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Abstract: In situ 13C NMR measurements on samples prepared using a pulse-quench catalytic reactor show
that the 1,3-dimethylcyclopentenyl carbenium i@pi§ an intermediate in the synthesis of toluene from ethylene

on zeolite catalyst HZSM-5. Catiohforms in less than 0.5 s when ethylene is pulsed onto the catalyst bed

at 623 K, and its presence obviates the kinetic induction period for conversion of a subsequent pulse of dimethyl
ether, or methanol, into olefins (MTO chemistry). The kinetic induction period returns when the interval between
pulses is many times the half-life dfin the catalyst bed. Density functional theory calculations (B3LYP/
6-311G**) on a cluster model of the zeolite confirm tHais stable in the zeolite as a free cation and suggest
why the alternative framework alkoxy is not observedz/Aomplex of the neutral cyclic diene is only 2.2
kcal/mol higher in energy than that of the ion pair. Theoretical (GIAO-MP2/p)sotropic shifts of isolated

1 are in good agreement with the experimental spectra of the cation in the zeolite. To understand how organic
species entrained in the catalyst could promote MTO chemistry, we calculated a number of methylation reactions
in the gas phase. We found that the diene formed by deprotonatitirisofar more easily methylated than
ethylene, propene, or toluene. The aggregate experimental and theoretical results reveal the essential features
of a mechanism for MTO and methanol to gasoline (MTG) chemistry on a working catalyst.

Methanol-to-gasoline (MTG) chemistyon zeolite HZSM-5 At least 20 distinct mechanisms have been proposed for the
has motivated more fundamental stéitlyan any other mecha-  first carbon-carbon bond-forming step, and most of these
nistic problem in heterogeneous catalysis. There is also muchpredict that ethylene is the first hydrocarbon product. It is usually
current interest in the closely related process of methanol-to- assumed that propene and other higher olefins arise by homolo-
olefin (MTO) chemistry, which is also catalyzed by HZSM-5 gation of ethylene with methanol or dimethyl ether (DME).
using different process conditigh® minimize aromatic forma- However, a key feature of the reaction is a kinetic induction
tion. Dehydration of methanol to dimethyl ether (DME) is rapid, period that precedes large-scale hydrocarbon synthesis, and the
and identical hydrocarbon distributions are obtained with either reaction occurring during the induction period need not be the
oxygenate. From a fundamental perspective, MTG and MTO same as that on a working catalyst. Several workers have applied
processes on HZSM-5 pose the same mechanistic questionsclassical flow-reactor methods to the study of the induction
On a working catalysthow is methanol (or DME) converted period. In a previous series of papers that is very pertinent to
into olefins, why is propene formed with higher initial selectivity the present investigation, Kolboe studied the effect of prior
than other olefins, and, how are aromatics synthesized underintroduction of olefin precursors on the subsequent conversion
MTO/MTG conditions? of methanoP?-25 He found that treated catalysts were more

MTG/MTO chemistry has been intensely studied using
theoretical methods, ' infrared spectroscopy;3and NMR14-21
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active than untreated catalysts and proposed a phenomenologicahethod at the MP2 level. The predicted isotopic chemical
“carbon-pool” model to account for reactions on working shifts are in good agreement with those measured forthe
catalysts. Kolboe did not attempt to characterize the structure zeolite. Density functional theory (DFT) optimizations at the
of the carbon pool species, but he speculated that it might be aB3LYP/6-311G** level confirmed that forms a stable ion pair
carbenium ion. In another series of investigations, Mole and complex with a large cluster model of the HZSM-5 conjugate
co-workers demonstrated that simple aromatic hydrocarbonsbase site. We also found a stable neutrabmplex of the cyclic
functioned as “cocatalysts” for methanol conversib®. They diene2 formed by deprotonation df and the Brgnsted site of
proposed a mechanism by whigxomethylene species, in  the catalyst that was only 2.2 kcal/mol higher in energy than
equilibrium with protonated methyl aromatics (e.g., benzenium the ion pair. A third species, a framework alkoxy produced by
cations), undergo electrophilic addition to form ethylbenzenes forming a covalent bond betweeh and an oxygen on the
which eliminate ethylene in acidic media. An alternative conjugate base site of the catalyst, is also a stable point on the
mechanism involving well-established six- to five-membered potential energy surface, but the relative energy of this species
ring interconversions was also proposed to account for theis so high as to suggest no role in the observed chemistry.
findings of Mole et aP®

Here we report extensive experimental work using a pulse-
guench catalytic react$2%-31 to probe the transition between /@\
induction reactions and hydrocarbon synthesis on a working
catalyst. NMR characterization of quenched catalyst samples, : }
in combination with theoretical calculatioB%,reveals that

formation of the 1,3-dimethylcyclopentenyl carbenium idj ( Finally, theoretical chemistry was also applied to understand

how formation ofl, 2, and related species could end the kinetic
induction period and catalyze hydrocarbon synthesis. We
calculated the reaction pathways for a number of methylation
reactions in the gas phase. For example, methylation of ethylene

! or propene with trimethyloxonium to yield protonated DME and
propene or 1-butene, respectively, has predicted barriers greater
than 45 kcal/mol. In contrast, methylation of cyclic dighwith
trimethyloxonium formed DME and carbenium idhwith a
barrier of only 33 kcal/mol. The aggregate experimental and
theoretical evidence led to a proposed catalytic cycle for MTO
chemistry on HZSM-5 that also accounts for propene selectivity.
Similar schemes can also be constructed for alkylation and olefin
elimination from aromatics as a parallel or competing pathway
once these are formed from cyclopentenyl cations.

on the zeolite ends the induction period for MTO chemistry.
The active site for hydrocarbon synthesis on a working catalyst
is a composite of cyclic organic species, on which carbon
carbon bonds are made and broken in a catalytic cycle, and
one or more Brgnsted acid sites. We find thas synthesized

in less than 0.5 s with high selectivity when ethylene is pulsed
onto the zeolite at 623 K. Variable-temperature MAS NMR
experiments reveal thatis present on a sealed catalyst sample
at 523 K. We measured the half-life afin the catalyst bed in

the presence of carrier gas flow and obtained values of 10 min Experimental Section
at 548 K and 6 s at ca. 723 K. In thabsence ofl, olefin

synthesis from DME exhibits a clear kinetic induction period. Materials and Reagents.All results reported were obtained on a

o . . . zeolite HZSM-5 catalyst with a Si/Al ratio of 14 that was pressed into
If Lis first synthesized in the zeolite from natural abundance pellets (10 to 20 mesh) without binder. Some of the experiments were

fethyle_ne, Ole_ﬂn synthesis from DMQCZ proceeds \_N'thOUt_an repeated using a zeolite with a Si/Al of 19 as pellets with 30 wt %
induction period, ané’C labels are incorporated uniformly into  ajymina binder. No obvious differences were observed for the two
1. The induction period returns if the time interval between materials studied. Ethylerféc, (99% 13C), propene-13C (99%13C),
injection of ethylene and DME is greater than several times propene-24C (99%1C), and 2-methylpropene£C (99%13C) were
the half-life of1. We also show that is an intermediate in the  obtained from Cambridge Isotopes. Dimethyl ether (DM¥), (99%
synthesis of toluene, an important product in MTG chemistry. **C) was obtained from Isotec.

Theoretical chemistry was used to further clarify several ~— Catalysis Experiments.We used a pulse-quench reactor to study
aspects of the experimental work. We explored the mechanismhydrocarpon synt_hes[s reactions. For ea_ch experiment we loaded the
by which isolated catiot is converted to toluene by calculating ~ €2ctor with a cylindrical bed (7.5 mm diameter by 8 mm in length,
the relative energies (MP2/6-3tG*) of various possible typical weight of 0.3 g) of fresh catalyst pellets. In every case, the

. . . . S catalyst bed was activated in place immediately prior to use by heating
species that might exist on the reaction pathway. We optimized ; 573 « tor 1 h inflowing helium. DME pulses were 0.46 mol per

the gas-phase geometry bfand calculated th_é3C chemical mole of acid site (typically 0.15 mmol), and ethylene pulses were 1.9

shift tensors using the gauge-including atomic orbital (GIAO) mol per mole of acid site (typically 0.63 mmol). The pulse-quench
(22) Kolboe, SActa Chem. Scand.986 A-40, 711713 reactor is essentially a_fixed bed, microflow reactor. Helium (6OQ scecm)
(23) Dahl, I. M.; Kolboe, SJ. Catal. 1994 149, 458-464. was used as the carrier gas, and reactants were introduced in pulses
(24) Dahl, I. M.; Kolboe, SJ. Catal. 1996 161, 304-309. using injection valves as in refs 21, 29, and 30. Schematics of a pulse-
(25) Kolboe, S. InMethane Copersiony Bibby, D. M., Chang, C. D., quench reactor in a single-pulse configuration can be found in Figure

