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A theoretical study of the isomerization and transalkylation re-
actions of aromatic species catalyzed by acidic zeolite is reported.
Cluster DFT calculations have been performed. All different re-
ported mechanisms of isomerization and transalkylation have been
investigated and analyzed. The aromatic species considered in this
study are benzene, toluene, and alkylated thiophene and deriva-
tives. c© 2001 Academic Press
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1. INTRODUCTION

Isomerization and transalkylation reactions of alkylated
aromatics are some of the most important petrochemical
processes (1). Acidic zeolite catalysts are used to catalyze
these reactions (2). They present the advantage that they
can be applied at higher temperature as solid acids. Their
micropores present opportunities for stereochemical con-
trol of selectivity (3).

In this paper we will provide a full investigation of the
elementary reaction steps that constitute the catalytic cy-
cle of these reactions. We will report on the isomerization
and transalkylation reactions of toluene. This molecule can
be seen as a small-scale model of other larger aromat-
ics (4). Moreover, petrochemical feedstock contains het-
eroaromatic species, such as alkylated thiophenic species
(5). We will also describe reaction paths and their corres-
ponding reaction energy diagrams of isomerization and
transalkylation of some thiophene derivatives. Thiophene
has been reported to show similar electrophilic properties
as toluene (1a, 6).

First, we will consider intramolecular isomerization or
unimolecular isomerization reactions of toluene, methyl-
thiophene, and thiophenic derivatives. Then, we will study
1 To whom correspondence should be addressed. Fax: +31 40 245 5054.
E-mail: tgakxr@chem.tue.nl.

14
intermolecular or bimolecular transalkylation of toluene
with benzene and thiophene.

We used the cluster approach method to complete a
full analysis of the different reactions of intra- and inter-
molecular isomerization. The catalytic active site, viz. the
Brønsted acidic site, is modeled in this method by a small
fragment that has similar activity than acidic zeolite active
site (7). This method has been used for many years and has
been shown to be a relevant approach for reaction energy
diagram investigations (8–10). A four-tetrahedral cluster
(Al(OHSiH3)(OSiH3)2(OH)) has been chosen.

However, the absence of the micropore zeolitic struc-
ture around the Brønsted acidic site and reaction molecule
may lead to substantial differences between cluster results
and the actual behavior in the zeolites (11, 12). Especially,
such a model cannot describe the interaction between the
reactive system and zeolite wall. Consequently, interme-
diate and transition state geometries obtained with such
an approach are free of any steric constraints and there-
fore correspond to ideal geometries that potentially can be
adopted within zeolite micropore. Moreover, zeolite frame-
work electrostatic contributions are absent from this model.
Zeolite micropores have been shown to have a stabilizing
effect on the carbocationic transition states with respect
to gas phase results, which can be on the order of 10 to
30% of the activation energies (12). This stabilization has
been demonstrated to be of short range electrostatic nature
(12b). Boronat et al. (13a) or Sinclair et al. (13b) have shown
that the effect of electrostatic stabilization originating from
the zeolitic structure on transition states is uniform. So, one
expects that for our calculations the activation energies will
be overestimated but that the qualitative trends will be con-
served. We did not use constraints on the geometry of the
small cluster as recommended before (10c, 14).

As the zeolite catalyst is only modeled by a Brønsted acid
site, adsorption energies computed here do not correspond
to adsorption energies within the zeolite micropore. All en-
ergy contributions of the molecule interacting with atoms
of the zeolite wall are missing. Therefore the adsorption
1
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energies we present only describe the affinity of molecules
for the Brønsted acid site. It has been discussed elsewhere
how to correct empirically for these adsorption energies in
real zeolites (4, 15, 16).

2. METHODS

“Gaussian98” (17) has been used for the calculations
with the density functional method B3LYP (18). This DFT
method is a hybrid method that uses a Hartree–Fock core
and a Becke exchange functional with the correlation func-
tionals developed by Lee et al. (18). Zygmunt et al. (19)
have shown that this method is the best choice for DFT
treatment of zeolite cluster systems, and they present re-
sults comparable with MP2 method.

We selected the basis set d95: we have shown in a previous
study that this basis set gives reasonable basis set superpo-
sition error (BSSE) (20). The basis set superposition cor-
rection has been checked on intermediates and transition
states using the counterpoise method (21). On intermediate
geometries the BSSE is below 7 kJ/mol, and on activation
energies it is below 11 kJ/mol.

