hydroxy-
diphenylmethane was found to vyield
mostly phenol with a much lower yield of
benzene.

This paper reports on the results of a
study aimed at identifying the effects of
zinc halide catalysts on the cleavage of the
methylene linkages in diarylmethanes. 4-
Hydroxydiphenylmethane, 2,4,6-trimethyl-
diphenylmethane, and 1-benzylnaphthalene
were used to represent three of the com-
monly found structures present in coal. The
reactions of these compounds were exam-
ined in the presence of ZnCl;, ZnBr,, and
Znl,. The influence of additives such as wa-
ter or alcohols was also considered. Based
on the observed products and their distribu-
tion, a mechanism is proposed for the
cleavage process. This mechanism is used
to develop a theoretical model for the reac-
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tion kinetics and to deduce rate coefficients
for individual elementary processes.

EXPERIMENTAL

Reactions were carried out in a 300 cm’,
316 stainless-steel, stirred autoclave (Auto-
clave Engineers, Inc. Model ABP-300) fit-
ted with a glass liner. A 30-cm?, stainless-
steel vessel was connected to the gas inlet
line and to the autoclave. This vessel was
used to hold a solution of the reactant prior
to its injection into the autoclave. The tem-
perature of the autoclave contents was
monitored using a sheathed thermocouple
and the pressure within the autoclave was
measured using a Bourdon gauge. Liquid
samples were taken through a #-in. sam-
pling tube which was cooled after emerging
from the autoclave.

A run was begun by sieving the dried cat-
alyst and placing 0.0050 mol of the 100/170
Tyler mesh (147-88 pm) cut in a glass liner,
together with 50 ml of solvent. If an addi-
tive such as water or an alcohol was to be
used, this was done by injecting the addi-
tive into the solvent using a microsyringe
(Hamilton). This process was carried out in
a nitrogen-purged dry box. The glass liner
was quickly transferred to the autoclave,
which was then sealed and flushed with ni-
trogen. The reactant was weighed in the dry
box and dissolved in 20 ml of solvent. This
solution was transferred to the reactant
holding vessel, which was then flushed and
pressurized with hydrogen. During the 40
min required to heat the autoclave to 598 K,
the reactant holding vessel remained at
room temperature. The reactant solution
was then injected into the autoclave with
hydrogen. The temperature of the auto-
clave dropped about 20 K at this point, but
recovered to 598 K within 3 min. Liquid
samples were taken during the next 3 to 6 hr
as the reaction progressed.

Analysis of the liquid samples was car-
ried out by gas chromatography using a 3
mm by 3 m, stainless-steel column packed
with 5% OV-225 on Chromosorb P. Product
identification was made using a Finnigan
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4023 GC-MS and was verified by matching
peak retention times with those of pure
components.

4-Hydroxydiphenylmethane (Aldrich), 1-
benzylnaphthalene (ICN Pharmaceuticals),
and 2,4,6-trimethyldiphenylmethane were
used as reactants. The last was synthesized
from 1,3,5-trimethylbenzene and benzyl
chloride and was purified by vacuum distil-
lation and recrystallization from ethanol.
The purified product melted at 308 to 309
K, in close agreement with the reported
melting point (1/0). While 4-HDPM is
known to be hygroscopic, preliminary ex-
periments confirmed that drying of this
reactant, prior to an experiment, was not
required. Benzene (Mallinckrodt), cyclo-
hexane (MCB), and ethylbenzene (MCB)
were dried by refluxing under nitrogen in
the presence of sodium. All reactants, sol-
vents, and catalysts were stored in a dry
box.

The catalysts, ZnCl,(MCB), ZnBr,
(MCB), and Znl, (Fischer scientific),
were dried for 88 hr at 383 K in a vacuum
oven immediately prior to use. Water con-
tent of fresh and spent catalysts was mea-
sured by 'H NMR using a Varian T-60 spec-
trometer. The zinc halide was dissolved in
D,0, and dimethyl sulfoxide was added as
an internal standard. The relative areas of
the H,O to DMSO signal gave the water
content of the sample, after correction for
water in a blank DMSO-D,0 sample. The
dried catalysts were found to retain the fol-
lowing amounts of water expressed as
moles H,O per mole ZnX,: ZnCl,, 0.027;
ZnBr,, 0.024; and Znl,, 0.020.

RESULTS

The reactions of 2,4,6-trimethyldiphenyl-
methane (TMDPM), 4-hydroxydiphenyl-
methane (4-HDPM), and 1-benzylnaphtha-
lene (1-BN) were studied at 598 K using
ZnCl,, ZnBr,, and Znl, as catalysts. Ben-
zene was used as the solvent, unless other-
wise noted. Figures 1, 2, and 3 show the
variation in reactant and product concen-
trations with time during the reactions of
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Fi1G. 1. Concentration versus time profiles observed
for TMDPM.

