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The large amount of water liberated during coal liquefaction in the presence of ZnCl, is believed
to derive from the cleavage of benzylic ethers. The details of this process have been studied using
dibenzyl ether as a model structure and ZnCl,, ZnBr,, and Znl, as catalysts. The influence of H,O
and HX on the progress of the reaction was also examined. In the absence of HX addition, ZnX,
activates the ether by forming a Lewis acid-base complex with it. Water interferes with the
formation of this complex by competing for ZnX,. In the presence of HX, an adduct is formed, HX
- ZnX,, that is much more active catalytically than ZnX,. The presence of water does not influence
the activity of the Brgnsted acid form of the catalyst. Activation of dibenzyl ether is achieved by
protonation of the ether. The relative activity of the zinc halides depends on which of the two forms
is present. If anhydrous ZnX; is the catalyst, the activity decreases in the order ZnCl, > ZnBr, >
Znl,. On the other hand, if HX - ZnX, is the prevalent form, the activity decreases in the order HI -
Znl; > HBr - ZnBr, > HCI - ZnCY,. It is observed that during the reaction of dibenzyl ether in the
presence of ZnX;, a small amount of HX is liberated, which then combines with ZnX, to form HX -
ZnX,. Because the Brgnsted acid form of the catalyst is more active than the Lewis form, the
apparent activity of the catalyst increases after a period of induction during which HX is generated.

INTRODUCTION

Zinc halides, and in particular ZnCl,, are
active catalysts for the liquefaction of coal
(I-4). One of the processes promoted by
these materials is the cleavage of ether link-
ages between aromatic centers. The large
amount of water liberated during coal lique-
faction under the influence of ZnCl, is be-
lieved to derive from the cleavage of ben-
zylic ethers. In an effort to determine the
extent to which ZnCl, catalyzes the cleav-
age of ether linkages, Mobley and Bell (5,
6) investigated the reactions of several
ethers containing phenyl, benzyl, and
naphthyl groups, as well as cyclic ethers.
Their work demonstrated that complete
elimination of oxygen to form water was
achieved with dibenzyl and cycloaliphatic
ethers, but oxygen bonded directly to a
phenyl or naphthyl group was converted to

! Present address: Stauffer Chemical Company,
Richmond, Calif. 94804.

an unreactive phenolic hydroxyl group.
More recently, Frederick and Bell (7) have
carried out a study of the cleavage of ben-
zylaryl ethers in the presence of ZnCl, and
ZnBr,. It was observed that while ZnCl, by
itself is not an active catalyst, in the pres-
ence of HCl it forms a stable adduct which
is highly active. While the structure of the
adduct was not determined, it is postulated
to be HCI - ZnCl,. HBr - ZnBr, behavesina
similar manner to HCI - ZnCl, but is tenfold
more active. Cleavage of the ether always
occurred at the oxygen-methylene bond.
The observed reaction kinetics were well
represented by a model based upon a carbo-
cation mechanism of the cleavage process.

This paper presents the results of an in-
vestigation on the effects of ZnCl,, ZnBr,,
and Znl, on the reactions of dibenzyl ether.
A major purpose of this effort was to iden-
tify the influence of catalyst composition
and reaction conditions on the kinetics of
ether cleavage. The influence of water and
hydrogen halides on the progress of the re-
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action was also examined. The similarities
and differences between the reactions of di-
benzyl ether and benzylphenyl ether were
also considered.

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 contents of the autoclave
was monitored using a sheathed thermo-
couple and the pressure within the auto-
clave was measured using a Bourdon
gauge. Liquid samples were taken through
a 3-in. sampling tube which was cooled in
an ice bath, after emerging from the auto-
clave.

A run was begun by sieving the dried cat-
alyst and placing 5.0 X 10~* mole of the 100/
700 Tyler mesh (147-88 wm) cut in a glass
liner, together with 50 ml of solvent. Any
additional reactant or promoter was then
injected into the glass liner using a micro-
syringe (Hamilton). This process was car-
ried out in a nitrogen-purged dry box. The
glass liner was quickly transferred to the
autoclave, and the autoclave was sealed
and flushed with nitrogen. 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 hydro-
gen. The autoclave was heated to 10 K
above the desired reaction temperature,
while the reactant-holding vessel remained
at room temperature. The reactant solution
was then injected into the autoclave with
hydrogen. The autoclave temperature
dropped 10 K immediately and was main-
tained at that temperature throughout the
reaction. Liquid samples were taken as the
reaction progressed.