Howe, R. F.,d Yurchak, S., Eds.; Elsevier Science Publishers: Amsterdam, 1 of ref 29. The double-pulse experiments were of the following type:

1988: pp 189-193. : :
(26) Mole. T.: Whiteside, J. A.: Seddon, . Catal 1983 82, 261—266. Pulse 1,71; Pulse 2,75, quench. Pulse 1 was the first compound

(27) Mole, T.; Bett, G.; Seddon, OJ. Catal 1983 84, 435-445. delivered to the catalyst bed, usually ethylene, and the treated catalyst

(28) Pines, HJ. Catal 1985 93, 205-206. was allowed to age for time; prior to delivery of a second reagent,

(29) Haw, J. F.; Goguen, P. W.; Xu, T.; Skloss, T. W.; Song, W.; Wang, frequently DME or methanol, in Pulse 2. Further aging of the catalyst
Z. Angew. Chem1998 37, 948-949. occurs during the time intervat,. Following 7, the catalyst bed

(30) Xu, T; Barich, D-CFI"{; Go%uenégP. Wé? Sogg, W.é\zl\éang, Z.;Nicholas, temperature is rapidly decreased to ambient using a thermal quench.
J. ?éi;-lg;\;\/r}cjri FDJ'I-IIAmXu Teméon%awgvba%g4 > tering - Haw. JIF Previous studies have shown that the temperature of the catalyst pellets
Phys. Chem. 13998"102’7{63—71’68.” T T ' ' decreases 150 K in the first 170 ms of a quench. In some cases we

(32) Haw, J. F.; Nicholas, J. B.; Xu, T.; Beck, L. W.; Ferguson, D. B. used N as one of the reagents for control experiments that precisely
Acc. Chem. Red.996 29, 259-267. matched other double-pulse experiments. Single-pulse experiments were
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Figure 1. 75.4 MHz 3C CP/MAS NMR spectra of the reaction
products of dimethyl ethe¥®C, (DME) retained on zeolite HZSM-5
following various times at 573 K in a pulse-quench reactor. In each
case, 7.2 mg of DME, corresponding to ca. 0.46 molecules of DME

per acid site, was injected onto a freshly activated, previously unused
catalyst bed. Signals due to DME (60 ppm), a trace of methanol (51

ppm), and catiorl are highlighted. All spectra were measured at 298
K. The asterisks denote spinning sidebands.

of the following type: Pulse 171, quench. In both double-pulse and

J. Am. Chem. Soc., Vol. 122, No. 19, 2085

firmatory evidence was obtained by carbon analysis (Galbraith). Spin
counting and elemental analysis results were in good agreement.

Theoretical Methods

Several different types of theoretical methods were employed in this
investigation. We first needed to verify the identity of the cyclopentenyl
speciesl. To this end we optimized the geometry bfising second-
order Mgller-Plesset theory (MP2) and the 6-31G* basis se® The
core electrons were not included in the correlation treatment. Chemical
shieldings forl were then calculated using the GIAO method at the
MP2 level®* We used Ahlrich’s tzp basis $8{51111/311/} (with 6
Cartesian d orbitals) on the carbon and{@&4} on the hydrogens in
the chemical shift calculations. We term this level of theory GIAO-
MP2/tzp/dz.

The calculated chemical shielding tensors were symmetrized and
then diagonalized to yield principal components. These were then
referenced to thé&C isotropic chemical shift of carbon in tetrameth-
ylsilane (TMS) calculated at the same level of theory (for both the
shielding and geometry) such théfuc = orms — ocac The absolute
shieldings of3C in TMS is (in ppm) 199.0 at MP2/tzp/dz//MP2/
6-311+G*. The isotropic chemical shift is the average of the principal
components, which are defined such that = 92, = d33. Thus,

Oiso = 1/3(511 + 051 039

The asymmetry factory) and chemical shift anisotropy (CSA) are
defined as previously in ref 36.

It is also important to theoretically verify if can exist as a stable
cation in the presence of the conjugate base of the zeolite acid site. To
this end we optimized complexed to a model of a deprotonated zeolite
acid site in HZSM-5. Specifically, HZSM-5 was modeled as a cluster
of stoichiometry [(HSIO)SIOAI(OSiHs)s] . Due to the large size of
the system we were unable to use the MP2 method for the geometry
optimization. We thus used DFT, which provides geometries and
energies comparable to MP2 calculations at a considerably reduced
computational cost. For the DFT optimizations we used the hybrid
B3LYP exchange-correlation functiodahnd the 6-311G** basis set.

In all the optimizations the terminal silyl @3i—) groups were held

single-pulse experimen_ts the gas stream exiting the reactor was samplegiy o4 in crystallographic positions corresponding to the TAQY24)—
for gas chromatographic or GC-MS analysis. After each reacted catal_yst-l-(lz) site in HZSM-5% The positions of all other atoms were allowed
sample was quenched, the reactor was sealed off and transferred it hjete freedom. The constraints imposed in the optimizations impart

a glovebox filled with nitrogen (0.3 ppm of ). The catalyst pellets 015 in the calculated thermodynamic properties; we thus report only
were ground and transferred to a 7.5-mm MAS rotor that was sealed

with a Kel-F end-cap. This procedure affords a sealed sample for MAS

NMR study that has not been exposed to atmospheric moisture.
NMR Spectroscopy.3C solid-state NMR experiments were per-
formed with magic angle spinning (MAS) on a modified Chemagnetics

CMX-300 MHz spectrometer operating at 75.4 MHz f8€. Hexa-

changes in energyAE) rather than enthalpy. We also identified two
additional adsorption complexes.

We used theoretical methods to explore the mechanism for conver-
sion of 1 to toluene. Each of the possible reaction intermediates was
first optimized at the B3LYP/6-311G* level of theory. Frequency
calculations were done to verify that each optimized geometry was a

methylbenzene (17.4 ppm) was used as an external chemical shifty e energy minimum (no negative eigenvalues). The B3LYP/6-311G*

standard, and alt®C chemical shifts are reported relative to TMS.

geometries and force constants were then used as input to MP2/

Chemagnetics-style pencil probes spun 7.5 mm zirconia rotors at §.311+G* optimizations.

typically 6.5 kHz with active spin speed contrat3 Hz).

Typical :*C experiments included the following: cross polarization
(CP, contact time= 2 ms, pulse delay 1 s, 2000 to 16000 transients);
cross polarization with interrupted decoupling (contact tim€@ ms,
pulse delay= 1 s, 2000 to 16000 transients, dipolar dephasing time of
50us); and single-pulse excitation with proton decoupling (Bloch decay,
pulse delay= 10 s, 400 to 4000 transients). All the spectra shown

were obtained with cross polarization, except where otherwise stated.

Quantitation of Cation 1 in Catalyst Samples The absolute yields

Finally we calculated at the B3LYP/6-311G* level the reaction
pathways for the methylation of various species as well as for
elimination reactions leading to olefin products. All the optimizations
and frequency calculations were done with Gaussiaf® @hemical
shift tensors were calculated with the program ACE® Il

Experimental Results
In the pulse-quench studies reported here, the NMR spectra

of cation1 in several catalyst samples prepared using the pulse-quenchWere measured at room temperature, and each spectrum corre-

reactor were determined by both spin counting and elemental analysis.

A calibration of 13C NMR signal intensity vs carbon content was

obtained for measurements of five samples of hexamethylbenzene

(natural abundance) in sulfur. AIfC NMR spectra for spin counting

(33) Hehre, W. J.; Radom, L.; Schleyer, P. v. R.; Pople, JABInitio
Molecular Orbital Theory John Wiley & Sons: New York, 1986.

(34) Gauss, JChem. Phys. Lett1992 191, 614-620.

(35) Schafer, A.; Horn, H.; Ahlrichs, R. Chem. Physl992 97, 2571~

experiments were measured using Bloch decays with 10 s pulse delays2577.

