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Abstract: Recent experimental work has shown that methanol to olefin (MTO) catalysis on microporous
solid acids proceeds through a hydrocarbon pool mechanism with methylbenzenes frequently acting as
the most important reaction centers. Other recent experimental evidence suggests that side-chain
methylation is more important than an alternative paring (ring contraction-expansion) mechanism. The
present investigation uses density functional theory B3LYP/cc-pVTZ//B3LYP/6-311G* and G3(MP2)
calculations to model many of the features of the side-chain mechanism. We first calculated at the G3(MP2)
level the heats of formation of 43 neutral alkybenzenes to predict the thermodynamics for methylation
reactions. The G3(MP2) results predict that sequential methylation of benzene rings with fewer than four
methyl groups will preferentially occur on the ring, resulting in the series toluene, 1,3-dimethylbenzene,
1,2,4-trimethylbenzene, and 1,2,4,5-tetramethylbenzene. With the addition of another methyl group side-
chain methylation becomes preferred, with 1-ethyl-2,4,5-tetramethylbenzene predicted to be more stable
than pentamethylbenzene by 0.7 kcal/mol. We modeled the entire gas-phase side-chain reaction mechanism
at the B3LYP/cc-pVTZ//B3LYP/6-311G* level, using p-xylene, 1,2,3,5-tetramethylbenzene, and hexa-
methylbenzene as reaction centers and following the reaction to the point of producing both ethylene and
propene. B3LYP/6-311G* analytical frequencies were calculated in order to obtain the data needed for the
prediction of enthalpies. For comparison, G3(MP2) enthalpies were also calculated for the mechanism
based on p-xylene only. We also used a zeolite cluster model to more accurately describe the relative
energetics of the reaction for the entire hexamethylbenzene mechanism and parts of the p-xylene
mechanism. These calculations place the side-chain mechanism on a much stronger foundation and
reproduce experimental structure-reactivity and structure-selectivity data for the methylbenzene hydro-
carbon pool.

Introduction

The conversion of methanol to olefins (MTO) or other
hydrocarbons1-3 on microporous solid acids is a key step in
the synthesis of polyolefins from methane. The mechanism of
MTO catalysis has been a long-standing academic problem, and
there were at least 20 distinct proposals for this chemistry that
embrace almost every type of reactive intermediate.4 A series
of papers from the Kolboe5-9 and Haw10-15 groups have settled

this issue in favor of some type of hydrocarbon pool mechanism.
In our recent Communication in this journal we showed that
methanol has little or no reactivity on two important MTO
catalysts if great care is taken to remove organic impurities that
form the primordial hydrocarbon pool and initiate the reaction.16

This finding is especially strong evidence for a hydrocarbon
pool mechanism in MTO chemistry.

Within the hydrocarbon pool hypothesis it is possible to
imagine many detailed mechanisms involving various organic
reaction centers (the active hydrocarbon pool species) that take
part in catalytic cycles. Many of these pathways can be tested
experimentally. Known hydrocarbon pool species include
methylbenzenes,12 methylnaphthalenes,13 methylcyclopentenyl
cations,12 and in some cases simple olefins. There are two long-
standing explanations of how methylbenzenes function as
hydrocarbon pool species.
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The paring reaction was proposed in 1961 to account for the
conversion of hexamethylbenzene to isobutane and other
products on a bifunctional catalyst in a hydrogen gas stream.17

In the paring mechanism of MTO catalysis a benzenium cation
ring contracts from six carbons to five carbons, and then expands
back to six, such that an alkyl chain is extended in the process.
As in other hydrocarbon pool mechanisms this alkyl chain would
be eliminated as an olefin on an MTO catalyst. Scheme 1 shows
one highly simplified way to think of the paring route (there
are obviously others that could be drawn).

Carbon label scrambling between ring and methyl positions
is possible evidence of the paring mechanism. While scrambling
is frequently observed,9,15 its mechanistic significance is so far
not certain. Ring expansion and contraction by a benzyl-
tropylium type route has been suggested as an alternative
explanation for label scrambling.15 The second explanation for
the involvement of methylbenzenes as hydrocarbon pool species
was put forth by Mole and co-workers, who were the first to
propose side-chain methylation of methylbenzenes during MTO
catalysis.18 This mechanism was devised to account for a
“cocatalytic” effect of toluene in methanol conversion catalysis
on zeolite HZSM-5. Scheme 2 shows our re-interpretation of
Mole’s original mechanism.

Our schemes15 show cation formation bygem-dimethylation
of aromatic rings, rather than by protonation, as in the original
source literature.18 There is experimental evidence forgem-
dimethyl benzenium cations as persistent species in zeolites.
For example, a pentamethylbenzenium cation has been observed
in HZSM-519 whereas the heptamethylbenzenium cation has
been observed in zeolite HBeta by in situ NMR.20 Zeolites are
not sufficiently strong acids to form a persistent benzenium ion
by protonation,21-24 and all of our theoretical work to date shows

that protonated benzene rings in zeolites transfer the proton back
to the catalyst without a barrier. In contrast we find barriers for
the loss of the CH3+ group. A key feature of the side-chain
mechanism of MTO catalysis is deprotonation of a benzenium
cation side chain to form an exocyclic olefin (Scheme 2).
Methylation of the exocyclic double bond leads successively
to ethyl or (iso)propyl groups that are liberated as the corre-
sponding olefins; Scheme 2 shows the specific case of an
isopropyl group forming propene.

