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Isomerization experinients and rate studies made on the xylenes, trimethylbenzenes and tetramethylbenzenes and cata-
lyzed with hydrogen fluoride and boron trifluoride show that the amount of catalyst used has a pronounced effect on the

composition of the isomerized equilibrium mixture.

At low boron trifluoride concentrations the m-xylene content of 609,

is in agreement with the thermodynamically calculated value of 57%, while at high concentrations the m-xylene content ap-

proaches 1009;.

Similarly, the predominant nine-carbon and ten-carbon isomers produced with minor amounts of boron

trifluoride are pseudocumnene (66%) and durene (70%,), while with excess boron trifluoride the isomerized products are

1009, mesitylene and 1009, isodurene, respectively.

This variation in equilibriumm composition is attributed to the forma-

tion of stable complexes of hydrogen fluoride and boron trifluoride with m-xylene, mesitylene and isodurene,

The orientation of alkyl groups in the polyalkyl-
benzenes formed by alkylating benzene or its homo-
logs is difficult to explain. With mild catalysts
such as phosphoric acid, sulfuric acid and ferric
chloride, the chief dialkylbenzene products are the
ortho and para isomers,’? which are the ‘normal”
products predicted from the ortho- and para-direct-
ing effects of an alkyl group. Likewise, at low
temperatures (—40 to 0°), methylation with active
catalysts such as aluminum chloride yields normal
products. Thus, Norris and Rubenstein® found o-
and p-xylene to be the principal xylene isomers and
pseudocumene the principal trimethylbenzene iso-
mer formed by treating benzene or toluene with
methyl chloride. However, at higher temperatures
(50 to 100°) the m-xylene content of the xylene frac-
tion and the mesitylene content of the trimethyl-
benzene fraction were both close to 909,. Also,
at all temperatures and in the presence of excess
aluminum chloride, 1,3,5-triethylbenzene was the
predominant triethylbenzene produced by the
ethylation of benzene.? The literature is generally
in agreement that mild conditions give normal prod-
ucts and vigorous conditions lead to ‘‘abnormal”
products.

The presence of 1,3-derivatives has been attrib-
uted to either dealkylation of the 1,2,4-product!
or to isomerization of the 1,2- and 1,4-forms by an
excess of catalyst.® Moderately high temperatures
are required to isomerize the methylbenzenes; isom-
erization of the other alkylbenzenes proceeds
even at low temperatures.® The dealkylation
mechanism is open to the objection that intermolec-
ular transfer of alkyl groups occurs only under
conditions which will also effect intramolecular
transfer, <.e., isomerization. The isomerization
niechanism, in itself, is also unsatisfactory, because
it does not explain why many reported xylene and
trimethylbenzene alkylates*® contain m-xylene and
mesitylene greatly in excess of the equilibrium per-
centages as calculated by Taylor, et al.,® or as de-
termined experimentally by Norris and Vaala’ and
Pitzer and Scott.?
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Recent studies in our laboratories of the acid-
catalyzed isomerization of the methylbenzenes
demonstrate the importance of catalyst concentra-
tion not only on rate of isomerization but also on
equilibrium product distributions; these studies
provide a mechanism to explain the abnormally
high yields of 1,3- and 1,3,5-oriented products in
Friedel-Crafts alkylation. The catalyst used,
HF-BF,, was especially suited for the investigation,
inasmuch as the hydrogen halide component, hy-
drogen fluoride, was a liquid and could be used in
excess to ensure a near constant activity and to
serve as a high dielectric reaction solvent. Other
Friedel-Crafts catalysts, such as HCI-AICl; and
HBr-AlBr;, suffer from the disadvantage that their
hydrogen halide components are gases, cannot act
as reaction solvents, and cannot, except with ex-
treme difficulty, be maintained at constant activity
to allow attention to be focused on changes in metal
halide concentration.

