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The alkylation of benzene with isopropyl alcohol was investigated over molecular sieves of different
structural types and acidity by kinetic measurements and ab initio quantum chemical calculations.
The formation of n-propylbenzene occurring via bimolecular transalkylation between isopropylben-
zene and benzene is enhanced by the appropriate geometry of the reaction space and the acidity of
molecular sieves. n-Propylbenzene was formed over medium and large pore molecular sieves with
such inner channel architecture which enables the approach of isopropylbenzene and benzene to form
the reaction complex. Mesoporous sieves of MCM-41 structure provided only isopropylbenzene with
some amount of diisopropylbenzenes. For the fully relaxed complex consisting of protonated isopro-
pylbenzene and benzene, the computations verified the transfer of propyl group from one benzene
molecule to another forming again isopropylbenzene. When the geometrical conditions modelling the
channel intersections of ZSM-5 and ZSM-11 structures were considered n-propylbenzene was
formed. The anti-Markovnikov type of proton transfer from the arenium cation to the propene part of
the complex is promoted by the steric constraints present in the channel intersections of ZSM-5 and
ZSM-11 zeolites.
Key words: Alkylation of benzene; Isopropyl alcohol; n-Propylbenzene formation; Ab initio calcula-
tion; anti-Markovnikov rule; Zeolites; Molecular sieves; Heterogeneous catalysis.

Aluminium trichloride or supported phosphoric acid on silica are still used as catalysts
for the large-scale production of various alkylaromatic hydrocarbons despite severe en-
vironmental problems connected to both corrosion of the processing units and the dis-
posal of spent catalysts. The replacement of these catalysts by more
environment-friendly ones, exhibiting, moreover higher activities and selectivities is
one of the challenges in heterogeneous catalysis, which could be reached taking advant-
age of zeolite-based catalysts.

Molecular sieves1,2 are well-known to exhibit high activity and selectivity in acid
catalyzed transformations of hydrocarbons. These reactions proceed almost exclusively
in the inner channel system of zeolites bearing acid sites and, thus, their activities and
selectivities are strongly affected not only by their acidic properties but also by the size
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of the inner volume available for the catalytic reaction. The so-called shape selectivity3–6

originates from transport limitations of reactants and products in/out the channels,
and/or in formation of bulky intermediates (restricted transition-state shape-selectivity).
Recently we have found another type of the transition-state shape-selectivity (structure-
directed transition-state selectivity) operating if proper geometry and architecture of
the zeolite channel system induce formation of an intermediate complex not formed in
a non-restricted reaction volume6–9.

Isopropylbenzene (cumene) is a starting material for the production of phenol,
acetone and α-methylstyrene and thus belongs to a family of chemical commodities
with a large production. During the last decade, new processes of benzene alkylation
with propene catalyzed by molecular sieves were introduced by Dow Chemical-Kellog,
Mobil-Badger, ABB Lummus Global, and EniChem10–13 based on dealuminated mor-
denite or Beta zeolite. However, on these catalysts, small concentrations of undesired
n-propylbenzene and diisopropylbenzenes are formed. It was found that low selectivity
to n-propylbenzene can be usually attained over large-pore zeolites, which, however,
have some tendency to form diisopropylbenzenes and also to deactivate in time-on-
stream. On the other hand, medium-pore zeolites with three-dimensional channel sys-
tem of intersecting channels, though more resistant to deactivation, yield
n-propylbenzene in a non-negligible amount14–20. This led us to the investigation of the
mechanism of n-propylbenzene formation.

