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Abstract

H-mordenite, a more active acid catalyst than HZSM-5, showed features of a carbogatiiniwidic isomerization in the reaction of
liquid 3-methylpentane, but not of liquid hexane. The carbocationic isomerization features were not seen in the gas phase, for either reac
tant. Thus, there are mechanistic differences between the reactions of alkanes in the liquid phase and in the vapor phase on the zeolite. T
liquid-phase reaction of hexane in the presence of methylcyclopentane, cyclopentane, and deuteromethylcyclopentane showed the abser
of hydride transfer catalysis. The label redistribution between deuterated and nondeuterated reactants showed that the products were form
from olefinic reaction intermediates, although none were found in the products desorbed. Each olefin exchanged repeatedly hydrogen wit
the catalyst before being hydrogenated and desorbed. The possibility that alkenyl cations retained on the catalyst play a role, as in triflu
oromethanesulfonic acid, is discussed. As the space requirement of hydride transfer is smaller thag-tiratkihg, the results speak
against protonated alkanes (“carbonium” ions) in the catalysis on zeolites. The type of activation observed in superacid catalysts, where th
standard carbocationic mechanism operates, does not occur in zeolites. The chemisorbed alkenes may be formed by one-electron oxidati
or by dehydrogenation on tetracoordinated aluminum atoms, either in the lattice or in cages (extralattice aluminum).
0 2003 Elsevier Inc. All rights reserved.

1. Introduction by a chain mechanism and that the reaction pathway is de-
termined by the concentration of alkenyl (substituted allyl)
The reversible isomerization of hexane [1] has long been cations, formed by an oxidation reaction in the acid layer
considered a standard for the study of cationic reactions of near the interface with the organic layer [6,7].
alkanes [2]. Careful studies of its equilibrium [3] and kinet- For the zeolite HZSM-5, we found that small but con-
ics have been published [4,5]. We chose, therefore, hexanesistent conversions can be achieved at 120°C7%n both
and 3-methylpentane, together with the cyclic hydrocarbon the liquid- and the gas-phase reactions [8,9]. Mordenite
methylcyclopentane, as model substrates for a comparison of HMOR), an acid zeolite with larger pores, gave a much
solid and liquid acids. The goal was to investigate the activ- higher conversion than HZSM-5 in the reaction of hexane in
ity of various solid acid catalysts at lower temperatures than the liquid phase [10]. Here, we report a comparative study of
normally used, for better comparison with the strong liquid the reactivities and products in the conversion of hexane and
acid catalysts. Because the reactions with liquid acids nor- 3-methylpentane on HMOR in the liquid and vapor phases.
mally use liquid hydrocarbons, whereas on solid acids the re-
actants are usually in the vapor phase, we undertook a study
of the reactions on the solid acids at moderate temperature. Experimental
with both liquid and gaseous reactants. The reactions of the
same compounds catalyzed by trifluoromethanesulfonicacid2 1. Reactants
(TFMSA), a weak superacid, served as terms of comparison.
We found that the reactions of hexane and 3-methylpentane  commercial, reagent-grade, hexane contained up to
catalyzed by TFMSA can be either isomerization or cracking g 459 methylcyclopentane (by GLC). The reagent-grade
methylcyclopentane contained about 2% hexane. Cyclopen-
~* Corresponding author. tane, 99.5%, containe&l 0.5% 2,2-dimethylbutane and
E-mail address: dfarca@pitt.edu (D. & caiu). < 0.05% methylcyclopentane. Hexane of 99.95% purity,
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containing no methylcyclopentane and no olefins, was pre- catalyst which had been activated in the tubular glass re-
pared from 1-bromohexane via the Grignard reagent andactor. Samples of the effluent were withdrawn with a gas
was purified by repeated washing with chilled concentrated syringe and analyzed. Two concentrations of reactant were
sulfuric acid [11,12]. Uniformly labeled hexane, containing examined. The first, 7%, was achieved by keeping the va-
an average of 4.3 deuterium atoms per molecule (hexane-por saturator at 0C; at that temperature the vapor pres-
u-ds 3) was obtained by the catalytic addition of deuterium sures of hexane and 3-methylpentane differ by very little.
to 1,5-hexadiene and purified in the same manner [12]. It For the second, 17%, the saturator temperature was’€5.5
was a mixture of all isotopomers, with the distribution: 5.3, for 3-methylpentane and 2C for hexane.