The number of*C spins corresponding to one or more of the prominent

signals ofl in the catalyst samples was deduced by comparison to the

(36) Barich, D. H.; Nicholas, J. B.; Xu, T.; Haw, J. B. Am. Chem.
S0c.1998 120, 12342-12350.
(37) Becke, A. DJ. Chem. Phys1993 98, 5648-5652.

standard curve. This measurement was then used to calculate the number (38) van Koningsveld, H.; van Bekkum, H.; Jansen, JAGa Crystal-

of 1 cations per unit measure of zeolite. For several samples, con-

logr. 1987 B43 127—-132.
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sponds to a unique catalyst sample. Catalyst samples were 16s

discarded after a single use, and all experiments began with A n ,AJ\A

freshly activated catalyst. In this investigation, catalyst samples

have “histories” only within a given double-pulse experiment, 8s A ,)“ \ M

when Pulse 1 could influence the outcome of reactions following e RS

Pulse 2. P
Single-Pulse Experiments.We previously used a pulse- 129

qguench reactor to observe the induction period in the conversion 4s A A

of methanol to hydrocarbons on zeolite HZSM5The first J £ %

step in that reaction, equilibration of methanol with DME and 19— ca

water, is exothermic and not relevant to the mechanism of 19

hydrocarbon synthesis. For this investigation we used DME as 129 4

the starting material to avoid this preequilibrium. Figure 1 2s 129 U\J

present$3C MAS NMR spectra from a pulse-quench study of ; x g 2

the reactions of DMESC, on HZSM-5 catalyst pellets. DME 4

(60 ppm) does not react at all on fresh catalyst for the first 2 s 250 v "

at 573 K; between 4 ah8 s there is a very modest conversion /

to form small amounts of catioh(peaks assigned below), after =

which large scale hydrocarbon synthesis commences. GC or 250 148129

GC-MS analysis of the hydrocarbon products exiting the reactor 05s A J*A}\ /JUJ

invariably show a preponderance of propene relative to other

olefins and, in particular, high propene-to-ethylene ratios. High I [ | I | [ l [ I

selectivity for propene has previously been obseftetihe 350 300 250 200 150 100 50 0 .50
results in Figure 1 are consistent with the kinetic induction ppm
period well-known to MTG chemistry. By similar experiments, Figure 2. 13C CP/MAS NMR spectra of the reaction products of
we determined that the induction period for DME on HZSM-5 ethylenel3C;, retained on zeolite HZSM-5 following various times at
was=>16 s at 548 K and ca. 0.5 s at 623 K. 623 K in a pulse-quench reactor. Signals from cyclopentenyl cations
We used the pulse-quench reactor to study the reactions of(250, 148, 48, and 24 ppm) and toluene (129 and 19 ppm) are indicated
ethylenel3C, on the catalyst. The heats of adsorption and ithe_speqtra. All spectra were measured at 298 K. The asterisks denote
reaction of ethylene are significant and must be considered in SPinning sidebands.
evaluating the reaction temperature. The pulse-quench reactor o ) o
was equipped with a high-speed (5 ms) thermocouple that wasC3 .of the allyl cationic moiety; 148 ppm, C2 of the allyl cationic
placed in contact with the catalyst pellets 4 mm from the front Moiety; 48 ppm, Chicarbons; and 24 ppm, Gfdarbons. These
of the catalyst bed. Under steady-state reaction conditions the@SSignments were verified by interrupted decoupling (also called
temperature of the catalyst bed is well regulated; this is not dipolar dephasing) experiments. They are also consistent with
possible during high concentration pulses of reactive species.Prévious studies of catiorl in acidic solutions and our
Thermocouple traces for three experiments in which 0.63 theqretlcal studies (vide |nfra)_. As the catalyst ages for 2 to_4
mmol of ethylene was pulsed onto catalyst beds at various S signals due td decrease with a commensurate increase in
temperatures are reported in the Supporting Information (Fig- Signals due to toluene at 129 and 19 ppm. With further aging
ure S1). Briefly, the arrival of the ethylene pulse onto the cata- In the flow reactor, signals due to toluene and other organics
lyst pellets is heralded by a ca. 100 K temperature increase diminish, and after 16 s only a modest amouni.oémains in
which persists for several seconds. We also found that 0.15the catalyst bed. A semilog fit of the decreaselajver time
mmol DME pulses resulted in ca. 20 K temperature transients. Yi€lded an approximate half-life of 6 s. We carried out an
In the following we distinguish between the temperature of the @nalogous experiment at a nominal temperature of 548 K and
catalyst bed prior to (or several seconds after) an ethylene pulsgound that the half-life of catiorl in the catalyst bed was ca.
and a transient temperature ca. 100 K higher immediately ;O min at the Iqwertempergture. j’he latter results are presented
following an ethylene pulse, whenever the distinction may be N the Supporting Information (Figure S2).
important. Figure 3 reports a series of ethylene single-pulse experiments
Figure 2 reportst3C MAS NMR results for single-pulse in which the reaction time was fixed at 4 s, but the initial
experiments in which ethylene was exposed to the catalyst atreaction temperature was varied between 323 and 773 K. A
an initial temperature of 623 K (the temperature during the first remarkable reaction occurred at the lowest temperature studied,
few seconds of reaction rose to ca. 723 K) and allowed to react323 K. The'*C NMR spectrum of this sample is reminiscent
between 0.5 and 16 s prior to quenching. The most prominent of those of long-chain alkanes. Interrupted decoupling experi-
peaks in the spectrum obtained for 0.5 s of reaction are all duements established that the 12 ppm signal was the only one due
to 1. These are the isotropic resonances at 250 ppm, C1 andto methyl groups in this sample. The 33 ppm signal is consistent
(39) Frisch, M. J: Trucks, G. W.. Schiegal, H. B Gil P, M. w.; "ith CHz groups well removed from chain ends and the 24 ppm
Johnson, B. G.: Robb, M. A.+ Cheeseman, J. R.. Keith, T.. Petersson. G, Signal is characteristic of methylenes immediately adjacent to
A.; Montgomery, J. A.; Raghavachari, K.; Al-Laham, M. A.; Zakrzewski, chain ends. This spectrum is due to unbranched oligomers of
V. G.; Ortiz, J. V.; Foresman, J. B.; Cioslowski, J.; Stefanov, B. B.; ethy|ene, and if no Cyc”c species are present, integration
Nanayakkara, A.; Challacombe, M., Peng, C. Y.; Ayala, P. ¥.; Chen, W.; ¢ \neqts an average chain length of up to 40 carbons. When

Wong, M. W.; Andres, J. L.; Replogle, E. S.; Gomperts, R.; Martin, R. L.; ~%; . ;
Fox, D. J.; Binkley, J. S.; Defrees, D. J.; Baker, J.; Stewart, J. P.; Head- Similar experiments were conducted at higher temperatures, the

Gordon, Mk.); Gohnzalez, C.; Pople, J. Baussian 94, Résion B.2 Gaussian, unbranched oligomers were replaced with more complex
Inc.: Pittsburgh, PA, 1995. ; ; ; i

(40) ACES I, an ab initio quantum chemical program system; Stanton, products including catiorl and closely .related spemes._ For
J. F.; Gauss, J.; Watts, J. D.; Lauderdale, W. J.; Bartlett, R. J. example, the peak at 155 ppm has previously been assigned to

(41) Chu, C. T-W.; Chang, C. Ol. Catal. 1984 86, 297—300. the C2 carbons in cations with substitution patterns similar to
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Figure 4. GC traces (thermal conductivity) characterizing the volatile

ppm products from the reactions of ethylef&, on zeolite HZSM-5 (4 s
Figure 3. 13C CP/MAS NMR spectra of the reaction products of reaction time) at various temperatures in a pulse-quench reactor. Toluene
ethylenel3C; retained on zeolite HZSM-5 followm4 s ofreaction at is a major product at higher temperatures.

various temperatures (indicated) in a pulse-quench reactor. Toluene (129

and 19 ppm) is one of the products formed framat higher scrambling in the cations appeared to be quantitati@NMR
temperatures. All spectra were measured at 298 K. The asterisks denotgpectra from these studies are included as Figure S3 in the
spinning sidebands. Supporting Information; they are similar in appearance to those
from analogous experiments using ethylép@y.