Experimental

The three xylenes were Eastman Kodak Company White
Label grade and, after analysis, were used without further
purification. The mesitylene, Eastman Kodak Company
White Label grade, was found by infrared analysis to con-
tain 3% impurities, which were mostly close-boiling non-
aromatic hydrocarbons. The pseudocumene was obtained
by fractionation of a sample of Eastman Kodak Company
niixed trimethylbenzenes through a Hypercal distillation
column and selection of a 167-171° cut, which infrared
analysis showed to contain about 95%, pseudocumene, 3%,
mesitylene, 0.5% hemimellitene and 1.5% mixed ethyl-
toluenes. The hydrogen fluoride and boron trifluoride were
commercial grades of 99.6 and about 999, purity, respec-
tively, obtained from the Harshaw Chemical Company.

The isomerization experiments were carried out in the
saite equipment and in the same manner as the earlier xy-
lene-extraction studies.? The hydrocarbon was charged to
a 1570-ml. carbon-steel autoclave, and then hydrogen fluo-
ride and boron trifluoride were added. The mixture was
stirred at the desired temperature and, after a predetermined
time, the entire product was withdrawn into a polyethylene
flask partly filled with crushed ice. The flask was then
shaken until all the ice had melted. The supernatant hy-
drocarbon layer was then separated and fractionated through
a column of thirty theoretical plates. Fractions of indi-
vidual carbon numbers were andlyzed by either infrared or
ultraviolet absorption.

Results and Discussion

Whereas aromatic hydrocarbons are not appreci-
ably soluble in hydrogen fluoride alone, they become
completely miscible with the latter in the presence
of excess boron trifluoride.®* An ionized complex

(9) D. A. McCaulay, B, H, Shoemaker and A. P. Lien, Ind. Eng.
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TABLE 1
ISOMERIZATION OF XYLENES AT 82 10 121°
6 moles HF per mole of xylene

Xylene Meta- Meta- Ortho- Meta- Meta- Ortho- Para-
BF;, moles/mole xylette 0.09 0.06 0.10 0.13 0.65 0.72 3.0
Temperature, °C. 82 100 100 121 82 82 3
Contact time, min, 30 30 30 3 30 30 1380
Yield of Cs product, % 98 91 83 91 94 84 100
Composition of Cg product, %

0-Xylene 15 19 19 18 11 11 0

m-Xylene 64 60 61 60 74 75 100

p-Xylene 22 21 20 22 15 14 0

—containing one mole each of aromatic hydrocar-
bon, boron “trifluoride and hydrogen fluoride—is
formed in the acid layer. The fraction of the total
aromatic hydrocarbon dissolved in the acid phase is
therefore approximately equal to the mole ratio of
boron trifluoride to hydrocarbon. The remaining
hydrocarbon forms a separate phase. In some of
the present experiments differing amounts of boron
trifluoride were used to demonstrate the effect of
varying concentration on product distribution, In
other experiments a large excess of boron trifluoride
was used to ensure the complete solutionof thexylene
in the acid phase. The latter studies were suitable
for calculation of the reaction rate constants,
because the homogeneous phase eliminated the
complicating factors of a two-phase system.

Xylene Isomerization.—The results of experi-
ments in which a pure xylene was isomerized with a
large excess of hydrogen fluoride plus differing
amounts of boron trifluoride are given in Table I.
Separate experiments at 100° with m- and o-xylene
gave products of the same composition and showed
that isomerization equilibrium had been attained
in 30 minutes. The equilibrium composition varied
little with temperature; the experiments at 82, 100
and 121°, with small amounts of boron trifluoride,
gave the same xylene product. The compositions
of all four products agree closely with the equilib-
rium compositions as calculated by Taylor®:

80° 120°
o-Xylene, 9, 18 19
m-Xylene, % 58 57
p-Xylene, % 24 24
100 100

The m-xylene contents of the products of the
three remaining runs were much greater than the
equilibrium composition. These experiments dif-
fered from the others in that the boron trifluoride
to xylene ratio was much higher. In these runs
a large portion of the xylenes was present in the
form of HF-BF;—xylene complexes.® Two equilib-
ria are in force: a virtual equilibrium in the hy-
drocarbon phase which has the composition calcu-
lated by Taylor,® and an actual equilibrium among
the HF-BF;—xylene comiplexes in the acid layer.
This relationship may be depicted as shown in Fig.
1. The complex of m-xylene with HF-BF; is
much more stable than the other xylene com-
plexes®!® and, therefore, the m-xylene content in
equilibrium in the acid phase is much higher than
that in equilibrium in the hydrocarbon phase.