On the basis of kinetic investigations, it was suggested that the rate determining step
of benzene alkylation with isopropyl alcohol is desorption and transport of bulky,
strongly adsorbed propylbenzene molecules if the reaction takes place in gaseous phase
at about 520 K. As for the mechanism of n-propylbenzene formation, Fraenkel and
Levy15 originally assumed that n-propylbenzene is produced via monomolecular
isomerization of isopropylbenzene formed in the alkylation step. Beyer and Borbely21

observed n-propylbenzene in the products only if an excess of benzene was present in
the reaction mixture. The mechanism of n-propylbenzene formation was finally eluci-
dated by the experiments with labeled propene as alkylating agent for benzene
alkylation over ZSM-11 (refs16,18) and by the transalkylation reaction between 4-iso-
propylmethylbenzene and benzene over ZSM-5 (refs7,8) leading to the formation of
n-propylbenzene. These experiments proved that n-propylbenzene is formed via the
bimolecular transalkylation between isopropylbenzene and benzene which takes place
only in a restricted reaction volume of certain molecular sieve structures.

Ab initio quantum chemical calculations provide a theoretical approach to investiga-
tion of reaction mechanisms of transformations of various organic molecules over
molecular sieves, to distinguishing individual reaction steps, and to characterization of
transition states and reaction intermediates. Numerous examples can be found in the
literature, e.g. in papers of Blaszkowski and van Santen or of Corma’s groups22–26.
These calculations discussed the elementary steps of the methanol-to-gasoline process

1770 Cejka, Zilkova, Sponer, Wichterlova:

Collect. Czech. Chem. Commun. (Vol. 63) (1998)



or the skeletal isomerization of butane and n-butene to 2-methylpropane and 2-methyl-
propene, respectively.

This contribution provides a more general view on the mechanism of the alkylation
of benzene with isopropyl alcohol centred on the conditions required for the formation
of isopropyl- and n-propylbenzenes. A set of molecular sieves of various structures and
strength and concentration of acid sites was investigated. The experimental and theore-
tical considerations of the mechanism of n-propylbenzene formation are presented. In
the theoretical part of this study, we assumed that the reaction complex can be suffi-
ciently described by a complex consisting of protonated isopropylbenzene and benzene,
the first step of its formation being proton transfer from the zeolite bridging OH group
to the isopropylbenzene molecule. Mass spectrometric and ab initio studies27,28 have
shown that the protonated isopropylbenzene molecules can be stabilized in two ion-
molecule complexes depending on the location of the attached proton. The complex
[C6H7

+⋅C3H6] was chosen as the appropriate model for the description of protonated
isopropylbenzene. Because the experimental results have shown that the formation of
n-propylbenzene proceeds via bimolecular reaction and depends primarily on the steric
hindrances of the individual molecular sieves used, the calculations were carried out in
two steps. Firstly, a full optimization was performed on the structure of the complex of
cation [C6H7

+⋅C3H6] with a reactant benzene molecule, and secondly the steric hind-
rances simulating the perpendicularity of the channels of ZSM-5 and ZSM-11 struc-
tures were used.

EXPERIMENTAL

Molecular Sieves

Acid form of H-(Al)ZSM-5 zeolite with Si/Al ratio of 22.5 was prepared using an acid solution treat-
ment (0.5 M HNO3, 298 K) of the parent Na-zeolite (purchased from the Institute for Oil and Hydro-
carbons Gases, Bratislava, Slovak Republic). The synthesis of ferrisilicate of MFI structure
[H-(Fe)ZSM-5] has been described elsewhere19. An analogous procedure was employed for the syn-
thesis of H-(Al)ZSM-11 and H-(Fe)ZSM-11 but tetrabutylammonium hydroxide was used instead of
tetrapropylammonium hydroxide. The synthesis of H-(Al)ZSM-12 and H-(Fe)ZSM-12 was performed
with triethylmethylammonium bromide as structure-directing agent according to ref.29 with the excep-
tion that aluminium nitrate was substituted for ferric nitrate. ZSM-23 was synthesized according to
the procedure kindly provided by Dr S. Ernst30 using Cab-O-Sil M5, sodium hydroxide, aluminium
sulfate and pyrrolidine. NH4-Y zeolite with Si/Al ratio of 2.5 and NH4-mordenite (H-M) with Si/Al
ratio of 7.3 were supplied by the Research Institute for Oil and Hydrocarbon Gases (Bratislava, Slo-
vak Republic). Zeolite H-Beta (Si/Al = 12.5) was purchased from PQ Corporation (U.S.A.).