TMDPM, 4-HDPM and 1-BN, respec-
tively. Figure 1 shows that TMDPM
cleaves at the substituted ring to yield
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F1G. 2. Concentration versus time profiles observed
for 4-HDPM.
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for 1-BN.

1,3,5-trimethylbenzene. The benzyl group
released in the process either adds hydro-
gen to form toluene or reacts with the sol-
vent, benzene, to form diphenylmethane.
As may be seen in Figs. 2 and 3, 4-HDPM
and 1-BN react in an analogous fashion.
Thus, all three reactants undergo cleavage
at the substituted ring to produce the substi-
tuted aromatic, diphenylmethane, and tolu-
ene.

As shown in Fig. 4, a plot of the loga-
rithm of 4-HDPM concentration versus
time is linear, indicating that the rate of 4-
HDPM consumption is first order in the
reactant concentration. Similar plots were
also obtained for TMDPM and 1-BN. The
slope of the line in Fig. 4 is defined as the
apparent, first-order rate coefficient, &,. As
may be seen, the apparent rate coefficient
decreases as the initial concentration in-
creases from 0.06 to 0.24 M. Thus, while &,
is not an intrinsic rate coefficient, it is a
useful characteristic of the rate of reaction.

For a given reactant, the magnitude of &,
is affected by catalyst composition and re-
action conditions. A summary of these ef-
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F16. 4. Plot of log [HDPM]/[HDPM], versus time.

fects is presented in Table 1. Consistent
with the results in Fig. 4, k, decreases when
the initial reactant concentration is in-
creased from 0.06 to 0.24 M. The magni-
tude of k, increases, though, with increas-
ing hydrogen pressure. Diluting the
benzene with cyclohexane has no effect on
k,. Stirring speed also has no effect on &,
when ZnBr; or Znl, is used as the catalyst.
Both of these catalysts remain in the solid
phase at reaction temperature, and, hence,
the observed effect of stirring speed indi-
cates that the rate of reaction is unaffected
by liquid-phase mass transfer. In the case
of ZnCl,, the magnitude of &, is seen to in-
crease with increasing stirring speed. The
reason for this behavior is that ZnCl, is mol-
ten at the temperatures used for these ex-
periments, and the size of the melt droplet
decreases with increasing stirring speed. It
follows, therefore, that the reaction rate de-
pends on the surface area of the ZnCl,
droplets. Observation of the ZnCl, crystals
under a microscope, following reaction,
suggests that the surface area of the molten
ZnCl, is roughly 10 times less than the sur-
face area of the initially charged ZnCl, par-
ticles. As a consequence, it is concluded
that the active surface area for ZnCl, is con-
siderably lower than that for ZnBr, or Znl,.
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Table 1 also shows that, for a given cata-
lyst and set of reaction conditions, the val-
ues of &, are comparable for 4-HDPM and
TMDPM, but the value of k, for 1-BN is
three times smaller. Comparison of catalyst
activities for a given reactant shows that
activity decreases in the order ZnBr, >
ZnCl, > Znl,.

Information on product yields is pre-
sented in Table 1. This characteristic is de-
fined as the ratio of the rate of product for-
mation to the rate of reactant consumption.
It was observed that the yield of each prod-
uct is independent of reactant conversion in
all cases. Table 1 shows that the distribu-
tion of products obtained from each reac-
tant depends on the catalyst composition
and the reaction conditions. Toluene yields
increase at the expense of diphenylmethane
for the zinc halides in the order Znl, >
ZnCl, > ZnBr,. Increasing the hydrogen
pressure or diluting the benzene with cyclo-
hexane increases the yield of toluene and
decreases the yield of diphenylmethane.
The toluene yield is also affected by the
composition of the reactant and increases
in the order TMDPM > 1-BN > 4-HDPM.
The product distribution is not affected,
though, by the reaction temperature or the
initial concentration of the reactant.

The hydrogen pressure dependence of
the rate of toluene formation can be ob-
tained from the data in Table 1. The benzyl
group alkylates the solvent to form diphe-
nylmethane or undergoes hydrogenation to
form toluene. Assuming a power-law de-
pendence on hydrogen pressure and assum-
ing the rate constant for diphenylmethane
formation to be proportional to benzene
concentration, the ratio of the toluene yield
to DPM vyield can be expressed as

Y _ Py I
Ypem k3B

where Py, is the hydrogen partial pressure,
« is a dimensionless exponent, B is the ben-
zene concentration, and Yt and Yppy are
the yields of toluene and diphenylmethane,
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TABLE 1