4.42\We also verified this assignment by theoretical calculations . . .
g y We used NMR spin counting and elemental analysis to

measure the absolute yields of catibim experiments represen-
Q tative of those reported here. In particular, we studied samples
prepared by pulsing ethyledéc, onto catalyst samples at 623
4 K followed by reaction between 0.5 and 60 s. Spin counting

and elemental analysis results were consistent; the yields of

(vide infra). At least three isotropic peaks are partly resolved \ere only +-4% of all acid sites, corresponding to absolute
in the 245-255 ppm range for samples prepared at initial yjelds of up to one cation per ca. four unit cells or one cation
temperatures of 473 or 573 K; this is further evidence of per ca. 16 channel intersections. This yield is low enough that
CyClOpentenyl cations with diverse substitution patterns. Ac- we m|ght expect to see mass transport in the Cata|yst little
cumulation of toluene in the catalyst bed is apparent for the affected by formation ofl. Using standard vacuum line tech-
reaction carried out at an initial temperature of 573 K. njques, we measured benzene uptakes for both fresh catalysts
Essentially no organic species were retained on the catalyst bedhnd catalysts reacted to fortrand found them indistinguishable.
after 4 s ofreaction at 773 K. Double-Pulse Experiments.Double-pulse experiments es-

GC traces from the experiments which also provided the taplished that the formation df by prior injection of ethylene
NMR spectra shown in Figure 3 are collected in Figure 4. Some had a profound effect on the subsequent reaction of DME. Figure
of the ethylene passes through the reactor without conversions reports experiments carried out at 548 K, a temperature at
to other products. For samples prepared at intermediate tem-yhich the induction period is much greater th@ s and the
peratures (473573 K) for which1 and related cations were  paif-life of 1 in the catalyst is 10 min. Without prior injection
apparent in the NMR spectra, the corresponding GC traces arepf ethylene (Figure 5a) there is negligible conversion of labeled
dominated by @ and G products in approximately equal DME after 8 s. Figure 5b reports a result obtained by injecting
amounts. The high yield of{Zompounds is clearly inconsistent 3 pulse of natural abundance ethylene, waiting 60 s, injecting
with formation of primary products by a simple oligomerization  |apeled DME, allowing a furthe8 s ofreaction, then quenching.
of ethylene. At higher temperatures (e.g., 773 K) the products |n this case there was significant conversion of DME as
are dominated by propene and aromaticgst prominently  measured by hydrocarbon products in the GC trace, the
toluene with smaller amounts of benzene and xylenes. Again, diminished DME peak in the NMR spectrum, and the appear-
the high yield of an odd-carbon product, toluene, is significant. gnce of!'3C labels in peaks for catioh Figure 5¢ is a control

We discovered that the formation dfand similar cations in experiment which establishes thiatderived from ethylene in
flow reactors is a general characteristic of simple olefins. Single- the first pulse is still present in the catalyst bed 68 s later.
pulse experiments were performed in which propene (two Ethylenel3C, was injected followed 60 s later by a pulse of
isotopomers) and 2-methylpropene were reactedf®at 623  N,; 8 s later the sample was quenched. Signals daerelated
K. In every case aromatics were also formed and label cations, and some toluene are readily apparent in the spectrum.

(42) Haw, J. F.; Richardson, B. R.; Oshiro, I. S.; Lazo, N. L.; Speed, J. We carried out analogous experiments in which the catalyst was
A. J. Am. Chem. S0d.989 111, 2052-2058. allowed to age up to 10 min after injection of ethylene and prior
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a. (3CH,),0
a. (3CH,),0 Y

b. C,H, + (13CH,),0 U b. C,H, + (°CH,),0 )

—..,-’\..,.--1.-..4'/\*

249

{

c. BC,H,
¢. BCH,

350 300 250 200 150 100 50 0 -50

350 300 250 200 150 100 S0 0 -50 ppm
ppm Figure 6. 3C CP/MAS NMR studies of the reactions of DMEZ,
Figure 5. *C CP/MAS NMR studies of the reactions of DMEC, with cyclopentenyl cations at 573 K on zeolite HZSM-5 in a pulse

with cyclopentenyl cations at 548 K on zeolite HZSM-5 in a pulse guench reactor. Spectrum a corresponds to the reaction of BBE-
quench reactor. Spectrum a corresponds to the reaction of BGIE- for 8 s onzeolite HZSM-5, showing almost no hydrocarbon formation.
for 8 s onzeolite HZSM-5, showing almost no hydrocarbon formation. Spectrum b corresponds to a double pulse experiment; ethylene (natural
Spectrum b corresponds to a double pulse experiment; ethylene (naturapbundance) was first injected and reacted for 60 s on zeolite HZSM-5
abundance) was first injected and reacted for 60 s on zeolite HZSM-5 to form cyclopentenyl cations, then DMES, was injected and reacted
to form cyclopentenyl cations, then DMEC, was injected and reacted ~ for 8 s. The yields of hydrocarbons, including catibrare much higher
for 8 s. The yields of hydrocarbons, including catigrare much higher ~ in the second experiment. Spectrum c corresponds to a double pulse
in the second experiment. Spectrum ¢ corresponds to a double pulsecontrol experiment; ethylen€C, was first injected and reacted for 60
control experiment; ethylenc, was first injected and reacted for 60 S, then N was injected and the catalyst was quenched after a further 8
s, then N was injected and the catalyst was quenched after a further 8 S- The control experiment demonstrates that catidormed from the
s. The control experiment demonstrates that catidormed from the injection of ethylene, is present on the catalyst long enough to influence
injection of ethylene, is present on the catalyst long enough to influence the conversion of DME 68 s later.
the conversion of DME 68 s later.
studies to be carried out at short reaction time scales, it has one

to injection of DME, and still observed that the induction period advantage in that the NMR measurement can be made at higher
for hydrocarbon synthesis from DME was eliminated by the temperatures, sometimes approaching those in a catalytic reactor.
presence of. Very significantly, when we allowed the catalyst Since the pulse-quench reactor prepares samples at high
bed to age for 180 min (many times the half-life bf the temperatures for NMR measurements at room temperature, we
induction period for reaction of DME returned as if ethylene considered the possibility thatis not present at high temper-
had never been injected. This experiment (Figure S4, Supportingature but is theeversiblereaction product of other species (e.g.,
Information) strongly supports the role bfand related species  Olefins) trapped in the catalyst by the thermal quench. We used
in hydrocarbon synthesis on working catalysts in that removal the pulse-quench reactor to prepare catalyst samples loaded
of the proposed cause eliminates the observed effect. primarily with 1 (formed from ethylenéCy), sealed these in

Figure 6 reports an analogous set of experiments at a higherAS rotors, and then carried out conventional variable-
reaction temperature, 573 K. Aft8 s of reaction in a single-  [€mperature in situ studies. A representative result is reported
pulse experiment, DME was still within the induction period " Figure 7. These studies show tfiais stable on the zeolite

on fresh catalyst, although tracesldfiad begun to form (Figure In a segled rotor up to at least 523 K; we observed some
6a). When a larger amount df was preformed by injecting conversion to tpluene, but most of thewas u_nreacted after
natural abundance ethylene and allowing the catalyst to age forprolonged heating. The resonanceslafere slightly broader .
60 s, the subsequent conversion of labeled DMErd&te of at 523 K compared to thos? at room temperature, but we did
reaction was greatly enhanced (Figure 6b), Halabels from not clearly obsgrve sqrambllng or exchange that was rapid on
DME were incorporated int@. In similar double-pulse experi- the NMR (chemical shift) time scale. This shows thas stable
ments we observed some conversion of DME wiias short on the zeolite at a temperature only-250 K below those used

as 0.5 s. Figure 6c¢ reports a control experiment demonstrating';“tgin%?;gﬁéguwg;;geg;n jnnrgéz%“zmeggsﬂ:reare\ée; Scl)trm(a:on-
that1 is indeed present in the catalyst 68 s after injection of 9 P P pp

1 densed in the zeolite pores during the thermal quench.
ethylenel®C,. ; . ) .
Stability of Cation 1 in the Catal M f the in si We also designed a more direct experiment to control against
tapility of Cation 1 in the Catalyst. Most of the in situ the possibility thatl is formed by quenching other active species
NMR studies carried out in our laboratory in the past decade

have reacted adsorbates on catalysts in sealed rotors heated %f unrelated structure (e.g., simple olefins). We carried out &
i . ; ; ouble-pulse experiment similar to that in Figure 5b with the
cooled in variable-temperature MAS NMR prol#@&Vhile this P P g

experimental approach does not simulate flow reactors or permit  (43) Xu, T.; Haw, J. FTop. Catal.1997, 4, 109-118.
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Table 1. Theoretical and Experiment&C Isotropic Chemical
Shifts for Cationsl and 4?2

cationl cation4
298 K after 523 K exptl GIAO-MP2 exptI GIAO-MP2
back - C1-C3 250 255.3 245 249.3
= c2 148 152.8 155 163.1
C4-C5 48 53.0 43 50.4

methyl (CE-C3) 24 28.9 22 26.7

23K methyl (C2) 10 124

a2 Theoretical values calculated at the GIAO-MP2/tzp/dz level of
theory using MP2/6-31tG* geometries and referenced to th€

chemical shift in TMS (199.0 ppm) calculated at the same level of
theory.
473K

Aromatic Compounds as MTO CocatalystsOther workers
have previously reported that co-feeding toluene or other
aromatic compounds enhances the conversion of methanol to
hydrocarbons on zeolite HZSM#27 We considered the
possibility that other cyclic species (clearly distinct frdbh
derived from aromatic compounds could also function as organic
reaction centers in MTO chemistry. This proved to be the case.
Experiments similar to those described here confirmed that co-
injection of large amounts of toluene accelerated the conversion
of methanol to hydrocarbons and also formed the pentameth-
ylbenzenium catiorb. Calculations suggest (vide infra) that

393K

298 K }\ JU\ / b

350 300 250 200 150 100 S50 O 50

Figure 7. Variable-temperatur€C MAS NMR study of1 on zeolite

HZSM-5. A single sample was prepared by pulsing ethyfé@g-onto

a catalyst sample at 623 K in a pulse-quench reactor and allowing it to

react for 0.5 s. All spectra (Bloch decays) were measured at the

temperatures indicated on the figutéC signals from Kel-F end caps 5

sealing the MAS rotor are seen in the spectrum measured at 523 K.

