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Abstract

H-mordenite, a more active acid catalyst than HZSM-5, showed features of a carbocationic/cationoidic isomerization in the reaction
liquid 3-methylpentane, but not of liquid hexane. The carbocationic isomerization features were not seen in the gas phase, for e
tant. Thus, there are mechanistic differences between the reactions of alkanes in the liquid phase and in the vapor phase on the
liquid-phase reaction of hexane in the presence of methylcyclopentane, cyclopentane, and deuteromethylcyclopentane showed
of hydride transfer catalysis. The label redistribution between deuterated and nondeuterated reactants showed that the products
from olefinic reaction intermediates, although none were found in the products desorbed. Each olefin exchanged repeatedly hyd
the catalyst before being hydrogenated and desorbed. The possibility that alkenyl cations retained on the catalyst play a role,
oromethanesulfonic acid, is discussed. As the space requirement of hydride transfer is smaller than that ofβ-cracking, the results spea
against protonated alkanes (“carbonium” ions) in the catalysis on zeolites. The type of activation observed in superacid catalysts
standard carbocationic mechanism operates, does not occur in zeolites. The chemisorbed alkenes may be formed by one-electr
or by dehydrogenation on tetracoordinated aluminum atoms, either in the lattice or in cages (extralattice aluminum).
 2003 Elsevier Inc. All rights reserved.
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1. Introduction

The reversible isomerization of hexane [1] has long b
considered a standard for the study of cationic reaction
alkanes [2]. Careful studies of its equilibrium [3] and kin
ics have been published [4,5]. We chose, therefore, he
and 3-methylpentane, together with the cyclic hydrocar
methylcyclopentane,as model substrates for a comparis
solid and liquid acids. The goal was to investigate the ac
ity of various solid acid catalysts at lower temperatures t
normally used, for better comparison with the strong liq
acid catalysts. Because the reactions with liquid acids
mally use liquid hydrocarbons, whereas on solid acids th
actants are usually in the vapor phase, we undertook a s
of the reactions on the solid acids at moderate tempera
with both liquid and gaseous reactants. The reactions o
same compounds catalyzed by trifluoromethanesulfonic
(TFMSA), a weak superacid, served as terms of compar
We found that the reactions of hexane and 3-methylpen
catalyzed by TFMSA can be either isomerization or crack
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by a chain mechanism and that the reaction pathway is
termined by the concentration of alkenyl (substituted al
cations, formed by an oxidation reaction in the acid la
near the interface with the organic layer [6,7].

For the zeolite HZSM-5, we found that small but co
sistent conversions can be achieved at 120–175◦C, in both
the liquid- and the gas-phase reactions [8,9]. Morde
(HMOR), an acid zeolite with larger pores, gave a mu
higher conversion than HZSM-5 in the reaction of hexan
the liquid phase [10]. Here, we report a comparative stud
the reactivities and products in the conversion of hexane
3-methylpentane on HMOR in the liquid and vapor phas

2. Experimental

2.1. Reactants

Commercial, reagent-grade, hexane contained up
0.45% methylcyclopentane (by GLC). The reagent-gr
methylcyclopentane contained about 2% hexane. Cyclo
tane, 99.5%, contained� 0.5% 2,2-dimethylbutane an
< 0.05% methylcyclopentane. Hexane of 99.95% pur

http://www.elsevier.com/locate/jcat
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containing no methylcyclopentane and no olefins, was
pared from 1-bromohexane via the Grignard reagent
was purified by repeated washing with chilled concentra
sulfuric acid [11,12]. Uniformly labeled hexane, containi
an average of 4.3 deuterium atoms per molecule (hex
u-d4.3) was obtained by the catalytic addition of deuteriu
to 1,5-hexadiene and purified in the same manner [12
was a mixture of all isotopomers, with the distribution: 5
9.8, 13.1, 14.8, 14.3, 12.8, 10.0, 7.4, 5.0, 3.2, 2.0, 1.2,
0.3, and 0.2%, for the isotopomers fromd0 to d14, respec-
tively (GC-MS).2H NMR analysis indicated that the isotop
was statistically distributed among all methyl and methyl
groups. The synthesis of methylcyclopentane deuterate
the tertiary position has also been published [13].

2.2. Catalyst

Ammonium mordenite CBV-30A, SiO2/Al2O3 = 35,
0.02% (wt) Na2O, of 541 m2/g, was obtained from Contek
For each experiment, the catalyst was activated by gra
heating in air to 480◦C over a period of 8 h and maintaine
at this temperature for 13 h [10].

2.3. Reactant and product analyses

The GLC and GC-MS (70 eV) analyses were conduc
as described before [6,7]. Three of the compounds of in
est, cyclopentane, 2-methylpentane, and 2,3-dimethylbu
were not separated by GLC at the lowest temperature ac
sible (25◦C), but were separated in the GC-MS instrum
at a column temperature of 13◦C. Thus, the sum of thes
compounds was obtained from the GC analysis and thei
tios from the total ion current in GC-MS.

2.4. Catalytic reactions

For a reaction with liquid reactant, the catalyst (0.0
0.05 g) was activated directly in a 12 cm× 6 mm i.d.
glass tube, before the reaction. As soon as the tube
cool enough to be handled, a Teflon-coated stirring bar
added and the tube was capped with a rubber septum. W
the tube with catalyst reached room temperature, the r
tant (0.25 g) was injected from a syringe. The tube was t
cooled in liquid nitrogen, sealed under vacuum [10], swir
for mixing, immersed vertically in an oil bath thermostat
at the desired temperature, and then placed over a mag
stirring plate [14]. The mixture was allowed to react w
stirring for a determined length of time. It was checked t
the catalyst was fully covered with liquid throughout t
experiment. The sample was then frozen in liquid nitrog
and the tube was cut open and capped with a rubber
tum. Upon heating to room temperature, samples were t
through the septum from both the gas phase and the li
phase and analyzed by GLC and GC-MS.