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

Dibenzyl ether (Aldrich), benzyl alcohol
(Aldrich), and benzyl chloride (Aldrich)
were used as reactants. Benzene (Mallinck-
rodt) and p-xylene (Mallinckrodt) 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 h at 383 K in a vacuum oven
immediately prior to use.

In a number of the experiments, HCI was
added to ZnCl,. For this purpose, HCI was
produced by the reaction of benzy! chloride
with benzene during the heatup of the auto-
clave. The reaction was found to go to com-
pletion, and the amount of HCI produced
was determined from the measured amount
of diphenylmethane produced.

1 O T T T T T T T T
i ©r-cro-o-cH, <) R
0.8 .
i ©-cO 1
0.6 —

'_‘O

o L T= 498 K ]

o (0BE], = 0.52 M

g o4l [ZnClp) = 0.13 M
©@-cH—Or-c.~Q
0.2+ / T
L ©)—cH,0H i

Y; oD
0
[0} 10 20 30 40
Time (min)

Fi1G. 1. Concentration versus-time profiles for the
reaction of DBE in the presence of ZnCl,.
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Fig. 2. Concentration versus time profiles for the
reaction of DBE in the presence of ZnBr,.

RESULTS

Figure 1 shows the variation in product
concentrations with time observed during
the reaction of dibenzyl ether (DBE) in the
presence of ZnCl, at 498 K. The rate of
DBE consumption is slow initially but then
accelerates. Two intermediate products are
formed, benzyl alcohol and benzyl chlo-
ride. The concentration of benzyl alcohol
builds up rapidly and reaches a maximum at
about 10 min. The concentration of benzyl
chloride builds up more slowly and does
not reach a maximum until 22 min. Diphen-
ylmethane and dibenzylbenzene are ob-
served as the final reaction products. At
100% conversion of DBE, the yield of these
products is 85 and 15%, respectively. The
three isomers of dibenzylbenzene appeared
in the ratio ortho 30%, meta 20%, and para
50%.

Figures 2 and 3 show the concentration
versus time curves for the reactions of DBE
in the presence of ZnBr, and Znl,, respec-
tively. The disappearance of DBE in the
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ZnBr,-catalyzed reaction undergoes an in-
duction period longer than that observed
with ZnCl, as the catalyst and requires
more time to reach 100% conversion. Dur-
ing the induction period, more benzyl alco-
hol and less diphenylmethane are found
with ZnBr,. The products with ZnBr, are
the same as with ZnCl, except that benzyl
bromide is produced rather than benzyl
chloride. At long reaction times a small
amount of toluene was also observed. The
Znl,-catalyzed cleavage of DBE exhibits an
induction period of duration comparable to
that observed using ZnBr,, but the rate of
reaction during the 'subsequent period is
slower. The maximum concentration of
benzyl alcohol is significantly higher for the
reaction of DBE in the presence of Znl,
than either ZnCl,; or ZnBr,. It is also signifi-
cant to note that with Znl,, no benzyl io-
dide is formed, and toluene is produced as
one of the stable products. The absence of
benzyl iodide may be due to the fact that it
is rapidly consumed upon formation, since
the reactivity of benzyl iodide is known to
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Fi1G. 3. Concentration versus time profiles for the
reaction of DBE in the presence of Znl,.
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TABLE 1

Product Yields from Reaction of Dibenzyl Ether?

Catalyst Ph, Yield (%) t75°
(atm) (min)
Diphenyl- Dibenzyl- Toluene
methane benzenes
ZnCl, 20 85 16 0 26
54 86 16 0 26
20 83 15 0° 26
ZnBr; 19 88 10 1 52
54 83 16 2 45
Znl, 17 73 12 16 110
48 51 i3 25 90

@ All reactions were carried out at 498 K in benzene using a catalyst
loading of 0.13 M and an initial DBE concentration of 0.52 M.