Cation1 is present on the catalyst at temperatures approaching thosemethylation of toluene has a higher barrier than for some of

used in the pulse-quench experiments. the species related g and we defer detailed discussion of the
conditions under which aromatic species might act to a later

following difference. After pulsing ethylene onto the catalyst report (but see ref 30 for related experiments). In brief, we

and allowing it to react at a nominal temperature of 548 K for suspect that a pattern of alkylation and olefin elimination

60 s, we rapidly quenched the catalyst to 298 K and held it reactions, very similar to those described below for cyclopen-

near room temperature in the flow reactor for 300 s. Had we tenyl species, also operates on aromatic species, once they form

measured the NMR spectrum at this point we would have at higher temperatures.

observed thal and related cations accounted for nearly all of

the organic species in the catalyst bed. Instead, we rapidly raisedl' heoretical Results

the reactor temperature back to 548 K, held it there for 60 s, 13 NMR Chemical Shifts of Cations 1 and 4. We

and then injected a pulse of dimethyl ether. As in the experiment optimized the geometries of catiorfsand 4 at the MP2/
described in Figure 5b, the GC trace showed hydrocarbon g_31 11 G |evel; Cartesian coordinates for these are given in
synth(_aS|_s without an mdqctlon periothe thermal quench does e Supporting Information. Th&,, symmetry and bond lengths
not eliminate the catalytic effect. obtained for cationl reflect the electron delocalization and
Trapping studies were performed to identify the volatile partial double bond character expected for this allylic cation.
products that exit the catalyst bed during the decomposition of Cation 4 exhibits similar characteristics. The lowest energy
1in flow reactors. We achieved this by adding a second zeolite geometry o4 hasC; symmetry due to methyl group rotations.
bed downstream of the catalyst bed. The trapping bed containedTo decrease the computational cost of the GIAO-MP2 chemical
inactive NaY zeolite pellets, and it was cooled externally with calculations, we obtained an optimized geometry4iar which
liquid nitrogen to promote condensation of organic species. the molecule was constrained @ symmetry. The energy
was generated by pulsing ethylene onto HZSM-5 pellets at 548 difference between the two conformers is negligible.
K; the gases that immediately exited the reactor were vented to  We report the GIAO-MP2/tzp/dz values of the isotropi€
avoid collection of products unrelated to the decomposition of chemical shifts for cationd and4 in Table 1. The predicted
1, but between 10 min ahl h following injection the effluent chemical shift for C1 and C3 ihis 255.3 ppm, which compares
from the reactor was flowed through the trapping Bé8.NMR to the experimental value of 250 ppm. For C2, theory predicts
spectra of the NaY pellets were then measured at room temperaa chemical shift of 152.8 ppm, whereas the experimental value
ture; representative results are presented in the Supporting Inforis 148 ppm. The Chkicarbons are predicted to have isotropic
mation, Figure S5. Those experiments showed that the decom-chemical shifts of 50.0 ppm which compare to the measured
position products of that exit the reactor are propene, toluene, values of 48 ppm. Finally, the methyl carbons have theoretical
and a smaller quantity of ethylene. Note that this implies that values of 28.9 ppm, whereas the experimental chemical shifts
some fraction of the olefins that form catidrdo so reversibly, are 24 ppm. In all cases the theoretical values are downfield of
although stoichiometry precludes complete reversibility. the experimental chemical shifts, in the worst case-Byppm.
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metry imposed on the cation in the complex, we must assume
that motional averaging is sufficient to retain the appearance
of Cp, symmetry in the experimental NMR spectra.

It is important to consider the energetics involved in the
formation of 1 in the zeolite (all values reported areE’s).
Cation1 could be formed in principle by the protonation of the
parent olefin2. The protonation energy & is —229.4 kcal/
mol at the B3LYP/6-311G** level. This large exothermic
contribution to the reaction energy is countered by the energy
needed to remove the proton from the zeolite. At the B3LYP/
6-311G* level of theory the deprotonation energy of our zeolite
model is 303.2 kcal/mol. If we just consider these two aspects
of the reaction, the overall reaction would be endothermic by
~74 kcal/mol, and thus would be very unlikely to occur.
However, upon protonation of the parent olefin and formation
of 1, we also gain the energy of the Coulomb attraction between

& 1 and the conjugate base of the zeolite. The interaction energy
Figure 8. B3LYP/6-311G** optimized geometry of the 1,3-dimethyl-  of the ion pair is not insignificant; the Coulomb attraction for
cyclopentadienyl catiorl coordinated to the zeolite anion (ion-pair  two point charges separated ® A is ca. 10Ckcal/mol. Indeed,
structure). The binding energy for the complex-i80.7 kcal/mol. the calculated difference in energy between the ion pair complex
and the sum of the energies of the ions at infinite separation is
It is likely that the presence of the conjugate base of the zeolite —gg.7 kcal/moks Summing the energy contributions (303:2
and motional averaging has some effect on the chemical shifts.o2g 4 — 80.7) we arrive at an overall reaction energy-.9
Indeed, a notable change in the geometry of the cation is kcal/mol. For comparison, the energy difference between the
observed theoretically (see below) when it is complexed with & jon pair complex and the isolated parent olefin and protonated
model of the zeolite anion. Although the agreement is less exact zeglite model is alse-6.9 kcal/mol. This result further validates
than we would like, it is sufficient to verify the presencelof  the decomposition of the overall reaction energy into the three

within the zeolite. _ contributions cited above. Thus, the large endothermic energy
Similar agreement between theory and experiment was contribution due to deprotonation of the zeolite is balanced by
obtained for catior. The distinctive experimentafC shift for the large exothermic contributions from the basicity of the parent

C2 of cation4, 155 ppm (see Figure 3), compares with the olefin and the ion-pair interaction, leading to a reaction that is
theoretical value of 163 ppm. The theoretical values for C1 and gyerall slightly exothermic.

C3, 249.3 ppm, are also downfield of the 245 ppm experimental - \ye have previously found the basicity of parent olefins to
value assigned from Figure 3. Other signals in the experimental e 5 good predictor of the existence of stable carbenium ions
spectra are good matches for the remaining theoretical shifts if i, ;o qitest4 In the prior work, theoretical calculations (MP4-
the theo_retlcal values are assumed to be ca. 5 ppm downfleld(sdtq)/6_31%G*) suggested that a basicity of 209 kcal/mol or
of experiment, as for catiof. more was required for a stable carbenium ion to form. Those

Stability of 1 and Related Species on a Zeolite Cluster  roqyts are consistent with the basicity of the parent olefib of
Model. We have reported that only in rare cases do carbenium and the observation df as a stable cation in the zeolite.

ions exist as persistent species in zeolites (under typical
conditions of temperature and loadirf§)Whereas we are
claiming in this paper that can persist in the zeolite catalyst
HZSM-5, it is also important to see if a reasonable theoretical
treatment of the system also predicts thats stablein the
presence of the zeolite conjugate bakeFigure 8 we show
the B3LYP/6-311G** optimized geometry df on a cluster
model of HZSM-5. The most acidic proton dfis in close
proximity (2.04 A) of the zeolite lattice, and could be considered

to be involved in a hydrogen bond with the negatively charged complex of cyclic diene@ on a cluster model of HZSM-5. The

zeolite oxygen._The eH_C a_ngle i5161.2 Th_e C-H distance distance between the acidic proton and the nearest carbon is
for the proton interacting with the oxygen is 0.008 A longer 2.20 A and the ©H—C angle is 167.9 The total Mulliken
than the other €H methylene bonds. Note that the molecule charge on the olefin is 0.0%. The binding energy for the

exhibits distortions from that of the free cation. In particular, complex is —4.7 kcal/mol. The electronic energy of the

the C1+-C2 (1.375 A) and C2C3 (1.405 A) bond distances, complex at this level of theory is only 2.2 kcal/mol higher than

\é\mg g;iﬁglgll_lr(];ghgr]::jeg;agzndigtraenifser;?ftelrnbt;]%%olgp/iex' that of the ion-pair structure in Figure 8. As such, theomplex