For a gas-phase reaction, a mixture of hydrocarbon
He (9.6 mL/min total flow) was passed through 0.3 g
-

t

l

,
-

n
-

c

-

catalyst which had been activated in the tubular glass
actor. Samples of the effluent were withdrawn with a
syringe and analyzed. Two concentrations of reactant w
examined. The first, 7%, was achieved by keeping the
por saturator at 0◦C; at that temperature the vapor pre
sures of hexane and 3-methylpentane differ by very lit
For the second, 17%, the saturator temperature was 15◦C
for 3-methylpentane and 20◦C for hexane.

3. Results and discussion: reactivity patterns of alkanes
and cycloalkanes

3.1. Reactions of 3-methylpentane

The liquid-phase reaction of 3-methylpentane was cl
isomerization. The reaction was much cleaner than the r
tion on HZSM-5 at a temperature lower by 20◦C and cleane
than the reaction in TFMSA in the isomerization mode
room temperature [6,7]. On HZSM-5, disproportionat
and cracking accounted for over 25% of the products a
4 h and hexane was formed as an early product in a
hexane:2-methylpentane= 0.7–0.8 [8]. On HMOR, crack
ing and disproportionation were negligible. The convers
exhibited the characteristic pattern of stepwise isomer
tion, described by Eqs. (1)–(4) [4–6], as shown in Fig. 1 a
even more clearly, in Fig. 2. Thus, whatever the nature of
activation of the reactant, the product and rate patterns
carbocationic (or cationoidic [15]) mechanism, which ca
not be said about the reaction on HZSM-5 [8].

CH3–CH(CH2–CH3)2

(1)� (CH3)2CH–(CH2)2–CH3 (fast),

Fig. 1. Conversion of 3-methylpentane on HMOR at 160◦C, in the liquid
phase: (") C�5; (!) 2,2-dimethylbutane; (a) 2-methylpentane+ 2,3-di-
methylbutane; (P) 2-methylpentane; (Q) 2,3-dimethylbutane; (e) hexane;
(2) conversion.
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Fig. 2. Product selectivity from 3-methylpentane on HMOR at 160◦C,
in the liquid phase: (") C�5; (!) 2,2-dimethylbutane; (a) 2-methylpen-
tane+ 2,3-dimethylbutane; (P) 2-methylpentane; (Q) 2,3-dimethylbutane
(e) hexane.

(CH3)2CH–(CH2)2–CH3

(2)� (CH3)2CH–CH(CH3)2 (medium),

(CH3)2CH–(CH2)2–CH3, (CH3)2CH–CH(CH3)2

(3)� (CH3)3C–CH2CH3 (slow),

(CH3)2CH–(CH2)2–CH3, CH3–CH(CH2–CH3)2

(4)� CH3–(CH2)4–CH3 (slow).

The catalyst exhibited reasonable stability. It was s
active after 91 h of reaction at 160◦C (Fig. 2). Also, the
activity of HMOR was much higher than that of HZSM-
The 3-methylpentane conversion for the former was 3
after 3 h and for the latter it was 5.9% after 4 h. The nu
ber of aluminum sites per gram was about the same fo
two zeolites. At the level of conversion observed on HMO
the reverse reaction was important enough to be inclu
in a calculation of the rate constant. The pseudo-first-o
rate constants can then be estimated as∼ 4 × 10−5 s−1 for
HMOR and ∼ 4 × 10−6 s−1 for HZSM-5 [8], a 10-fold
higher reaction rate for HMOR at 160◦C.

Differences in the activity of HMOR and HZSM-5 we
also observed for the reaction of 3-methylpentane in the
phase (Fig. 3 and Ref. [8]). The reaction was conducte
two different concentrations of reactant in He, 7 and 17
An induction period had been evidenced in the reaction
HZSM-5 [8] and it was also observed in the reaction
HMOR at the lower concentration of reactant in the fe
7%, but not at 17% reactant in the feed. It is possible, h
ever, that in the latter case the induction period was sho
than 6 min, when the first sample was taken. At the p
of highest activity, the conversion on HMOR was higher
17% reactant in the feed than for 7% reactant in the feed
posite from that observed for HZSM-5 [8]. The convers
Fig. 3. Conversion of 3-methylpentane on HMOR and HZSM-5
142◦C, in the gas phase: (1) HZSM-5, 7% 3-methylpentane in the fee
(2) HZSM-5, 17% 3-methylpentane in the feed; (!) HMOR, 7% 3-meth-
ylpentane in the feed; (") HMOR, 17% 3-methylpentane in the feed.

then decreased to about 40% at 2.5 h on stream and
mained constant and the same for the two concentratio
reactant, for the next 2.5 h (Fig. 3).

Two different patterns of reactivity were observed in
gas-phase reaction as a function of catalyst aging. Du
the induction period and at the peak of catalyst activity,
reaction consisted mostly of cracking, as shown in Fig
for the dilute reactant. (The cracking was even higher
the concentrated reactant.) At 6 min reaction time, the c
version was 69.6% and lighter products (C�5) represented
60.0% of the product (effluent minus 3-methylpentane).