Aluminophosphate molecular sieve CoAlPO-5 was prepared modifying the synthesis procedure de-
scribed in ref.31 using cobalt acetate as a source of cobalt and tetraethylammonium hydroxide as tem-
plate.

The synthesis of aluminium-containing mesoporous molecular sieve MCM-41 was carried out in
our laboratory using modified procedure described in ref.32 with hexadecyltrimethylammonium hy-
droxide, Cab-O-Sil M5, sodium silicate, tetramethylammonium hydroxide and sodium aluminate.
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All the synthesized molecular sieves were calcined in a stream of air at 820 K for 6 h to remove
the organic template. Their ammonium forms were prepared by a repeated ion-exchange with 0.5 M

ammonium nitrate at ambient temperature.
The concentration of heteroatoms in the molecular sieves was determined, after their dissolution,

by atomic absorption spectrometry. The proportion of heteroatoms located in the framework sites was
estimated from temperature-programmed desorption of ammonia and the NH4

+ ion-exchange capacity.
It has been found that aluminium-containing molecular sieves were almost free of extra-framework
Al species (<1.5%), in the case of iron-containing analogues about 10% of iron species were located
in the extra-framework positions.

Characterization of Catalysts

The molecular sieves used were checked by X-ray powder diffraction (Seifert 3000P), scanning elec-
tron micrography (JEOL), and FTIR spectroscopy (Nicolet Magna-550) to confirm their high crystal-
linity and phase purity.

Concentration of the bridging OH groups was determined from the high-temperature peak of the
temperature-programmed desorption of ammonia (performed in a helium stream from 373 up to 823 K)
and from the intensity of IR bands of bridging OH groups and of adsorbed d3-acetonitrile. The details
of these procedures are given elsewhere17, for estimation of corresponding extinction coefficients see
ref.33.

Benzene Alkylation with Isopropyl Alcohol

The alkylation of benzene with isopropyl alcohol was performed in a down-flow microreactor (inner
diameter of 10 mm, weight of dry catalyst 0.40 g, grain size 0.3–0.6 mm) at 520 K and WHSV 10 h–1.
A nitrogen stream was saturated with an equilibrium concentration of benzene at 316 K to a level of
18.5 vol.% and mixed with another stream of nitrogen equilibrated with isopropyl alcohol (at 308 K)
to reach the benzene/isopropyl alcohol molar ratio 9.6 in the final reactant mixture. The reaction pro-
ducts were analyzed using an “on-line” gas chromatograph (Hewlett–Packard 5890 Series II)
equipped with a high-resolution capillary column SUPELCOWAX 10 (30 m length, i.d. of 0.2 mm,
phase thickness 0.2 µm) and with the flame ionization and mass spectrometric (Hewlett–Packard
5971A) detectors.

Ab initio Quantum Chemical Calculations

Geometries of all complexes were optimized within the Hartree–Fock (HF) approximation with the
6-31G** basis set of atomic orbitals. Analytic gradients have been computed following the Berny al-
gorithm. In several cases analytic second derivatives had to be used to obtain optimized structures.
We studied initial and final structures of the transalkylation and transalkylation/isomerization reac-
tions of complex [C6H7

+⋅C3H6⋅C6H6] leading to isopropyl- and n-propylbenzenes and a number of
structures where the C…H distance was fixed along the proposed reaction pathway.

To estimate the effect of dispersion energy on the intermolecular stabilization of various com-
plexes the intermolecular energies were evaluated using the second-order Møller–Plesset (MP2)
perturbation theory. Standard 6-31G basis set augmented by one set of diffuse (momentum-op-
timized; exponent of 0.25) d-polarization functions was used. These calculations were made as
single-point energy calculations using the HF/6-31G** optimized geometries which is abbreviated as
MP2/6-31G* (0.25)/HF/6-31G** level. All ab initio quantum chemical calculations were carried out
using the Gaussian 94 computer code. The details of the calculation procedure are given elsewhere34.
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RESULTS AND DISCUSSION

As this contribution is focused on the explanation of the effect of the architecture of the
inner zeolite channels on the formation of n-propylbenzene in the benzene alkylation
with isopropyl alcohol, Tables I and II summarize only benzene conversion, selectivity
to propylbenzenes, and isopropyl-/n-propylbenzene ratio. Detailed product composition
for some zeolites can be found in refs7,8.

