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The isomerization of ethyltoluene was studied as a three-compound equilibration involving six rate constants. Dilute
solutions of five ethyltoluene isomer distributions in toluene were isomerized at room temperature with aluuninum chloride.
In each case samples were taken periodically and analyzed by differential infrared spectroscopy and vapor phase chromatog-
raphy. The isomer distributions obtained are consistent with the following relative rate constants and equilibrium per-
centages: kgo = 1.0, Bop = 2.9, Bno = 5.3, kom = 38.2, kpm = 60.8, kmp = 24.6, O* = 9.0, M* = 64.8, P* = 26.2. This
work shows that the mechanism of isomerization of ethyltoluenes under these conditions is not exclusively an intramolecular

1,2-shift, as was the case with xylenes.
proceeds by an intramolecular 1,2-shift.

Introduction

It has been shown!® that for certain three-com-
pound equilibrations involving six rate constants, as

ortho B
kop 1'kp0 kmo ] kom
Epm
para ¢ > meta
kmp

the integrated rate expressions are
O(t)y = O* 4 Ae~ar + Be™fr
P(t) = P* + Ce~ar + De~8+

where O(t) is the concentration of the ortho isomer
at time ¢, O* is the equilibrium concentration of
the ortho isomer, A and B are determined from the
starting concentrations, a and 8 from the rate
constant set, and 7 is some function of time. The
use of this scheme for the study of isomerization
of cymenes! and xylenes? has been reported. The
use of this scheme for the study of the isomeriza-
tion of ethyltoluenes is now being reported.

Much literature has appeared on the ethylation
of aromatics® and the disproportionation of ethyl-
aromatics,* but very little has been reported on the
isomerization of ethylaromatics. The fact that o-
ethyltoluene isomerizes is an important feature of
the Dow vinyltoluene process.? The thermody-
namic equilibrium of ethyltoluene isomers in the
vapor phase has been calculated to contain 8%,
o0-, 48%, m- and 449, p-ethyltoluene.! The isomer
distributions obtained by the continuous ethylation
of toluene with various catalyst have been re-
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From the magnitude of kp, and &, it appears likely that most of the isomerization

ported.” These distributions probably differ only
in the extent of isomerization that accompanies the
alkylation, since the distributions appear to be
consistent with the results of the present work.
One of the distributions, 119 o-, 649, m- and 25%,
p-, is quite close to the distribution taken to be the
equilibrium distribution in the present work. One
experiment has been reported on the isomerization
of ethyltoluene per se. Brown has shown that the
relative rates of Friedel-Crafts isomerization of
alkyltoluenes decrease in the order isopropyl-
toluene > ethyltoluene > xylene.®

Ezxperimental

Materials.—Redistilled commercial grade toluene was
used.

The o¢-ethyltoluene was obtained from the Dow vinyl-
toluene plant. Comparison with an A.P.I. sample by in-
frared analysis showed no significant difference.

Clemmensen reduction of recrystallized® Eastman Kodak
Co. p-methylacetophenone produced p-ethyltoluene, which
when treated with concentrated sulfuric acid, washed and
distilled showed no significaut impurities,

The preparation of m-ethyltoluene was patterned after
the process of Schlatter for separation of m- and p-xylenes.1
A mixture of m- and p-ethyltoluenes obtained from the Dow
vinyltoluene plant was exhaustively t-butylated at 35°
with isobutylene using BF;.H.O as the catalyst. The 3-
ethyl-5-t-butyltoluene obtained by distillation of the
alkylate was then cracked at 300° over a Houdry S-65
silica-alumina catalyst. Distillation of this product vielded
m-ethyltoluene that was analyzed by infrared to contain
19, 0-and 1%, p-ethyltoluenes.

Baker and Adams reagent anhydrous aluminum chloride
was used with Matheson anhydrous hydrogen chloride.