In the paring mechanism hexamethylbenzene could react, for
example, to form propene and trimethylbenzene, and the starting
material would be regenerated by subsequent ring methylation.
In the side-chain mechanism, methylation would occur directly
onto one of the side chains of hexamethylbenzene or another
methylbenzene. We recently tested which mechanism is most
important by directly pulsing methylbenzenes and other reactants
onto the large pore zeolite HBeta.15 A pulse consisting of
hexamethylbenzene and 5 equiv of water produced very low
levels of olefins. In contrast, a pulse of toluene and 5 equiv of
methanol showed very high conversion to olefins. These two
pulses would result in the same stoichiometry if ring methylation
were more important than side-chain methylation. Rather, after
a small fraction of the toluene was ring methylated the resulting
methylbenzenes apparently became active for the side-chain
mechanism, and the remainder of the methanol was converted
to olefins on these.

In this investigation we used theoretical calculations to put
some features of the side-chain mechanism on a more solid
footing. Our objectives included determining why methylben-
zenes with five or six methyl groups are much more active as
reaction centers than those with fewer methyl groups, as well
as why the propene/ethylene product selectivity ratio increases
with the number of methyl groups on the benzene ring. We
used the G3(MP2) level of theory to predict the thermodynamics
of ring and side-chain methylation reactions on a variety of
methyl-substituted benzenes. We used the B3LYP/6-311G* and
B3LYP/cc-pVTZ//B3LYP/6-311G* levels of theory to model
gas-phase side-chain mechanisms from methanol to ethylene
or propene starting fromp-xylene, two routes based on 1,2,3,5-
tetramethylbenzene, and hexamethylbenzene. We optimized
minima (reactants, products, and intermediates) only. For the
single, more tractable case ofp-xylene, we repeated all of the
calculations using the G3(MP2) level of theory to estimate the
accuracy of the B3LYP/cc-pVTZ//B3LYP/6-311G* data. The
highest energy intermediate on the G3(MP2) potential surface
is 9.4 kcal/mol lower in enthalpy relative to the same species
on the B3LYP/cc-pVTZ//B3LYP/6-311G* surface; therefore,
the plausibility of the mechanism is improved by consideration
of the more accurate calculations. We repeated all of the B3LYP/
cc-pVTZ//B3LYP/6-311G* energy calculations for the hexa-
methylbenzene mechanism and several key points for the
p-xylene mechanism with the organic species in contact with
an (H3SiO)3SiOHAl(OSiH3)3 model of the zeolite acid site.
These calculations corrected the artificially low energies of
several protonated species that are obtained using H+ to model
the acid site in the gas-phase calculations.

The overall results of the study strongly support the methyl-
benzene side-chain mechanism in MTO catalysis. The G3(MP2)
calculations provided some surprising results on the thermo-
dynamic stabilities of various alkylbenzene isomers. Methylation
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of toluene, xylene, and trimethylbenzene is always preferred
on ring versus side-chain positions. But for tetramethylbenzene
the enthalpy changes for side-chain and ring methylation were
nearly identical, and for pentamethylbenzene side-chain meth-
ylation is preferred by ca. 2 kcal/mol. To the extent that the
relative energies of intermediates in the formation of ethylene
and propene are predictive of the relative barriers, the B3LYP/
cc-pVTZ//B3LYP/6-311G* enthalpies clearly reproduce ex-
perimentally deduced relationships between the number of
methyl groups and activity and selectivity.

Theoretical Methods

We initially used density functional theory25 at the B3LYP/6-311G*
level26,27 to optimize the geometries of a large number of methyl- and
alkylbenzene isomers in order to study the relative energetics of ring
versus side-chain alkylation. We also optimized all species along the
gas-phase reaction pathways (minima only) for the conversion of
methanol to ethylene or propene onp-xylene, 1,2,3,5-tetramethyl-
benzene (two pathways), and hexamethylbenzene reaction centers.
Analytical frequency calculations were used to verify the geometries
as minima and to obtain the zero-point and thermal energy corrections
needed to predict reaction enthalpies. As expected, the B3LYP/6-311G*
level of theory is not able to provide highly accurate thermochemical
data, especially for nonisodesmic reactions such as breaking C-O bonds
and forming C-C bonds in their place. For example, the B3LYP/6-
311G* enthalpy for the gas-phase reaction 2 methanolf ethylene+
2H2O is + 7.6 kcal/mol, whereas the experimental enthalpy change28,29

is -7.06 kcal/mol. Similarly, the predicted B3LYP/6-311G* reaction
enthalpy for 3 methanolf propene+ 3H2O is -2.4 kcal/mol, whereas
the experimental enthalpy change is-24.52 kcal/mol. To address this
energetic deficiency, we obtained more accurate single-point energies
at the B3LYP/cc-pVTZ//B3LYP/6-311G* level of theory30 with the
basis sets augmented to include diffuse functions on oxygen. At this
level, the above reaction enthalpies are predicted to be-5.6 kcal/mol
and-20.8 kcal/mol, a substantial improvement. This level of theory
was tractable for all the species we wished to study, even when we
also included a zeolite cluster model.

To obtain even more accurate data we also used Gaussian-3 theory
with reduced Møller-Plesset order, G3(MP2),31 to calculate the standard
enthalpies of formation of a total of 57 compounds (as well as benzene
and toluene, which were previously reported), including every minimum-
energy structure on the reaction pathway for converting methanol to
ethylene or propene on ap-xylene reaction center in the gas phase (i.e.,
without a zeolite cluster). For the 222 compounds in the G3/99 test set
the mean absolute deviation from the experimental enthalpy of
formation is 1.22 kcal/mol, which decreases to 0.71 kcal/mol for the
38 hydrocarbons in that set. Unfortunately, the only aromatic hydro-
carbons in that set are benzene and toluene. The computationally most
demanding step in G3(MP2) theory is a single-point energy calculation
at the QCISD(T) level. At the G3(MP2) level, the above-mentioned
reaction enthalpies are predicted to be-7.64 kcal/mol and-24.97,
giving an even better agreement with experiment than the B3LYP/cc-
pVTZ//B3LYP/6-311G* calculations.

