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Temperature effects in dealkylation and isomerization of dialkylbenzenes at the
temperature range of 200 to 500°C have been discussed from the viewpoint of linear
free energy relationships (LFER). The effects of the second substituents on both
reactions are well described by the Hammett law. The alkyl shift reaction, which is
defined as the migration of an alkyl group in one direction on a monosubstituted
ring, has been compared with the dealkylation of monoalkylbenzenes. The preex-
ponential terms in both reactions have been shown to be constant independent of
alkyl groups, whereas the activation energies are 24.8, 19.5, and 156 kcal/mole for
the dealkylation of Et, isoPr, and tert-Bu groups, respectively, and 17.8, 14.1, 1086,
and 896 kecal/mole for the alkyl shift reaction of Me, Et, isoPr, and tert-Bu groups,
respectively. The LFER equations for isomerization and dealkylation have been
further extended over the temperature range of 200 to 500°C, as follows:

ki (RLR2:T) = z w(r)ki(0, <) exp[— {v;AHco+(R) + E4,:(0)}/RT] 4 [2.3p(R)e(RN)]
R

where the Hammett p values are assumed to be practically independent of temper-
ature. The generalized equation given above for dealkylation and isomerization has
made it possible to predict the selectivity between two reactions of any kind of
dialkylbenzenes.

The reaction mechanism of both reactions proposed in a previous paper has been

refined on the basis of the LFER found in the present work.

INTRODUCTION

In the previous paper (1), the hetero-
geneous Isomerization of dialkylbenzenes
over solid acid catalysts was quantitatively
discussed from the viewpoint of linear free
energy relationships (LFER). The isomeri-
zation of alkyl aromatics was reasonably
considered to take place through an intra-
molecular 1,2-shift mechanism. In order to
compare it with the dealkylation of a mono-
alkylbenzene over solid acids, the idea of
the alkyl shift reaction, which was defined
as the migration of alkyl groups in one di-
rection on a monosubstituted benzene ring,
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was introduced, The logarithms of the shift
rate constants gave a linear relationship
with AH*, the enthalpy change for hydride
abstraction from a corresponding paraffin,
as was the case in dealkylation (2). These
successes in LFER should make it possible
to discuss the selectivity between two re-
actions over a solid acid catalyst quanti-
tatively. Furthermore, the effects of the
second substituted groups on isomerization
were well described by the Hammett law.
In the present work, temperature effects
in both dealkylation and isomerization of
dialkylbenzenes over a solid acid catalyst
were simultaneously studied in the temper-
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ature range from 200 to 500°C. The reac-
tion schemes for isomerization and dealkyl-
ation of dialkylbenzenes, described in a
previous paper (1), have been refined from
the comparison between activation energies
of both reactions.

ExpERIMENTAL METHODS

Materials and procedures, Reagents, ap-
paratus, and procedures are, unless other-
wise described, the same as those described
in the previous paper (I). The catalyst
used was SA-1-Na-3, a silica-alumina cata-
lyst poisoned with NaOH aqueous solution.
The previous samples of m-isopropyl-
toluene and m-tert-butyltoluene were fur-
ther purified, better than 98%, by prepara-
tive gas chromatography. Dealkylation of
ethylbenzene and tert-butylbenzene, GR
grade reagents of 100% in purity, were
measured in the present work besides that
of the previously used reagents. The reac-
tion temperatures were 200 to 500°C and
the total conversion was kept below 15%
in all runs. No products were detected ex-
cept for those from isomerization and
dealkylation.

Analysis of Rate Data. The rate constants
were analyzed by assuming first order re-
action for all alkylbenzenes (I, 3); the re-
verse isomerization and dealkylation after
isomerization were taken into account,
while the reverse reaction of dealkylation
was neglected, 'as is shown in the following
reaction model,

Kom

Para-isomer ————=—Metag~isomer
kmp .
/rp” ; b

Monoalkylbenzene

where kpm and ky, are the rate constants of
para—meta and meta—para conversions, re-
spectively, and k,° and k,¢ are cracking
rate constants starting from para- and
meta-isomers, respectively. The simulta-
neous differential equations for both isom-
erization and dealkylation of meta- and
para-isomers were written and integrated
(4). Each rate constant can be calculated
from the integrated equations, if the con-
version of dealkylation and isomerization
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of both meta- and para-isomers are mea-
sured by means of a gas chromatograph
under identical conditions, i.c. at the same
temperature and the same contact time.

