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On the Mechanism of Hydrocarbon Formation from Methanol over
Zeolite Catalysts: Evidence for Carbene Intermediacy

Evidence has been obtained from 3C isotope-labeling experiments showing the existence of
carbenoid C, species during methanol reactions over HZSM-5 zeolites.

I. INTRODUCTION

The zeolite-catalyzed formation of hy-
drocarbons from methanol is the critical
step of the Mobil process for the synthesis
of gasoline from coal or natural gas (/, 2)
via CO and H,. The general reaction path is
summarized by the following scheme (2):

2CH;0H == CH,0CH, 3
isoalkanes
C,—-C; alkenes — { +
aromatics

While reactions of olefins over acidic zeo-
lites leading to isoalkanes and aromatics are
well understood and explainable by classi-
cal carbenium ion mechanisms (3, 4, 25),
the mechanism of initial C—C bond forma-
tion from methanol is unknown and has
been subject to much speculation. The
gamut of mechanistic schemes, invoking
surface alkoxyls (5-8), carbenes (2, 3, 7,
9-11), carbenium ions (/2), oxonium ions
(13, 14), free radicals (/5), and pentacoor-
dinate carbon (/0, /6), has been postu-
lated. Compelling experimental evidence in
support of any of these possibilities has
thus far been lacking, although an interest-
ing recent study (/9) of the reaction over
Si0,—-Al,O; catalyst concluded, on the
basis of kinetic evidence, that initial C-C
formation from methanol occurs via two
successive CH, insertions into chemi-
sorbed dimethyl ether, leading to MeOPr,
which yields CsHg on protolysis.

We present here evidence, based on a 3C
isotope-labeling study, for the existence of
carbenoid C, species during methanol con-
version to hydrocarbons over ZSM-5 zeo-
lites.

II. EXPERIMENTAL METHODS

Materials. Methanol was 90% enriched
in 3C (Prochem). Propane was research
grade (99.99%, Matheson). The catalyst
used was HZSM-5 (17, 18).

Apparatus. The reactor was a Pyrex tube
equipped with a thermowell containing 1.4
ml catalyst in a bed 4 cm in length. The
reactor was heated electrically. Methanol
was charged to the reactor by a Sage sy-
ringe pump. Propane was metered through
arotameter. Products were analyzed by gas
chromatography (GC) and gas chro-
matography/mass spectrometry (GC/MS).
GC/MS were performed on both Hewlett—
Packard 7985 and 5992 instruments with
electron energy of 10-15 eV. 13C distribu-
tions were obtained based on molecular
ions calculation.

HI. RESULTS AND DISCUSSION

This study was prompted by an observa-
tion that when methanol is reacted over
ZSM-5 in the presence of added propane,
the characteristic high iso-to-normal ratio
of the product butanes (2) is significantly
lowered. This was noteworthy particularly
since propane itself, under the experimen-
tal conditions, proved to be virtually inert
(ca. 0.3% conversion). Data illustrating this
effect are shown in Table 1. Reaction condi-
tions were 370°C, 101.3 kPa, and 0.4 hr™!
methanol liquid hourly space velocity
(LHSV). The first column contains data
from the control run, where methanol was
diluted with helium (He/CH;OH = 3, mo-
lar ratio). The ratio of isobutane to normal
butane (i/n) is seen to be 3.8, within expec-
tation. In the second experiment, helium
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TABLE 1
Effect of Propane on Methanol Conversion over
HZSM-52*
Hydrocarbon CH3;OH/He CH3OH/C3Hg
product
(Wt%)*°
CH, 0.86 0.90
% 0.93 0.90
C 2.35 2.36
(C3) (—) (—)°
Cy? 3.63 4.53
iCq 35.17 23.13
nC; 9.20 20.24
Ce 1.88 2.34
C,* aliphatic 21.32 20.98
Aromatics 24.66 24.62
Total 100.00 100.00
i/n Cg 3.8 1.1

2 370°C, 101.3 kPa, 0.4 hr* LHSV (CH3;0H).
% 3 mol CH;OH/1 mol diluent.

¢ Normalized on a propane-free basis.

@ Actual C3 = 25.36% of hydrocarbon.

¢ Net conversion of C3 ~5%.