In the gas-phase reaction mechanism calculations, we simply used
H+ to represent the zeolite acid. To more accurately study the effects

of the zeolite acid site we also calculated the pathway for converting
hexamethylbenzene to ethylene and propene as well as several key
points for the reaction onp-xylene using a (H3SiO)3SiOHAl(OSiH3)3

cluster model that we have previously used in related work.21 Our zeolite
model is based on the X-ray crystal structure of a site in zeolite HZSM-
5, but its properties would not be appreciably different from that of
other aluminosilicate zeolites. In all the optimizations the terminal silyl
(H3Si-) groups were held fixed in crystallographic positions corre-
sponding to the T(12)-O(24)-T(12) site in HZSM-5.32 The positions
of all other atoms were allowed complete freedom. The constraints
imposed in the optimizations preclude the calculation of thermodynamic
properties, we thus report changes in energy (∆E) rather than enthalpy
for the cluster calculations. All calculations presented in this contribution
were performed using Gaussian 98.33

Results

Energetics of Ring and Side-Chain Alkylation.Our own
experimental work showed that pentamethylbenzene and hexa-
methylbenzene were far more active for MTO catalysis than,
for example, xylenes.14,15 We thus considered the possibility
that the thermochemical penalties for side-chain methylation
would decrease with additional methyl groups on the ring.
Experimental gas-phase enthalpies of formation are available
for all methylbenzene isomers, but for very few benzene
derivatives with one or more methyl groups and an alkyl chain.
Thus, on the basis of experimental thermochemical data for
neutral molecules it is difficult to assess the reasonableness of
either route. To supplement the experimental data we used the
G3(MP2) method,31 the most accurate model chemistry tractable
for the hydrocarbons under study. Our results are reported in
Table 1 and are compared to experimental values of the gas-
phase enthalpy of formation where available.28,29The agreement
between computed and experimental values is generally excel-
lent. The average absolute deviation for 20 aromatic hydro-
carbons not previously reported at the G3(MP2) level is 1.63
kcal/mol. All the deviations from experimental results are in
same direction, toward more negative∆H’s.

One way to test the reasonableness of side chain versus ring
methylation reactions is to compare the difference in the
enthalpy of formation between the appropriate species. For
example,m-xylene (the experimentally lowest energy xylene)
is 3.00 kcal/mol (experiment) or 2.5 kcal/mol (G3(MP2)) more
stable than ethylbenzene, and on this basis alone we should not
expect toluene to preferentially undergo side-chain methylation.
We would predict that methylation of the most stable xylene
(m-xylene) would preferentially lead to 1,2,4-trimethylbenzene
rather than to the less stable 1-ethyl-4-methylbenzene. Thus, in
the gas phase the overall reactionm-xylene+ methanolf 1,2,4-
trimethylbenzene+ H2O is exothermic by-17.3 kcal/mol
whereas the reactionm-xylene + methanol f 1-ethyl-4-
methylbenzene+ H2O is less exothermic at-14.7 kcal/mol.
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Following this line of reasoning, the first reaction for which
side-chain methylation is preferred is the formation of 1-ethyl-
2,4,5-trimethylbenzene by methylation of 1,2,4,5-tetramethyl-
benzene. In the gas phase the overall reaction 1,2,4,5-
tetramethylbenzene+ methanolf 1-ethyl-2,4,5-trimethylbenzene
+ H2O is predicted to be exothermic by-14.5 kcal/mol. For
the next larger series the most favorable overall gas-phase
reaction is pentamethylbenzene+ methanolf 1-ethyl-2,3,5,6-
tetramethylbenzene+ H2O, predicted to be exothermic by

-14.9 kcal/mol. The gas-phase reaction hexamethylbenzene+
methanolf 1-ethyl-2,3,4,5,6-pentamethylbenzene+ H2O is
predicted to be exothermic by-15.2 kcal/mol. This is even
more exothermic than methylation of pentamethylbenzene to
hexamethylbenzene (-12.8 kcal/mol). Further methylation of
ethylpentamethylbenzene to isopropylpentamethylbenzene is
also quite exothermic on the basis of calculations at lower levels
of theory (not shown). The results in Table 1 show that
formation of an alkyl chain on a benzene ring with a large
number of methyl group substituents is thermodynamically
favorable.

Proposed Side-Chain Reaction Mechanism forp-Xylene.
Our starting point for modeling the side-chain routes on
methylbenzene reaction centers was our recent theoretical study
of the very similar reactions of dimethylcylopentenyl carbenium
ion reaction centers in zeolite HZSM-5.10 These cyclic car-
benium ions form very readily in acidic zeolites from a variety
of precursors, and they clearly can function in hydrocarbon pool
mechanisms. At higher temperatures, the dimethylcylopentenyl
carbenium ion is converted into toluene, which is also a
cocatalyst in MTO chemistry. The scheme in Figure 1 shows
the minimum-energy species (reactants, intermediates, and
products) along a gas-phase surface takingp-xylene (the reaction
center) and three methanol molecules to either ethylene or
propene with regeneration ofp-xylene. Each step entails either
a (de)protonation, a (de)methylation, or the elimination of an
olefin. In ref 10 we theoretically modeled the transition states
for the analogous reactions in the cyclopentenyl system. We
did not attempt transition state calculations in this work. Also,
in Figure 1, as well as the other gas-phase reaction schemes
presented in Figures 2-4, the acidic zeolite is represented as
only a proton. Thus, we are not accounting for the energy
required to remove the proton from the zeolite (the zeolite proton
affinity) nor the resulting ionic attraction between the anionic
zeolite conjugate base and the cationic hydrocarbon. Conse-
quently, all of the gas-phase schemes show large relative energy
differences between neutral and cationic species. As mentioned
earlier for the specific case of hexamethylbenzene (vide infra,
Figure 6), we included a cluster model of the zeolite acid site
in the calculations, and as will be seen, this results in a much
more reasonable appearance for the potential surface.