5 Time to achieve a 75% conversion of DBE.

©0.52 M H,0 added.

be much greater than that of benzyl chlo-
ride (8).

Table 1 compares the product yields for
the three catalysts at two hydrogen pres-
sures. In the present context, the yield of a
product is defined as the fraction of reacted
DBE that appears in that product at 75%
conversion of DBE. Also included in Table
1 is the time required for 75% of the original
DBE to disappear. It is noted that ZnCl,
and ZnBr, give similar product yields. Znl,
gives lower yields of diphenylmethane and
dibenzylbenzenes but produces toluene to
compensate. As noted earlier, a small
amount of toluene is also formed when
ZnBr; is used as the catalyst. The activities
of the three zinc halides decline in the order
ZnCl, > ZnBr, > Znl,.

Hydrogen pressure has no effect on the
yields or the reaction rate using ZnCl, as
the catalyst. A slight increase in reaction
rate and a small amount of toluene are
found with increasing hydrogen pressure
for ZnBr,. With Znl,, increasing hydrogen
pressure increases the reaction rate and in-
creases the toluene yield at the expense of
diphenylmethane. Thus, the sensitivity of
the reaction to hydrogen pressure depends
on the composition of the catalyst.

Dibenzyl ether was also reacted in p-
xylene using ZnCl,. The products at 100%
conversion were benzylxylene (84% yield)
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F1G. 4. Effect of water on the reaction of DBE in the
presence of ZnCl,.

and dibenzylxylenes (15%). The rate of
DBE cleavage was nearly identical to that
observed using benzene as the solvent.

The influence of water on the cleavage of
DBE was investigated by adding small
amounts of water to the solvent prior to
heating up the solvent—catalyst mixture.
Figure 4 shows that the presence of water
lengthens the induction period for the onset
of rapid reaction of DBE. However, once
DBE begins to react rapidly, the rate of re-
action is virtually the same whether or not
water is present.

Frederick and Bell (7) have shown that
the addition of HCI to ZnCl, greatly en-
hances the activity of ZnCl, for the cleav-
age of benzylaryl ethers. The extent to
which such promotion influences the cleav-
age of DBE is shown in Fig. 5. At 466 K,
and in the absence of HCI, ZnCl, shows
little activity. As HCl is added, the activity
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FiG. 5. Effect of HCI on the reaction of DBE in the
presence of ZnCl,.
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FiG. 6. Concentration versus time profiles for the
reaction of DBE in the presence of HCl/ZnCl,.

increases rapidly. Figure 6 shows the con-
centration versus time curves for a moder-
ate level of HCI addition using p-xylene as
the solvent. Benzyl alcohol is the only in-
termediate observed and benzylxylene is
the only product at 100% conversion. No
dibenzylbenzenes were observed because
the initial DBE concentration was one-
fourth the level used in the experiment
shown in Fig. 1.

In contrast to the ZnCl,-catalyzed reac-
tion, the HCl/ZnCl,-catalyzed reaction was
not affected by water addition. Figure 7
compares two experiments with and with-
out H,0O addition using an HCI concentra-
tion of 0.007 M. The run with 0.060 M H,O
gave the same reaction rate and product
yields as the run with no water added. This
lack of an effect of water was also found for
the HCV/ZnCl,-catalyzed reaction of ben-
zylphenyl ethers (7).

Benzyl alcohol is formed as an intermedi-
ate during the reaction of DBE, regardless
of which zinc halide is used. The reaction
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F1G. 7. Effect of water on the reaction of DBE in the
presence of ZnCl,.

kinetics of benzyl alcohol were, therefore,
studied independently, using ZnCl, as the
catalyst and either benzene or p-xylene as
the solvent. The rate of alcohol disappear-
ance was found to obey a rate expression
that was first order in benzyl alcohol. The
apparent first-order rate coefficient is given
in Table 2 for several runs using p-xylene as
the solvent. Similar values of the rate coeffi-
cients were obtained for reactions in ben-
zene. The rate coefficient increased rapidly
with temperature but was not affected by
the initial alcohol concentration. In the ab-
sence of added HCI, the reaction followed
two parallel paths. Benzyl alcohol either
benzylated the solvent or reacted with
ZnCl, to form benzyl chloride. The yield of

TABLE 2

Rate Coefficients and Benzyl Chloride Yields for the
Reactions of Benzyl Alcohol®

T Benzyl k Benzyl
(K) alcohol ()] chloride
conen. yield
M) (%)
466 0.06 2.2 x 1074 b
466 0.06¢ 2.5 x 1072 100
498 0.06 4,0 x 1073 15

@ All reactions were carried out in p-xylene using a
ZnCl, loading of 0.06 M.

b Could not be determined.