Molecular Sieves with One-Dimensional Channel System

Table I gives the results of benzene alkylation with isopropyl alcohol for molecular
sieves possessing one-dimensional channel system differing in the dimensions of their
channels, i.e. medium-pore, large-pore and mesoporous systems.

No n-propylbenzene was observed for medium-pore H-(Al)ZSM-23 zeolite. For one-
dimensional large-pore zeolites, namely H-(Fe)ZSM-12, H-mordenite (second eight-
member channel ring is too small to accommodate benzene molecules) and CoAlPO-5
again no n-propylbenzene was produced and only traces of n-propylbenzene were
found over H-(Al)ZSM-12 (Table I). These results are in agreement with the proposed
bimolecular mechanism considering the formation of the large 1,2-diphenylpropane in-
termediate which is too bulky to fit into the one-dimensional channel systems of these
molecular sieves7,16. However, with MCM-41 possessing wide one-dimensional chan-
nels (about 35 Å), n-propylbenzene was not formed either, although the inner volume
was sufficient to accommodate this bulky intermediate complex. The only observed
products over MCM-41 were isopropylbenzene and all three isomers of diisopropyl-
benzenes (Table I).

The results obtained over one-dimensional molecular sieves clearly showed that the
formation of n-propylbenzene does not depend on the reaction space available but on
the architecture of the reaction volume. n-Propylbenzene is not formed over medium-
and large-pore zeolites where 1,2-diphenylpropane intermediate cannot be accommo-
dated for steric reasons, but it is also not formed over mesoporous MCM-41 with signi-
ficantly larger pores.

Molecular Sieves with Three-Dimensional Channel System

A substantially different product composition was observed for three-dimensional
channel systems represented by medium-pore H-(Al) and H-(Fe)ZSM-5, and H-(Al)
and H-(Fe)ZSM-11 molecular sieves, and large-pore H-Y zeolite and H-Beta (Table II).
A small amount of n-propylbenzene is formed over H-Y zeolite. Zeolite Y is able to
accommodate in its large cavity also 1,1-diphenylpropane complex, which is probably
more energetically favoured, and is further transformed again into isopropylbenzene
and benzene. This means that only transalkylation of isopropyl group from one benzene
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ring to another benzene molecule proceeds, however, not accompanied by isomeriza-
tion of isopropyl group to n-propyl one. A significantly higher concentration of n-pro-
pylbenzene was obtained with large-pore zeolite H-Beta possessing three-dimensional
channel system with intersecting channels without large cavities. The highest selectiv-
ity to n-propylbenzene was reached using medium-pore zeolites H-(Al)ZSM-5 and
H-(Al)ZSM-11 (Table II). For isomorphously substituted (Al) and (Fe)ZSM-5 and
ZSM-11 the overall conversion of benzene is governed by desorption and transport of
bulky products while the rate of transalkylation or transalkylation/isomerization reac-
tions is controlled by the acid strength of bridging OH groups. The higher the acid
strength of bridging OH groups (Si–OH–Al > Si–OH–Fe), the higher the rate of the
transalkylation/isomerization reaction leading to the formation of n-propylbenzene.

It follows that n-propylbenzene is formed almost exclusively over H-ZSM-5, H-ZSM-11
and H-Beta. Thus, for elucidation of the role of the zeolite architecture in this reaction,
the similarity among ZSM-5, ZSM-11 and Beta structures should be considered. These
structures are three-dimensional with intersecting channels without large cavities;
moreover, the dimension of channel of zeolite Beta along the [001] axis is comparable
with the dimensions of ZSM-5 and ZSM-11 channels.