Fig. 4. Effluent composition in the reaction of 3-methylpentane (7
on HMOR at 142◦C, in the gas phase: (") C�5; (!) 2,2-dimethylbu-
tane; (a) 3-methylpentane; (P) 2-methylpentane; (Q) 2,3-dimethylbutane
(e) hexane; (F) C�7.
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amount of heavy alkanes (C�7) passed through a maximu
during that period. They represented 1.3% of the produ
6 min and 5.4% of the product at 16.5 min. The exces
light over heavy alkanes in the effluent means that uns
rated species accumulate on the catalyst during the in
tion period. Thus, in the early stages, HMOR exhibite
similar reaction pattern as HZSM-5 [8,9] (cracking mode
action [6,7]), but the reactivity is higher for HMOR than f
HZSM-5 in that mode as well.

After it reached the peak of activity, HMOR switche
from a cracking catalyst to (mostly) an isomerization ca
lyst. At 37 min time-on-stream (TOS) the conversion w
61.5%, but the lighter alkanes represented only 10.0%
the products (effluent minus 3-methylpentane) and the he
alkanes, 4.2%. The change in the light/heavy ratios indicate
a tapering off in the buildup of unsaturated species on
catalyst. Thus, as the catalyst ages, the process becom
perficially closer to the reaction of liquid 3-methylpenta
on HMOR. It appears that the reactivity of the catalytic si
changed as a certain concentration of organic specie
voring isomerization was formed on them. The alterna
explanation that there are two different types of sites se
less satisfactory. In any case, it is seen that the reactivity
terns for liquid reactant and gas-phase reactant are diffe

The time-selectivity pattern for HMOR is different fro
that for HZSM-5, where the cracking products rem
strongly predominant throughout a run and the amoun
hexane is similar to, or greater than, the amount of 2-met
pentane, throughout [8].

The variation of isomeric product selectivity with tim
(Fig. 5) is mechanistically relevant. Of the isomerizat
products, 2,3-dimethylbutane behaved as a consecutiv
action product, peaking when the conversion to 2-met
pentane was the highest [cf. Eq. (2)]. Hexane and
dimethylbutane, however, peaked when the reaction

Fig. 5. C6H14 composition in the effluent from 3-methylpentane (7%)
HMOR at 142◦C, in the gas phase: (!) 2,2-dimethylbutane; (a) 3-meth-
ylpentane; (P) 2-methylpentane; (Q) 2,3-dimethylbutane; (e) hexane.
-

u-

-

.

-

mostly cracking and the 2-methylpentane:3-methylpen
ratio in effluent was low, in contradiction with the rea
tion sequence and reactivity order of Eqs. (1)–(4). M
specifically, hexane is formed by the carbocationic me
anism directly from either 2-methylpentane or 3-meth
pentane; it is an initial product from 3-methylpentane
feed [Eq. (4)]. 2,3-Dimethylbutane is a consecutive pr
uct, accessible only in a two-step process [Eqs. (1) and
It is formed in the carbocationic isomerization only a
ter the methylpentanes had reached equilibrium, bu
formed faster than hexane because of the relative
cific rates of Eq. (2) and Eqs. (4) [5]. The isomer ratio
6 min (3-methylpentane:2-methylpentane:2,3-dimethy
tane:hexane= 52.9:23.0:7.9:10.9) would require that t
relative rates of Eqs. (1), (2), and (4) be drastically alte
on HMOR as catalyst. Such an alteration cannot expl
however, the drop in the selectivity to hexane (3-methylp
tane:2-methylpentane:2,3-dimethylbutane:hexane= 29.2:
51.5:12.6:2.2) at 16.5 min, when the conversion was hig
(78.4%, meaning that the catalyst had high activity) and
decrease in the cracking/disproportionation products (f
61.3 to 33.1%) ensured a much higher concentration
the precursors of hexane [2-methylpentane and 3-me
pentane, Eq. (4)] than at 6 min. A simple change in re
tive rates of isomerization steps cannot explain the cha
in the selectivity to 2,2-dimethylbutane, either. The to
concentration of its precursors [2-methylpentane and
dimethylbutane, Eq. (3)] in the mixture was much high
at 16.5 and 37 min than at 6 min, yet the total and rela
(percentage of the mixture of isomers) concentration of
dimethylbutane decreased drastically during that time.
data led to the same conclusion as reached for the cr
ing mode reaction in TFMSA [6], that the isomeric produ
are largely formed by a mechanism other than the stan
carbocationic isomerization mechanism. This mechan
feature was even stronger for HZSM-5 as catalyst [8].

The C4 and C5 fraction consisted almost entirely of th
branched isomers. At the shortest time isobutane was
most important product, but isopentane predominate
16.5 min and thereafter. A predominance of the branc
isomers in the cracking products had also been observe
HZSM-5 [8].

3.2. Reactions of hexane

High-purity (synthetic) hexane in the liquid phase
160◦C reacted much slower than 3-methylpentane un
the same conditions. At low conversions, the rate ratio
methylpentane/hexane can be estimated at about 100, wh
is less than the ratio for the carbocationic isomeriza
mechanism (ca. 1000 [5,7]), but larger than the ratio w
TFMSA in the cracking mode (ca. 10 [7]). The reacti
of hexane on HMOR was also faster than its reaction
HZSM-5 [8]. The catalyst underwent deactivation, howev
and the reaction virtually stopped at about 15% convers
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There was very little disproportionation and crack
(up to 1.6% isobutane and isopentane and up to 1.5%�7
alkanes in the product). Remarkably, the doubly branc
isomers, 2,2-dimethylbutane and 2,3-dimethylbutane, w
present in significant quantities at the lowest convers
(0.6%) and stayed the same at longer reaction times. Th
tio of isomeric products was 3-methylpentane:2-methylp
tane:2,3-dimethylbutane:2,2-dimethylbutane= 22.4:41.8:
13.3:22.4 at 3.2% conversion [10]. Commercial hexane, c
taining 0.3% methylcyclopentane, gave the same isome
tio. This distribution and its invariance with conversion sh
again that the isomer formation did not occur by the carbo
tionic isomerization of Eqs. (1)–(4). The isomer distribut
is strikingly similar to that found in the oxidatively pro
moted chain reaction mode of hexane with TFMSA, wh
we named the cracking mode [7,10,12].