The first step of the reaction presented in Figure 1 is the
methylation of p-xylene. There are two possible isomers
resulting: the 1,2,4-trimethylbenzenium cation and the 1,1,4-
trimethylbenzenium cation. A key feature of all of our proposed
reaction mechanisms is the formation of a species in whichgem-
dimethylation occurs in a positionortho or para to a methyl or
ethyl substituent. If the reaction produces the 1,2,4-trimethyl-
benzenium cation, we predict that it will simply lose a proton
to generate 1,2,4-trimethylbenzene. This is keeping with our
prediction that only a few highly substituted cations (with parent
olefins or aromatics having a proton affinity of∼209 kcal/mol
or greater) are persistent in acidic zeolites.34 Cations formed
from slightly less basic hydrocarbons can surely have a transient
existence, but the less basic the parent hydrocarbon, the less
reasonable is its protonated form. For example, 1,2,4-tri-
methylbenzene is not very basic (proton affinity) 190.8 kcal/
mol), and the corresponding cation will readily give a proton
back to the zeolite. Ring methylation does not directly lead to

(34) Nicholas, J. B.; Haw, J. F.J. Am. Chem. Soc.1998, 120, 11804-11805.

Table 1. G3(MP2) Enthalpies of Formation (Calculated at 298.15
K) for Aromatic Hydrocarbons, Cyclic Trienes with an Exocyclic
Double Bond, Methanol, Water, Ethylene, and Propene, Compared
with Experimental (Gas-Phase) Values Where Availablea

molecule exptl G3(MP2)

C8H10

o-xylene 4.54 2.77
m-xylene 4.12 3.00
p-xylene 4.29 3.15
ethylbenzene 7.12 5.50

C9H12

1,2,4-trimethylbenzene -3.33 -4.89
1,3,5-trimethylbenzene -4.81
1,2,3-trimethylbenzene -2.29 -3.88
1-ethyl-2-methylbenzene +0.29 -1.93
1-ethyl-3-methylbenzene -0.46 -2.31
1-ethyl-4-methylbenzene -0.78 -2.17
n-propylbenzene +1.87 +0.10
isopropylbenzene +0.94 -1.00
6-methylene-3,3-dimethyl-

cyclohexa-1,4-diene
+23.65

C10H14

1,2,3,4-tetramethylbenzene -8.61 -10.41
1,2,3,5-tetramethylbenzene -10.33 -11.51
1,2,4,5-tetramethylbenzene -11.3 -12.85
1-ethyl-2,3-dimethylbenzene -8.88
1-ethyl-2,4-dimethylbenzene -9.65
1-ethyl-2,5-dimethylbenzene -9.63
1-ethyl-2,6-dimethylbenzene -9.01
1-ethyl-3,4-dimethylbenzene -10.25
1-ethyl-3,5-dimethylbenzene -10.09
1-n-propyl-2-methylbenzene -7.45
1-n-propyl-3-methylbenzene -7.71
1-n-propyl-4-methylbenzene -7.56
1-isopropyl-2-methylbenzene -7.64
1-isopropyl-3-methylbenzene -8.84
1-isopropyl-4-methylbenzene -8.67
n-butylbenzene -3.30 -5.05
sec-butylbenzene -4.17 -5.78
isobutylbenzene -5.15 -7.36
tert-butylbenzene -5.42 -7.69

C11H16

pentamethylbenzene -16.1 -16.89
1-ethyl-2,4,5-trimethylbenzene -17.62
1-ethyl-3,4,5-trimethylbenzene -16.84
1-n-propyl-2,6-dimethylbenzene -14.61
1-n-propyl-3,5-dmethylbenzene -15.52
1-isopropyl-3,5-dimethylbenzene -16.65
6-isopropylidene-3,3-dimethyl-

cyclohexa-1,4-diene
+11.19

C12H18

hexamethylbenzene -18.5 -19.92
1-ethyl-2,3,5,6-tetramethylbenzene -22.00
1-n-propyl-2,4,5-trimethylbenzene -22.98
1-n-propyl-2,4,6-trimethylbenzene -22.14
1-isopropyl-3,4,5-trimethylbenzene -23.45

C13H20

1-ethyl-2,3,4,5,6-pentamethylbenzene -25.33
methanol -48.0 -47.66
water -57.80 -57.41
ethylene 12.54 11.86
propene 4.88 4.28

a All values reported in kcal/mol.
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the production of olefins. However, 1,1,4-trimethylbenzenium
can only lose a proton from the isolated methyl group, forming
an exocyclic double bond. It is this exocyclic double bond that
provides the site for side-chain methylation. The result of side-
chain methylation is the 1,1-dimethyl-4-ethylbenzenium cation.
This species could lose a methyl group to generate 1-ethyl-4-
methylbenzene, which does not directly lead to olefins. How-
ever, the 1,1-dimethyl-4-ethylbenzenium cation can also undergo
an internal hydride shift (the same mechanism presented in detail
in our previous study of cyclopentadienyl species as reaction
centers10) and form ethylene and a 1,1-dimethylbenzenium
cation. This secondary benzenium cation would in turn rearrange
to the more stable 1,4-dimethylbenzenium cation and then lose
a proton to regenerate thep-xylene reaction center. Thus, in
five primary reaction steps ethylene can be formed.