Product Yields and Apparent Rate Coefficients for the Reactions of 4-HDPM, 1-BN, and TMPDPM*

Reactant Catalyst T (K) Reactant H, Yield(%) k(s™hH
conc. (M) Pressure
(atm) Phenol Diphenyl-  Toluene
methane
4-HDPM ZnCl, 598 0.06 37 56 34 5 4.1 x 1073
ZnCl, 598 0.24 37 57 37 6 3.3 x 107°
ZnCl, 598 0.24 71 63 35 7.5 3.6 X 1075
ZnCl, 598 0.24 36¢ 82 32 13 4.2 x 1075
ZnBr, 598 0.24 44 67 45 8 9.0 X 1073
ZnBr, 598 0.24 37 62 18 13 1.6 x 1073
ZnBr, 598 0.24 73 57 19 24 1.7 x 1073
Naphtha-  Diphenyl- Toluene
lene methane
1-BN ZnCl, 598 0.06 44 66 54 14 1.5 x 1073
ZnCl, 598 0.24 49 57 35 15 9.4 x 1078
ZnCl, 598 0.06 65 61 40 20 2.1 x 1073
ZnBr, 598 0.06 44 70 63 7 3.4 x 1073
Trimethyl Diphenyl-  Toluene
benzene methane
TMDPM ZnCl, 598 0.06 10 70 48 12 3.6 x 1073
ZnCl, 598 0.06 20 75 49 17 3.9 x 107°
ZnCl, 598 0.06 44 78 49 24 4.1 x 1073
ZnCl, 598 0.06 70 87 50 36 5.1 x 1073
ZnCl, 598 0.24 44 82 49 27 2.5 x 1073
ZnCl, 598 0.06 43¢ 81 31 49 42 x 107
ZnCl, 598 0.06 444 83 51 24 5.4 % 107°
ZnCl, 579 0.06 39 75 50 25 1.7 x 1073
ZnCl 618 0.06 48 83 59 24 9.2 x 1073

@ Unless otherwise noted, all reactions were carried out in benzene using a 0.06 M loading of ZnX, and a stirring speed of

600 rpm.

b Defined at moles of product obtained per mole of reactant consumed.
< The solvent for this experiment was a 50/50 molar mixture of cyclohexane and benzene.

4 The stirring speed for this experiment was 1200 rpm.

respectively. The rate coefficients refer to
the reactions that form the respective prod-
ucts and will be explained further in the
Discussion. A plot of log (Y1/Yppym) versus
log Py, is shown in Fig. 5. The slope of this
line gives a value for « very close to 0.5 for
each of the three reactants. This indicates
that the rate of toluene formation is half-
order in hydrogen pressure.

In addition to forming phenol, diphenyl-
methane, and toluene, 4-HDPM was ob-
served to isomerize to 2-hydroxydiphenyl-
methane, in yields of about 15%. The rate
of cleavage of 2-HDPM is somewhat slower
than 4-HDPM but the products are the
same (8). Since the ratio of 2-HDPM to 4-
HDPM was small throughout the reaction,
both isomers were lumped together for the

purpose of analyzing the reaction kinetics.
The reaction of 4-HDPM could then be
treated in a manner analogous to that for
TMDPM and 1-BN where rearrangement
was not observed.

The product yields reported in Table'1 do
not account for all of the reactant con-
sumed. The fraction of the converted reac-
tant not accounted for was 40% for 4-
HDPM and 1-BN and 20% for TMDPM.
Analysis of the gas inside the autoclave af-
ter reaction showed no products. A high-
molecular-weight residue was found, fol-
lowing distillation of the solution obtained
after the reaction of 4-HDPM. Gas chro-
matographic analysis of the residue could not
be obtained, since the constituents of the
residue were too heavy to elute. Infrared
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and uv analyses indicated, though, that the
residue contains phenolics. It is very likely
that the residue is formed via Scholl con-
densation of 4-HDPM. This process is read-
ily catalyzed by Lewis acids and has been
observed to occur for dihydronaphthalene
in the presence of ZnCl, (11). The fact that
the combined yield of toluene and DPM is
lower than the yield of phenol indicates the
occurrence of a reaction consuming benzyl

groups. Tt is ﬂIIIfP conceivable that the un-

oups. It is quite conceivable that the un
accounted for benzyl groups are attached to
the high-molecular-weight residue. In the
case of TMDPM and 1-BN, the residue ap-
pears to be formed strictly from the reac-
tant, since the ywlua of toluene plua
phenylmethane are very close to that of
trimethylbenzene or naphthalene for these
reactants.