Isomerization Procedure.—To a one-liter 3-necked creased
flask, equipped with a gas inlet tube, thermometer, stirrer
and a water trap connected to the flask through a calcium
chloride drying tube, was added 450 g. (4.9 moles) of toluene
and 5.4 g. (0.041 mole) of aluminum chloride. Through
the stirred reactants at room temperature was passed an-
hydrous hydrogen chloride for 5 minutes. To this solution
at room temperature was added 50.0 g. (0.41 mole) of ethyl-
toluene. At specific tinles, 23-ml. portious of the reaction
mixture were withdrawn, quenched, washed and dried. The
p-ethyltoluene isomerization was run on a 3/, scale in a one-
liter flask. The 859 p-, 159, o-ethiyltoluene isomerization
was run on a ¥/yg scale in a 500-ml. flask.

Analytical Procedure.—The samples, untreated and un-
diluted, were scanned on a double beam infrared spectrom-
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Lig. 1.---Ethyltoluene isomer distributions obtained by
AlCl, isomerization: O, infrared data; @, v.p.c. data.

ORTHC

Fig. 2.~—Lthyltoluene isomer distributions obtained by
AlCI; isomerization: O, infrared data; @, v.p.c. dati.

eter!! with the tolnene absorptions of the sample matched
out. The instruinent automnatic gain feature!! was used to
compensate for the low optical energy in regions of high
toluene absorption. Standard absorbaices for each isomer
at 12.24, 12.78 and 13.25 u were determiued using a straight
line between the absorption minima at 11.8 aud 14.1 u
for the base line. Thiree absorbances at tlie analytical wave
lengths were determined for cach sample and introduced
into a set of three siinultaneous linear equations involving
the mnine standard absorbances. The equations were
then solved for concentrations using a Royal McBee LGP-
30 computer.  This caleulation assuines a straight line re-
lation betweeu absorbance and concentration.

To check thie accuracy of the wethord a syithetic mixtuire
wits analyzed withh the resnlt

Tobiene, ¢ Kiown Found

o-Isthyl- 1.0 0.3

mi-FEthyl- A0.0 30.0

p-Ethyl- 310 a1.7
The m- and p-ethyltoluene determinations are within the
estitnated error of £39; of the nmount preseut. Since the
broad me-ethyltoluene absorbtion overlaps the o-ethyl-

toluene absorbtion, several samples low in o-isoner were
also analyzed by vapor phase chromatography.

The v.p.c. analyses were carried out at 115° using a 10-
ft. eolumn packed with Craig polvester adipate on Chromo-
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sorb W. The instrument!? was connected through a
Brown Recorder to an Inmstron two counter autolnatic
integrator. One peak for m- and p-ethyltoluenes and one
peak for o-etliyltoluene was obtained. The infrared
analyses indicate an equilibrium value of 7.5¢; 0-, while
the vapor phase chromatography analyses indicate an equi-
librium value of 9.05; e-ethyltoluene.

Selective complexing of ethyltoluene by tlie catalyst
evidentally did not significantly alter the equilibrinm com-
position of isomers, since the analysis for the last sample
was identital to the analysis for the residue in each isomeri-
zation.

Results and Discussion

The experimental isomer compositions are pre-
sented in Table I and plotted as the points on
Figs. 1l and 2.

The determination of a relative rate constant
set for a three-compound equilibration must pro-
vide five rate constants, since one will be set equal
to 1.0. The three equilibrium constants involved
provide three parameters, so that only two further
parameters are required. In the cymene case,’
the fact that the ortho trajectory was a straight
line indicated that %,, = k.., so that only one
parameter was varied in order to fit the data to the
theoretical equations. In the xylene case,? it
was evident that k,, = ko, = 0, so that only one
parameter was varied. In the ethyltoluene case
presented here, unfortunately, it was necessary
to vary two parameters, so that the rate con-
stants are more arbitrary than those for the pre-
vious two cases.

Haag and Pines have pointed out that for an
appropriate three-compound equilibration, tangents
at the 1009, point for each of the three isomeriza-
tion composition trajectories must intersect at a
common point.** Although this observation is
helpful in obtaining a rough approximation of the
rate constants, it didn’t provide a sufficiently ac-
curate additional parameter.