. : could plausibly exist in low concentrations on the zeolite.

and the bonds to the methyl groups differ by 0.027 A. The total P y
Mulliken charge on the cation is 0.84). (44) Nicholas, J. B.; Haw, J. B. Am. Chem. Sod.998 120, 11804~
Although there are certainly many other possible ways the 115(3255)-| . dering the dif , bet

: H H : H H n IS case we are considering the aifrerence In energy between
Ca“_or? CO,UId orientate itself with .regard to the zeolite, ,thls the optimized ion-pair complex and the sum of the energies arfid the

optimization demonstrates that catibis stable over the zeolite  zeolite conjugate base, both of which were optimized in isolation at the
anion in the most likely geometry that would promote proton B3I(_4Y6F)’/§_-3hlll(3**Jle\éel c)J(fth$orzl. 3. Frop. Catal. 1998 6, 141149
H Icholas, J. b.; Au, 1.; Aaw, J. H.0p. atal. s — .
transfer back_ to_the_ zeolite. The geometry of' the complex a_llso (47) White, 3. L. Back, L. W.: Haw, J. B. Am. Chem. S0d992 114

supports the indication from the NMR calculation that the lattice g1326189.

has a measurable effect on the cation. Considering the asym- (48) Kazansky, V. BAcc. Chem. Re<.991, 24, 379-382.

In previous studies of propene on acidic zeolites, we did not
find any evidence for a stable isopropyl carbenium ion on the
zeolite. However, experiment and theory were in agreetfient
about the existence of two other states:t @omplex of the
olefin on the acidic hydrogéhand a framework bound isopro-
poxy species of a type originally proposed by Kazarf§ye
considered the possibility thatza complex and a framework
alkoxy might also be stable states. This proved to be the case.
Figure 9 is the B3LYP/6-311G** optimized geometry of the
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Table 2. Theoretical (B3LYP/6-311G*) Barriers for Various
Methylation Reactions in the Gas Phase

reactants products AE' (kcal/mol)
Ethylene TMO* Propene DMEH* 489
Propene TMO* 1-Butene DMEH* 453
Toluene TMO* p-Xylene DMEH* 41.6
- C > T™Mo+ b\g DME 129
DME+ CH30H 63.5
CH30H,+ H20 629

Figure 9. B3LYP/6-311G** optimized geometry of the complex

formed by adsorbing neutral cyclic dieBeo the zeolite acid site model /& /Q/
used to obtain the ion-pair structure in Figure 8. DME 346
DME CH30H 63.5
CH30H H20 62.9

l\)l\ h
T™MO*+ DME 40.3

Figure 10. B3LYP/6-311G** optimized geometry of the framework- We modeled parts of the first two pathways using theoretical

bound alkoxy species that could form as an alternative to catiah, chemistry. - _ _
the ion-pair structure in Figure 8). In the traditional view of MTG/MTO chemistry, ethylene

forms from DME by some means and then propene is formed

Figure 10 reports the B3LYP/6-311G** optimized geometry by methylation of ethylene. Further methylation steps lead to
of a framework alkoxy species that was obtained as a stablesuccessively higher olefins. As a step to understanding how the
state when a structure similar to the ion pair was optimized formation of catioril in the zeolite accelerates DME conversion,
from an initial geometry with a close contact between one of We used theoretical methods to calculate the reaction pathways
the charged carbons of the cation and a basic oxygen on thefor methylation of various organic species present or assumed
zeolite cluster. The energy of the alkoxy complex is 28.4 kcal/ to be present under reaction conditions. Theoretical (B3LYP/
mol higher than that of the ion pair. Thus, even if the kinetics 6-311G¥) calculations of the reactants, products, and transition
were such that the alkoxy could form (we did not make any States were carried out for each of the reactions in Table 2. In
attempt at determining the barrier to the formation of the alkoxy €ach case we calculated the reaction path (using the intrinsic
from the ion pair or from the parent olefin and the protonated reaction coordinate proceddfén Gaussian98) to ensure that
Zeolite) at equilibrium' the concentration of the alkoxy Species that the '[I’ansition state I|nked the reactant and pI‘OdUCt states.
would be effectively zero, even at the highest temperatures used! he hydrocarbon reactants included ethylene, propene, toluene,
in MTG chemistry. We can thus theoretically rule out any the cyclic diene2, and other olefins related to catioh
involvement of this alkoxy species in the observed chemistry. Consideration of is justified by the low energy difference

Modeling the Roles of 1 in Hydrocarbon SynthesisThe between ther complex of2 on the zeolite and the ion-pair

experimental evidence reported above suggests three pa'[hwaygolmpleﬁOlf.1 atr;]d thetﬂn;otn S'tef (Cf"tF'?ﬁrgs 8 aEd 9. tant
from 1 to volatile hydrocarbon products. (1) Formation bf h modeling the metnylation of neutral ydrocarbon réactants,

and related species, including aromatics, from ethylene endswelhad_slev_ertal chc:;_cg[s Lor_ihelfmelttrk\]ylatlgg agentg*osl notd
the induction period and opens lower barrier pathways from a prausibie intermediate by I1sefl, a 9”9 £iyroups Of,m .
DME to propene and other olefins. (2) At higher temperatures to the conjugate base sites (so-called surface methoxys”) might
and while hydride acceptors are present on the catdlystan be able to act as methylatmg agents. W?. do not observe any
intermediate in the formation of toluene. (3) At longer reaction suph_ groups under our experimental conditions. The l.OW proton
times, after other products have exited the reactor, cation affinity of methanol (exptl 180.3 kcal/mol) argues against€H

slowly decomposes on the catalyst to yield toluene and propene. (49) Gonzalez, C.; Schlegel, H. B. Chem. Phys1989 90, 2154-2161.
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¢) Products

Figure 11. B3LYP/6-311G* optimized geometries of the three stable points along the reaction pathway for the conversion of trimethyloxonium
cation and cyclic dien2 to DME and catior8: (a) reactants (0 kcal/mol); (b) transition state3@.9 kcal/mol); and (c) products-@5.1 kcal/mol).

OH,™ existing in the zeolite as a stable species. Dimethyl ether We also considered the possibility that catidre 3 undergo

is more basic (exptl 189 kcal/mol), and thus protonated dimethyl direct methylation (i.e., without prior deprotonation) by either
ether, (CH),OH" (DMEHT), would be a more likely to have = DME or methanol. The transition states for the reactions reported
an appreciable lifetime in the zeolite. An even more stable in Table 2 involve a concerted exchange of fér CHs™. In

species is the trimethyloxonium cation, TMOAt room effect, in the transition state'Hmust be substantially removed
temperature and slightly above, this cation has been observedrom the cations prior to methylation. Not surprisingly, the
in the zeolite by NMR in the presence of an excess of éthét. barriers for these direct methylation reactions are quite high. In

Furthermore, several of the classical mechanisms of MTG summary, the calculations reported in Table 2 suggest that cyclic
chemistry are formulated using TMORunning counter to the  dienes, in equilibrium with cyclopentenyl cations under reaction
indications of methylation agent stability is the energy required conditions, provide a pathway for carbecarbon bond forma-

for methyl group donation. Thus, while GBIH,™ dissociation tion with a lower barrier than for other species likely to be
into CHz™ and HO is uphill by 79.4 kcal/mol AE at B3LYP/ present in the catalyst.