Geometry optimization calculations have been carried
out to obtain local minima for reactants, adsorption com-
plexes and products, and to determine the saddle point for
transition states (TS). Frequency calculations have been
computed in order to check that the stationary points ex-
hibit the proper number of imaginary frequencies: none
for a minimum and one for a transition. Zero point energy
(ZPE) corrections have been calculated for all optimized
structures. All energies presented are zero point energies,
unless stated.

3. RESULTS AND DISCUSSION

3.1. Monomolecular Mechanism

We will report here the different reaction paths and the
reaction energy schemes of monomolecular isomerization
(or intramolecular isomerization) of toluene and alkylated
thiophene derivatives.

3.1.1. Toluene

The toluene isomerization reaction study is important
to define clearly the reaction paths. This molecule consti-
tutes an efficient small-scale model of larger systems, such as
poly-alkylated benzene or derivatives (viz. poly-alkylated
benzothiophene derivatives) (4). The small-size of this sys-
tem allows full investigations of different reaction path-
ways. These investigations led to the identification of two
alternative mechanistic routes.

Shift 1-2 isomerization. Toluene is protonated and its

methyl shifts from Cα to Cβ in this reaction. Then, the
exceeding proton is back-donated to the acidic site. This
A ET AL.

reaction has been demonstrated to occur in acidic homoge-
neous catalysis chemistry as well as zeolite catalysis chem-
istry (4, 22–24).

Actually, with acidic zeolite catalyst, the detailed reaction
path followed is different from the path that occurs in ho-
mogeneous catalysis. Acidic zeolite catalysts are known to
induce reactions similar to those obtained with superacids
(25). Gorte (26) or Haw et al. (27) demonstrated that this
is in fact not the case at the elementary reaction step level.
Whereas superacids have high dielectric constant and show
strong solvatation effects, zeolite catalysts present charac-
teristics similar to gas phase systems (26, 28) with dielectric
constants close to vacuum constants (29). Earlier findings
(29a, 30) support these claims. Charged intermediates in
zeolites cannot be considered as stable intermediates but
as part of transition state structure (31).

After toluene adsorption on the acidic proton (Eads =
−20 kJ/mol), the protonation step occurs. The zeolite pro-
ton attacks the toluene Cα atom (see Fig. 1 and Scheme 1).
Such a mechanism leads to the formation of a stable Whee-
land complex intermediate in super-acids (25). Charged
species separation presents however a too high-energy cost
within a zeolite (7a). It has been demonstrated experimen-
tally (27a) and theoretically (31a) that an alkoxy bond is
formed between a Lewis basic oxygen atom and C atom of
reactant to stabilize the formation of protonated species. A
similar result is found for toluene.

The activation energy barrier of toluene protonation
and phenoxy species formation is Eact = 201 kJ/mol. The
phenoxy species, which is the product of the reaction, is
computed to be less stable than adsorbed toluene (1E =
152 kJ/mol). With conditions required to achieve this reac-
tion (22–24), one may assume that experimentally this inter-
mediate has a short residence time (2, 27a). The adsorbed
Wheeland complex geometry has also been checked. All
geometry optimizations lead either to the phenoxy species
or to adsorbed toluene.

When the phenoxy species O–C bond stretches, the
species evolves toward a Wheeland complex and toluene
reaches its isomerization transition state structure. The ac-
tivation energy barrier of the shift 1-2 isomerization step is
Eact = 282 kJ/mol with respect to adsorbed toluene. The
protonation or backdonation step does not happen at this
stage. We performed a constrained geometry optimization
to get an order of magnitude of the charged complex energy
level. The cluster geometry as in the transition state mech-
anism step has been kept fix and put in presence of a fully
free protonated toluene. It is well known that the geometry
of a zeolitic Al–O–Si unit changes considerably whether
the bridging oxygen atom is protonated or not (7a, 9b).
The constraints on the Al–O–Si angles prohibit the pro-
ton back-donation. The constrained optimized geometry

optimization gives energy of 240 kJ/mol with respect to ad-
sorbed toluene for the charged species. This is not a stable
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FIG. 1. Reaction energy diagram and geometries of the intermediates and transition states for the shift 1–2 mechanism isomerization reaction of

toluene catalyzed by acidic zeolite (data in kJ/mol).

system, and a full optimization of this geometry leads to a
phenoxy species.