RESULTs AND DiISCUSSIONS

Substituent effects. By the application of
the Hammett po law to the second sub-
stituent effects on isomerization of dialkyl-
benzene (1), the overall rate constants for
isomerization at T°K, k;(R', R*; T),, are
represented as Eq. (1),

k(R B T), = ) (ke (R, T)
R

exp {2-3P08<Rm; T)U(Rf)}) (1)

where w(r) is a symmetry number; w{r) =
2 for para—meta conversion (r = pm) and
w(r) = 1 for meta—para conversion (r =
mp); ki*(R™) is the shift rate constant of
an alkyl group R™, and R! is an alkyl sub-
stituent fixed on the benzene ring.

A similar equation for dealkylation,
which has been proposed for substituted
alkylbenzenes by Mochida and Yoneda
(2), cannot be applied to dealkylation of
such a reactant as ethylisopropylbenzene,
because it has two different alkyl groups
to be eliminated by the same mechanism
over solid acids. Therefore, the more gen-
eralized form of Eq. (2), analogous to Eq.
(1) for isomerization, has been introduced
for the dealkylation of dialkylbenzenes.

k(R RS T) = ) he(Re, T)
Re
exp {2.3p:(R, T)o(RY)}, (2)

where Re is the alkyl group capable of giv-
ing an olefin by cracking, ie., Et, isoPr,
tert-Bu, and so on. The rate constants of
ki¢(Re, T) are equal to those for dealkyla-
tion at T°K of monoalkylbenzene, i.e.
ethylbenzene, isopropylbenzene, and tert-
butylbenzene.

The values of k;#(R™, T') and p,*(R™, T)
in Eq. (1) (R™ = Me, Et, and isoPr) were
determined from the data of various di-
alkylbenzenes used in the present work by
means of the nonlinear method of least
squares with a computer program named
PR1P11-PLG7T4, where o(m-isoPr) was
assumed to be —0.07 (1). The values of
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TABLE 1
THE CALCULATED VALUES OF k;#(R™) AND k;°(R°) AT SEVERAL TEMPERATURES
Alkyl
group (°C): 250 300 350 400 450
Shift reaction: k;*(R=,T) (moles/g min atm)
Me 2.02 X 1077 9.01 X 1077 3.16 X 10°¢ 9.21 X 1078 2.32 X 10—
(23.59,)¢ (18.59%) (25.5%, (11.1% (8.9%)
Et 4.18 X 107 1.39 X 10™® 3.73 X 10~ 8.74 X 1075 1.83 X 10
(15.2%) (23.5%) (9.9%) (26.5%) (26.9%)
isoPr 6.20 X 1075 1.47 X 10 3.11 X 10 5.92 X 10¢ 1.03 X 1073
(28.59%,) (27.29%) 12.7%) (19.69%,) (22.29%)
tert-Bu 3.02 X 10~ 6.46 X 10~ 1.22 X 102 2.10 X 10— 3.32 X 103
Dealkylation: k;#(Re,T") (moles/g min atm)
Me — — — — —
Et 8.94 X 1078 7.25 X 1077 4.08 X 10-¢ 1.78 X 1073 6.47 X 1075
(7.2%) (17.4%) (23.4%) (12.19%) (9.8%)
isoPr 1.03 X 1073 5.25 X 1073 2.09 X 10~ 6.77 X 10~ 1.87 X 107#
(19.4%) 8.2%) (11.5%) (9.4%) (21.0%)
tert-Bu 3.48 X 10 1.29 X 1073 3.90 X 1073 1.00 X 1073 2.22 X 1072
(11.5%) (18.5%) (8.69) (20.69%) (12.8%)
¢ Relative error given in parentheses.
TABLE 2
THE CarLcuraTED VALUES OF po(R™) aND p;(R¢) AT SEVERAL TEMPERATURES
Alkyl
group (°C): 250 300 350 400 450
Shift reaction: pe*(R™,7")
Me —3.78 —3.22 —2.84 —2.49 —2.23
(+2.05)e (+1.49) (+1.83) (£1.72) (£1.23)
Et —2.28 —1.84 —-1.65 —1.27 —1.30
(+£0.48) (+0.95) (+0.44) (+£0.49) (£0.55)
isoPr —1.28 —1.26 —1.04 —0.75 —0.82
(£0.89) (+0.34) (+0.66) (+£0.36) (+£0.32)
tert-Bu —0.69 —0.82 0.58 —0.60 —0.67
Dealkylation: p;*(Re,T")
Me — — — — —
Et —~6.94 -5.84 —-5.62 —5.11 -5.01
(£3.63) (£2.76) (£1.30) (£2.61) (£1.39)
isoPr —4.65 —4.43 —3.60 —3.65 -3.12
(+0.86) (£1.24) (£1.17) (£1.52) (£1.11)
tert-Bu —3.15 —3.00 —2.57 —2.42 —1.94
(£1.33) (£1.72) (+0.89) (+0.97) (£1.21)