6-311G*), it is 88.8 kcal/mol endothermic for DMEHo donate We studied the mechanism by which catiéncan form

a CH™ group, while methyl donation by TMOis uphill by toluene under reaction conditions. Skeletal rearrangement reac-
99.3 keal/mol. For the reaction of TMQand ethylene, the initial  tjons are invariably complex and involve a number of bond
products obtained are GHCH,—CH," and DME. However,  making and breaking steps; nevertheless, they are characteristic
the relative proton affinities of these molecules are such that a ot organic chemistry in liquid and solid acids. Here we simply
proton is further transferred during the optimization, giving as ¢onsider reactions in the gas phase and do not attempt to model
final products propene and DMEH The overall reaction is  the hydride accepting species or the zeolite. The reaction
exothermic by 15.1 kcal/mol and the barrier is 48.9 kcal/mol. gigichiometry for producing a-Els species from @1~ implies
Similarly, the reaction of TMO and propene passes through @ {ht there must be a means by whichad H* are lost. There
barrier of 45.3 kcal/mol to initially form Ckt-CH*—CH,— is no apparent mechanism by which Ban be lost directly,
CHs and DME, followed by proton transfer to form 1-butene  yherefore the reaction must involve the loss of &hd two H

and DMEH". The overall reaction is exothermic by 10.7 kcall i, hree separate steps. The following is a speculative mecha-
mol. The barrier for methylation of toluene to forpxylene,  pism hased entirely on theoretical predictions. In several cases
41.6 kcal/mol, is also fairly high. Figure 11 reports the structures o proposed mechanism involves molecules that can exist as
of the stable states on the pathway for the reaction of TMO o three different isomers. In each case we assume that
with cyclic diene2. In contrast to the reactions of the simple only the lowest energy isomer is involved.

olefins or toluene, the products obtained wattvere DME and o o
a carbenium ion3. This reaction is also exothermic, by 35.1 Each species in Figure 12 was optimized ?t MP2/6-3%1,
kcal/mol, but the reaction barrier is significantly lower than that but we focus only on the relative ek_actromc_energy C.)f each
for the simple olefins, 32.9 kcal/mol. Methylation 2by either species and do not detail the g.eometn.es it
CHsOH,* or DMEH" involves much higher energy barriers lose H" to form thq parept olefni, as dlscus.sed abpve. There
(62.9 and 63.5 kcal/mol). Thus, the lower energy requirements are two oth(_ar configurational isomers of this species that vary
for CH3* dissociation by these species (versus TNI@o not by the positions of the methyl_ groups on the ring. T_he Io_west
energy isomer i2a. Isomer2b is only 0.5 kcal/mol higher in

result in more favorable energy barriers for methyl donation to ) ) . . .
2 A low barrier was also obtained for an isomerdivith an energy, and thus is very likely to be present in the zeolite during
he the course of the reaction. Protonation of either of these two

exo-cyclic double bond (34.6 kcal/mol). In the gas phase, the . - : . .
calculated energy oéxo2 is only 1.1 kcal/mol above that of ~ 1SOMers gived. The other isomer2c) is 3.6 kcal/mol higher
in energy, and is thus less likely to be formed. Isor2ealso

the endo isomer. We also considered the possibility that theoI ; ion. We will onl ideni
cyclic dienes could ring-open to open-chain species, and thesed0€S Not givel upon protonation. We will only considéa in

could be active species in methylation reactions. Table 2 reportsSUPSeguent steps of the reaction. VI\(/e Davel earrI:er shown/ that
results that the barrier for methylating an open-chain triene € Protonation energy dais 228.6 kcal/mol at the B3LYP

related to catior8 is 40.3 kcal/mol. However, formation of the ~ 6-311G* level of theory. At the MP2/6-3#1G* level of theory
triene from the cyclic diene is endothermic by 17.7 kcal/mol. used for the calculation of the reaction path, the protonation

Thus, the effective barrier for this route is also high. energy is reduced to 217.9 kcal/mol.
Isomer2acan lose H to any cation equivalent present (e.g.,

(50) Haw, J. F.; Xu, T.; Nicholas, J. B.; Goguen, P. Mature 1997, an alkoxy species derived from propene) to form th&lg
398 832-835. . speciesba. Loss of H is highly endothermic (270.1 kcal/mol
73§ii)7“3f'§7r‘_$°”' E. 3 Kheir, A. A.; Haw, J. B. Phys. Cheml993 97, at MP2/6-31#G*) and thus must be countered by a similarly

(52) Munson, E. J.; Haw, J. B. Am. Chem. So&991, 113 6303-6305. large exothermic contribution from the binding of b some
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Discussion

Formation and Decomposition of Cyclopentenyl Cations
Signals due to carbenium ighwere observed in an early NMR
study of products formed when propene was exposed to zeolite
HY at room temperature®,and this assignment was established

2a
. in 198942 Cationsl, 4, and similar cations with other substit-
—> —Hy uents have since been observed by NMR in studies of various

H+I -H-

olefins and alcohols on acidic zeolit#s>> Alkyl-substituted
cyclopentenyl cations are indefinitely stable in zeolites at room

temperature; as such they join the trit§lindanyl>” and
e pentamethylbenzeniuihcations in a small group of persistent
- —> cation classes characterized in zeolites by NMR. Cyclopentenyl

cations have also been detected on zeolites and other solid acids
Toluene using UV spectroscops® The observation here that theory
Alternate [somers: correctly predicts the stability of the ion-pair structurelodn
the zeolite anion site (Figure 8) is a satisfying result.

We have not fully identified the mechanism by which
ethylene forms catiod in the zeolite, but Figure 3 shows that
- oligomerization occurs at low temperatures and catlois
present even at 373 K. Stoichiometry dictates that the formation

» of 1 from ethylene also requires formation of alkanes. For
example, consider a reaction where the only product4 ared
propane:

b

Figure 12. Proposed reaction mechanism for the conversiofh taf where ZeoOH denotes a zeolite Brgnsted site and Zeh®
toluene. While this is shown in schematic form, eagh structure shown conjugate base of such a site. Analogous schemes may be written
(as well 35 all reasonable isomers thereof) was optimized at the MP2/for other alkane coproducts, and indeed we observe light alkanes
6-311+G" level. in the volatile products following the injection of ethylene. In
the double-pulse experiments described above, the ethylene that
formed cationl was delivered in the first pulse. Without an
olefin pre-pulse, the conversion of methanol or DME exhibits
an induction period (cf., Figure 1). An unknown, but inefficient
mechanism of olefin synthesis operates during the induction
period and accumulation of oligomeric species in the zeolite
leads to1l. We have not here attempted to identify the
mechanism of the induction reaction, but we sometimes detect
small quantities of ethylene during the induction period, which
is consistent with most mechanisms for the formation of the
“first” carbon—carbon bond.

Balanced chemical reactions (albeit with large coefficients)
can be written that are consistent with the observed decomposi-
tion products ofl at long reaction times. For example:

13CH,+ 2ZeoOH— 2CH,," + 2ZeoO + 4CH,

other cation or incipient cation. Another isomébj is 7.6 kcal/
mol higher in energy.

Cation6acan then undergo a hydride shift, to form a species
with an exocyclic double bond (Figure 12). There are three such
C;Hg" isomers. The lowest energy isomer predicted by the MP2/
6-311+-G* level of theory is7a. Isomer7b is 4.3 kcal/mol higher
in energy. The third isomef7€) is much less stable, being 21.1
kcal/mol higher in energy thah. Formation of7a from 6a is
predicted to be exothermic by 22.0 kcal/mol. We again assume
that the reaction involves only isomé&a.

Isomer7acan then undergo an additional hydride shift, which
results in the formation o8 (Figure 12). Molecule8 is 13.6
kcal/mol higher in energy thaha. This destabilization is due
in large part to the change from a tertiary carbenium i@ (
to a secondary carbenium io8){ although8 is an allyl as well + .
as a cyclopropylcarbinyl cation. The formation of the three-mem- 9CH,, " + 92200 — 6CHg + 7GH, + 9Ze00H
bered ring also imparts strain, and thus a higher energy state

However, from8 the ring can open to form the toluenium
cation. The ring opening & naturally produces the para isomer
of the toluenium cation9a). At the MP2/6-311%G* level, this

‘This balanced reaction predicts thhtdecomposes to yield
roughly equal amounts of propene and toluene, as is observed.
Similar balanced reactions can account stoichiometrically for

. . ) the ethylene that is observed. Unimolecular decomposition of
step is predicted to be 20.9 kcal/mol exothermic. There are y 14 form products that we do not observe, such as acetylene
obwously_three Isomers of _the toluenium cation. .AS expgcted, and cylopentene or ethylene (observed) and cyclopentadiene.
the para isomer is lowest in energy. The ortho isomer is 1.3 o 1o plausible mechanism for the decompositionlo
kcal/mol higher in energy, whereas the meta isomer is 4.3 kca /deprotonatlon ofL to form 2 (calculated to be uphill by only
mol less stable than the para cation. We assume that the reacUoQa 2 kcal/mol) which then diffuses in the zeolite until it

proceeds.wa the para Isomer. . encounters a secorid Intramolecular hydride transfer (dispro-
In the final step of the reactioBa would lose H, possibly

by donation to a deprotonated acid site, and generate toluene (53) Zardkoohi, M.; Haw, J. F.; Lunsford, J. Bl. Am. Chem. S04.987,

109, 5278-5280.
(Figure 12). The calculated protonation energy of toluene is (54) Xu, T.; Haw, J. FJ. Am. Chem. S0d994 116 7753-7759.