In these experiments the yield of xylene product
ranged from 80 to 1009,. The other products
were toluene and trimethylbenzene formed by the
disproportionation of xylene. At 30°, the lowest
temperature studied, there was no detectable dis-
proportionation, even though isomerization to -
xylene was complete. The activation energy re-
quired for isomerization therefore is much less than
that required for disproportionation.

Trimethylbenzene Isomerization.—The results
of experiments in which trimethylbenzenes were
isomerized with a large excess of hydrogen fluoride
(7 moles per mole of hydrocarbon) plus differing
amounts of boron trifluoride are given in Fig. 2,
wherein the mesitylene content of the Cy product is
plotted against the mole ratio of boron trifluoride
to trimethylbenzene. All the points in the range
of 0.0 to 1.0 mole of boron trifluoride per mole of
trimethylbenzene fall along the straight line ex-
tending from 349, mesitylene to about 1009, mesi-
tylene; in all runs in which the boron trifluoride
concentration was greater than 1.0 mole, the prod-
uct was 1009, mesitylene. Because these values
were approached from both sides, equilibrium—
1i.e., between the 1,2,4- and 1,3,5-isomers—had
been achieved. The mesitylene content of 349,
at 0.0 mole of boron trifluoride agrees well with the
equilibrium trimethylbenzene composition at 100°
as calculated by Taylor®:

Hemimellitene (1,2,3-), %, 9
Pseudocumene (1,2,4-), % 60
Mesitylene (1,3,5-), % 31

100

No hemimellitene was detected among the prod-
ucts. Apparently the interconversion of pseudo-
cumene and mesitylene is much faster than that of
pseudocumene and hemimellitene.

The mesitylene content increases with boron tri-
fluoride concentration until, at 1.0 mole, mesitylene
comprises almost 1009, of the trimethylbenzene
fraction. This variation in equilibrium composi-
tion with boron trifluoride concentration is due to
the very high relative stability of the HF-BF,-
mesitylene complex.1®