€ 0.06 M HC] added.
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benzyl chloride was 15%, and the yield of
benzylxylene was 85%.

The reaction of benzyl alcohol in the
presence of HCI and ZnCl, was also exam-
ined, since it is well known that alcohols
will react with hydrogen halides to form al-
kyl halides and water (9). These experi-
ments were conducted using an HCl con-
centration of 0.06 M and a ZnCl,
concentration of 0.06 M. The rate of benzyl
alcohol disappearance was much faster
than in the absence of HCl and produced
benzyl chloride exclusively. This experi-
ment- indicates that the reaction between
benzyl alcohol and HCl is fast compared to
benzylation of the solvent. It is also much
faster than the rate of reaction between
benzyl alcohol and ZnCl,. Thus, if a signifi-
cant amount of HCI is present, the benzyl
alcohol will rapidly react to benzyl chloride
before any other reaction of benzyl alcohol
can occur.

Following the rapid conversion of benzyl
alcohol to benzyl chloride in the experi-
ments just described, the benzyl chloride
slowly reacts with the solvent, xylene, to
form benzylxylene. The disappearance of
benzyl chloride was observed to follow
first-order kinetics and was characterized
by k = 0.001 s™!. By contrast, kK = 0.005 s™!
when benzyl chloride reacts with xylene in
the presence of ZnCl, but no HCI. The reac-
tions of benzyl iodide in the presence of
Znl, and benzyl bromide in the presence of
ZnBr, were also investigated. The rates of
both reactions were too fast to measure at
466 K. In contrast to benzyl chloride, both
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reactions produced toluene in addition to
benzylxylene. For benzyl bromide, a 4%
yield of toluene was found and for benzyl
iodide, a 45% toluene yield was observed.
The balance of the benzyl halide in both
cases formed benzylxylene.

The present work indicates that benzyl
alcohol can react in the presence of ZnCl,
via three paths, as shown in Fig. 8. The first
results in the benzylation of the solvent,
benzene. The second is the reaction of ben-
zyl alcohol with ZnCl, to produce benzyl
chloride. The third reaction is the rapid re-
action of benzyl alcohol with HCI - ZnCl, to
produce benzyl chloride. The second of
these processes is the most important to the
reaction of DBE because it provides a
means for forming HCI from ZnCl,. Once
formed, HC] combines with ZnCl, to pro-
duce a more active catalyst than ZnCl,
alone, as shown by the results presented in
Fig. 5.

An experiment was performed to test
whether the amount of HCI released by the
reaction of benzyl alcohol with ZnCl, would
be sufficient to accelerate the reaction of
DBE. Benzyl alcohol was reacted in the
presence of ZnCl, using an initial alcohol
concentration of 0.24 M. This is equivalent
to the amount of benzyl alcohol that is pro-
duced and reacts during the reaction of 0.24
M DBE and, hence, should leave the same
amount of HCI on the catalyst. Just after
the benzyl alcohol had completely reacted
to form benzylxylene, DBE was injected
into the autoclave, and the progress of DBE
disappearance was followed. The rate of
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FI1G. 8. Reaction paths for benzyl alcohol in the presence of ZnCl, and HCV/ZnCl,.
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ether disappearance is shown in Fig. 9,
along with the curve for the same reaction
without the prereaction of benzyl alcohol.
The induction period in DBE conversion
disappears if benzyl alcohol is reacted be-
forehand. The prereaction of benzyl alco-
hol results in a rate of DBE cleavage that is
similar to that observed for HCl addition,
as shown in Fig. 9. The reaction with 0.007
M HCl is used for comparison because this
is roughly the amount of HCI that would be
formed from the benzyl alcohol based on
the independent reactions of the alcohol.
Thus, the production of HCI from benzyl
alcohol appears to be sufficient to acceler-
ate the rate of DBE reaction.