e Standard error given in parentheses.
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ki*(tert-Bu) and po®(tert-Bu) were deter-
mined from the isomerization data of the
para- and meta-tert-butyltoluenes. The
values of k;¢(R®, T) and p;*(R°, T) in Eq.
(2) (R° = Et, i1soPr, and ter{-Bu) were
also ealculated by means of the nonlinear
method of least squares. Tables 1 and 2
summarize the results at several temper-
atures, together with their relative errors.
Equations (1) and (2) are applicable to
the isomerization and dealkylation of a
dialkylbenzene, respectively, over the tem-
perature range of 200 to 500°C.

Alkyl effects in shift reaction and de-
alkylation. The logarithms of k;*(R™, T)
and k;¢ (R, T) at a given temperature T°K
of 473 to 773°K showed a good linear re-
lationship with the enthalpy changes for
the hydride abstraction from corresponding
paraffins, AHq* (R), as is shown in Fig. 1.

| ]
_2 -
-
o
—4 - ]
< > 500°C
{@] \\\
o6l B -
= N
\\\
O\\
-8 200°C
| |
250 300
A Hc+(R)kcol/moIe

Fia. 1. The logarithms of the rate constants for
the shift reaction and the dealkylation of alkyl
groups vs enthalpy change, AHc+, at 200 and 500°C:
(—), the activity for dealkylation; and (—), that
for the shift reaction.

Hence, Egs. (3) and (4) are written for
both reactions as follows, for shift reaction

log k»(R=, T) = log k:2(0, T)
— vi/*AHc+(R™)/2.3RT,

and for dealkylation

@)
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log k#(Re, T) = log k0, T)
hast ’yilvAHc+<Rc)/2.3R7‘, (4)

where k;*(0, T') and k;¢(0, T) are the rate
constants at T°K of an imaginary alkyl
group whose AH¢" (R) is zero for shift re-
action and dealkylation, respectively. The
calculated values of v;*# and vy;”¢, which are
constants in Eqgs. (5) and (6), are inde-
pendent of the reaction temperature within
error, and v;"* is smaller than y;’¢ in mag-
nitude, as shown in Table 3.

TABLE 3
THE CALCULATED VALUES OF ;' AT
SEVERAL TEMPERATURES

Temp.

(°C) vi' vi'®

250 0.0920 + 0.0016 0.184 + 0.012
300 0.0909 + 0.0020 0.178 + 0.014
350 0.0894 + 0.0019 0.183 £ 0.011
400 0.0880 + 0.0020 0.190 + 0.016
450 0.0864 + 0.0021 0.180 + 0.011
Av. 0.0890 0.183

As described in a previous paper, the
correlation lines of both dealkylation and
shift reaction to AH¢st (R) at 400° crossed
nearly at the isoPr group and this cross
point was presumed to depend on the re-
action temperature. As shown in Fig. 1, this
cross point was dependent on temperature
and approached to ethyl group at 500°C
and to tert-butyl group at 200°C.

Temperature effects. The rate constants,
k%0, T) and k;°(0, T), were described by
the following Arrhenius equation, for shift
reaction

kis(oy T) = ki8(07 oo)

exp { —E4,#(0)/RT}, (5)
and for dealkylation
kic(Oa T) = kic((); Oo)

exp { —FEa,:0)/RT}  (6)

where k;*(0, ) and k;°(0, o) are preex-
ponential terms, i.e., the rate constants at
an infinite temperature; E,;(0) is the ac-
tivation energy. By substitution of Eq. (5)
into Bq. (3) and that of Eq. (6) into Eq.
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TABLE 4
Tue EmpIricAL CoNsTaNTS CALCULATED FROM EqQ. (7) FOR THE SHIFT
REeacTiON AND Eq. (8) FOR DEALKYLATION

k:(0, )

vi' E4,:(0)

Shift reaction
Dealkylation

2.70 £ 0.57
472 + 179

0.090 * 0.0008
0.190 £ 0.010

—-11.44£0.03
—~25.3 £3.04

(4), the following Eqgs. (7) and (8) are
derived, for shift reaction

log k#(R™, T) = log k:#(0, «)
— {v/*AHc+(R™) + E4.#(0)}/2.3RT, (7)

and for dealkylation

log k<(Re, T) = log k:°(0, =)
— {v/*AHc+(R®) + E4.:¢(0)}/2.3RT. (8)

From each of the two sets of rate constants
in Table 1, the empirical constants,
ki (0, «), vi’ and E,,;(0), were determined
with a fairly good accuracy by means of
the nonlinear methods of least squares
(Table 4). On the basis of LFER equations
for both reactions, Eq. (7) and Eq. (8), we
can predict the selectivity of any alkyl
groups between two reactions on SA-1-Na-3
catalyst at various temperatures from the
empirical constants given in Table 4 and
AH¢*(R) of an alkyl group. Since the previ-
ous studies (1, 5, 6) have shown that LFER
formulas like these equations ean be gen-
erally applied to various solid acid cata-
lysts, the conclusion desceribed above may
also hold for various solid acid catalysts
other than SA-1-Na-3.