The 1,1-dimethyl-4-ethylbenzenium cation can also lose a
proton to regenerate an exocyclic double bond. As before, the
exocyclic double bond provides the opportunity for another
round of side-chain methylation, giving the 1-isopropyl-4,4-
dimethylbenzenium cation. This cation can lose a methyl group
to form 1-isopropyl-4-methylbenzene, another step which does
not produce olefins. More importantly, the 1,1-dimethyl-4-
ethylbenzenium cation can split out propylene via a hydride
rearrangement similar to that which produces ethylene, followed
by methyl shifts and proton loss to regeneratep-xylene. As
proposed, propylene production requires two additional primary
reaction steps compared to ethylene production.

As noted earlier, the B3LYP/cc-pVTZ//B3LYP/6-311G* level
of theory is not as accurate as we would like for predicting the
energetics of the reactions under study. To asses the relative
accuracy of the DFT enthalpies we also calculated the relative

enthalpies for all species in Figure 1 at the G3(MP2) level.31

The enthalpies shown in plain type for each species in Figure
1 are the B3LYP/cc-pVTZ//B3LYP/6-311G* values, whereas
the G3(MP2) values are given in parentheses. The enthalpies
predicted by the two methods differ by∼1-12 kcal/mol, with
the G3(MP2) values being generally lower than the B3LYP
values relative to starting materials. The intermediate with the
highest enthalpy in these schemes is the first exocyclic triene,
which is 20.2 kcal/mol above starting materials at the B3LYP/
cc-pVTZ//B3LYP/6-311G* level, but only 10.8 kcal/mol above
at G3(MP2). The second exocyclic triene intermediate on the
pathway to propene is predicted to be 7.0 kcal/mol uphill from
starting materials at the B3LYP/cc-pVTZ//B3LYP/6-311G*
level, whereas it is 5.4 kcal/moldownhill at the more accurate
G3(MP2) level.

At the B3LYP/cc-pVTZ//B3LYP/6-311G* level of theory,
the predicted proton affinity of 1,2,4-trimethylbenzene is 190.8
kcal/mol, whereas it is 185.5 kcal/mol at G3(MP2). Although
the levels of theory differ between this and previous work, the
proton affinity is sufficiently low that the 1,2,4-trimethyl-
benzenium cation should not be particularly stable in a zeolite.
The predicted proton affinity of the first exocyclic species is
221.3 kcal/mol at B3LYP, and 213.5 kcal/mol at G3(MP2). The
proton affinity of the second exocyclic species is 220.0 kcal/
mol at B3LYP whereas it is 213.4 kcal/mol at the G3(MP2)
level. Thus, both the related cations (the 1,1,4-trimethyl-
benzenium cation and the 1-ethyl-4,4-dimethylbenzenium cat-
ions) are predicted to have appreciable lifetimes under reaction
conditions.34 On the basis of these results, we would also predict
that the parent olefin of the 1-isopropyl-4,4-dimethylbenzenium
cation is sufficiently basic that the cation would be persistent

Figure 1. Reactants, intermediates, and products from the gas-phase conversion of methanol to ethylene or propene and water on ap-xylene reaction center
are shown. Enthalpies (relative to starting materials, reported in kcal/mol) shown in the figure were calculated at the B3LYP/(cc-pVTZ//B3LYP/6-311G*
and G3(MP2) (in parentheses) levels of theory. Note that the enthalpies of the two intermediates with exocyclic double bonds are significantly reduced at
the higher level of theory.
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in the zeolite (the G3MP2 proton affinity is 214.3 kcal/mol and
the B3LYP/cc-pVTZ//B3LYP/6-311G* value is 220.3 kcal/mol).
The only other cation along the reaction path is 1,1-dimethyl-
benzenium, and we predict that it should rapidly regenerate the
startingp-xylene reaction center. As noted earlier, the overall
exothermicity of the reactions producing ethylene and propylene
are well represented by the G3(MP2) method, giving-7.6 and
-25.0 kcal/mol compared to experimental values of-7.06 and
-24.52 kcal/mol. The B3LYP/cc-pVTZ//B3LYP/6-311G* level
predicts-5.6 and-20.8 kcal/mol for the same reactions.

From the standpoint of catalytic activity and selectivity, the
most interesting reaction steps are those leading to release of
ethylene (Scheme 3) and propene (Scheme 4). The transition
states of these endothermic reactions will more closely resemble
the products than the reactants, and we will assume that the
relative reaction enthalpies of Scheme 3 and Scheme 4 (or
analogous reactions on other reaction centers) will reflect the
relative activation barriers. For the specific cases of Schemes 3
and 4 the B3LYP/cc-pVTZ//B3LYP/6-311G* reaction enthalpies

are 28.7 and 25.1 kcal/mol, respectively. The significance of
these and analogous findings are a major topic of the Discussion
section.