DISCUSSION
Reactions of Benzyl Alcohol

Benzyl alcohol is produced as an inter-
mediate during the reaction of DBE. The
pathways via which this product is con-
sumed are shown in Fig. 8. If no HCl is
present, benzyl alcohol can react with
ZnCl, to form benzyl chloride, which in
turn benzylates the solvent. ZnCl, also pro-
motes the direct alkylation of the solvent by
benzyl alcohol. Based on the concentration
of benzyl chloride observed during the re-
action of benzyl alcohol, and the previously
measured reaction rate of benzyl chioride
(9), it is concluded that roughly 85% of the
alcohol reacts to directly alkylate the sol-
vent, and only 15% reacts to form benzyl
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chloride first. If HCI - ZnCl, is present, then
a rapid conversion of alcohol to benzyl
chloride is observed. This reaction is so fast
that it will occur to the exclusion of the two
reactions catalyzed by ZnCl,.

The rate of reaction of benzyl chloride
formed from benzyl alcohol and HCI
ZnCl, was found to be twice as fast as that
observed when the benzyl chloride was
charged initially. This difference is proba-
bly due to the fact that the surface area of
the catalyst in the former case is higher
than in the latter. As was noted above, the
complex formed between ZnCl, and benzyl
alcohol is soluble in the solvent, and the
partial dissolution and recrystallization of
the catalyst results in an enhancement in
the ZnCl, surface area. From a comparison
of the apparent rate coefficients for benzyl
chloride for the two cases, it is concluded
that the surface area of ZnCl, is increased
by roughly a factor of 2 when the benzyl
chloride is produced from benzyl alcohol.

Catalysis by HCI - ZnCl,

The results in Figs. 5 and 6 indicate that
once HCI has been generated in situ (from
benzyl alcohol or benzyl chloride) or added
prior to reaction, the rate of reaction of
DBE is rapid. A plausible mechanism for
this reaction is illustrated in Fig. 10. This
scheme is quite similar to that recently pro-
posed by Frederick and Bell (7) to explain
the reactions of several benzylaryl ethers.
The active form of the catalyst is assumed
to be the adduct of HCI and ZnCl,, HCI -
ZnCl,. In reaction 1, the proton in HCI -
ZnCl, reacts with the oxygen of the ether.
The protonated ether then reacts to form
benzyl alcohol and benzyl chloride. This
step is shown to occur with the intervention
of a second unit of HCI - ZnCl,, by analogy
with the reaction of benzylpheny! ether (7).
Benzyl alcohol, produced from the reaction
of the protonated ether, can follow the
three reaction paths shown in Fig. 8. Since
HCI is present, the reaction of the alcohol
with HCl - ZnCl, to form benzyl chloride
dominates. In the experiments with HCl ad-
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F1G. 10. Mechanism for the reaction of DBE in the
presence of HCI - ZnCl,.

dition, only a trace of benzyl alcohol was
observed at low HCI levels and no alcohol
was found at higher HCI levels. Once
formed, the benzyl chloride reacts with the
solvent to form benzylated products and re-
generates HCI - ZnCl,.

Analysis of the Reaction Kinetics

The mechanism in Fig. 10 was used to
represent the kinetics of the reaction of
DBE in the presence of HCI - ZnCl,. The
autoclave was modeled as a well-stirred,
isothermal, batch reactor. Equations (1)-
(6) represent the un-steady-state mass bal-
ances for the species participating in the
overall reaction.

% = -k EZ (M
%% = —KEZ + ksC - kZA ()
% = kEZ — kZI ©)
%‘—?— = kZI — k,ZA 4)
% = koZI — ksC + kiZA ©)
P - k. ©)
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The symbols in Egs. (1)-(6) are defined as:

E = concentration of DBE (M),

Z = concentration of HCI - ZnCl, times
the dispersion of ZnCl, (M),

I = concentration of ether-HCl com-
plex (M),

A = concentration of benzyl alcohol (M)

C = concentration of benzyl chloride (M)

D = concentration of benzylxylene (M).