The LFER formulas, Eqs. (7) and (8),
can be also derived from a different view-
point in the same manner as that described
in the previous paper (5). The temperature
dependence of k;*(R™, T) (see Fig. 2) and
that of k;¢(R®, T') (see Fig. 3) are expressed
as follows, for shift reaction

ke(Re, T) = kis(Rm, o)

exp {— Ea(R™)/RT}, (9)
and for dealkylation
kic(Rlz T) = ke(Re, »)

exp {— EA,ic(Rc)/RT}. (10)

The activation energy E,;(R) and the
preexponential term k; (R, ) are given in
Table 5. The shift reaction has 6 to 10

-2t \n\n tert-Bu 7]

'soPr\n\_
Et

(\ .

1 | 1 I 1

t/ Tixio0®

Fig. 2. The Arrhenius plots for dealkylation of
Et, isoPr, and tert-Bu groups.

-6—

.o

keal/mole lower activation energy than
dealkylation. The activation energies for
each reaction showed a good linear rela-
tionship with AHq*(R), as shown in Fig. 4.

1 1 I I I T
-2k _
-
- tert-Bu
(1
- -4} isoPr _
*
o Et
_9 Me
—6._ —
1 1 i I ] 1
2.0
(/7 Twiod

Fia. 3. The Arrhenius plots for the shift reaction
of Me, Et, isoPr, and tert-Bu groups.
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TABLE 5
E4,:(R) axp log ki(R, =)

Shift reaction log k;*(R™, «)® E4 (R
Me 0.7504 + 2.48 17.8 + 2.4
Et 0.5270 £ 0.74 14.1 £ 0.8
isoPr 0.1980 + 1.37 10.6 £ 1.7
tert-Bu 0.2301 +1.82 8.96 + 2.7

vi"* 0.109 £ 0.030

Dealkylation log k:¢(Re, )8 E4,:5(Re)?
Me — —

Et 3.205 +1.49 24.8 +28

isoPr 3.174 + 2.51 19.5 + 1.7

tert-Bu 3.068 + 1.74 156 £ 1.9
vi"¢ 0.196 + 0.013

¢ (moles/g min atm).
b (kcal/mole).

Hence, they are expressed as follows, for

shift reaction

E4:#(R™) = v/"*AHcH(R™)

+ Ea#0), (11)
and for dealkylation
EA_ic(Rc) = 'Yz‘”cAHc+(R°) + EA,,"’(O). (12)

The constants y;” were 0.109 = 0.030 for

I |

) kcal/mole
[T}
o
T
1

n
(=]
]

EA:i (R

Shift reaction _|

o
|

] |
250 300
aH H R )kcal/mole

F1a. 4. The activation energies of both reactions
Vs AHc+(R)
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shift reaction and 0.196 = 0.013 for de-
alkylation, which correspond fairly well to
the average value of y;” in Table 3. The
values of the preexponential terms,
ki#(R™, ) and k;° (R, o0 ), were found to be
independent of the alkyl group within error
(Table 5). Since any k;*(R™, o), there-
fore, can be replaced by the common term
ki*(0, ), the substitution of Eq. (11) into
Eq. (9) gives Eq. (7). A similar treatment
for dealkylation yields Eq. (8).

The temperature dependence of the
Hammett reaction constant p has been sug-
gested by Leffler and Grunwald (?) and
Jaffe (8) in the form of

P(R7 T) = P(R7 w){l - B(R)/T}) (13)
where p(R, o) is the p values at an infinite

temperature and B(R) an isokinetic
temperature.
T 1 1 I I
ol ! -

=

o

0—5 -

Q

1/ Tx 103

Fic. 5. The temperature dependency of the
Hammett p values for dealkylation.