The gas-phase reaction of hexane (at 142◦C) in the
flow reactor exhibited the same pattern as the reactio
HZSM-5. An induction period, during which the conversi
increased, was followed by a steady decrease in conver
presumably because of catalyst deactivation (Fig. 6). At
peak of activity, the conversion level of 7% hexane in
was somewhat higher on HMOR than on HZSM-5, but
change in concentration of reactant had a more pronou
effect upon the reaction on HMOR than upon the reaction
HZSM-5. At the 17% hexane in He, the relative activity
the two catalysts was reversed (Fig. 6).

The variation of products with time in the reaction w
low concentration of hexane in the feed stream, show
Fig. 7, was similar to that observed for the reaction of
methylpentane. At first, the catalyst induced mostly cra
ing, then it switched to isomerization. Among the ligh
products (C�5), the iso/normal ratio was very large at fir
and decreased later (Fig. 8). The behavior of HMOR wa

Fig. 6. Conversion of hexane on HMOR and HZSM-5 at 142◦C, in the gas
phase: (1) HZSM-5, 7% hexane in the feed; (2) HZSM-5, 17% hexane in
the feed; (!) HMOR, 7% hexane in the feed; (") HMOR, 17% hexane in
the feed.
-

,

Fig. 7. Product composition in the reaction of hexane (7%) on HMO
142◦C, in the gas phase: (") C�5; (!) 2,2-dimethylbutane; (a) 3-methyl-
pentane; (P) 2-methylpentane; (Q) 2,3-dimethylbutane; (F) C�7.

a sense similar to that of HZSM-5, for which apparent cra
ing predominated even more heavily (96%), yet it was
ferent, because on HZSM-5 the lighter alkanes remaine
main products from hexane (> 60%) throughout the run [8]
Notably, the amount of light products at short TOS was m
smaller for the reaction with higher concentration of 1
hexane in the feed stream (Fig. 9). It is as if the reaction
tern moves toward the one observed for the liquid reac
(above) with the increase in the partial pressure of reacta

On the other hand, when the amount of unsaturated
sorbed species was small and fast growing (short T
2-methylpentane and 3-methylpentane were produce
a ratio close to the equilibrium value. At longer TO

Fig. 8. Cracking product composition in the reaction of hexane (7%
HMOR at 142◦C, in the gas phase: (") C3; (!) i-C4; (a) n-C4; (e) i-C5;
(F) C�7; (2) n-C5.
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Fig. 9. Product composition in the reaction of hexane (17%) on HMO
142◦C, in the gas phase: (") C�5; (!) 2,2-dimethylbutane; (a) 3-methyl-
pentane; (P) 2-methylpentane; (Q) 2,3-dimethylbutane.

the 2-methylpentane:3-methylpentane equilibrium was
reached (2-methylpentane was in excess), yet the conce
tion of 2,2-dimethylbutane in the product was higher th
that of 3-methylpentane. These features were observe
both concentrations of hexane in the feed investigated
Figs. 9 and 7). Thus, the distribution of products show
deviation from the carbocationic isomerization pathway
the formation of isomers from hexane on HMOR in the g
phase as well.

3.3. Reactions of cyclopentane, methylcyclopentane, and
their mixtures with hexane

These hydrocarbons were studied only in the liq
phase. The reaction of cyclopentane was examined
blank for the studies of hydrogen transfer with deutera
hexane; it was found unreactive. No products of ring cle
age (cracking) were observed at 160◦C. Because the poss
ble products with higher hydrogen content were not form
the formation of heavier unsaturated or polymeric produ
which would be retained by the catalyst, is unlikely.

The only product observed in the reaction of methyl
clopentane was cylohexane. Because the starting ma
contained almost 2% hexane, it was not possible to de
mine whether very small amounts of the ring-opened hyd
carbons might have been formed. The quantities of hex
and its isomers observed throughout the run, however, w
accounted for by the initial hexane in the feed. Therefo
any ring opening of methylcyclopentane was less than
uncertainty of integration. The reactivity of methylcyclope
tane was similar to that of hexane (except that the conver
increased up to 120 h). In this respect, HMOR was sim
to HZSM-5, but different from TFMSA in the isomerizatio
mode and sulfated zirconia, for which methylcyclopent
reacted about 10 times faster than hexane (unpublishe
-

t

l

-

sults by P. Lukinskas and A. Vinslava, respectively, in
laboratory).