Tetramethylbenzene Isomerization.—The results
of tetramethylbenzene isonterization are presented
in ‘Table II. When less than one mole of boron tri-
fluoride was used, the predominant tetramethyl-
benzene isonier was durene; with more than one
mole of boron trifluoride, isodurene was the only
tetramethylbenzene isomer detected. The equilib-
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ISOMER1ZATION OF TETRAMETHYLBENZENES
50 a 6 to 12 moles HF per mole of tetramethylbeuzene; a,
mixture of tetramethylbenzenes from disproportionation of
) mesitylene; b, mixture of tetramethylbenzenes from dis-
= proportionation of pseudocumenc; c¢, mixture of tetra-
Z 80 metltylbenzenes from disproportionation of pentamethyl-
2 benzene.
'0*_‘ Tetramethylbenzenc a b c Durene  Durene
— 70 l-m Temperature, °C. 100 82 66 6t) 0
% Bi's, moles per mole of
:1 tetramethylbenzenc 0.1 1.0 1.0 1.3 1.4
T o6 A Contact time, min. 30 30 30 30 60
fa Composition of the tetramethyibenzene product, %
ﬂ Prehnitene (1,2,3,4-¢ 0 0 0 [} 4]
@ o0 l— Durene (1,.2.4,5-; 70 0 0 0 96
“EJ 5 Isodurene (1,2,3,5-) 30 100 100 100 4
(@} . N
2 KEY with xvlene are shown in Table I1I. Iu all cases,
- . 2 . .
S 60— TEMPG B2 00 2 1somterization occurred with no detectable dispro-
5 FEED portionation to toluene and trimethylbenzene.
E : The products from p-xylene contained little o-
S 30 PSEUDOCUMENE o . xvlene, and the products from o-xylene contained
MESITYLENE
B MIXED A & TaBLE 111
L . B -
g 20 b Ratis 0r [SOMERIZATION OF THE XYLENES
s 12 moles HI* per mole xylene
E Bl Composition of
= 10— moles product, 9
pee moke Tenep.,  Thue, 0 (s P
Nylene xviene o min, Nylene Nylene Xylene
| : I | | Ortlio- 1.6 8 25 03 7 8]
— 2'5 T T Ortho- 16 8 o 75 24 |
MOLES ar PER MOLE TRlvMETHYLBENZENé ’ Ortho- 1.6 8 250 59 41 0
- 3 : Ortho- 1.6 8 400 43 57 0
Tig. 2.—Compositionn of isomerized trimethyibenzenes. Puara- 1.6 3 14 1 13 36
. e Paru- 1.6 3 45 0 27 73
rium composition of the tetramethylbenzenes once Para- 16 3 105 3 41 36
again depends upon the boron trifluoride concen- . 50 3 15 I 19 80
tration. The HF-BFy-isodurene complexisstronger ~ *™ 50 ',% o 0 18 53
by several kilocalories than the complexes of its Pfi”' 50 5 q(‘)'(; . -6 ‘2):3
isomers,”® and thereby is able to raise the equilib- P"‘ré' 50 5 :;80 0 93 .
rium concentration of isodurenes from about 30% o 30 5 1380 0 100 0
to an acid phase value of almost 100%. aras : ' - ,
Rates of Isomerization.—The experiments used  Para- 3.2 3. 340 2 &% 13
for measuring rate constants were carried out with Para- 3.2 3 1070 2 93 0
. - Dy M ) ot 4
excess boron trifluoride to ensure homogeneous Para- 3.2 B 1415 ! 09 0
phase conditions, and at mioderate temperatures Para- 1.6 30 23 3 78 19
{0 to 30°) to aveid disproportionation. The results Paru- 1.4 30 55 5 87 10
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no p-xylene. There must have been no direct
conversion of the para isomer to the ortho isomer or
vice versa. Also, the rate of isomerization of m-
xylene to either the ortho isomer or the para isoer
must be extremely low. The equilibrium concen-
tration of m-xylene in the presence of excess boron
trifluoride is very high; even when p-xylene was
completely isomerized, the product consisted almost
entirely of m-xylene.

The data of Table III are correlated in Fig. 3,
wherein the per cent. xylene isomerized at each
temperature is plotted on a semi-log scale against
the reaction time. The points at each temperature
lie along a straight line passing through the origin.
Under these homogeneous conditions isomerization
is a first-order reaction. The rate constants cal-
culated from the slopes of these lines are given in
Table IV. Also included is a value for durene cal-
culated from the homogeneous phase run made at
0° (Table II).

TaBLE IV
RATES OF ISOMERIZATION
Temp., °C. k, min. 7! Half-time, min.
p-Xylene 3 0.0069 100
30 L0563 13
o-Xylelc ba] L0023 300
Durene 0 00096 1000

From the values for p-xylene at 3° and 30° the
following equation was derived

12,700

igss7 T 182

2.303 log k (p-xylene) = —
The activation energy for p-xylene isomerization is
therefore 12.7 kcal. The constants calculated by
this equation for p-xylene at 0° (0.0055 min.!) and
at 8° (0.0108 min. 1) show that p-xylene isomerizes
about 8§ times as fast as durene and 5 times as fast
as o-xylene.

Mechanism of Isomerization

The foregoing discussion has indicated that iso-
mer distribution in polyalkylbenzene isomerization
is dependent on boron trifluoride concentration and
that variations in equilibrium composition are de-
peudent ou the relative stabilities of the hydrogen
fluoride-boron trifluoride-aromatic complexes. A
satisfactory mechanism not only must be consistent
with these observations but also must provide an
explanation of observed differences in reaction
rates. In the present treatment, which is specula-
tive, the fundamental theory of complex formation
and alkyl group shift is similar to that proposed by
Baddeley,!!!? but the structures of the initial com-
plexes and transition states are given more atten-
tion, in keeping with the observed experimental
facts.

Tne first step is the rapid and reversible addition
of a proton, furnished by the acid catalyst, to the
alkylbenzene at the ring carbon holding the alkyl
group to form an aromatic cation, as exemplified
with p-xylene

(11) G. Baddeley, J. Chem. Soc., 994 (1950).