- To determine whether cleavage of the
aliphatic linkage might also occur at the
phenyl ring, experiments were carried out
using ethylbenzene as the solvent. No ethyl
analogs of the reactants were formed, indi-
cating that cleavage does not occur at the
phenylring. The products observed were the
same as those produced in benzene except

for the annearance of two isomers of ethvl-
100 UlC appearance O twWo 1SONICISs O CiAY:

diphenyimethane and the absence of di-
phenylmethane.
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The addition of water to the catalyst was
found to have a very strong effect on the
apparent rate coefficient. Figures 6 and 7
show that for many combinations of reac-
tant and catalyst, k, increases with increas-

nng water addition up to the pnlnt where

\Ravalszi L5V )

H,0/ZnCl, = 1.0. At higher ratios of water
to ZnCl,, k, decreases sharply form its max-
imum value. In contrast to its effect on £,
the addition of water had no effect on the
observed product distribution. Extrapola-
tion of the data obtained from H,0/ZnX, <

1 to H,O/ZnX, = 0 suggests that anhydrous
ZnCl, and Znl, are not very active. This
could not be verified because water could
not be totally excluded from the autoclave.
The water to zinc halide ratio measured af-

ter reaction for the case where no water had

been added was 0.6. This level is signifi-
cantly higher than that for the catalyst itself
(~0.02) probably due to the introduction of
trace amounts of water with the hydrogen
W[llbll was rl()l UllCU

The effect of adding methanol to ZnCl, is
identical to that of adding water, as shown
in Fig. 7. The product distribution obtained
from TMDPM was also found to be the

same whether water or methanol was added
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ol [a-HOPM] = 0.24 M |
[znx,] = 0.06 M A
T= 598K
5,_ -
ZnCi,
= Z
4, X
2
‘o
< 3F / N \
[=]
4
1 // \
| // 1
| i 1 | 1 |
OO 0.5 1.0 1.5
[H;01/{ZnX,]

F1G. 6. Effect of [H,01/[ZnX,] on &, for the reaction
of 4-HDPM.
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to the catalyst, and no evidence was ob-
served for products derived from methanol.
The effect of ethanol, though, was differ-
ent. Figure 7 shows that the value of k, for
1-BN is the same when H,O/ZnCl, = 0.55
and (Hzo + CH3CH20H)/ZHC12 = 0.95
[i.e., CH;CH,OH/ZnCl, = 0.4]. Thus, etha-
nol addition appears not to have an effect
on the activity of ZnCl,. Moreover, in con-
trast to methanol, ethanol reacts slowly
with the aromatics present in solution to
form ethylbenzene, ethylnaphthalene,
ethyldiphenylmethane, and ethyl-(benzyl-
naphthalene).

DISCUSSION
Active Form of the Catalyst

The data presented in Figs. 6 and 7 indi-
cate that the addition of water to ZnCl, and
Znl, enhances the activity of these catalysts
up to the point where H,0/ZnCl, = 1.0, and
suggests that the active form of the catalyst
is a hydrate of the zinc halide. Several au-
thors have proposed that zinc halides read-
ily form mono-and dihydrates (/1-13). The
fact that k&, reaches a sharp maximum at
about H,O/ZnCl, = 1 suggests that the
monohydrate is more active catalytically
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than the dihydrate. This is consistent with
the fact that the acidity of ZnCl, decreases
rapidly as hydration increases (/4). It is of
interest to note that Beishline et al. (11)
observed a similar maximum in the activity
of ZnCl, for Scholl condensation of 1,2-
dihydronaphthalene. These authors pro-
pose that the active form of the catalyst is
the monohydrate.

Reaction Mechanism

The cleavage of diarylmethanes under
the influence of zinc halide catalysts can be
interpreted on the basis of the mechanism
presented in Fig. 8. While the reaction se-
quence shown in specifically for 4-HDPM
and ZnCl,, the same mechanism is assumed
to be operative for TMDPM and 1-BN.
Based on the results presented in Fig. 6, the
active form of the catalyst is assumed to be
the monohydrate of zinc chloride, H,O -
ZnCl,. The formation of a dihydrate, (H,0),
- ZnCl,, is also shown, but this form is
taken to be inactive. In reaction 1, H,O -
ZnCl, protonates the phenolic ring of 4-
HDPM, since this ring is more basic than
the unsubstituted phenyl ring (15). This re-