The shift 1–2 isomerization reaction may be decomposed
into three distinct parts (see Scheme 1). Initially, toluene is
protonated in an activation step. This step depends on pro-
ton acidity. It is the only step where the proton is explicitly
involved.

Isomerization via the disproportionation reaction. Dis-
proportionation via the methyl alkoxy mechanism of the
isomerization reaction of toluene has been shown to oc-
cur within acidic zeolite (23). Again, as for the shift 1–2
isomerization reaction of toluene, the aromatic molecule
is first protonated. This protonation step leads to a phe-
noxy species as earlier described (see Fig. 1). When phe-
noxy is released from the cluster, the reaction pathway
follows the same reaction chain as that for the shift 1–2
mechanism reaction. But a different transition state struc-
ture is reached. The charged toluene species can lose its
methyl group. The disproportionation structure geometry

is shown in Fig. 2. Toluene transfers its methyl to the ben-
efit of a Lewis basic oxygen atom. The activation energy
barrier of this reaction is Eact = 279 kJ/mol with respect
to adsorbed toluene. The products of this reaction are
benzene and methyl alkoxy (see Fig. 2). This intermedi-
ate energy level is 70 kJ/mol above absorbed toluene en-
ergy. Benzene may desorb from the methyl alkoxy species.
The adsorption energy is only Eads=−5 kJ/mol. It can
therefore easily desorb and move away from the methyl
alkoxy. It has been demonstrated recently that methyl
alkoxy may be used as an active site to achieve reactions
(20).

The computed maximum activation energy step of this re-
action is within less than 3 kJ/mol the same as the activation
barrier energy of the shift 1–2 isomerization mechanism
(Eact are 279 and 282 kJ/mol, respectively). No transition
state selectivity should be expected for one or the other
of the monomolecular reaction pathways. Both of them
require the same activation barrier energy (∼280 kJ/mol)
and both of them involve a transition state of the same
size (see Scheme 1). Further consideration of the acti-
vation entropy indicates a slightly more favorable situa-

tion for the isomerization via methyloxy intermediate (see
Table 1).
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n
SCHEME 1. Catalytic cycles of isomerization and transalkylation reactio

3.1.2. Thiophene Derivatives

Alkylated thiophene derivatives are more difficult to
desulfurize than their nonalkylated equivalents (5, 32).
Especially, the yield of hydrodesulfurization reaction de-
creases dramatically in the case of 46DMDBT (see
Scheme 2) (33). Several authors assumed that for this com-
pound, the methyl groups prevent the sulfur atom to be
in contact with the catalytic active site. It is now well ac-

cepted that the use of bifunctional catalysts, composed of
a classical desulfurization catalyst component (34) and an
s of toluene and benzene. Initiation step is the attack of the proton on Cα .

acidic zeolite catalyst, increases by a factor 3 the desulfu-
rization rate (5). Michaud et al. (32) have reported that
the 46DMDBT hydrodesulfurization product does indeed
correspond to the product reached from its isomer (viz.
36DMDBT), which shows a less hidden sulfur atom. They
proposed that isomerization of dimethyldibenzothiophene
occurs prior to desulfurization.

First, monoalkylated thiophenes will be studied. These
compounds are less easily desulfurized than nonalkylated

species. Then the methyl benzothiophene isomerization re-
action will be considered.
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FIG. 2. Geometries of the intermediate (e2) and transition states (e1 an

reaction of toluene.

Methyl thiophene. As in the case of monomolecular
isomerization of toluene, the methyl–thiophene isomeriza-
tion may proceed following two different pathways, viz.
the shift mechanism isomerization and the disproportiona-
tion mechanism pathway (mediated via methyl alkoxy). We
will limit this study to the methyl-1-thiophene to methyl-2-
thiophene isomerization reactions.