Examination of mixtures of hexane and methylcyclop
tane was of interest in connection with the possibility
hydride transfer catalysis [16]. The hydride transfer ca
ysis had been established for certain reactions in supera
or strongly acidic solutions [17]. For the isomerization
hexane, its intervention rests on the carbocationic me
nism described in Eqs. (5)–(7) and on the Brouwer–Oeld
kinetic model, by which the hydride transfer, Eq. (7),
the rate-determining step [5,18]. Note that the carbocati
isomerization does not have a termination step as lon
the catalyst is active. Termination occurs by poisoning
quenching (mechanistically, the same thing). For hyd
transfer catalysis by methylcyclopentane, Eqs. (8) and
must be added to the mechanistic scheme. (In the equa
methylcyclopentane, cyclohexane, and their correspon
cations are labeled MCP, CH, MCP+, and CH+, respec-
tively.) The low conversions allow us to neglect the
versibility, except for Eq. (8). The tertiary–tertiary hydri
shift of Eq. (8) is fast [19,20] and may occur back and fo
several times before the ions react by Eqs. (7) or (9).
catalysis occurs if Eq. (9) is faster than Eq. (7) (Curt
Hammett principle) [21]. The methylcyclopentyl catio
also undergo ring expansion to cyclohexyl cations, bring
about the concurrent isomerization of methylcyclopentan
cyclohexane [Eqs. (10) and (11)]:

Initiation:

(5)n-C6H14 → n-C6H13
+,

Chain propagation:

(6)n-C6H13
+ → tert-Me–C5H10

+,

Chain propagation:

(7)
tert-Me–C5H10

+ + n-C6H14 → Me–C5H11 + n-C6H13
+,

Chain transfer:

(8)tert-Me–C5H10
+ + MCP� Me–C5H11 + MCP+,

Chain transfer:

(9)MCP+ + n-C6H14 → MCP+ n-C6H13
+,

(10)MCP+ → CH+,

(11)CH+ + MCP→ CH+ MCP+,

Chain transfer:

(12)CH+ + n-C6H14 → CH+ n-C6H13
+.

Mixing hexane and methylcyclopentane affected the
activity of both. As seen in Fig. 10, the conversion of hex
was reduced from about 5.3% in 30 h to about 3%
more than 40 h by mixing hexane with methylcyclope
tane (1:1). The product distribution could not be determi
very accurately because of the low amounts of product
the mixture, but there was more 3-methylpentane and
2,2-dimethylbutane than in the reaction of pure hexane
ble 1). The ratio 2-methylpentane:3-methylpentane chan
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Fig. 10. Conversion of hexane, methylcyclopentane, 1:1 hexane+ methyl-
cyclopentane, and 1:1 hexane+ cyclopentane on HMOR at 142◦C, in
the liquid phase: (") hexane; (!) methylcyclopentane; (Q) hexane in
(hexane+ methylcyclopentane); (1) methylcyclopentane in (hexane+
methylcyclopentane); (2) hexane in (hexane+ cyclopentane).

between 2 and 5% conversion, indicating that the cata
had some “true” isomerizing ability. The catalyst did not lo
its reactivity to convert hexane in the mixture for at le
112 h, whereas the conversion of pure hexane stopped
about 50 h. On the other hand, the conversion of methy
clopentane was higher in the mixture with hexane than
the pure hydrocarbon (or rather the 98:2 methylcyclop
tane:hexane mixture). These findings would be compa
with the isomerization of the methylcyclopentyl cation
Eq. (10) being much faster than the hydride transfe
Eq. (9) and the hydride transfer of Eq. (11) being much fa
than the hydride transfer of Eq. (12). The intermediate
the hexane isomerization reaction would then be blocked
of the catalytic sites, with the consequence that methy
clopentane would react with a higher (at the limit, doub
quantity of catalyst on a molar basis. The required relat
r

ship of rates of Eqs. (11) and (12) is not likely, howev
because both thermoneutral and exothermic hydride s
are intrinsically fast [19,20].

Any explanation based entirely on rate differences of
bocationic steps is undermined, however, by the obse
tion that mixing with cyclopentane had the same effect
the reaction of hexane as mixing with methylcyclopent
(Fig. 10). As stated above, cyclopentane was not conve
at all by HMOR under our, relatively mild, conditions. A
guments based on relative rates of hydride transfer s
are inapplicable to cyclopentane, because the cyclop
cation and the two hexyl (2-hexyl and 3-hexyl) cations
all secondary carbocations and, therefore, cannot diffe
much in stability. The product distribution was more simi
to the one observed for pure hexane than to the one fo
in the presence of methylcyclopentane (Table 1). The
fect of cycloalkanes on hexane reaction on HMOR bring
mind the TFMSA-catalyzed reaction of hexane, where
cloalkanes inhibited the initiation of the fast cracking-mo
reaction [12].

The cyclic hydrocarbons, methylcyclopentane and
clopentane, did not seem to have the same kind of effec
the hexane conversion on HZSM-5 [9] and on HMOR.

4. Results and discussion: dehydrogenation and
rehydrogenation by the zeolite

4.1. Hydrogen transfer between reactants, studied by
deuteration

The difference between the reactions on HZSM-5 and
HMOR was also apparent in the reaction of hexane in
presence of 5.5% methylcyclopentane-1-d [12]. The d
terium content and distribution were determined from
GC-MS analyses, in the molecular ion for most compoun
For 2,3-dimethylbutane, both the molecular ion,m/z = 86,
and the (M–CH3)+ ion, m/z = 71, were measured. To co
rect for the isotope fractionation on the GLC column [2
ies
Table 1
Product selectivity in the reaction of hexane alone or mixed with cycloalkanes, on HMORa

Product Reactant

Hexaneb Hexane+ Hexane+ Hexane+
methylcyclopentanec methylcyclopentaned cyclopentanee

2-Methylpentane 41.0 43.2 48.9 38.2
3-Methylpentane 21.9 36.8 32.1 22.8
2,3-Dimethylbutane 12.6 9.5 8.0 12.5
2,2-Dimethylbutane 21.8 9.3 10.7 25.8
C�5 1.6f 1.3 0.3 0.8

a Reactants in liquid phase, at 160◦C. The mixtures (hexane+ methylcyclopentane) and (hexane+ cyclopentane) were made in 1:1 ratios. Selectivit
are given as percentage.

b Reaction time, 23 h; conversion, 3.2%. The product distribution did not change between 2 and 15% conversion [10].
c Reaction time, 22 h; hexane conversion 2.2%.
d Reaction time, 88 h; hexane conversion, 5.1%.
e Reaction time, 96 h; hexane conversion, 5.2%.
f Heavier alkanes (1.5%) were also formed.