LN 1 ] I ' 1
- °r tertBu
E w
Q Me™
—5—' —
I 1 ! ] 1 ]
2.0

tl/ Tixi03

F1c. 6. The temperature dependency of the
Hammett p values for the shift reaction.
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The calculated p values decreased with
increasing temperature, essentially in ac-
cordance with Eq. (13) (see Figs. 5 and
6), although their standard errors were
considerably large. Since the values of p* and
p¢ varied little with temperature, less than
a factor of two, at the temperature range
of 200 to 500°C, they will be considered to
be constant practically. Provided that
p*(R, T) and p°(R, T) are independent of
temperature, the substitutions of Eq. (7)
into Eq. (1) and Eq. (8) into Eq. (2), give
Egs. (14) and (15), respectively, for
isomerization
k(R R T), = 2 w(r)ks(0, )

Rm
exp [— {vi"AHc+(R™) + E4,#(0)}/RT
+ 2.3ps(R™)e(R], (14)

and for dealkylation
ke (RY B T) = ) k(0 )
Re
exp [—“ {‘Yi'cAHc+(R°) + EA,iC(O) }/RT
+ 2.3p°(Re)a(RT)].  (15)

By the employment of these equations, the
empirical constants k;{0, o), E4:(0), v/
and p(R) were comprehensively determined
from @ set of the overall rate constants for
isomerization or for dealkylation of any
substrates at five temperatures by means
of the nonlinear method of least squares
with a computer program named PR1P20-
PLG7T4. Table 6 summarizes these calcu-

TABLE 6
Tue Empirical Constants BY Eq. (14) FOR
IsomeRIZATION AND Eq. (15) FOR DDEALKYLATION

Empirical ~ For isomerization For dealkylation
constants [Eq. (14)} [Eq. (13)]
k:(0, ) 1.03 + 0.136 448 + 76

i’ 0.099 £ 0.00001 0.179 £ 0.0025
E4,:(0) —14.9 + 0.149 —-27.0 £ 0.65
p(Me) —-1.82 +0.075 —

o(Et) ~1.53+0.248 —4.13 + 0.99
o(isoPr) —1.28 4+ 0.197 —2.81 + 0.54
pltert-Bu) —0.66 + 0.119 —0.98 + 0.28

lated results, indicating that Eqs. (14) and
(15) apply fairly well to the isomerization
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and dealkylation of a dialkylbenzene over
SA-1-Na-3 in the temperature range from
200 to 500°C. In conclusion, this set of
equations is useful in predicting the selec-
tivity between isomerization and dealkyl-
ation of a dialkylbenzene on SA-1-Na-3 at
various temperatures.

Furthermore, the reaction scheme pro-
posed in a previous paper (1) was refined
from LFER described above. According to
the reaction mechanism in Fig. 7, the elec-

R

"> dealkylation

@]

R R H af
Q; m-:@x ()
f i [ &

(1) (m i
A

RfJ

(W)

Pisomerizo’rion

Fi16. 7. The reaction scheme refined for isomeriza-
tion and dealkylation.

trophilie attack of protonic acid to a ben-
zene ring in the step of (I) to (II) is the
common step in both dealkylation and
isomerization over solid acids. The acti-
vated state for dealkylation (III) is pre-
sumed to have a higher energy than that
for isomerization (IV) on the basis of the
comparison between their activation ener-
gies, and it is reasonable since both reac-
tions will be determined by whether or not
the alkyl carbonium ion R* may be sepa-
rated far away from a ring. The effects of
alkyl groups on isomerization and dealkyl-
ation may be cxplained by the stability of
an alkyl carbonium ion in activated com-
plexes, which are likely to be of a transient
state of an alkyl carbonium ion interacting
with a benzene ring as is drawn in Fig. 7.
Dealkylation will be affected by the sta-
bility of the alkyl carbonium ion [tert-
Bu > 1soPr > Et > (Me) ], but the change
in carbonium ion stability should be de-
creased in the case of isomerization as a
result of the interaction of the alkyl car-
bonium ion with the benzene ring. The
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values of y;’ calculated in the present work
quantitatively showed the effects of alkyl
groups for both reactions and the relative
degree of their interaction with the ring in
activated states for both reactions. The
electron-donating groups substituted on a
benzene ring will reduce the activation
energies by the stabilization of the alkyl
carbonium ions interacted with a ring. In
both reactions, the values of p were nega-
tive as was expected from the above ex-
planation. However, it was difficult to de-
seribe further the p value because of the
insufficient experimental accuracy. Further-
more, we have discussed the overall rate
constants which should involve the equilib-
rium constants between (I} and (II)
(1, 2). In order to discuss the dependency
of the p values of alkyl groups in detail,
the rate constants used in this work must
be separated into the equilibrium and the
reaction rate constants, as Dunn has
pointed out (9).
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