The shift mechanism and the disproportionation mech-
anism of methyl-thiophene compounds are similar to the

toluene mechanisms. They need both an initial protona- formed by Lercher et al. (35). The adsorption energies of

tion step that leads to the formation of σ -bonded ions

TABLE 1

Computed Thermodynamic Data of the Reactions

Reaction Figure(s) Reaction step 1298G#(kJ/mol) 1298 H #(kJ/mol) 1298 S#(J/mol/K)

Isomerization of toluene 1 a→e 287 283 −13
Isomerization of toluene 1 and 2 a→e1 280 282 7

2 e2→e1 219 213 −17
Isomerization of 3 a→d 254 239 −50

methyl-thiophene 3 g→d 262 240 −76
Isomerization of 3 and 4 a→d1 255 250 −16

methyl-thiophene 4 d2→d1 184 184 2
4 d2→d3 206 206 −2

3 and 4 g→d3 286 272 −46
Isomerization of 5 a→d 285 269 −53

methyl-benzothiophene 5 g→d 276 266 −33
Transalkylation toluene– 7 d1→d2 298 292 −21

benzene
Transalkylation toluene– 1 and 8 a→b 305 298 −23

benzene 8 d→e 175 168 −25
8 f→e 232 225 −22

Transalkylation toluene– 1 and 10 a→e1 297 274 −79
thiophene 1 and 10 a→e2 300 278 −73

3 and 10 a→e1 297 276 −69
3 and 10 g→e2 285 281 −11
1 and 11 a→e 302 277 −86
4 and 11 d2→h 197 196 −3

methyl-1-thiophene and methyl-2-thiophene on the cluster
Note. All data are reported for a temperature of 298 K.
d e3) of the disproportionation via methyl alkoxy mechanism isomerization

(or thiophenoxy species), from which the isomerization step
takes place. This isomerization reaction step constitutes the
limiting step of the reaction.

The reaction energy diagram and geometries of the
shift mechanism isomerization of methyl-(1,2)-thiophene
are shown in Fig. 3. Methyl-1-thiophene and methyl-2-
thiophene adsorb on the cluster via a η1(S) adsorption
mode to the acidic proton, in agreement with the IR study
of the adsorption of thiophene within acidic zeolite per-
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are respectively Eads = −18 and −19 kJ/mol. The proto-
nation of methyl-1-thiophene on its Cα position (C1 atom)
appears to occur with an activation barrier energy 38 kJ/mol
lower than the methyl-2-thiophene energy (Eact = 119 and
157 kJ/mol respectively). Geobaldo et al. (6) reported that
the preferred protonation position of thiophene within the
acidic zeolite is the C1 position.
ene protonation reaction step results in gen atoms. The activation energy barrier that is required

a methyl-thiophenoxy species 8 kJ/mol lower than the to achieve isomerization step of methyl-1-thiophene is
nergy diagram and geometries of the intermediates
in kJ/mol).
iophenic derivatives.

methyl-thiophenoxy species formed in the case of methyl-
2-thiophene.

As for toluene, the shift methyl-thiophene isomeriza-
tion mechanism can be described as the shifting of a
methyl cation from a carbon atom to another. The clus-
ter participates to the mechanism only via the stabilizing
effect of the methyl carbenium by the Lewis basic oxy-
and transition states for the shift 1–2 mechanism isomerization reaction of



AROMATIC SPECIES CATALYZED BY ACIDIC ZEOLITES 147
FIG. 4. Geometries of the intermediate (d2) and transition states (d1 and d3) of the isomerization reaction of methyl–thiophene via the dispro-

portionation reaction.

Eact = 240 kJ/mol. It is 241 kJ/mol for methyl-2-thiophene
(see Fig. 3).

The isomerization reaction can also occur through the
breaking of the bond between thiophene and the methyl
group, and consecutive formation of a bond between the
methyl group and a Lewis basic oxygen atom (dispropor-
tionation mechanism) (see Fig. 4). The initiation step that
allows this transition state is the same the previous step
(see Fig. 3). The disproportionation transition state struc-
tures are energetically different for the two isomers: the
computed activation energy barriers show an energy dif-
ference of 22 kJ/mol. As for the proton attack mechanism,
the methylation in the C2 position gives a higher energy
barrier (Eact = 250 and 272 kJ/mol for methyl-1-thiophene
and methyl-2-thiophene, respectively). After this reaction
has occurred, thiophene adsorbs to a methyl alkoxy species.
Thiophene is not strongly physisorbed to the methyl alkoxy.
The adsorption energy is only −5 kJ/mol. For methyl-1-
thiophene and methyl-2-thiophene formation thiophene
and methyl alkoxy undergo methylation of thiophene with
Eact = 181 and 202 kJ/mol, respectively.