Ab initio Quantum Chemical Calculations of the Transalkylation 
Between Isopropylbenzene and Benzene

Ab initio quantum chemical calculations have been used to describe the possible reaction
pathways of n-propylbenzene formation both for restricted and non-restricted reaction
volume. The monomolecular isomerization of isopropylbenzene to n-propylbenzene has
been ruled out by Berthomieu et al.27,28 because of higher thermodynamic stability of
the protonated isopropylbenzene compared to the n-propylbenzene carbocations. On the
other hand, it has been shown that protonated n-propylbenzene can irreversibly
isomerize to protonated isopropylbenzene prior to dissociation35.

Experimental data provide an evidence that bimolecular reaction proceeds in me-
dium-pore zeolites with three-dimensional channel system and it was suggested that
particularly the intersections in ZSM-5 and ZSM-11 channel structures are appropriate
reaction volume for intermediate complex formation. To evaluate the role of the zeolite
structure in the transalkylation reaction, the restricted reaction volume was simulated
by fixing the perpendicularity of the benzene rings of the reaction complex (described
as [C6H7

+⋅C3H6⋅C6H6]). The energy profiles of the reactions in restricted and non-re-
stricted reaction volume are presented in Fig. 1. The horizontal axis represents the
reaction coordinate (τ), i.e., the distance between the C(sp3) carbon of the benzenium
cation and the bridging H atom. The dotted line depicts the curve obtained for non-re-
stricted, fully optimized, and the solid one for restricted reaction volume. The individ-
ual reaction complexes (structures 1–7) are presented in Fig. 2.
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When no sterical restrictions are considered, transfer of isopropyl group from one
benzene ring to the other takes place. In the initial state complex (structure 1), the
protonated benzene ring points towards the non-protonated benzene ring (representing
the reactant benzene molecule). The propene part and the benzenium cation are linked
together via a hydrogen bond. The isopropyl group is generated via Markovnikov type
proton transfer from the C(sp3) carbon of the benzenium cation to the primary carbon
of propene moiety (the proton involved in the transfer is indicated by • in all the struc-

FIG. 2
Representative structures along the computed reaction pathways for restricted and non-restricted
reaction volume (TS transition state, for the numbering of the structures, see Fig. 1)
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FIG. 1
Computed energy profiles of the bimolecular transalkylation reaction between protonated isopropyl-
benzene and benzene (. . . . non-restricted reaction volume, −−−− restricted reaction volume). The
numbers belong to the structures depicted in Fig. 2
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tures). The rate determining step of this reaction is the cleavage of the C(sp3)–H bond
requiring an activation energy of 17 kcal/mol. In the transition state complex the trans-
ferred proton is stabilized by an interaction with the propene and benzene molecules
(see structure 2). The step-by-step displacement of the proton from benzenium cation
towards the propene part of the complex is accompanied by a shift of the reactant benzene
molecule towards the secondary carbon of the propene part promoting the Markovnikov
type proton addition. At the destination, illustrated by structure 3, the secondary carbon
of the isopropyl carbocation holds the positive charge pointing to the center of the
reactant benzene molecule. This interaction leads to an enormous stabilization of the
complex (computed intermolecular interaction energy between these two parts is
–14.4 kcal/mol). It should be noted that the complex of the isopropyl cation with the
reactant benzene molecule [C6H6⋅C3H7

+] (structure 3) closely resembles the more en-
ergetically favoured ion-molecule structure suggested by Berthomieu et al.27.