Proposed Side-Chain Reaction Mechanism for 1,2,3,5-
Tetramethylbenzene.Figures 2 and 3 show reaction schemes
based on 1,2,3,5-tetramethylbenzene reaction centers that differ
in whether two of the methyl groups areortho to the departing
alkyl groups (Figure 2) ormetato those alkyl groups (Figure
3). The gross features of the potential surfaces are similar to
each other and to thep-xylene mechanism (Figure 1). The
reaction mechanisms shown in Figures 2 and 3 were only
calculated at the B3LYP/cc-pVTZ//B3LYP/6-311G* level of
theory. Figure 2 shows that two additional methyl groupsortho
to the departing alkyl group lower the enthalpy of many of the
intermediates along the reaction path relative to those with
p-xylene as the reaction center.

As before, the proton affinities of the parent olefins of the
various cations along the reaction pathway should suggest the
relative stabilities of the corresponding cations. In this regard,
the predicted proton affinity of 6-methylene-1,3,3,5-tetramethyl-
cyclohexa-1,4-diene is 222.5 kcal/mol, whereas the proton
affinity of 6-ethylidene-1,3,3,5-dimethyl-cyclohexa-1,4-diene is
228.1 kcal/mol (Figure 2). Both of these related cations should
be persistent in zeolites,32 lending support to the proposed
reaction mechanism. Of the remaining cations in Figure 2, only
1-isopropyl-2,4,4,6-tetramethylbenzenium is capable of losing
a proton to form an olefin. The predicted proton affinity of the
parent olefin (6-propylidene-1,3,3,5-dimethyl-cyclohexa-1,4-
diene) of this cation is 230.9 kcal/mol.

From Figure 3 we see that methyl group substitutionmetato
the site of side-chain methylation is more effective for stabilizing
cation intermediates than the alternativeorthopositions (Figure

Scheme 3

Scheme 4

Figure 2. Reactants, intermediates, and products from the gas-phase conversion of methanol to ethylene or propene and water on a 1,2,3,5-tetramethylbenzene
reaction center are shown for the case where two of the methyl groups areortho to the departing alkyl chain. Enthalpies (relative to starting materials,
reported in kcal/mol) shown in the figure were calculated at the B3LYP/cc-pVTZ//B3LYP/6-311G* level.
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2). This can be understood by consideration of resonance
structures (not shown).

Proposed Side-Chain Reaction Mechanism for Hexa-
methylbenzene.Figure 4 reports the gas-phase reaction mech-
anism using hexamethylbenzene as the reaction center. Enthal-
pies are once again calculated at the B3LYP/cc-pVTZ//B3LYP/
6-311G* level of theory only. The gross features are again
similar to those of the reaction mechanisms presented earlier.
Additional methyl substitution generally lowers the relative
energies of the cations.

As before, the intermediate with the highest enthalpy in this
mechanism is the first exocyclic triene, with a predicted relative
energy of 18.2 kcal/mol above starting materials at the B3LYP/
cc-pVTZ//B3LYP/6-311G* level. The second exocyclic triene
intermediate on the pathway to propene is predicted to be 10.6
kcal/mol uphill from starting materials. The predicted proton
affinity of the first exocyclic species is 236.0 kcal/mol. The
proton affinity of the second exocyclic species is 238.4 kcal/
mol. Thus, both related cations (the 1,1,2,3,4,5,6-heptamethyl-
benzenium cation and the 1-ethyl-2,3,4,4,5,6-hexamethyl-
benzenium cation) are predicted to have appreciable lifetimes
under reaction conditions. The proton affinity of the parent olefin
of the 1-isopropyl-2,3,4,4,5,6-hexamethylbenzenium cation is
237.5 kcal/mol at the B3LYP/cc-pVTZ//B3LYP/6-311G* level.
The only other cation along the reaction path is 1,1,2,3,5,6-
hexamethylbenzenium, which cannot directly lose a proton to
form an olefin. Thus, we again cannot predict its stability on
the basis of our previous convention. However, if we consider
the methyl rearrangement in addition to proton loss, then this
species has a predicted pseudo-proton affinity of 203.8 (or 204.0)
kcal/mol. This cation need not be persistent, whereas we predict

that it should rapidly regenerate the starting hexamethylbenzene
reaction center.

Schemes 5 and 6 show the reactions leading to the formation
of ethylene and propene, respectively, from the hexamethyl-
benzene-based reaction center. The B3LYP/cc-pVTZ//B3LYP/
6-311G* enthalpies for these reaction steps are 18.2 kcal/mol
for formation of ethylene (Scheme 5), but only 9.4 kcal/mol
for formation of propene (Scheme 6).

Hexamethylbenzene andp-Xylene Side-Chain Reaction
Mechanisms with Zeolite Cluster Model. As noted earlier,
the gas-phase potential surface is notably exaggerated due to
the absence of various energetic contributions, particularly those
involving proton transfer to and from the zeolite. For the
hexamethylbenzene reaction center, and the olefin elimination
steps with ap-xylene reaction center, we attempted to include
these effects by incorporating a zeolite cluster model. The
B3LYP/cc-pVTZ//B3LYP/6-311G* reaction energies for the
hexamethylbenzene pathway (not enthalpies in this case) are
shown in Figure 5. The most obvious difference between Figures

Figure 3. Reactants, intermediates, and products from the gas-phase conversion of methanol to ethylene or propene and water on a 1,2,3,5-tetramethylbenzene
reaction center are shown for the case where two of the methyl groups aremeta to the departing alkyl chain. Enthalpies (relative to starting materials,
reported in kcal/mol) shown in the figure were calculated at the B3LYP/cc-pVTZ//B3LYP/6-311G* level.