The best relative rate constant set found based
on the assumption that &, = k., = O1s

kpy = 17.3 Bow = 7.2 « = 1.0
Bouy = 7.0 Bme = 1.0 8= 3.19
0% = 9.0 M* =648  P* =262

This set generated the curved lines on Fig. 1.

The correlation with the experimental isomer dis-
tributions is rather poor, which suggests that the
isomerization of ethyltoluenes under the condi-
tions used here does not proceed exclusively by an
intramolecular 1,2-shift.

By varying hoth parameters the
rate constant set found is

hest relative

koo = 1.0 Bu, = 5.3 Fpm = 60.8
B, = 2.9 Bun = B3.2 Bmp = 24.6
0% =9.0 P¥ =262 M =648

This set produces the following integrated equations
for the percentage of ortho and para isomers in
terms of the parameter 7, where

;= j:)‘ f(1)de

some unknown function of time.
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TABLE |

ISOMERIZATION OF ETHYLTOLUENE

ISOMERIZATION DATA FOR ETHYLTOLUENE IN TOLUENE

Time,
Rx. no. min. p-
1 0 93.6
1 91.5
5 78.7
15 71.6
45 52.8
90 44.2
180 36.3
360 30.7
1440 26.8
Res. 26.8
2 0 83.9
5 71.9
45 51.2
180 36.5
360 31.1
720 27.6
1440 27.2
Res. 27.3
3 0 51.7
5 44.2
15 38.5
45 32.7
90 29.6
180 27.2
360 25.6
720 25.0
1440 25.5
28R0 26.4
Res. 27.0
4 0 0.0
1 2
) .9
15 1.9
15 4.5
90 8.0
180 12.0
360 7.1
720 21.5
1440 244
6900 27.6
Res. 26.7
B 0 1.1
1 1.5
3 5.7
15 11.1
45 17.6
90 21.3
180 24.6
360 26.7
1440 26.7
Res. 26 .4
* Differential  infrared

Isomer composition, mole 9~
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Starting with 1009 ortho

Yo ortho = 9.0 4+ 89.0e™7 + 2.0e72.07
% para = 26.2 — 45.7e"r + 19 5e2.0r

Startling with 19, ortho, 999, meta

% ortho 9.0 — 5.0e77 — 2.9e72.0r

Y para = 26.2 + 2.6e7r — 28.8¢72.0r
The lines shown on Fig. 2 were obtained froin these
equations.

The fit is reasonable with all but the 999 meta
trajectory. We have no reasonable explanation
for this incongruity.
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Fig. 3.—®, ¢ m-ethyltoluene in Rx. 5; O, ¢ o-ethyltoluene
in Rx. 4; A, ¢} o-ethyltoluene in Rx. 3.
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Fig. 4—®, 9, m-ethyltoluene in Rx. 3; O, ¢ o-ethvltoluene
in Rx. 4; A, 9% o-ethyltoluene in Rx. 3.

Absolute Rates.—If the rate steps involved in
the isomerization were first order or pseudo first
order, v would be a linear function of time. By
solving for 7 in the above theoretical equation
for each experimental mole 9, of p-ethyltoluene
obtained in the 839, p-, 159, o-trajectory, the fol-
lowing values for r and the times to which they
correspond are obtained. The isomerization rate

Time, min. 5 45 180 360 720 1440
T 0.13 0.43 0.87 1.24 1.8 2.54

steps are evidentally not first order or pseudo
first order, since = does not appear to be a linear
function of time.

