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Unraveling the reaction mechanism of extremely complex
catalytic processes can be a challenging task from a purely
experimental viewpoint. For an industrially important process
like the conversion of methanol into olefins (MTO),V this is
especially the case, as secondary reactions often consume and
mask the primary products. Methanol is easily and econom-
ically converted into olefins over solid acid zeolite catalysts,
yet the ease of MTO conversion is in stark contrast to the
difficulty of elucidating the underlying mechanism.!!! Instead
of plainly following direct routes,>> the MTO process has
been found to proceed through a hydrocarbon pool mecha-
nism, in which organic reaction centers act as co-catalysts
inside the zeolite pores, adding a whole new level of
complexity to this issue.l*”) Therefore, a detailed understand-
ing of the elementary reaction steps can best be obtained with
the complementary assistance of theoretical modeling. Sev-
eral experimental observables add to the theoretician’s
challenge: any full catalytic cycle should not only provide
low-energy pathways towards olefin formation, but it should
also explain the zeolite-specific product distribution. Further-
more, it should contain the cationic intermediates as observed
by insitu NMR spectroscopic methods,'*!!l as well as an
explanation for the scrambling of labeled carbon atoms into
both the hydrocarbon pool species and the olefin prod-
ucts.l*12

Herein, we report a working catalytic cycle for the
conversion of methanol into olefins, in full consistency with
both experimental and theoretical observations. For each
step, rate constants are presented which were obtained by
quantum chemical simulations on a supramolecular model of
both the HZSM-5 zeolite and the co-catalytic hydrocarbon
pool species (see Methods section). This work not only
represents the most robust computational analysis of a
successful MTO route to date, but it also succeeds in tying
together the many experimental clues.
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The first clue towards identification of a successful
hydrocarbon pool route is the co-catalytic effect of toluene
and higher methylbenzenes.['”! Scrambling of labeled carbon
atoms from the methanol feed into these methylbenzenes (as
shown in Figure 1) as well as into the olefin products further
illustrates the catalytic activity of a methylbenzene pool.
Additional clues are provided by in situ NMR spectroscopy,
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Figure 1. lon mass distributions for several methylbenzene species
from a) the pure '>C compound and b) those generated from a 10 min
flow of *C-methanol and para-xylene (mole ratio 20:1) at a methanol
weight hourly space velocity of 0.54 over a 300 mg bed of HZSM-5
(Si/Al=40), at 648 K and under 200 sccm flowing helium carrier gas.

with which crucial cationic intermediates can be identified.
Specifically within the HZSM-5 zeolite, both a 5-membered
ring cation (1,3-dimethylcyclopentadienyl; cation 1) and a 6-
membered ring cation (1,1,2,4,6-pentamethylbenzenium;
cation 2) have been reported.”'! Both intermediates are
shown in Figure 2. A third important observation is the large
variation in product distribution depending on the zeolite
catalyst used. For example in HZSM-5, isobutene is abun-
dantly observed (8%) as the third-most-produced hydro-
carbon, as illustrated in Figure 3.
These experimental clues are all
combined in the theoretically pro-
posed catalytic cycle shown in
Figure 4, which is based on the
paring mechanism.!  Gas-phase
DFT calculations on similar reactions 1 2
with only a hydrocarbon pool catalyst
(modeling the zeolite as an isolated
proton) have been studied earlier by
Kolboe et al.'"l These gas-phase cal-
culations show that the production of
olefins from benzenium and/or cyclo-
pentenyl cations proceed with larger
barriers than any corresponding to

Figure 2. Stable cyclic
cations within the
HZSM-5 zeolite, as
observed with in situ
NMR spectroscopy: 1:
1,3-dimethylcyclopenta-
dienyl cation; 2:
1,1,2,4,6-pentamethyl-
benzenium cation.
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Figure 3. Gas chromatography/flame-ionization detector (GC-FID)
chromatogram detailing the light olefins exiting a 300 mg catalyst bed
of HZSM-5 (framework Si/Al=40) following a 10 min flow of methanol
at a weight hourly space velocity of 4. The catalyst bed is at 648 K
under 200 sccm flowing helium carrier gas.