The highest activation energy barrier for the shift mecha-
nism isomerization is Eact = 241 kJ/mol. For the dispropor-
tionation mechanism isomerization this is Eact = 272 kJ/
mol. One may assume that the isomerization reaction of
methyl-thiophene follows preferentially the shift mecha-
nism isomerization pathway.

Methyl benzothiophene. The isomerization of methyl-
benzothiophene has also been studied. For this compound,
only the shift mechanism of isomerization has been inves-
tigated. Its reactivity is actually more closely related to
toluene than to alkylated thiophene (see Fig. 5). However,
energy differences between toluene and 2MBT isomeriza-
tion exist and will be reported.
The adsorption energies of 2MBT and 3MBT (see
Scheme 2) are Eads = −20 kJ/mol. An activation barrier
energy of Eact = 192 kJ/mol is required to overcome the
barrier of the proton attack and thiophenophenoxy species
formation mechanism step for 2MBT. The thiophenophe-
noxy species energy level is +137 kJ/mol above the ad-
sorbed 2MBT. The proton attack activation energy barrier
is Eact = 205 kJ/mol in the case of 3MBT. The phenoxy
species is +177 kJ/mol with respect to adsorbed 3MBT.

After protonation, isomerization can be achieved. The
transition state geometry is close to that of toluene. The
activation barrier energy is Eact = 270 kJ/mol with respect
to adsorbed 2MBT. This barrier is 12 kJ/mol smaller than
the shift isomerization activation energy barrier of toluene.

The shift isomerization mechanism transition states of
4MDBT and 46DMBT have been also computed (see
Fig. 6). However, adsorption geometries have not been
computed because of the large size of these molecules. In-
teractions with the molecules and the hydrogen atoms of
the SiH3 groups cannot be avoided. These interactions do
not have physical meaning, as such SiH3 groups do not ex-
ist in zeolite catalyst. Transition states geometries of iso-
merization of 4MDBT and 46DMDBT are very similar
to the toluene and 2MBT geometries (see Fig. 6). As the
adsorption geometries could not be defined we used in-
stead the activation energy barriers of the gas phase sys-
tems as reference. Activation energies with respect to the
gas phase systems are 262, 250, 250, and 248 kJ/mol for the
shift mechanism isomerization transition states of toluene,
2MBT, 4MDBT, and 46DMBDT, respectively.

3.2. Bimolecular Mechanisms

3.2.1. Toluene–Benzene

The reaction steps of the transalkylation reaction be-
tween toluene and benzene will be analyzed. These re-

actions allow also the isomerization of toluene. More-
over, they can also be considered as model reactions of
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FIG. 5. Reaction energy diagram and geometries of the intermediates and transition states of the shift 1–2 mechanism isomerization reaction of

M2BT (data in kJ/mol).

transalkylation reactions between toluene molecules that
lead to the formation of xylenes and benzene (23, 24, 36, 37).
Toluene worldwide production is more important than the
actual needs (38) and the transformation of this low valu-
able molecule in higher valuable molecules, viz. benzene
and xylenes, is of interest. Two mechanisms of transalky-
lation have been proposed. Transalkylation may occur via
a direct transalkylation reaction between toluene and ben-
zene, with an exchange of a methyl group. It has been also
proposed that this reaction proceeds through a diphenyl-
methane intermediate (36). We will investigate both mech-
anisms.

The direct transalkylation mechanism. Interestingly, the
initiation step of this reaction sequence is the same as the
initiation step of the shift reaction as well as dispropor-
tionation reaction of isomerization (see Fig. 1). Toluene
must be activated prior to the transalkylation mechanism.
This occurs via the proton attack and phenoxy formation
mechanism previously described. We computed the corre-
sponding transition state in the presence and absence of
benzene. The presence of benzene does not help the re-
action. The difference of activation energies between the

two transition states is less than 5 kJ/mol. Benzene can
be considered absent for the initiation step. It adsorbs on
the alkoxy species (see Fig. 7). This physisorbtion is very
weak with Eads = −3 kJ/mol. The alkoxy desorbs from the
Lewis basic oxygen atom and then reacts with benzene (see
Fig. 7). The activation energy barrier for the transalkyla-
tion mechanism is Eact = 277 kJ/mol. The hydrogen atom
that comes from the acidic site is not in interaction with a
Lewis basic oxygen atom. This shows that the protonation–
transalkylation–proton backdonation mechanism does not
occur in a single mechanistic step (associative mechanism)
but in several mechanistic steps (consecutive mechanism).