The deviation in rate, as in the cymene case,’
is probably due to the formation of some highly
basic material. A similar explanation has been of-
fered for the deactivation of catalyst in the methyla-
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tion of methyl aromatics.!¢ Although the degree
of deviation from first-order kinetics, 4-propyl >
ethyl > methyl, correlates inversely with basicity,
the basicity differences alone are probably mnot
large enough to account for the rate deviations.
It seems more likely that the rate deviations are
due to alkyl hydrogen transfer and cracking re-
actions,

If the above values for 7 are introduced into the
equations for three of the four remaining trajecto-
ries, the curved lines shown on Fig. 3 are obtained.
The points represent the experimental data.
The agreement indicates that the relation of 7 to
time is fairly consistent from one reaction mixture

(14) W. von E. Doering, M. Saunders, H, G. Boyton, H. W. Ear-
hart, E. F, Wadley, W. R. Edwards and G, Laber, Tetrahedron, 4,
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to another. That is, although the reactions are
not pseudo first order, their deviation from a
pseudo-first-order rate are somewhat reproducible.

If the above treatment is applied to the equations
from the rate constant set in which ko = kop =
0, Fig. 4 is obtained. The 1009, p-trajectory was
not included in either figure because its deviation
from the experimental data obscured the figures
without adding any useful information. If any
conclusion may be drawn from the deviation of the
1009 o-trajectory in Fig. 4, the most reasonable
conclusion would be that the ratio of 8 to « is
more accurate from the rate constants set for Fig. 3
than the rate constant set for Fig. 4. Thus, the
absolute rate data tends to support the thesis
that the isomerization of ethyltoluenes is not ex-
clusively an intramolecular 1,2-shift.
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Kinetics of Three-compound Equilibrations.

IV. The Isomerization of

Alkylaromatics

By RoBERT H. ALLEN
RECEIVED DECEMBER 2, 1959

The isomerization of xylene in toluene solution by the action of AlCl;-HCl has been shown to proceed by an intramolecular

1,2-shift.

The present work provides evidence that under the above conditions, the isomerization of {~-butyltoluenes proceeds

by alkylation of the toluene, and the isomerization of ethyltoluenes and isopropyltoluenes proceed by both mechanisms.

Introduction

Data presented in this paper indicate that the
Friedel-Crafts positional isomerization of alkyl-
toluenes in toluene proceeds by either an intra-
molecular 1,2-shift mechanism, an alkylation—
dealkylation mechanism, or both. The alkyl
shift mechanism has been offered for the isomeri-
zation of xylenes.! The alkyl transfer mechanism
is here offered for the isomerization of {-butyltolu-
enes, and a combination of both mechanisms for
ethyltoluenes ane isopropyltoluenes.

The intramolecular 1,2-shift mechanism may
be pictured as

CH, CH,
H R R
i1 t
r CHS CHS 4;‘
| — @ H |
i ~.
. . R® H~"g .
I 111

The alkyl group of the aromatic ¢-complex bridges
two adjacent aromatic carbons and then swings
over to its final position. Loss of proton yields
the product. The intermolecular mechanism may
be pictured as is shown in the next diagram.
Nucleophilic attack by a second aromatic on the
electronically deficient alkyl group of the o-com-

(1) (a) G. Baddeley, G. Holt and D. Voss, J. Chem. Soc., 100 (1952);

(b) D. A. McCaulay and A. P, Lien, THIS JoURNAL, T4, 6246 (1952);
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CH;
Z
= O —
CH, Te
. il + 4 1..R
e L = !
H _

plex displaces the first aromatic ring. Loss of
proton from the second aromatic ring yields the
product. This mechanism is quite similar to that
proposed for the disproportionation of alkylaro-
matics.?

Isomerization of :-Butyltoluene.—The postulate
that t-butylaromatics isomerize by alkylation-
dealkylation is supported by the ease with which
i-butyl groups split off of molecules under acidic
conditions; for example, from {-butylbenzene?
and methyl pentamethylethyl ketone.® More
direct evidence for the present argument has been
reported by Schlatter. The hydrogen fluoride-
catalyzed reaction of 3,5-di-t-butylethylbenzene
with toluene produced m-t-butylethylbenzene that
was better than 909, pure. Thus ¢-butyl groups
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75, 2411 (1953); (d) R. E. Xinney and L. A, Hamilton, +bid., 76, 786
(1954).

(3) H, D. Zook, W. E. Smith and J. I. Greene, tbid., T9, 4436
(1957).
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