the observed rapid scrambling of carbon atoms. However, the
stabilizing electronic confinement effect of a zeolite frame-
work on these cations acts beneficially towards lowering
energy barriers, as earlier demonstrated for the crucial gem-
methylation steps.’ A similar favorable effect for the
production of olefins is observed here: every step in
Figure 4 has been considered with the influence of a full-
cage representation of the HZSM-5 zeolite (46T cluster)
which has been described in earlier work,!™ as well as its
contents. Figure 4 also includes the calculated rate constants
for each individual step at 673 K.

Firstly, toluene is linked to the 1,1,2,4,6-pentamethylben-
zenium cation (2), which occurs through repeated gem-

ring expansion & deprotonation

methylations of the ring carbons of toluene and subsequent
aromatics (steps M1-M4 in Figure 4). The gem-methylation
of a methylbenzene and production of a higher methylben-
zene (steps M1-M3)['7 is performed through a relatively slow
methylation step, followed by a much faster deprotonation
step:

1. The methyl group of methanol is transferred towards a
ring carbon atom with simultaneous transfer of the acid-
site proton to the oxygen of methanol. An intermediate
benzenium cation and water are formed.

2. Regeneration of a neutral aromatic is achieved by rapid
abstraction of a proton from the polymethylated benze-
nium cation.

These two steps illustrate a full gem-methylation cycle and
are subsequently performed for every aromatic built, until
1,2,3,5-tetramethylbenzene is reached. The 1,1,2,4,6-penta-
methylbenzenium cation (2) is consequently formed by a
similar methylation step, yet this time on an already
substituted ring carbon atom. This methylation (step M4)
ignites the second half of the cycle,™ in which no further
methylations occur and the hydrocarbon pool species under-
goes various intramolecular rearrangements (steps I1-13,
Figure 4). These rearrangements include the formation of
isobutene in HZSM-5.

In this second part of Figure 4, the intramolecular isomer-
izations I1-I3 allow the 1,1,2,4,6,-pentamethylbenzenium
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Figure 4. Full catalytic cycle for carbon-atom scrambling and isobutene formation from methanol through a combined methylbenzene/

cyclopentenyl cation pool in HZSM-5. Calculated rate constants at 673 K are given in s™'

k) mol™; for details see text.
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and reaction barriers at 0 K (in brackets) are given in
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Figure 5. Stationary points in the 46T cluster for splitting off isobutene from the 1-tert-butyl-2,4-dimethylcyclopentadienylium cation (step 12).

Isobutene successfully exits the HZSM-5 channels as a major product.

cation (2) not only to split off isobutene, but also to

simultaneously scramble carbon atoms:

I1. A 6—5 carbon atom contraction of the benzene ring
forming a 1,3,5,6,6-pentamethylbicyclo[3.1.0]hexenyl
cation is the first step. A shift of a bridgehead methyl
group while simultaneously breaking the three-mem-
bered carbon ring results in formation of 1-fert-butyl-2,4-
dimethylcyclopentadienylium cation.

12. The formation of the fert-butyl group allows for isobutene
to be produced. Upon removal of isobutene, the 1,3-
dimethylcyclopentadienylium cation is formed, which is
similar in carbon backbone structure to the observed 1,3-
dimethylcyclopentadienyl cation (1). The stationary
points for removal of the tert-butyl group are shown in
Figure 5.