D. Fărcaşiu, K.-H. Lee / Journal of Catalysis 219 (2003) 186–196 193

thyl-

)

nt

GC-

eak.
teria

rom

tion
does
M–
in

(2-
deu-
om

of
OR,
tane
lcy-

y be
ps.
the
ac-
the
an
gen
ms)
as

eu-
of

to a
kly
5],

cond

ions

ed
les.
y-

tion
no
un-
lo-
en

12),
bar-
n-
the
n-
he
eu-

(7)]
he

are
on
The

clo-
ay is
es in
, the
tity,

osi-
rium

not
f the
g at
est-
to
sec-

inal
lti-
rom
cat-
f
tral
re-
of)

fore
des-
sts.
cat-
ch
at

s on

it
f the

his
tion
Table 2
Deuterium distribution in the reaction products from hexane and me
cyclopentane-1-d, on HMORa

Product Deuterium distribution (content of isotopomer, %b

d0 d1 d2 d3

Hexane > 99.7 < 0.3c 0.0 0.0
2-Methylpentane 32.2± 1.1 56.5± 1.7 8.8± 0.6 2.5± 2.1
3-Methylpentane 39.4± 6.9 51.4± 3.0 9.2± 3.9 0.0
2,3-Dimethylbutaned 43.4± 1.0 46.6± 0.4 8.2± 0.7 1.7± 1.2

42.5± 2.0 47.6± 3.3 6.3± 2.2 3.6± 0.9
2,2-Dimethylbutanee 87.2± 0.6 12.3± 1.0 0.5± 0.2 0.0
i-C4 27.0± 1.8 69.8± 1.5 3.2± 3.2 0.0
Methylcyclopentane 26.6± 0.9 62.9± 0.2 9.9± 0.6 0.5± 0.1
Cyclohexane 64.2± 1.4 31.9± 0.6 3.6± 1.6 0.4± 0.1

a Reactants in liquid phase, at 160◦C; methylcyclopentane-1-d conte
5.5%.

b Average of two catalytic conversions, at 16 h (conversion 2.6%).
MS separation achieved at an oven temperature of 11◦C. The relative in-
tensity of each isotopomeric ion was integrated over the entire GC p
The accuracy of the determination decreases as the quantity of ma
decreases, that is, in the order: hexane, methylcyclopentane> 2-methyl-
pentane> 2,2-dimethylbutane, 3-methylpentane> 2,3-dimethylbutane>
cyclohexane> i-C4.

c Less than the uncertainty of the measurement.
d The first number from the (M–Me) fragment, the second number, f

the molecular ion.
e From the (M–CH3) fragment.

the isotope content was always determined by integra
over the entire GLC peak. Because 2,2-dimethylbutane
not have a molecular ion peak in the spectrum, only the (
CH3)+ ion was examined for it. The results are shown
Table 2.

In the reaction on HZSM-5, the isomers formed
methylpentane, 3-methylpentane) contained 0.1–0.2
terium atoms per molecule and the loss of label fr
deuteromethylcyclopentane was within the uncertainty
the measurements. At a similar conversion (2.6%) on HM
2-methylpentane, 3-methylpentane, and 2,3-dimethylbu
contained 0.7–0.8 deuterium atoms, whereas methy
clopentane had lost about 15% of its label.Thus, the more
active catalyst also produces more H/D exchange. A com-
parison of the molecular ion and the (M–CH3)+ fragment of
2,3-dimethylbutane suggested that more deuterium ma
present in the tertiary positions than in the methyl grou
Isobutane was formed in the highest amount among
cracking products and could be analyzed with higher
curacy. It contained a number of deuterium atoms in
molecule similar to 2-methylpentane, which would me
that the deuterium concentration in isobutane (10 hydro
atoms) was greater than in isohexane (14 hydrogen ato
As the signals measured were small, we are reluctant to
sign much to the differences.

There are two possible mechanisms for transferring d
terium from methylcyclopentane-1-d to the products
hexane. The first, direct, pathway is deuteride transfer
carbocation. (A transfer to an incompletely formed, wea
coordinated carbocation [23], or cationoidic species [1
not considered before, cannot be precluded.) In the se
l

.
-

pathway, the hydrogen transfers occur also by eliminat
and readditions, with the catalyst as a deuterium relay.

The first pathway is unlikely because cyclohexane form
in the mixture contains only 64% nondeuterated molecu
The cyclohexyl cation is formed from deuteromethylc
clopentane by deuteride loss to a tertiary isohexyl ca
[Eq. (8)] followed by ring enlargement, so it contains
label. It leads to labeled cyclohexane by Eq. (11) and
labeled cyclohexane by Eq. (12). Energetically, the cyc
hexyl cation should not discriminate significantly betwe
the exothermic Eq. (11) and the thermoneutral Eq. (
because hydride transfers have small intrinsic energy
riers [19,20]. Reaction by Eq. (12) is favored by the co
centration ratio of hexane to methylcyclopentane-1-d in
mixture (18:1) multiplied by the primary isotope effect ma
ifested in the reaction of Eq. (11). Contrastingly, for t
tertiary isohexyl cations, competition between a thermon
tral channel [Eq. (8)] and an endothermic channel [Eq.
should result in a high level of discrimination favoring t
former.