The activation energy of the transalkylation mechanism
is the same as the activation energies of the isomerization
mechanisms (Eact = 277 kJ/mol and for shift and dispropor-
tionation isomerization mechanisms 279 and 282 kJ/mol,
respectively). Since energetically no difference in energy is
predicted, and because transalkylation is bimolecular reac-
tion, it is expected to be more favored as monomolecular
isomerization reactions as long as micropore sizes do not
prevent formation of the large transition state (37) (see
Scheme 1).

The diphenylmethane intermediate mechanism. This
mechanism has been proposed to be the dominant one

within large pore zeolite (1–4, 36–38). The first step of this
mechanism is believed to be the attack of the acidic proton
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FIG. 6. Geometries of the transition states for the shift isomerization reactions of (a) toluene, (b) MBT, (c) MDBT, and (d) DMDBT.

FIG. 7. Geometries of the intermediates (d1 and d3) and transition state (d2) for the transalkylation between toluene and benzene via the direct

mechanism.
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FIG. 8. Reaction energy diagram and geometries of the intermediates and transition states of the transalkylation reaction between toluene and

benzene via diphenylmethane (data in kJ/mol).

on the methyl group of toluene in order to form H2 and a
benzyl carbenium ion. Of course charged species cannot be
stabilized by the zeolite long-range electrostatic contribu-
tion and we found a slightly different reaction pathway to
be followed. The geometries of intermediates and transition
states of this transalkylation via diphenylmethane interme-
diate mechanism are shown in Figs. 8 and 9.
The initiation transition state mechanism step leads to
the formation of H2 and benzyl alkoxy species. H2 desorbs
quickly from the acidic site. The activation energy barrier of
this reaction step is relatively high (Eact = 297 kJ/mol). The
back reaction is considerably more difficult than in the case
of the previous proton attack on the Cα of toluene (Eact =
49 kJ/mol for direct transalkylation back mechanism and
Eact = 184 kJ/mol for the present). Morin et al. (24b) and
Guisnet et al. (38) suspected that the active sites for this

reaction are more acidic than the sites for isomerization re-
action. Benzyl alkoxy evolves quickly because it is relatively
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FIG. 9. Geometries of the intermediate (left) and transition state (r

unstable to another species (its energy level is 113 kJ/mol
with respect to adsorbed toluene). Benzene can adsorb
nearby (Eads is only−7 kJ/mol). Then, the diphenylmethane
formation reaction can occur. The corresponding transition
state activation energy barrier is Eact = 148 kJ/mol with re-
spect to benzene adsorbed on benzyl alkoxy and 253 kJ/mol
with respect to toluene adsorbs on the cluster and benzene.
The benzyl alkoxy is released from the Lewis basic oxygen
atom, and benzene attacks the C1 carbon atom and forms
a diphenylmethane molecule. The proton back-donation
to the cluster is a consecutive mechanism to this transi-
tion state and occurs without activation energy. Diphenyl-
methane adsorbed to the acidic proton is 47 kJ/mol less sta-
ble than adsorbed toluene and benzene. The back-reaction
has a low barrier. Benzene and toluene are formed. Un-
certainties exist at this stage whether the methyl group will
stay on its parent aromatic ring or is exchanged to the ben-
efit of the other aromatic ring. Steric constraints and dif-
fusion of the products drive the reaction to the formation
of some selective isomers in zeolite micropores. However,
once initiated this mechanism is less susceptible to be deac-
tivated than direct transalkylation mechanism and the cata-
lytic cycle may be continued (see Scheme 3). Alternatively,
hydrid transfer reaction can take place between the benzy-
loxy intermediate and a toluene molecule (see Fig. 9). This
mechanism allows another toluene to get involved in the

catalytic cycle. The activation energy barrier of the hydrid
transfer mechanism is 286 kJ/mol with respect to 2 toluene
ight) of the hydrid transfer reaction between toluene and benzyloxy.

molecules adsorbed to the acidic site. The initiation step
activation energy is Eact = 297 kJ/mol. The activation en-
ergy of the hydrid transfer reaction is Eact = 178 kJ/mol
with respect to toluene adsorbed on benzyloxy intermedi-
ate (1298KHact and 1298KGact are 179.3 and 185.1 kJ/mol,
respectively).