The concentration of each species is based
on the volume of solution. The concentra-
tion of HCl - ZnCl, is multiplied by the
ZnCl, dispersion to account for the fact that
only the external surface of the ZnCl, parti-
cles is available for reaction.

The dispersion of the ZnCl, was assumed
to be expressed by the equation

d= df - (df - d,)E/EO (7)

where d; and dy are the initial and final dis-
persions of the ZnCl,, and E, is the initial
concentration of DBE. The rate coefficients
for the benzyl chloride reaction suggest that
the surface area of the ZnCl, roughly dou-
bled as benzyl alcohol reacted, and conse-
quently, the value for dr was chosen as
twice the value for d (0.26 m%*g). Equation
(7) assumes that the increase in dispersion
is proportional to the fraction of ether that
has reacted. This redistribution depends on
the conversion of ether, since the reaction
of the ether produces benzyl alcohol which,
in turn, causes the increase in ZnCl, surface
area. The assumption of a linear relation-
ship between conversion and catalyst dis-
persion is not justified by any experimental
results. It was noted, however, that it was
necessary to include some functional de-
pendence of d on E/Ey, in order to achieve a
satisfactory representation of the observed
concentration versus time profiles. The ex-
act form of the relation connecting d; to dj
had only a small effect on the predicted
concentration profiles, and hence, a linear
form was chosen as a matter of conven-
ience.

The initial conditions for Eqs. (1)-(6), at ¢
= 0, are given by
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E=E, A=0
Z=Z() C=0
I=0 D =0.

Z, represents the initial concentration of
HCl - ZnCl, muitiplied by the dispersion of
ZnCl,. This assumes that the HCI added to
the ZnCl, is distributed uniformly through-
out the ZnCl,. The ratio of HCI to ZnCl, at
the surface is then equal to that ratio in the
buik.

Values for the rate coefficients, k;, k,, k3,
were obtained by fitting the experimental
concentration versus time curves. The ex-
perimental value of the rate coefficient for
the benzyl alcohol reaction, k,, was used.
The differential equations were integrated
for an assumed set of rate coefficients, us-
ing a Runge—Kutta-Gill routine (10), and
the theoretically generated concentration
versus time curves were compared to the
experimental curves. If the agreement was
poor, a new set of rate coefficients was then
chosen to minimize the difference, and the
equations were integrated again. A Simpiex
routine was used to generate the next set of
rate coefficients and to minimize the differ-
ence between experiment and theory (11).

The solid curves in Fig. 5 represent the
best fit of the predicted concentration ver-
sus time curves to the experimental data for
DBE reaction at 466 K. The rate coeffi-
cients determined from the simulation of
DBE reaction at three different HCI load-
ings are reported in Table 3. Unique values
for k, k,, and k; could be obtained because
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the predicted concentration versus time
curves were fairly sensitive to the values of
these rate coefficients. The value of each
rate coefficient is seen to be roughly inde-
pendent of the HCI concentration, as would
be expected. The mechanism is further sup-
ported by the fact that the values deter-
mined for k; agree very closely with the
value of 1.1 x 1073 s~! obtained in an inde-
pendent experiment in which benzyl chlo-
ride was reacted with benzene (7).

Reaction 2 in Fig. 10 is shown to occur
with the intervention of a molecule of HCI -
ZnCl,. Attempts were made to model the
reaction kinetics for the case in which this
species does not participate in reaction 2. It
was found that the experimental data for
DBE could not be fit in this case.

Catalysis by ZnCl,

The mechanism presented in Fig. 10 does
not account for the initial period of slow
reaction during which DBE reacts with
ZnCl, (Fig. 1). The behavior of the reaction
during this induction period can be ex-
plained by the mechanism in Fig. 11. Diben-
zyl ether complexes with anhydrous ZnCl,
in reaction 1. If any water is present, it
competes for the Lewis acid site, thereby
retarding the rate of ZnCl, with the ether.
The ZnCl,—ether complex reacts with an ar-
omatic center to form the benzylated prod-
uct. Benzyl alcohol can then react by one of
the three paths shown in Fig. 8. One of
these paths forms benzyl chloride, which in
turn produces HCI.