Scheme 5

Scheme 6
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4 and 5 is that with the inclusion of the zeolite model many of
the intermediates are predicted to be higher in energy than
starting materials. However, the energies of reaction for Schemes
5 and 6 are little affected by inclusion of the zeolite cluster Z-.
The specific step forming ethylene has an energy change in
Figure 5 of 20.8 kcal/mol and that for forming propene is 10.8
kcal/mol.

In the case of those steps for thep-xylene reaction center in
the presence of the zeolite cluster corresponding to Scheme 3
(ethylene) and Scheme 4 (propene), the energy differences are
26.4 and 22.5 kcal/mol, respectively.

The geometries of the heptamethylbenzenium cation against
the anion of the zeolite cluster as well as the complex of the
exocyclic olefin formed by transferring a proton back to the
zeolite are shown in Figure 6. The organic molecules are so
large that specific interactions with the cluster models are absent.
In general, the interatomic distances are greater than 3 Å. For
the heptamethylbenzenium cation (Figure 6a) the closest
interaction is between the zeolite oxygen and a methyl hydrogen.
Interestingly, this proton cannot be readily donated back to the
zeolite. Although the hydrocarbons did explore a great deal of
conformational space during the optimizations (these complexes
are quite “floppy”) it is certainly possible that other minimum
energy geometries could be found. Due to the lack of specific
interactions, we do not expect that other geometries would afford
substantially different energetics. In the complex with the
exocyclic olefin (Figure 6b) the closest interaction is between
the zeolite acid site proton and one of the methyl protons.
However, the acidic proton is pointing toward the exocyclic
bond, which we would expect to be the preferred interaction if
there was no steric hindrance. Theπ complex of hexamethyl-
benzene with the acid site is shown in Figure 6c. In this case

the acidic zeolite proton interacts with theπ cloud of the benzene
ring, the shortest distance being to one of the benzene carbons.
The structures corresponding to the remaining points in Figure
5 are no more or less remarkable than the three shown as
representative examples in Figure 6.

Discussion

Relationships between Methyl Substituents and Olefin
Activity and Selectivity. In recent experimental work we
showed that the activity of methylbenzene reaction centers in
HSAPO-34 greatly increases with the average number of methyl
groups per benzene ring, as does the propene selectivity.14

Hexamethylbenzene in HSAPO-34 cages produces olefins at a
rate several times that of trimethylbenzenes at a temperature of
673 K. Hexamethylbenzene affords ca. two propenes for every
ethylene, but trimethylbenzenes produce nearly equal yields of
the two olefins. In related work on the aluminosilicate zeolite
HBeta at 723 K, the yield of olefins from hexamethylbenzene
was at least five times that of tetramethylbenzene, whereas
trimethylbenzenes produced no detectable products.15 Again, the
propene selectivity increased with the number of methyl groups
per aromatic ring.

The theoretical calculations presented above strongly support
our conclusion that the side-chain mechanism is consistent with
two key findings of the experimental work. Table 2 summarizes
the B3LYP/cc-pVTZ//B3LYP/6-311G* enthalpy (or energy)
changes for the reactions corresponding to Schemes 3 through
6, with or without inclusion of the zeolite cluster as well as at
the G3(MP2) level for Schemes 3 and 4 only. First note that
the results in Table 2 support the same general conclusions
whether the zeolite cluster is included in the calculation. 1. The

Figure 4. Reactants, intermediates, and products from the gas-phase conversion of methanol to ethylene or propene and water on a hexamethylbenzene
reaction center are shown. Enthalpies (relative to starting materials, reported in kcal/mol) shown in the figure were calculated at the B3LYP/cc-pVTZ//
B3LYP/6-311G* level.
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apparent barriers for producing light olefins are substantially
reduced by increasing the number of methyl substituents on the
methylbenzene reaction center. 2. The selectivity for propene
over ethylene as a primary MTO product increases substantially
with the number of methyl group substituents.

The intermediate case of four methyl groups per ring is
complicated by consideration of two possible mechanisms
differing by the positions of the methyl substituents relative to
the leaving group,ortho (Figure 2) ormeta (Figure 3). The
enthalpies of the reactions analogous to Schemes 3 through 6
are in each case intermediate between the corresponding cases
in Table 2, as we would expect. One detail that can be gleaned
from a more careful study of the data is afforded by comparison
of the enthalpies of the two reactions producing propene; these
are 15.4 kcal/mol for theortho case (Figure 2) compared with
23.1 kcal/mol for themetacase (Figure 3). Our interpretation
of this difference is that steric repulsion between the isopropyl

group and adjacent methyl substituents destabilizes the reactant
and hence lowers the apparent barrier to propene elimination.
Note that the corresponding reactions forming ethylene in
Figures 2 and 3 have very similar enthalpy changes, consistent
with our steric argument.

Theoretical Methodology versus Real Catalysis.DFT
methods are very commonly used to model reaction pathways
in heterogeneous and homogeneous catalysis, and we do not
question the fact that they are generally useful for such. The
limitations of DFT for the thermochemical values of noniso-
desmic reactions have been noted previously, but we were none-
the-theless surprised by the magnitude of the errors in the
reaction enthalpies for the conversion of methanol to ethylene
or propene and water with the commonly used 6-311G* basis
sets. Fortunately, these deficiencies are largely eliminated
through single-point corrections using the cc-pVTZ basis sets
modified to include diffuse functions on oxygen.