Hy0
ZnCly + Hy0 === H0+ ZnCl, === (H,0)y* ZnCl,

.
©)—cH,~0O)—on
{
(ZnCI,0HY" @—CH:OH
Ha/ 31@ \
High Molecular
O O

Weight Products
+
+ +
O .
+ O)—cH-X®) (znci,onr
5

H,0°ZnCl, l

@cy@

Hy0+ ZnCl,

Hy0« ZnCl,

Fi1G. 8. Mechanism for the reaction of 4-HDPM.
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action is analogous to the protonation of dI, , . o .
aromatic compounds with HCI - AICL; (16), dr Kably = Kshy L)
HF - SbFs (17), and HSOsF - SbFs (18) i
reported previously. The protonated reac- = = koPw,'1, + kiBI, (6)
tant can then form products via three path- dt
ways. The participation of H; in reaction2 471
leads to the formation of phenol and tolu- 77 = kP, ™)
ene. Reaction 3 involves the solvent, ben-
zene, and results in cleavage of the methy- Q = kGBI ®)
lene linkage with the release of phenol and !
protonated diphenyimethane. The latier where

product forms diphenylmethane in reaction
5. Reaction 4, on the other hand, results in
the formation of Scholl condensation prod-
ucts through the interaction of the protona-
ted 4-HDPM with various aromatic compo-
nents present in the reacting solution The

PRVS A N Sy Tl i smendvininag

partcipation Uf leu Lll\.zlz il pluuuulus
such products from dihydronaphthalene
has been observed recently (/1). It is noted
that reactions 2 through 4 are envisaged to
occur without the intermediate formation of
a benzyl cation. If benzyi cations were in-
termediates in the formation of toluene and
diphenylmethane, then the ratio of these
products would not be expected to depend
on the nature of the reactant, as was ob-
served in the present experiments (see Ta-
ble 1).

Analysis of the Reaction Kinetics

The mechanism presented in Fig. 8 can
be used to represent the kinetics of the re-
actions of diarylmethanes. To do so, the
autoclave is modeled as a well-stirred, iso-
thermal, batch reactor. The concentration
of each species in the reactor can be ex-

pressed by the mass balances in Egs. (2)-

(8).

dH
dr = —kiZ\H 2
az
d_ll = —kZ\H + kzPHzl/zll
+ ksl + kody  (3)

dr,
—dT = k]ZlH - kgPHZI/ZII

— kBl — kil (4)

B = concentration of benzene, M

rr

= concentration of 4-HDPM, M

Z, = concentration of ZnCl,, M

Z, = concentration of H,O - ZnCl,, M

Z, = concentration of (H,0), - ZnCl;, M

W = concentration of water, M

I, = concentration of protonated 4-
HDPM, M

I, = concentration
M
concentration of phenol, M
concentration of toluene, M

= concentration of diphenylmethane,

M

n of protonated DPM

[
(]

TN
[

The subscripts on the rate coefficients refer
to the number of the reaction in the mecha-
nism in Fig. 8. The species concentrations
in these equations are based on the volume
of solution. The dispersion of the catalyst is
not included exnlicitlv because the surface
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area of the molten zinc chloride could not
be determined. The dispersion is implicit in
the value of k; so that the values deter-
mined for this rate coefficient are a function
of the dispersion.

The water—zinc chloride system was as-
sumed to be at equilibrium throughout the
reaction. The concentrations of ZnCl,,
H,0, H,0 - ZnCl,, and (H,0), -ZnCl, are
given by Eqgs. (9) and (10)

z
Ki=5w ©)
0
K, = 2L (10)
W

where K; and K, are the equilibrium con-



204

stants for forming the mono- and dihydrates
of ZnCl,. The concentration of water is
given by

W=W,—-2 -2Z,-1,-1, (11)
where W, is the initial concentration of
H,0.

The initial conditions for Eqs. 2-11, at ¢
= 0 are given by

H=H, P=0
I|=0 D=0
L=0 r=0

H, is the initial reactant concentration. The
initial concentrations of Z,, Z,, Z,, and W
are calculated from Eqs. (9)-(11) and the
ZnCl, mass balance using the initial load-
ings of ZnCl, and water.

Equations (2) through (8) were integrated
using a Runge-Kutta—Gill routine (19). The
concentration versus time curves deter-
mined for a given set of rate coefficients
were then compared with the concentra-
tions profiles observed experimentally. If
the agreement between theory and experi-
ment was poor, a new set of rate coeffi-
cients was chosen to better fit the experi-
mental results. A Sequential Simplex
algorithm was used to obtain the best set of
rate coefficients (20).

The model as written involves seven pa-
rameters—five rate coefficients and two
equilibrium coefficients. When all seven pa-
rameters were adjusted simultaneously, it
was not possible to determine unique val-
ues for each parameter. This situation was
avoided by reducing the number of parame-
ters adjusted at one time. The following
procedure was used for this purpose. The
data for experiments at low water levels
(H,0/ZnCl, < 0.75) were simulated first.
Since it can be assumed that all of the water
in these experiments is bound up in the
monohydrate, the magnitude of the equilib-
rium coefficients is unimportant. The five
rate coefficients appearing in Eqgs. (2)
through (8) can be reduced to a set of three
by considering the reactions of the proton-
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ated intermediate. Since reactions 2 through
4 are all first-order in the concentration of
the intermediate, Eq. (4) can be rewritten
as

dl,

E = k]ZlH - kpll

(12)
where
kp = kzPHZI/Z + k3CB + k4.