In the alternative pathway, cationoidic intermediates
in equilibrium with the corresponding olefins adsorbed
the catalyst, which acquires the isotope in the process.
labeled cyclohexane results form the deuteration of cy
hexene by the catalyst. The case for the second pathw
strengthened by the existence of doubly labeled molecul
the reaction products. By the deuteride transfer pathway
branched isomers, which are formed in the largest quan
should incorporate deuterium at the reactive tertiary p
tion; therefore, they cannot acquire more than one deute
atom per molecule. Whereas the numbers in Table 2 are
highly accurate, because of the small concentrations o
species analyzed, the existence of molecules containin
least two deuterium atoms is unquestionable. Most inter
ingly, methylcyclopentane-1-d not only loses deuterium
give the unlabeled species (ca. 27%), but also acquires a
ond label (10%) and possibly even a third (to a marg
extent). This label randomization and formation of mu
ply labeled molecules show that all the products came f
olefinic intermediates, in the same way as in the reaction
alyzed by TFMSA [12] and HZSM-5 [9]. At the low level o
conversion investigated, the probability of return of a neu
product molecule to the catalytic site is negligible. The
fore, the intermediate olefins (or a kinetic equivalent there
should undergo multiple exchanges with the catalyst be
being saturated and desorbed. Remarkably, no olefin is
orbed and found in the product with any of these cataly
Any hydrogen-deficient species formed remained on the
alyst. In TFMSA, they were identified as allyl cations, whi
participate in the reaction of alkanes [6,7,12]. It is likely th
similar species are formed and play a role in the reaction
the solid catalysts as well.

No deuterium incorporation above the uncertainty lim
was seen in the unreacted hexane (Table 2). Because o
low concentration of label in the total hydrogen pool, t
was not a conclusive observation. The isotope fractiona
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on the GLC column [22] would concentrate, however, a
labeled molecules at the beginning of the GLC peak. A c
ful search of the initial part of that peak failed to revea
significant increase in the (M+ 1) signal over the norma
value, indicating that there was no deuterium enrichmen
hexane.

To validate these findings, we conducted another se
of experiments, in which a small amount of regular meth
cyclopentane was added to deuterated hexane. We pre
partially but uniformly labeled hexane to the fully deutera
material, because differences in the label content of prod
could give information about the relative importance of
isotope effect-sensitive hydride transfer step in their for
tion. Catalytic deuteration of 1,4-hexadiene without solv
at ambient temperature and pressure gave hexane conta
on the average 4.3 deuterium atoms per molecule (30
isotope enrichment), statistically distributed among the
methyl groups and four methylene groups [12]. Mixtures
this material with 5.5% methylcyclopentane were reac
for 24 and 31 h, to conversions smaller than the amoun
methylcyclopentane added (0.9 and 1.1%, respectively)

The results in this series of experiments are qua
tatively less accurate than in the runs with hexane
methylcyclopentane-1-d, because it is easier to determ
small incorporations of label in unlabeled molecules, t
small losses of it from labeled molecules. Nonetheles
was definitely established that there was a significant los
label from the isomerization products of hexane. Methy
clopentane and its isomerization product, cyclohexane
quired deuterium during the reaction. Again, no measur
loss of deuterium from the unreacted hexane was dete
This is not surprising, because there were 1.2–1.5 me
aluminum in the catalyst per 100 mmol of hexane. If all
aluminum atoms were in active sites and had exchange
drogen to deuterium to statistical distribution with hexa
the label loss from the latter would be hardly perceptible

Considering the conversions of hexane (ca. 1%)
methylcyclopentane (ca. 4%) and the deuterium conten
products, given in Table 3, we conclude that the majority
label lost from hexane that reacted remained in the cata

4.2. Mechanistic considerations

Our results reveal a contrasting behavior of 3-methylp
tane and hexane when reacted as liquids on HMOR.
former exhibits a clean (very little cracking) isomeriz
tion, with products formed in the sequence and with
ative rates characteristic for the carbocationic mechan
[Eqs. (1)–(4)] [4,5]. Contrastingly, the product composit
from hexane in the liquid phase cannot be rationalized by
carbocationic isomerization mechanism involving second
and tertiary C6H13

+ cations (whether free, ion-paired,
partially coordinated), established with superacid catal
in the liquid phase (e.g., HF–SbF5) [4,5].

Hydrogen exchange of hexane with a typical hydr
donor is important, but it occurs mostly through the ca
d

g

.

-

Table 3
Deuterium content (atoms per molecule) in the reaction products
hexane-u-d4.3 with methylcyclopentane, on HMORa

Product Deuterium contentb

Hexane 4.3±0.1
2-Methylpentane 0.6±0.2
3-Methylpentane (Small peak)
2,3-Dimethylbutane (Small peak)
2,2-Dimethylbutane 0.5±0.2
i-C5

c 0.7±0.1
i-C4

c 0.6±0.02
Methylcyclopentaned 0.27±0.06
Cyclohexanee 0.60±0.04

a Reactants in liquid phase, at 160◦C, methylcyclopentane conte
5.5%.

b Average of two catalytic conversions, at 24 h (conversion 0.95%)
31 h (conversion 1.1%). The data are from GC-MS analyses, oven tem
ature 13–16◦C. The relative intensity of isotopomeric ions was integra
over the entire GC peak.

c The quantity of normal isomer was too small to afford a reliable n
ber for its deuterium content.

d Distribution: 77.9%d0, 17.4%d1, 4.0%d2, 0.7%d3.
e Distribution: 63.8%d0, 16.0%d1, 16.5%d2, 3.7%d3.

lyst. No hydride transfer catalysis intervenes. Isotope
change between deuterated solid acids and alkanes ha
been known [24–27] and was confirmed recently by NM
investigations [28]. The process was interpreted as oc
ring in parallel or in competition with skeletal rearrang
ment [28]. We now find that the elimination and additio
which exchange hydrogen, constitute steps of the rearra
ment mechanism. Alkenes are critical reaction interm
ates, although no alkenes are found in the reaction prod
that desorb from the catalyst (except at much higher tem
atures).