(12) G. Baddeley, G. Holt and D. Voss, ibid., 100 (1932).

ISOMERIZATION OF THE METHYLBENZENES

6249

0
10
20 \\
ol S o -XYLENE AT 8°C.
5 \U f

- 50
&
S 60 2
a
& .
70 p-XYLENE AT 3°C.
(o]
W1}
N
a
g 80
2]
W p-XYLENE AT 30°C. ©
4
> 9} |2
xX 9

92 |-

93} 100% 0.5

o4 AT 1070 ANO

(- (380 MINUTES
95 | x Hall
0 100 200 300 400

REACTION TIME, MIN.

Fig. 3.—IHomogeneous phase isomerization of o. and p-

xylene.

CH, rooH om

(’: \C/
NN I TN

A AT el e

B \/ “H AN

| !

CH; i CHs -d

The cation is a resonance hybrid of forms similar
to

H CH, H CH,
\C/ \C/
B/ N\A B\
] T o
¢ ¢ c C
N M 1w N\
¢, CH,
H /CHa
, oL
lI\‘%/ \C/ll
C N
H// \C/ “H
CH;
and, therefore, is a sigma-complex.!* The stability

of the cation is increased by alkyl substituentsortho
and para to the added proton.'® The catalyst
functions as an ionizing solvent as well as a proton
reservoir. The next step is the formation of a
structure (complex AB) in which the transferring
alkyl group is shared by the two ring carbon atoms.

(13) H, C. Brown and J. D. Brody, THIS JOURNAL, 74, 3570
(1952).
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In Fig. 4 is presented a qualitative estimation of
the energy changes involved in the conversion of
complex A to complex B. If complex AB isa transi-
tion state, the potential energy curve will have
form I. If it is an intermediate, the potential en-
ergy curve will have two peaks as in form II. In
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either case the activation energy can be approxi-
mated as Eap — Ea and Eas — Es for the isomeri-
zation of complex A and complex B, respectively.
The greater the number of alkyl groups ortho and
para to the added proton, the greater the stability
of the initial complex and the greater the activa-
tion energy Fas — FEa. Complex A, with one
group para to the added proton, therefore isomerizes
ata much slower rate than complex B, with no ortho
Or para groups.

The relative concentrations of the two complexes
must also be considered. Substantially all com-
plexed m-xylene would have structures in which the
added proton is ortho or ortho and para to both
methyl groups

r cli, ks r CH, -+
o !
I SN/ I ~ 1T
N \04 $c/
P ; and f:/! o
LC 0 s SC
HY \\C/// NCH;, 1’ \C,/ “\CH;
i, N
L 1 J B i u B

Only a minute portion would have the structure of
complex B, which is relatively unstable because of
no methyl groups ortho or para to the added protou.
In this case the concentration effect predominates
and the over-all rate of isomerization of p-xylene is
much greater than that of m-xylene. Two oppos-
ing factors, therefore, must be evaluated in any at-
tempt to predict the relative rates of methylben-
zene isomerization.

The observation that durene isomerized at a
slower rate than p-xylene may be explained on the
basis that the two methyl groups in durene ortho
and para to the added proton stabilize the initial
complex more than they do the intermediate com-
plex. The activation energy, Eap — Ea, is greater
for durene than for p-xylene. When both aromat-
ics are completely complexed by a large excess of
boron trifluoride, p-xylene isomerizes at the faster
rate. However, when both aromatics compete for
a limited amount of boron trifluoride, the concen-
tration of complexed durene will be much greater
than that of p-xylene!®; and therefore the durene
will isomerize inuch faster than p-xylene.

The presence of 1,3- and 1,3,5-oriented products
in benzene alkylates had previously been ac-
counted for by isomerization of the first-formed
normal products.® The present results, which dem-
onstrate that an acid catalyst can completely isom-
erize without disproportionating an alkylbenzene,
not ouly are in agreetient with this theory but per-
u1it its extension to the many cases in which the
coticentrations of mcta-oriented products are
greatly in excess of the thermodynamic equilib-
rium percentages.
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