Despite the lower activation energies, this mechanism has
been reported to present other difficulties (37). Two effects
exist that cannot be estimated by DFT study. First, H2 can
deactivate the catalytic cycle. H2 is required for the termi-
nation step. But it is helpful in preventing coke formation
and consecutive deactivation of catalytic active sites. More-
over, relatively large size intermediates are mandatory in
this mechanism. Zeolite micropore size is a crucial param-
eter to allow for this mechanism to occur. Morin et al. (24b)
have shown that partial deactivation of active sites first af-
fect the stronger acidic sites. The mechanism of transalkyla-
tion via diphenylmethane intermediate will be immediately
affected. Furthermore, they shown that rate of this mecha-
nism decreases more quickly that the one of isomerization
reaction due to coke formation.

3.2.2. Toluene–Thiophene

We will study the transalkylation reaction between
toluene and thiophene in this part. We will limit the inves-

tigation to the direct transalkylation mechanism but will
check the different possibilities of methylating positions
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SCHEME 3. Catalytic cycles of transalkylation reaction of toluene and benzene via the diphenylmethane intermediate. Initiation step is a proton

attack on the hydrogen atom of the toluene methyl group that leads to the

on thiophene. The alkylation reactions between alkylated
thiophenes and benzene present the double advantage of
inducing a decrease of benzene content in gas-oil (39), and
a formation of more easily desulfurized thiophenic species
(5, 32, 35a).

The first step of this reaction pathway is the attack of the
acidic proton on toluene that undergoes formation of the
toluene phenoxy species (see Fig. 1). Thiophene does not
lower the barrier of this reaction: the presence of thiophene
stabilizes the transition state only by 3 kJ/mol. Thiophene
adsorbs on the phenoxy species. The physisorbtion energy
is small Eads = −2 kJ/mol. The transition state geometry
of the methylation reaction of thiophene C1 carbon atom is
shown in Fig. 10. The activation energy barrier of this reac-
tion is Eact = 272 kJ/mol with respect to toluene adsorbed
on the cluster and thiophene energy. The reaction pathway
is similar to the pathway already described in the alkylated
thiophene part afterward (see Fig. 3). The computed ac-

tivation barrier energy is Eact = 277 kJ/mol in the case
of the alkylation on the C2 position. With a difference of
formation of H2.

only 5 kJ/mol between the two activation barrier energies,
there are no intrinsic differences toward a specific methyla-
tion position. When the opposite mechanism is considered
(alkylation of benzene by a methyl-thiophene), the same
conclusion can be drawn. We may assume that initial ac-
tivation of methyl-1-thiophene is more favorable than the
methyl-2-thiophene activation.

Except to C1 and C2 positions, the methylation of toluene
on thiophene can also occur on the sulfur atom position (see
Fig. 11). The activation energy barrier that is required to
methylate thiophene on its sulfur atom is 272 kJ/mol with
respect to adsorbed toluene and thiophene in gas phase.
A charged species is formed (see Fig. 11). Despite the fact
that this molecule is a charged species, one finds a stable
(local) minimum. Its energy is 223 kJ/mol above the energy
level of adsorbed toluene and thiophene. An activation en-
ergy barrier of only 34 kJ/mol is found for proton backdo-
nation. Several reaction steps were investigated from this

unstable species (viz. cracking (8c, 20) and disproportion-
ation in the present study). The only disproportionation
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FIG. 10. Geometries of the intermediates and transition states for the mechanism of the direct mechanism transalkylation reaction between toluene
e
and thiophene leading to the formation of benzene and methyl-1-thiophen

reaction step that appears to be achievable is the dona-
tion of a methyl group to a Lewis basic oxygen atom of
the negatively charged cluster (see Fig. 11). This reaction

allows the formation of thiophene, benzene, and methyl within a span of 5 kJ/mol in the case of transalkylation re-

alkoxy. It is possible to crack thiophene (20) or to alkylate action between thiophene and toluene. It is likely that all
FIG. 11. Geometries of the (g) intermediate and (e and h) transition s
between toluene and thiophene when alkylation occurs on the thiophene su
(top) and benzene and methyl-2-thiophene (bottom).

another passing-by molecule from thiophene and methyl
alkoxy (see Figs. 2 and 4).