was replaced by propane. The resulting i/n
butane ratio was 1.1. Since the thermody-
namic equilibrium ratio is 0.75, an obvious
rationale was that propane, by some as yet
undefined mechanism, facilitated the isom-
erization of i-butane to n-butane. It will be
shown later that this cannot be the case.
To elucidate the nature of the meth-
- anol/propane interaction, whether chemi-
cal or physical, the experiments were re-
peated using ¥C-enriched methanol. The
resultant C3 i/n was 1.6. Isotope distribu-
tions in the products were monitored by
mass spectrometry. 3C distributions for the
butanes are plotted in Fig. 1. Superimposed
(broken line) is the expected random distri-
bution from the methanol feed (90% 3C +
10% 2C) in the absence of specific interac-
tion with 2C3H;. The plots show clearly a
marked deviation from random distribution
in each isomer, confirming that a reaction
between methanol and propane (ca. 5%
based on C3) had indeed taken place.
Addressing, then, the question of the
anomalous butane selectivities, we focus
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on the individual i/n ratios of the labeled
butanes. These data are plotted in Fig. 2. It
can be seen that the ratios are not constant
but increase with increasing *C substitu-
tion. This eliminates skeletal isomerization
as the principal cause of the low i/n ratios
(23), as the individual ratios would then be
virtually identical. Nor can a 3C kinetic
isotope effect on isomerization account for
the observed differences, since the magni-
tude of such an effect would be <5% (20).

In view of the observed stability of pro-
pane to C—C scission under the experimen-
tal conditions, and the nonstatistical *C
distribution, the presence of singly labeled
butanes is taken as evidence of direct meth-
ylation of propane by methanol.

The nature of the C, attacking species
can be inferred from the low i/n ratio of the
singly labeled butanes. We submit that this
species must be carbene-like, and the mode
of attack is insertion into an sp® C-H bond.
Such carbene insertions are indiscriminate
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FiG. 1. 3C distribution in butanes. Comparison
against the random distribution (broken line) for a 90%
13C + 10% *C mixture.



NOTES

THERMODYNAMIC EQUILIBRIUM

n=0 | 2 3 4
3¢,

FiG. 2. Iso/normal ratio of *C-labeled butanes.

in liquid phase, all C-H bonds of the sub-
strate being subject to attack with equal

CH H
ERN ‘ - . + -
+ -y - —
CH3F SbF5 C3H8,_-[cH CH -EH J SbF6 ———1C4Hlo + H SbF
3

The alternative possibility to C—H inser-
tion, namely, C, addition to the double
bond of propene generated from propane
via dehydrogenation, also received consid-
eration. Although propane itself is largely
unreactive, it was believed possible that the
unfavorable dehydrogenation equilibrium
could be displaced by a ‘‘drain-off”’ reac-
tion involving addition of a highly reactive
species across the double bond of propene.
Carbene addition would yield, classically,
methylcyclopropane (21). However, subse-
quent protonation and rearrangement gives
preferentially the tertiary butyl cation,
which will either yield 2-methylpropene via
loss of a proton, or i-butane via H transfer.
If the attacking species were cationic,
branched products would similarly result.
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probability (21),

C

o]+ i [ | veeeer el

(75%) {25%)

although for homogeneous gas phase reac-
tion there is some evidence of discrimina-
tion in favor of secondary over primary C-
H bonds (22). In the CH;OH/C;H,q
reaction, carbene insertion will lead statisti-
cally to higher concentrations of n-butane
relative to i-butane. Attack by a cationic
species such as CHi* or methyloxonium
ion according to an Olah-type mechanism
(16), on the other hand, will yield high i/n
butane ratios due to stability of tertiary car-
benium ions in the transition state. In the
methylation of propane with CH3F-SbF,
complex in SO,CIF (24), CH, is formed via
H transfer, and i-butane is the major alkyla-
tion product. The following pathway was
proposed to account for i-butane:

4

6

p—
C3Hgw=> C4H, + H,

o

cH AN ¢ c
T RH ] +
Ca“e/f/ cu -c- -c-

\CHJ\C—C%E/' +

Another pathway involving propylium ion
as electrophile can also be written

:CH
+ S 2 s +
A S
1C4H9

€3 é Cafly
but leads to the same conclusion. Thus this
alternative can be rejected as an explana-
tion of the present resuits. However, in the
case of reaction of methanol alone, the high
i-butane selectivity can be attributed to one
of the above mechanisms, with propene as
precursor.

The discussion thus far has centered on
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the singly labeled butanes. Much less can
be said about the other C; members. The
fully labeled butanes arise from *CHz;OH
only and exhibit the expected high i/n ratio,
albeit lower than the control. The low i/n
ratio of the unlabeled butanes reflects pri-
marily the methylation of 2CzHg with
12CH30H. The contribution from the self-
interaction of 2CH3;OH will be minor in
view of the low probability (see Fig. 1).
This methylation yields, as expected, a C3
i/n ratio identical to that of the singly la-
beled butanes. The origin of doubly labeled
butanes is unknown at the present time,
and is probably the result of secondary re-
actions. The triply labeled butanes agree
with the predicted random distribution
(Fig. 1). Their relatively high i/n ratio indi-
cates that they are mostly formed from the
methanol feed alone.

IV. CONCLUDING REMARKS

This study has produced evidence for the
existence of carbene-like C, intermediates
when methanol is reacted over HZSM-5. It
thus lends support to the view (2) that these
species are involved in the initial C-C bond
forming process in methanol conversion to
hydrocarbons. The precise details of this
involvement, however, remain a mystery at
this writing.
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