I3. This cation is then expanded to toluene to close the cycle
and complete the scheme. Furthermore, this expansion
results in the incorporation of a methyl carbon into the
ring, explaining the scrambling as observed in Figure 1.
The expansion process proceeds in three steps: the
transfer of a hydrogen atom to the cyclopentyl ring and
shift of the methyl carbon to form a 3-methylbicyclo-
[3.1.0]hexenyl cation, followed by the expansion of the
three-membered ring and finally the deprotonation to
toluene. The unexpected low barrier and high rate
coefficient for the reverse reaction (protonation of
toluene) is created by the toluene product being caught
in the sinusoidal channel after the transition state. This
results in a both energetically and entropically unfavored
position, which is why the toluene molecule is expected to
migrate to a lower-lying minimum at the channel
intersections from which the catalytic cycle can resume
in step M1.

When modeled in the gas-phase, the intramolecular
rearrangements leading to removal of an alkyl substituent
and incorporation of methyl carbon atoms into the ring are
very energy demanding. However, including the full-cage
model significantly increases the rate constants, rendering the
steps I1-I3 several orders of magnitude faster than the
familiar methylation reactions M1-M3. Furthermore, these
rate coefficients are also much higher than those for direct

Angew. Chem. Int. Ed. 2008, 47, 51795182

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

methanol conversion, which are typically around 10%s™! at
720 K.B! However, reverse rates are often high as well, which
means that even though this is a successful catalytic cycle, it
cannot be the only one operating. As the cavities often
contain more hexa- and pentamethylbenzene, additional
cycles which are linked to this particular one (starting from
higher methylbenzenes rather than toluene) will have to
operate through even faster routes to account for the ethene/
propene production.

This catalytic cycle is unique, as it connects toluene to the
1,1,2,4,6-pentamethylbenzenium cation (2), the largest cation
seen experimentally in HZSM-5, as well as to the 1,3-
dimethylcyclopentadienylium cation (1). These cations are
stabilized by the electronic confinement effect and can only
be adequately described with a full surrounding framework.
The experimental observation of multiple scrambling would
be achieved by repeated iterations through this scheme,
resulting in both labeling of the olefins and of the aromatics.
Furthermore, this cycle does not only explain the observed
cations as well as the scrambling, but it also provides a
plausible route for the formation of isobutene from methanol
as a major product in HZSM-5. Quite strikingly, this is the
first complete route for any type of MTO conversion
containing not a single major bottleneck.

Work performed here has greatly enhanced previous
research and developed a fundamental understanding of the
actual steps involved to produce olefins from aromatic
reaction centers. However, other hydrocarbon pool species
might also be stable within the pores of the zeolite and these
could result in various other major olefin products like
ethylene and propene. Furthermore, the expansion of this
work to other common MTO zeolites and possibly to the
chabazite topology aluminophosphate HSAPO-34 would be
beneficial, as different topologies and different compositions
will most likely lead to different major catalytic cycles.

Methods

Optimizations of the 46T clusters have been performed at the
ONIOM(B3LYP/6-31G(d):MNDO) level using the Gaussian03 pack-
age.™™ The high DFT level was used for an embedded 8T-cluster,
which includes the acid site, and the organic guest molecules. The 46T
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cluster was saturated with hydrogen atoms. Only these saturating
hydrogen atoms were fixed to prevent collapse of the cage. All other
low-level framework atoms were allowed to fully reposition them-
selves to host the large incorporated species. Inclusion of the full cage
was necessary, as electrostatic interactions and shape selectivity
greatly influence reaction barriers, which is especially pronounced in
ZSM-5."! Frequency calculations were performed on all, ensuring
stability and the identification of proper transition states. Single point
energies have been corrected by using the ONIOM(B3LYP/6-
31G(d):HF/6-31G(d)) level of theory. This method does not provide
an optimal treatment of the van der Waals interactions. Even newly
developed strategies to address this issue cannot be routinely applied
to hydrocarbon reactions in zeolites yet because of the system’s
size.'” The rate constants were obtained through unimolecular
transition state theory, in which the entire supramolecular complex
(cage+contents) was handled as a single molecule. This approach
results in rate constants which are smaller than experimentally
obtained rate constants for isobutene formation, but within similar
orders of magnitude.
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