185.8 kcal/mol. We previously stated that a basicityx09 (55) Stepanov, A. G.; Vladimir, N. S.; Zamarev, K.Chem. Eur. J
kcal/mol is required of the parent olefin or aromatic for a long- 199(36 )2 157-167. | A

: . 4 56) Tao, T.; Maciel, G. EJ. Am. Chem. So995 117, 12889-12890.
lived carbenium ion to fornf Thus, we would assume that the 2y P 000y A nTe il 00,16 10188 10105,
toluenium cation is not stable in the zeolite, and readily forms  (5g) sommer, J.; Sassi, A.; Hachoumy, M.; Jost, R.; Karlsson, A.:

toluene. Ahlberg, P.J. Catal. 1997, 171, 391-397.
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portionation) betweed and?2 would then form toluene and a
cyclic olefin that would further react on the catalyst. An
inefficient decomposition mechanism is consistent with the long
half-life of cationl in the absence of other reactants which can

act as hydride acceptors and open a more direct pathway to

toluene (Figure 12).

Earlier work has speculated on roles for cyclopentenyl cations

in the synthesis of aromati€$5859The experimental demon-
stration of the intermediacy df in the synthesis of toluene is
an important feature of the present study. In the design of MTO
processes, it is desirable to form olefins while minimizing
aromatics. Ironically, on zeolite HZSM-5 catidrpromotes the
formation of olefins, but it is also an intermediate in the pathway
to aromatics. A & carbenium ion is the precursor to the C
aromatic product. We also observe cations with substitution
patterns similar to4 and speculate that some of the xylene
products form directly from this more highly substituteg C
carbenium ion.

How Could Cyclopentenyl Cations Catalyze Propene
Synthesis?immediately following the induction period, we see
a very high selectivity for propene, 806 of the total olefin

Haw et al.

to convert ethylene to propene. Methylation of the exocyclic

isomer of2 directly produces a cyclopentenyl cation with an

ethyl substituent11.

11

Cation11 could also form by rearrangement of cat@riike
many skeletal rearrangements, the detailed mechanism for
converting3 to 11 requires a number of elementary steps, but
the essence of this rearrangement is< B ring expansior
contraction, Scheme 1.

Alkyl-substituted cyclohexenyl cations suchlxare slightly
less stable than cyclopentenyl cations with similar substitution
patterns. By similar routes, catidi can undergo an additional
deprotonation, methylation step to form catiti) with a propyl

AAA

13

yield. In particular, we see far more propene than ethylene. The
results in Table 2 indicate that methylation of propene to form side chain. Skeletal rearrangements as in Scheme 1 are consistent

butene should be even easier than methylation of ethylene towith our earlier observation that propene molecules exiting the
form propene. If, on a working catalyst, the propene is formed reactor contain carbon atoms derived from both the olefin pulse
from ethylene, why would chain growth stop after a single that synthesized and a subsequent methanol puise.
methylation reaction? Pulsing ethylene onto zeolite HZSM-5  Cations 11 and 13 can eliminate ethylene and propene,

catalyst rapidly synthesizes catidn(and related species such
as cation4) with very high selectivity. Catiorl also forms
naturally from the ethylene obtained when methanol or DME

respectively, by hydride migration followed by elimination, as
shown for cationll in Scheme 2.
In Scheme 2, a primary carbenium ion (or a closely related

are slowly converted during the induction period. A number of protonated cyclopropane)fisrmally required as an intermediate
observations in the literature point to roles for cyclopentenyl in the elimination of ethylene. The analogdasmal route from
cations or closely related species in olefin synthesis on acidic 13 to propene requires only a secondary cation intermediate.
zeolites. For example, Langner observed an induction period On this basis alone, a qualitative argument for the propene
in the synthesis of hydrocarbons from methanol on NaHY selectivity could be made based on the relative stabilities of
catalyst and found that this was shortened by co-feeding smallprimary and secondary cations. Better yet, we calculated
amounts of other alcohof8.Co-feeding ethanol shortened the (B3LYP/6-311G*) both reaction pathways, and these are
induction period by a factor of ca. 2, but co-feeding cyclohex- reported in Figure 13. The structures of intermediates and
anol reduced the induction period by a factor of nearly 20. In transition states as well as their relative electronic energies are
our recent communicatiot,we used the pulse-quench reactor shown for elimination of ethylene, and energies only are shown
to asses the effect of pulsing various compounds on the for the analogous elimination of propene (the structures are very
subsequent conversion of methanol. Pulsing 2-propanol wassimilar). Figure 13 shows that these elimination reactions do
effective in eliminating the induction period, but an even greater not in fact have either primary or secondary carbenium ions as
conversion was obtained with a smaller quantity of the cyclic intermediates. The first hydride-transfer step leads to cyclopro-
dienel0, a more direct precursor to catidnFormation ofl in pane ring closure to form a tertiary cation intermediate, and
structures similar to primary or secondary cations are seen only
in the transition states, the second of which forms ethylene or
)O propene. Cyclopropylcarbinyl cations, seen in Figures 12 and
10 13, are well-characterized intermediates in a variety of acid-
catalyzed rearrangements in solutfdfi?
the catalyst, by any means, is correlated with a dramatic increase Comparing the energies in Figure 13, one sees that elimination
in hydrocarbon synthesis. When catibris removed from the of ethylene by catioiilinvolves an overall barrier of 58.3 kcal/
zeolite bed by decomposition over time, the catalytic effect is mol, but the corresponding barrier is 16.1 kcal/mol lower for
removed and the induction period returns. elimination of propene by catiod3. This difference easily
The barriers to direct methylation of catioh®r 4, reported accounts for the selectivity of propene over ethylene. Cyclic

in Table 2, are quite high. However, if the cations first
deprotonate, the methylation barriers for the resulting olefins
are significantly lower than for other species in the table. Recall
that the theoretical energy for thecomplex of olefin2 on a
zeolite is only 2.2 kcal/mol higher than that of catibnThus,

the total barrier forl to deprotonate followed by methylation
of 2 to form cation3 is still 10 kcal/mol lower than the barrier

(59) Shulz, H.; Wei, MMicroporous Mesoporous Matet999 29, 205—
218.
(60) Langner, B. EAppl. Catal 1982 2, 289-302.

cations with G or larger alkyl chains would eliminate @r
higher olefins as primary products, but if the elimination of
propene is rapid at reaction temperature, longer chains would
have little opportunity to form. In the zeolite, the intermediates
and transition states corresponding to those in Figure 13 would
be stabilized by interaction with the framework, but this will
not greatly affect theelative energetics for producing propene
vs ethylene. Note that cyclopentenyl cations are not the only
precursors to elimination reactions that account for the olefin
selectivity; we would expect to see analogous mechanisms and
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form during the induction period from small amounts of olefin
formed in an “induction reaction”. On zeolite HZSM-5 the
principal role of the induction reaction is to synthesize the
cyclopentenyl cations that characterize a working catalyst. Once
these cations are present, a more efficient mechanism for
hydrocarbon synthesis opens up, and the induction reaction takes
on a subordinate role. Cyclopentenyl cations are stable species
on zeolite acid sites, but the cyclic dienes obtained by their
deprotonation are also stable at very slightly higher energies
(cf., 1and2). Thus, the cations act as reservoirs of cyclic dienes
at reaction temperature and these are much more easily
methylated than ethylene or propene. Side chain methylation
and skeletal isomerizations lead to cations with alkyl substitu-
ents, and these eliminate propene more readily than ethylene.
At higher temperatures and conversions, many olefinic and
aromatic compounds are present in the catalyst, and some of
these may also be methylated and eliminate olefins.

Figure 13. Potential energy surfaces (kcal/mol) for removal of ethylene .In th? presence O,f hydride acceptors such as olefins, Catlpn
or propene from cationd1 or 13, respectively. All minima and 1 IS anintermediate in the synthesis of toluene. Thus, a species

transition states were optimized at B3LYP/6-311G*. Schematic struc- With a catalytic role in MTO processes is also an intermediate
tures are shown only for the reactions 1f to form ethylene; very ~ in MTG chemistry, and suppressing aromatic products in MTO
similar structures were obtained for the analogous pathway to propene.on HZSM-5 is necessarily challenging. In the absence of feed,
Note that the pathway avoids primary and secondary carbenium ion cationl slowly decomposes to toluene, propene, and ethylene.
intermed_iates (cf. the formal mechanisms in Scheme 2)_. For c_aach state Olefins, aromatics, and other hydrocarbons are, of course,
:Egnr?:]?;vsf%?g;geﬁ:mng the ethylene pathway was higher in energy o5 qjye on solid acids, and secondary products are readily
' observed in MTO/MTG chemistry, especially at higher tem-
Scheme 1 peratures or with longer contact times. For example, toluene is
methylated tg-xylene (Table 2) and propene oligomerizes and
— 7_» cracks to an equilibrium distribution of olefins. These processes
are also very interesting and important. The present investigation
3 12 u has focused on primary reactions leading to olefinic (MTO) and
aromatic (MTG) products.

Scheme 2
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