A comparison of the conversion of methylcyclopenta
to cyclohexane (4%) and its hydrogen–deuterium excha
(over 25 atoms of deuterium incorporated in 100 molec
of methylcyclopentane, cf. Table 3) in the reaction c
ducted in the presence of hexane-u-d4.3 shows that the ex
change with the catalyst was faster than isomerization.

An analogy exists with the reaction of these alkane
the weak superacid, TFMSA, where a duality of mec
nisms was observed: an isomerization mode and a crac
disproportionation mode. The latter exhibited features
a radicalic chain reaction, mixed with a carbocatio
(cationoidic) process. The transition from the former to
latter was triggered by the accumulation of unsatura
allylic-type carbocations in the acid and was promoted
electron acceptors [6,7]. Both hexane and 3-methylpen
reacted faster in the cracking mode than in the isom
ization mode, but the acceleration was much greater
hexane. The reactivity ratio 3-methylpentane:hexanewa
1000 in the isomerization mode and ca. 10 in the crac
mode [7,12]. On HMOR, 3-methylpentane reacts in the
merization mode. The transition to the cracking mode
not occur for the length of our experiments. Productw
the reaction of hexane on HMOR fits the cracking mo
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but its relative acceleration was less than in TFMSA. T
reactivity ratio 3-methylpentane:hexane was ca. 100. E
in TFMSA, however, the reaction was not initiated by t
cleavage of C–H or C–C bonds by the superacid, bu
an oxidative activation with the apparent participation
the allylic cations [6,7,12]. The solid acids are, inheren
weaker acids than the liquid analogs [29,30] and zeolites
nowhere near superacidic strength [15,30–32]. The inc
sistencies of theoretical concepts thought to support ze
superacidity, like pseudoliquid character and electroneg
ity equalization, have been discussed elsewhere [15].
cannot presume that sigma bond acidolysis should occu
the zeolite catalyst.

It is noteworthy that intervention of superacid-like activ
tion of alkanes was proposed for HZSM-5 as catalyst [3
a material of rather low acidity [34,35]. The reactions
hexane and 3-methylpentane on HZSM-5 at moderate
peratures were even farther from unimolecular carbocati
processes than the reactions on HMOR [8,9].

Allylic cations, particularly cycloalkenyl cations, hav
been observed by Haw et al., as products from alkene
zeolites [36,37]. It is possible that more reactive alke
cations, formed early in the reaction, play a role in the c
version of alkanes in zeolites, as in TFMSA.

The chemisorbed alkenes may be formed by the o
electron oxidation of alkanes, as proposed earlier [38–
or by metal ion catalysis by the tetracoordinated alumin
centers in the lattice or extraframework aluminum spec
as shown more recently [42]. The intermediacy of alke
makes the reactions possible at the acid strength avai
in zeolites. The product distribution does not substant
a simple, monomolecular cationic or cationoidic mec
nism. Alkene formation, alkylation/oligomerization, crack-
ing, and rehydrogenation are part of the overall isomer
tion reaction. Some contribution of a superimposed radic
process cannot be definitely precluded. The product c
position might be controlled by the rates of cracking a
rehydrogenation.

5. Conclusions

Features of a carbocationic/cationoidic mechanism wer
seen in the reaction of 3-methylpentane in the liquid ph
on H-mordenite (a more active acid catalyst than HZSM
but not in the gas phase and not for hexane in either ph
Thus, there are mechanistic differences between the r
tions of alkanes in the liquid phase and in the vapor phas
the zeolite.

The liquid-phase reaction of hexane in the presenc
methylcyclopentane, cyclopentane, and deuteromethy
clopentane showed the absence of hydride transfer cata

No olefins were found in the products desorbed, but
products were formed from olefinic reaction intermedia
Each olefin exchanged repeatedly hydrogen with the cat
before being hydrogenated and desorbed. The chemiso
.
-

.

d

alkenes may be formed by one-electron oxidation or by
hydrogenation on tetracoordinated aluminum atoms, ei
in the lattice or in extralattice aluminum species [42].

Disproportionation is important as a pathway for isom
ization. Because small molecules predominate in the
sorbed products, there must be unsaturated products ret
by the catalyst. It is possible that alkenyl cations on
catalyst play a role in the reaction, as they do in triflu
romethanesulfonic acid.

The mechanism of alkane conversion on zeolites inv
ing sigma bond protonolysis like in liquid superacids [43,
and mechanistic control by the size and shape of the c
nels [33] because of steric requirements of cracking
hydride transfer [45] has been contradicted. Thus, the r
tivity ratio of hexane to 3-methylpentane varies with fact
other than the size of cavities, and the transverse spac
quirement of the transition structure for hydride transfe
smaller than forβ-cracking [46]. Now, our results furthe
impugn the “carbonium” ion (protonated alkane) mechan
of catalysis on zeolites.

The catalytic properties of zeolites have been correla
with their acidity (and the latter with the Si/Al ratio).
We see now that other properties, such as hydrogena
dehydrogenating ability and one-electron oxidizing prop
ties are also of critical importance for reactivity.
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