Thus, for experiments at low water levels,
the three adjustable parameters become k;,
ky, and ks. The actual rate coefficients are
then retrieved from the following relations:

(13)
(14)

kP H21/2 = kaTB
kyCp = ka DPM
ks = ky — (P, + ksCp).  (15)

Equations (13) and (14) emerge from the
definition of product yields. Once the rate
coefficients had been determined by fitting
the experiments carried out using low water
levels, the equilibrium constants could be
obtained by fitting experiments carried out
at high water levels (H,O/ZnCl, < 1.1).
The rate coefficients obtained by fitting
the predicted concentration versus time
curves to those observed experimentally
are given in Table 2. For a given catalyst,
the values for k; follow the same order as
the apparent rate coefficients. The values
for k, for TMDPM and 4-HDPM are almost
equal, while that for 1-BN is only one-half
of these values. The rate coefficients for
toluene and DPM formation fall in the same
relative order as the observed yields. The
rate coefficient for toluene formation, k,,
decreases in the order TMDPM > 1-BM >
4-HDPM. The rate coefficient for decompo-
sition of protonated DPM, ks, is equal for
the three reactants, as would be expected.
The apparent, first-order dependence of
the rate of reactant consumption can be ex-
plained in terms of the proposed model for
the reaction kinetics. For this purpose, it is
assumed that the concentrations of the two
intermediates can be described by ex-
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TABLE 2

Rate Coefficients Used for the Simulation of the Concentration Versus Time Profiles Observed at 598 K

Reactant Catalyst k(cm¥mol - s) ky(1/s - atm'?) kx(cm*mol - s) ky(s™) ks(s™h)

TMDPM ZnCl, 1.4 2.7 x 1073 3.2 x 1072 2.0 x 10~ 59 x 10™*
1-BN ZnCl, 7.8 x 107! 2.1 x 1073 2.4 x 1072 2.8 x 1074 6.1 x 10~°
4-HDPM ZnCl, 1.6 4.4 x 1075 1.1 x 1072 3.8 x 1074 6.6 X 107°
4-HDPM ZnBr; 5.7 5.6 x 1073 1.8 x 102 2.1 x 104 4.2 x 1073
4-HDPM Znl, 1.1 3.9 x 1073 3.3 x 1073 1.1 x 107¢ 5.6 x 10°°

pressions deduced from Eqs. (6) and (7),
following the imposition of the steady-state
assumption. Substitution of these experi-
ments into Eq. (3) gives

2[_1 _ ”‘leZ]
dt 1+ (1 + ksCylks)k,HIk,

where Z, is the initial concentration of H,O
- ZnCl,. For most reaction conditions in-
vestigated in this work, the rate coefficients
and concentrations are found to satisfy the
inequality

(16)

kiH
(1 + ksCylks) 7~ < 1 a7n
P
so that the rate of reactant disappearance is
approximated by

dditi = - kpZ]H = - kaH.

This approximation is equivalent to assum-
ing that reaction 1 is rate-limiting. A first-
order dependence on reactant concentra-
tion is predicted and is found experi-
mentally as shown in Fig. 4. Neither
hydrogen pressure nor solvent composition
has any effect in this approximation, be-
cause these variables affect reactions which
occur after the slow step in the mechanism.
The inequality in Eq. (17) starts to break
down as the reactant concentration in-
creases. As H increases, the second term in
the denominator of Eq. 16 becomes signifi-
cant compared to 1, and the apparent rate
coefficient decreases. This explains the re-
sponse of the apparent rate coefficient to
changes in the initial reactant concentration
reported in Fig. 4 and Table 1.

(18)

The results presented in Table 2 indicate
that the value of k; for the reaction of 4-
HDPM depends on the catalyst composi-
tion and decreases in the order ZnBr, >
ZnCl, Znl,. This sequence stands in con-
trast with that which would be expected on
the basis of decreasing acidity, namely
ZnCl, > ZnBr, > Znl,. The fact that k, for
ZnCl, is smaller than for ZnBr, can be ex-
plained in the following manner. It will be
recalled that k;, as used in the present
model, represents the product of the intrin-
sic rate coefficient for reaction 1 and the
catalyst dispersion. The dispersion of all
three zinc halides prior to reaction is the
same. For ZnBr, and Znl,, the initial dis-
persion is retained under reaction condi-
tions, since these catalysts do not melt.
Zinc chloride, on the other hand, melts un-
der reaction conditions and forms droplets
that are about 10-fold larger in diameter
than the initial particles placed in the auto-
clave. As a consequence, the active surface
area for ZnCl, is a factor of ten lower than
that for ZnBr, or Znl,. If this fact is taken
into account, it can readily be seen that the
sequence of values for k; follows the order
of relative catalyst acidity.