Completely different results were obtained when the perpendicularity of the benzene
rings in the initial complex was fixed. From the comparison of structures 4 and 5 it can
be seen that the proton transfer does not involve substantial changes in the global struc-
ture of the reaction complex, owing to the restriction on the mutual position of the
benzene rings. The rate determining step of the reaction is again the cleavage of the
C(sp3)–H bond with the same activation energy of 17 kcal/mol. Nevertheless, a sub-
stantial structural difference between the two transition state complexes has to be
stressed emerging from the average interatomic C–C distances, measured between the
nearest carbon atom of the reactant benzene ring and the primary or secondary carbons
of the propene. In the transition state complex obtained for non-restricted reaction volume
(structure 2) both the primary and secondary carbon atoms of the propene moiety are
accessible to the protonation while in the restricted reaction volume (structure 5) the
secondary carbon is preferred following, thus, the anti-Markovnikov rule. In line with
this, in addition to the Markovnikov type an anti-Markovnikov type pathway has been
found, the latter being responsible for the n-propylbenzene formation. Structure 6
corresponds to the reaction complex with proton in the bridging position over the
double bond of the propene part. The energy of this structure is by 13.2 kcal/mol lower
than that of the transition state complex indicating that the anti-Markovnikov type path-
way does not require investment of extra energy. This can be evidently attributed to the
effect of the interacting benzene rings, that stabilizes the transient cationic center on the
primary carbon of the propene part in structure 6. The final stabilization of the n-propyl
group formed according to anti-Markovnikov type proton transfer is achieved via for-
mation of the chemical bond between the n-propyl group and the reactant benzene
molecule. Thus, the thermodynamic stability of the anti-Markovnikov type product de-
picted by structure 7 – a complex of protonated n-propylbenzene and benzene – is by
20 kcal/mol higher than that of the initial state complex. This significant stabilization
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of the product can provide an explanation why the anti-Markovnikov type pathway
becomes preferred.

By examining the steric dimensions of the reaction complex obtained with geometri-
cal constraints we have found an explanation of the experimental finding, i.e. that the
optimum reaction space for the transalkylation/isomerization reaction is provided by
the ZSM-5 and ZSM-11 zeolite structures. This optimum reaction space was obtained
by fixing the perpendicularity of both benzene rings as assumed for intersections of
ZSM-5 and ZSM-11 structures. Figure 3a depicts the reaction complex embedded in the
ZSM-5 structure. For comparison, the same complex accommodated in zeolite Beta is
shown in Fig. 3b. It can be seen, that the optimum reaction volume is given by the
ZSM-5 channels, because the reaction complex completely fills the available reaction
space. In contrast, there is more space to accommodate the reaction complex in the
channels of the Beta structure, which results in the lowering of the selectivity to n-propyl-
benzene compared to that measured over ZSM-5 and ZSM-11 structures.

CONCLUSIONS

The formation of n-propylbenzene in the transalkylation step is significantly influenced
by the acidity of the active sites of zeolites (both strength and concentration of protonic
sites) but primarily by the proper channel architecture and dimensions of perpendicu-
larly oriented channels. Formation of bimolecular intermediate complex is sterically
hindered in the one-dimensional channel system of medium- or large-pore zeolites
[H-(Al)ZSM-23, CoAlPO-5, H-mordenite, H-(Al)ZSM-12, H-(Fe)ZSM-12]. The cata-
lytic experiments carried out with different structural types of molecular sieves con-
firmed that the formation of n-propylbenzene is directed by the appropriate structure of
zeolites ZSM-5 and ZSM-11.

a                                                                                            b

FIG. 3
Steric conditions for the accommodation of the initial state complex in the ZSM-5 and Beta struc-
tures (a ZSM-5, view along the [100] axis; b Beta, view along the [100] axis)
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Ab initio quantum chemical calculations have shown that the primary product of the
reaction between protonated isopropylbenzene and benzene in restricted reaction vol-
ume (simulating ZSM-5 and ZMS-11 structures) is a complex of protonated n-pro-
pylbenzene and benzene.

The bimolecular isomerization reaction is initiated by the transfer of the bridging
hydrogen from the sp3 carbon of the benzenium moiety towards the propene part. The
anti-Markovnikov type proton addition to the propene part is promoted by the forma-
tion of a covalent bond between the reactant benzene molecule and the propene moiety
resulting in a substantial stabilization of the complex.
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