Figure 5. Reactants, intermediates, and products for the conversion of methanol to ethylene or propene and water on a hexamethylbenzene reaction center
paired with a zeolite cluster model are shown. Each species indicated corresponds to a structure identical or analogous to those in Figure 6. B3LYP/cc-
pVTZ//B3LYP/6-311G* electronic energies rather than enthalpies (as in all other figures) are reported here due to the imaginary frequencies resulting from
the imposition of constraints on the zeolite cluster model. Note that inclusion of a cluster model of the zeolite acid site eliminates the deep wells inthe
potential energy surfaces resulting from the large (gas-phase) proton and methyl cation affinities of aromatics and olefins.
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Unfortunately, our computer resources were insufficient to
apply G3(MP2) theory to structures including cluster models
of the zeolite, and even repeating the gas-phase schemes in
Figures 3-6 at G3(MP2) would be expensive if technically
possible. Thus, our overall view of the reaction mechanism is
shaped here through a heavy reliance on B3LYP/cc-pVTZ//
B3LYP/6-311G* calculations after carefully understanding their
limitations by judicious application of G3(MP2) theory (i.e.,
Figure 1).

We computed enthalpies for isolated species rather than
clusters of reactants, intermediates, and/or products. For ex-
ample, our starting points could have been optimized gas-phase
clusters of a methylbenzene molecule and three methanol
molecules, with the proton still at infinite distance, and our final
products could have been ensembles of propene, three waters,
and methylbenzenes. This point is largely aesthetic, and the
overall enthalpy differences with this omission would not alter
our conclusions. A larger limitation is our omission of transition
state calculations, which was purely a consequence of their
difficulty. We presented these previously for a closely analogous
scheme based on dimethylcyclopentenyl reaction centers. The
most important reactions in Figures 1-5 are elimination of
ethylene or propene; these are endothermic reactions for which
the transition states will be product-like. Thus, we expect the
values of reaction enthalpies for these steps to be qualitatively
predictive of relative rates for forming ethylene or propene when
compared with each other.

Methanol to hydrocarbon catalysis has been performed
industrially on at least two very different types of catalysts, and
it has been investigated by researchers using a wide variety of
materials.4 Historically, most interest was centered on the
aluminosilicate zeolite HZSM-5,2 either without modification
or sometimes with included inorganic matter to limit the
secondary reactions of olefins to aromatics and alkanes. The
products obtained from unmodified HZSM-5 include one isomer
of tetramethylbenzene, and in situ NMR has shown the
formation of a pentamethylbenzenium cation,19 but there may
not be sufficient room in the channels for formation of either
hexamethylbenzene or the heptamethylbenzenium cation as
modeled in Figures 5 and 6. These species have however been
studied in the 12-ring aluminosilicate HBeta, which is not a
practical methanol conversion catalyst as a result of product
selectivity and rapid deactivation. A second type of methanol
conversion catalyst that has attracted commercial interest is
exemplified by the silico-aluminophosphate HSAPO-34.35 The
acid sites in this material are Si-OH-Al groups imbedded in
an aluminophosphate framework, and they are believed to be
weaker in strength than those in the aluminosilicate cluster
model used in our work. The CHA topology of HSAPO-34

(35) Wilson, S.; Barger, P.Microporous Mesoporous Mater.1999, 29, 117-
126.

Figure 6. B3LYP/6-311G* geometries of three of the species modeled in
the conversion of methanol to ethylene or propene on water on a
hexamethylbenzene reaction center in contact with a zeolite cluster model.
Selected distances in Å are shown. (a) The heptamethylbenzenium cation
ion paired with the anion of the zeolite cluster model. (b) The complex of
the acid site cluster with the neutral olefin with an exocyclic double bond.
(c) The complex of the acid site cluster model with hexamethylbenzene.

Table 2. Energetics of Olefin Elimination from Various Reaction
Centers

reaction
(scheme) product

∆H G3(MP2)
(kcal/mol)

∆H B3LYP
(kcal/mol)

∆E B3LYP on Z-

(kcal/mol)

3 ethylene 34.4 28.7 26.4
4 propene 33.5 25.1 22.5
5 ethylene 18.2 20.8
6 propene 9.4 10.8
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features cages of ca. 1 nm size that readily hold hexamethyl-
benzene molecules with additional room for methanol and
product molecules.

It goes without saying that our limited efforts to model the
catalyst using a small, if established, cluster model based on a
fragment of the HZSM-5 structure neglects essentially all
topological constraints. The present study found some evidence
that steric constraints within a gas-phase reaction center
contribute to propene/ethylene selectivity. We would not be
surprised if the catalyst topology was capable of amplifying
such effects. Quantum chemical periodic electronic structure
calculations provide an efficient way to describe the interactions
between the guest molecules and the zeolite framework. Several
studies along these lines have been carried out for various
hydrocarbon reactions in the zeolite framework including
methylation of toluene,36 isomerization reactions of toluene and
xylenes,37 cracking reactions,38 chemisorption of propene and
isobutene in zeolite frameworks,39,40 isomerization of 2-pen-
tene,41 and hydride transfer reactions.42 As an alternative or

adjunct to periodic calculations, QM/MM embedding studies
can also be done to include the zeolite topology in theoretical
descriptions of hydrocarbon reactions in zeolites.43 Similar
approaches would be required for more detailed future exten-
sions of the present investigation.

Conclusions

Limitations aside, the present investigation has established
that the methylbenzene side-chain hydrocarbon pool route is
plausible in MTO catalysis. The enthalpies of the intermediates
are not excessive, and there are no deep valleys in the potential
surface when a cluster model is used to include the catalyst.
Most importantly our theoretical calculations reproduce the
essential experimental observations that activity of a methyl-
benzene reaction center increases with the number of methyl
substituents as does its selectivity for propene compared to
ethylene as primary hydrocarbon products.
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