In Table 1 it was shown that the distribu-
tion of final products obtained from a given
reactant depends on the catalyst composi-
tion. It is aparent from Table 2 that the rate
coefficients for reaction 2, which produces
toluene, are nearly the same for all three
catalysts. Consequently, the observed dif-
ferences in selectivity arise primarily from
differences in the values of &; and k4. The
values for k; decrease in the order ZnBr, >
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TABLE 3
Rate Coefficients for TMDPM

kl k2
Preexponential 8.0 X 10"3(cm*mol ' s) 1.7(1/s - atm'?)
factor
Activation 349 13.1
energy
(kcal/mol)

k3 k4 kS
1.3 x 105(cm*/mol - 5) 1.7 x 10(s™ Y 1.2 X 10%s™")
18.1 8.0 20.0

ZnCl, > Znl,, and the values for k, de-
crease in the order ZnCl, > ZnBr, > Znl,.

Values of the rate coefficients from the
elementary processes involved in the reac-
tion of TMDPM in the presence of ZnCl,
are given in Table 3. Activation energies for
each process are also given. Reaction 1 ex-
hibits the highest activation energy, 35 kcal/
mol. The activation energies for reactions 2
through 4 are significantly smaller. It is for
this reason that the product yields pre-
sented in Table 1 are not strongly depen-
dent on temperature in the range of 573 to
623 K. The high activation energy found for
reaction 5, 20 kcal/mol, indicates that the
removal of the proton attached to diphenyl-
methane is an energy-intensive process.

Values for the equilibrium constants, K|
and K,, were obtained by fitting the pre-
dicted concentration versus time profiles to
those observed experimentally for cases
where H,0/ZnCl, exceeded unity. The rate
coefficients used for this phase of the analy-
sis were the same as those deduced by ob-
taining a coincidence between theory and
experiment for reactions where H,O/ZnCl,
< 1.0. The quality of the final theoretical
representation can be judged by inspection
of Figs. 1, 2, 3, 6, and 7. The solid curve in
each of these figures gives the theoretical
prediction. It is apparent that the proposed
theoretical model does provide a good de-
scription of the experimental results. This
is particularly evident in Figs. 1, 2, and 3
where the data were not used in the process
of determining either the rate coefficients or
the equilibrium constants.

The equilibrium constants obtained by

fitting the experimentally observed concen-
tration versus time curves for the three
diarylmethanes are given in Table 4. The
values of K; determined for ZnCl, show rel-
atively little variation from reactant to reac-
tant. The values of K; determined from ex-
periments conducted with 4-HDPM and
TMDPM are nearly the same. The magni-
tude of K, for the experiment carried out
with 1-BN is a factor of 10 smaller. No rea-
son can be given for this. The magnitudes
of K, and K, are consistent with the earlier
assumption that virtually all the water is
tied up as H,O - ZnCl, at low water levels.
Thus, for example, at H,O/ZnCl, = 0.75,
96% of the water is in the form of H,O -
ZnCl,, 3.8% is in the form of (H,0), - ZnCl,,
and 0.2% is present as free water,

The values of the equilibrium constants
reported in Table 4 are consistent with the
properties of zinc halides. The large value
for K, is expected due to the very hygro-
scopic nature of ZnCl,, while a lower value
for K; results from the less hygroscopic and
less Lewis acidic nature of hydrated ZnCl,.
ZnCl, is more hygroscopic than Znl, and,
correspondingly, K| is smaller than Znl,.

TABLE 4
Equilibrium Constants for ZnX, and H,0 at 598 K

Reactant  Catalyst K (cm3/mol) K,(cm?/mol)
4-HDPM ZnCl, 3.2 x 107 2.0 x 10°
TMDFPM ZnCl, 2.6 x 107 1.9 x 10°
1-BN ZnCl, 2.1 x 107 1.7 x 10¢
4-HDPM Znl, 1.0 x 107 1.8 x 10°
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The less acidic nature of zinc iodide is also
the reason for the lower rate coefficient for
protonation in reaction 1 and the lower ap-
parent rate coefficient for Znl, in these re-
actions. The values of the second equilib-
rium constant are roughly equal for ZnCl,
and Znl,. The identity of the halide at-
tached to the zinc apparently has little ef-
fect on the ability of the monohydrate to
add a second molecule of water.