TABLE 3

Rate Coefficients for the Elementary Steps Appearing in the Mechanism Presented in Fig. 10°

0.007 M HCI 0.024 M HCl 0.042 M HCI Benzylphenyl ether?
0.024 M HCI
3
: (—C'-"—) 8.5 x 108 6.6 X 106 9.2 x 10 49 x 108
mole - s
cm?
2 <——) 7.8 x 107 6.6 x 107 7.7 x 107 6.0 x 107
mole - s
ki (s™Y) 1.0 x 1072 1.2 x 1072 1.1 x 1072 4.7 x 1073

2 All values are for 466 K.
b These values are taken from Ref. (7).
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Fi1G. 11. Mechanism for the reaction of DBE in the
presence of ZnCl,.

The mechanism in Fig. 11 can also be
used to explain the results obtained with
ZnBr, and Znl,. In contrast to ZnCl,, both
of these catalysts convert a portion of the
DBE to toluene. While the exact mecha-
nism via which toluene is formed is not
known, it appears likely that the reaction of
the benzyl halide with H, in the presence of
the catalyst is a key step. This conclusion is
based on the observation that benzyl bro-
mide and benzyl iodide react very rapidly
to form toluene.

The ZnCl,-catalyzed cleavage of DBE
shown in Fig. 1 can be explained in combin-
ing the mechanisms presented in Figs. 10
and 11. The conversion of DBE is initially
controlled by the reaction sequence de-
picted in Fig. 11. The benzyl alcohol pro-
duced as an intermediate during this phase
of the reaction slowly reacts to produce
HCIl. Once HCI is released, it combines
with ZnCl, to form HCI - ZnCl,. HCI -
ZnCl, is a much more active catalyst than
ZnCl,, and its formation results in an accel-
eration in the reaction rate of DBE. An-
other result of the production of HCl is the
fast rearrangement of benzyl alcohol with
HCI to form benzyl chioride. As the reac-
tion proceeds, the conversion of benzyl al-
cohol to benzyl chloride becomes rapid so
that benzyl chloride becomes the predomi-
nate intermediate later in the reaction (Fig.
1). The effects of water addition shown in
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Fig. 4 can also be explained with the aid of
the proposed mechanism. The addition of
water retards the rate of ether disappear-
ance via the reaction sequence given in Fig.
11 but does not affect the reactions cata-
lyzed by HCI - ZnCl,. It is for this reason
that water addition only affects the rate of
DBE cleavage during the induction period.

The dependence of catalyst activity on
halide composition is different for ZnX, and
HX - ZnX,. For ZnX,, the order of activi-
ties is ZnCl, > ZnBr, > Znl,. This is the
order of the ability of ZnX, to complex with
the oxygen of the ether. The order of activi-
ties for HX - ZnX, is HI - Znl, > HBr -
ZnBr, > HCI - ZnCl,, as has been found for
the reaction of benzylphenyl ether (7), and
follows the nucleophilic character of HX.

The cleavage of DBE is very difficult to
model mathematically when the two mech-
anisms are combined. Water is produced
during the DBE reaction and contributes a
retardation in the rate at which DBE reacts.
This process complicates the modeling.
The simulation of the ZnCl,-catalyzed reac-
tion was found to be very sensitive to the
rate of benzyl alcohol rearrangement to
benzyl chloride, and small changes in the
rate coefficient for this reaction gave large
changes in the predicted concentration ver-
sus time profiles. Utilization of the mecha-
nism in Fig. 11 leads to the introduction of
several additional rate coefficients. The fits
of the theoretically generated concentration
versus time curves to the experimental
ones was not sensitive enough to the values
of these rate coefficients to obtain reliable
values.

Comparison of DBE and BPE

A comparison of the reactions of DBE
and benzylphenyl ether (BPE) shows both
differences and similarities, DBE under-
goes cleavage catalyzed by ZnCl, while
BPE does not (7). This is consistent with
the higher basicity of the oxygen atom in
DBE compared to BPE (/2).