All maximum activation energy barriers computed are
tates for the mechanism of the direct mechanism transalkylation reaction
lfur atom.
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these reaction steps can occur in parallel and that selectiv-
ity toward one or the other product requires other factors,
such as steric constraints and/or diffusivity.

4. CONCLUSION

We have investigated the reactions of isomerization of
toluene, methyl-thiophene, and alkylated thiophene deriva-
tives in this theoretical study. Moreover, transalkylation re-
actions of toluene–benzene and toluene–thiophene have
been investigated.

Two different reaction pathways of intra-isomerization,
viz. the shift 1–2 isomerization reaction and the dispro-
portionation via a methyl alkoxy isomerization reaction,
have been found (see Scheme 1). A phenoxy intermediate
is involved in both of them. The highest activation energy
barriers required to achieve toluene isomerization reaction
are similar (Eact ∼ 280 kJ/mol). A 1Eact ∼ 30 kJ/mol is
found for methyl-thiophene isomerization reaction. This
would suggest that the shift 1–2 isomerization reaction is
preferred (Eact ∼ 240 and 270 kJ/mol for the shift 1–2 and
disproportionation reactions, respectively). The shift iso-
merization reaction of 2MBT as well as for other benzoth-
iophenic derivatives suggests that the reactivity of these
species is closely related to the toluene derivative. Interest-
ingly, it appears that large differences exist on the alkoxy
intermediates. A proton attack on 2MBT leads to an alkoxy
intermediate 15 kJ/mol more stable than in the case of
the phenoxy intermediate, whereas the alkoxy intermediate
formed after a proton attack on 3MBT gives an intermedi-
ate 25 kJ/mol less stable. One assumes, as steric constraints
are similar on both thiophenophenoxy intermediates, that
this energy difference originates from different sulfur atom
positions as a function of the phenoxy bond.

Transalkylation reactions have also been analyzed. Two
reaction mechanisms have been shown to occur. The first,
the direct transalkylation reaction, requires an initiation
step similar to the isomerization reaction (see Scheme 1).
The highest activation energy does not show dependence
whether transalkylation reaction occurs between toluene
and benzene or toluene and thiophene. Furthermore, the
alkylation reactions on a nonequivalent thiophenic posi-
tion give the same activation energy. All highest activation
energies of direct transalkylation reactions shown here are
included within less than 3 around 275 kJ/mol. These values
are less than 10 kJ/mol from activation energies of toluene
isomerization reactions. When thiophene species are in-
volved, only the proton attack differs. It appears easier than
the activation of toluene (1Eact = 50–80 kJ/mol).

Transalkylation reaction can proceed following an-
other reaction pathway. This reaction involves a diphenyl-
methane intermediate and occurs via disproportionation

reaction steps. The initiation step of this reaction is consid-
erably more difficult than the initiation step of the direct
A ET AL.

transalkylation reaction (Eact ∼ 300 vs 200 kJ/mol) but al-
lows for the establishment of a less easily deactivated cata-
lytic cycle (Eact ∼ 184 vs 49 kJ/mol) (see Schemes 1 and
3). The activation barrier energy of the transalkylation step
reaction is 30 kJ/mol lower than that of direct transalkyla-
tion.

This study has been realized using a small cluster ap-
proach method. Therefore, zeolite framework electrostatic
contribution and steric constraints are missing. According
to Sinclair et al. and Boronat et al. (13), it is likely that a
uniform shift overestimation of the activation energies ex-
ists due to the absence of zeolite framework electrostatic
contributions. Moreover, as a function of the available void
cavity space within specific zeolite catalysts, bimolecular re-
action steps or larger intermediates can be prevented to ex-
ist. However, despite the shortcuts of the cluster approach
method, an analysis of the isomerization and transalkyla-
tion reactions of some aromatic species has been achieved.
The deeper insight in these mechanisms can help both theo-
retical and experimental works. These results are extremely
valuable as they allow for the establishment of a reactiv-
ity index of aromatic species activated by zeolitic Brønsted
sites in the absence of zeolitic topology dependence.
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