The structure of the hydrates is not
known but the equilibrium constants seem
to be consistent with a structural model
proposed for several Lewis acid com-
plexes. In the systems BF-~H,0 (21, 22),
BF;-CH;0H (23, 24), and SbCls—H,0 (25),
the first additive molecule complexes to the
metal via an interaction of the lone-pair
electrons on the oxygen atom of the addi-
tive with the metal. The second additive
molecule does not attach to the metal but,
rather, hydrogen bonds to the acidic proton
of the first additive molecule to produce a
chain-like structure. This type of structure
would be consistent with the equilibrium
constants found in this study. The second
water molecule is presumed to be attached
not to the zinc but to the first water mole-
cule and, therefore, the effect of the halide
on the acidity of the hydrogen atoms should
be diminished for higher hydrates.

Gillespie and Hartman (27/-23) have
found that the systems H,0O/BF; and
CH;OH/BF; form similar, acidic com-
plexes. Their results are in agreement with
those reported here, which indicate that the
CH;0H/ZnCl, system exhibits catalytic
properties very similar to those of H,O/
ZHCIZ.

The behavior of ethanol does not mimic
the behavior of water or methanol, even
though ethanol will also complex strongly
with ZnCl, (26). Instead of cleaving at the
O-H bond to yield the acidic proton, etha-
nol cleaves at the O-C bond to alkylate the
aromatics in solution. Alkylation was not
observed for methanol but this is consistent
with the order of reactivity for Friedel-
Crafts alkylation where the reactivities in-
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crease in the order methanol < ethanol <
propanol (27). Ethanol reacts slowly under
these reaction conditions while methanol is
unreactive. Higher alcohols should show
no catalytic effect in the alcohol form be-
cause they would alkylate instead of pro-
tonating the aromatics. Higher alcohols
would alkylate more rapidly than ethanol
and produce water as a by-product. This
water would form the catalytically active
ZnClL, hydrate and accelerate the reaction.
Therefore, it is expected that an increase in
reaction rate would be observed with higher
alcohols if they reacted rapidly to produce
water.

CONCLUSIONS

The present studies have shown that
ZnCl,, ZnBr,, and Znl,, promoted with ei-
ther water or methanol, are active catalysts
for the cleavage of the methylene linkage in
diarylmethanes. The additive converts the
Lewis acid zinc halide into a Brénsted acid.
Maximum catalyst activity is achieved at an
additive-to-zinc halide ratio of unity.
Above this level, hydrogen bonding be-
tween the protons of the Bronsted acid and
the additive reduces the catalyst activity. In
contrast to methanol, ethanol is not an ef-
fective promoter. Instead of producing a
stable Bronsted acid, ethanol rapidly alkyl-
ates any aromatic centers present in the re-
action system.

The rate of cleavage of methylene
bridges between aryl centers is influenced
by both reactant and the catalyst composi-
tion. For a given catalyst, the reactivity of
the diphenylmethanes studied decreases in
the order TMDPM = 4-HDPM > 1-BN.
For a given reactant, the catalyst activity
decreases in the order ZnBr, > ZnCl, >
Zl'lIz.

In all cases examined, cleavage of the
methylene linkage occurs at the aryl group
exhibiting the highest Bronsted basicity.
Thus, for example, in benzene solution, 4-
HDPM produces phenol, diphenylmethane,
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and toluene. The selectivity between di-
phenylmethane and toluene is a function of
H, pressure, solvent composition, reactant
structure, and catalyst composition. For a
given reactant—catalyst pair, the selectivity
toward toluene is enhanced at high H, pres-
sures and in a nonaromatic solvent. Under
comparable reaction conditions using a
given reactant, the toluene selectivity de-
creases in the order Znl, > ZnBr, > ZnCl,.
Toluene selectivity decreases in the order
TMDPM > 1-BN > 4-HDPM when exam-
ined for a fixed catalyst composition and set
of reaction conditions.

The reaction kinetics for 4-HDPM, 1-
BN, and TMDPM can be described in terms
of a carbocation mechanism. Reaction is
initiated by protonation of the reactant. The
carbocation thus formed reacts with either
H,, solvent, or additional reactant to pro-
duce the final products observed. This pic-
ture of the reaction sequence provides an
accurate description of the kinetics and per-
mits deduction of the rate parameters for
each elementary step.

The results of this investigation suggest
that one of the reasons why zinc halides
promote the liquefaction of coal is that
these compounds catalyze the cleavage of
aliphatic linkages. Since large amounts of
water are released during liquefaction due
to the cleavage of ether linkages (28, 29),
promotion of the catalyst can be achieved
without intentional addition of water or
methanol. By choosing the catalyst compo-
sition and reaction conditions appropriately,
it should be possible to assure that benzylic
groups released during the cleavage of
aliphatic linkages are terminated by reac-
tion with hydrogen rather than by reaction
with aromatic centers.
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