The HCI - ZnCl,-catalyzed reactions of
DBE and BPE, on the other hand, are very
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FiG. 12. Plot of log[DBE]/[DBE], versus time.

similar. The mechanism proposed for DBE
in Fig. 10 closely resembles the mechanism
proposed for BPE (7). The only difference
found between the two reactions is the first-
order dependence of the rate of BPE disap-
pearance on the BPE concentration. A plot
of the logarithm of BPE concentration ver-
sus time is linear, in a manner characteristic
of a first-order dependence, on reactant
concentration. The plot for DBE is defi-
nitely nonlinear, as shown in Fig. 12, for a
reaction with 0.007 M HCI. The difference
between the plots for DBE and BPE is as-
sociated with the nature of the products of
cleavage, phenol and benzyl alcohol. Phe-
nol is unreactive and does not interact with
ZnCl,. Benzyl alcohol, on the other hand,
reacts and in addition dissolves and redis-
perses the catalyst. It is this effect that
causes the nonlinearity in the plot of DBE
consumption, shown in Fig. 12. The varia-
tion in ZnCl, surface area during DBE reac-
tion can be eliminated, though, if benzyl al-
cohol is reacted before the reaction of DBE
is initiated. The *‘prereaction’” of benzyl al-
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cohol rearranges the ZnCl, so that the sub-
sequent DBE reaction takes place with a
roughly constant surface area. If the data
for DBE conversion, after the ‘‘prereac-
tion”’ of benzyl alcohol, are plotted to test
for a first-order dependence, a linear rela-
tionship is found as shown in Fig. 12. Thus,
except for the complications associated
with the formation of benzyl alcohol, the
HCI - ZnCl,-catalyzed cleavage of DBE fol-
lows kinetics similar to those observed with
BPE.

Because of similarities in the reaction
paths for the two ethers, the rate coeffi-
cients for equivalent elementary steps can
be compared. Values of the rate coeffi-
cients for BPE reaction are presented in Ta-
ble 3. The rate coefficient for protonation of
DBE, k,, is approximately twice the value
for BPE and refiects the greater basicity of
the aliphatic ether. The rate coefficient for
attack of HCl - ZnCl, on the protonated
ether, k,, is only slightly larger for DBE.
This reaction involves the attack of chlo-
rine on a benzyl group and little effect
would be expected from the phenyl or ben-
zyl group at the other end of the ether. The
larger value for the rate coefficient for ben-
zyl chloride reaction, k3, for DBE is due to
the increased surface area of ZnCl, caused
by the benzyl alcohol reaction.

CONCLUSIONS

Zinc halide catalysts will promote the
cleavage of dibenzyl ether in either their
Lewis acid or Brgnsted acid forms. In the
absence of hydrogen halide, ZnX, activates
the ether by forming a Lewis acid-base
complex with it. Water interferes with the
formation of this complex by competing for
ZnX,. In the presence of HX, an adduct is
formed, HX - ZnX,, that is catalytically
much more active than ZnX,. The presence
of water does not influence the activity of
the Brgnsted acid form of the catalyst. Ac-
tivation of dibenzyl ether is achieved by
protonation of the ether. The relative ac-
tivity of the zinc halides depends on which
of the two forms is present. If anhydrous
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ZnX, is the catalyst, the activity decreases
in the order ZnCl, > ZnBr, > Znl,. On the
other hand, if HX - ZnX, is the prevalent
form, the activity decreases in the order HI

Znl, > HBr - ZnBr, > HCI - ZnCl,. It is
observed that during the reaction of diben-
zyl ether in the presence of ZnX,, a small
amount of HX is liberated, which then com-
bines with the zinc halide to form HX -
ZnX,. Because the Brgnsted acid form of
the catalyst is more active than the Lewis
acid form, the apparent activity of the cata-
lyst increases after a period of induction
during which HX is generated. These ob-
servations suggest that the cleavage of
ether linkages by HX - ZnX, could occur
during the liquefaction of coal even in ab-
sence of intentional addition of HX. Evi-
dence for such a possibility has been cited
by Zielke et al. (I, 2), who have observed
that HCl is formed during coal liquefaction
in the presence of ZnCl,. The authors pro-
posed that HCl was formed as a conse-
quence of the reaction of ZnCl, with sulfur.
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