9.8, 13.1, 14.8, 14.3, 12.8, 10.0, 7.4, 5.0, 3.2, 2.0, 1.2, 0.7,

0.3, and 0.2%, for the isotopomers frafg to d14, respec-

tively (GC-MS).?H NMR analysis indicated that the isotope 3. Resultsand discussion: reactivity patternsof alkanes

was statistically distributed among all methyl and methylene and cycloalkanes

groups. The synthesis of methylcyclopentane deuterated at

the tertiary position has also been published [13]. 3.1. Reactions of 3-methylpentane

2.2. Catalyst The liquid-phase reaction of 3-methylpentane was clean
isomerization. The reaction was much cleaner than the reac-
Ammonium mordenite CBV-30A, SigyAl03 = 35, tion on HZSM-5 at a temperature lower by 2D and cleaner
0.02% (wt) NaO, of 541 nf/g, was obtained from Conteka.  than the reaction in TFMSA in the isomerization mode at
For each experiment, the catalyst was activated by gradualigom temperature [6,7]. On HZSM-5, disproportionation
heating in air to 480C over a period of 8 h and maintained and cracking accounted for over 25% of the products after

at this temperature for 13 h [10]. 4 h and hexane was formed as an early product in a ratio
hexane:2-methylpentare 0.7-0.8 [8]. On HMOR, crack-
2.3. Reactant and product analyses ing and disproportionation were negligible. The conversion

exhibited the characteristic pattern of stepwise isomeriza-
The GLC and GC-MS (70 eV) analyses were conducted tion, described by Egs. (1)-(4) [4-6], as shown in Fig. 1 and,
as described before [6,7]. Three of the compounds of inter- eyen more clearly, in Fig. 2. Thus, whatever the nature of the
est, cyclopentane, 2-methylpentane, and 2,3-dimethylbutanegctivation of the reactant, the product and rate patterns fit a
were not separated by GLC at the lowest temperature accesgarhocationic (or cationoidic [15]) mechanism, which can-
sible (25°C), but were separated in the GC-MS instrument ot pe said about the reaction on HZSM-5 8].

at a column temperature of 28. Thus, the sum of these
compounds was obtained from the GC analysis and their ra-CHz—CH(CH—CHs),

tios from the total ion currentin GC-MS. = (CHa)2CH-(CHy)—CHg  (fast), 1)
2.4. Catalytic reactions 100 100
4 v
For a reaction with liquid reactant, the catalyst (0.04— :\ :
0.05 g) was activated directly in a 12 csa 6 mm i.d. 80 - 80

glass tube, before the reaction. As soon as the tube was

cool enough to be handled, a Teflon-coated stirring bar was___
added and the tube was capped with a rubber septum. Whes 60
the tube with catalyst reached room temperature, the reac~§
tant (0.25 g) was injected from a syringe. The tube was thens
cooled in liquid nitrogen, sealed under vacuum [10], swirled @ 40
for mixing, immersed vertically in an oil bath thermostated
at the desired temperature, and then placed over a magnetic
stirring plate [14]. The mixture was allowed to react with
stirring for a determined length of time. It was checked that
the catalyst was fully covered with liquid throughout the
experiment. The sample was then frozen in liquid nitrogen
and the tube was cut open and capped with a rubber sep-
tum. Upon heating to room temperature, samples were taken Reaction time (hrs)

through the septum from both the gas phase and the |'qU'dFig. 1. Conversion of 3-methylpentane on HMOR at 160 in the liquid

phase and analyzed by G'LC and QC-MS- phase: @) Cs; (O) 2,2-dimethylbutane; X) 2-methylpentanet 2,3-di-
For a gas-phase reaction, a mixture of hydrocarbon andmethylbutane; 4) 2-methylpentane;&) 2,3-dimethylbutane;¥() hexane;
He (9.6 mL/min total flow) was passed through 0.3 g of (M) conversion.
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Fig. 2. Product selectivity from 3-methylpentane on HMOR at 160
in the liquid phase: @) C¢s; (O) 2,2-dimethylbutane;X) 2-methylpen-

tane+ 2,3-dimethylbutane;4) 2-methylpentane;&) 2,3-dimethylbutane;
(V) hexane.

(CH3)2CH—(CH)2—CHg

= (CH3)2CH—CH(CHb)2  (medium) @)
(CHg)2CH—(CH)2-CHs,  (CH3)2CH-CH(CH;)2

= (CH3)3C-CHCH3 (slow), 3)
(CH3)2CH—(CH)2—CHz, CH3—CH(CH,—CHz)2

= CH3—(CH2)4—CH3 (S|OW). (4)

The catalyst exhibited reasonable stability. It was still
active after 91 h of reaction at 18C€ (Fig. 2). Also, the
activity of HMOR was much higher than that of HZSM-5.
The 3-methylpentane conversion for the former was 34%
after 3 h and for the latter it was 5.9% after 4 h. The num-
ber of aluminum sites per gram was about the same for the
two zeolites. At the level of conversion observed on HMOR,
the reverse reaction was important enough to be included
in a calculation of the rate constant. The pseudo-first-order
rate constants can then be estimated-asx 10~° s~1 for
HMOR and~ 4 x 1076 s1 for HZSM-5 [8], a 10-fold
higher reaction rate for HMOR at 16C.

Differences in the activity of HMOR and HZSM-5 were
also observed for the reaction of 3-methylpentane in the gas
phase (Fig. 3 and Ref. [8]). The reaction was conducted at
two different concentrations of reactant in He, 7 and 17%.
An induction period had been evidenced in the reaction on
HZSM-5 [8] and it was also observed in the reaction on
HMOR at the lower concentration of reactant in the feed,
7%, but not at 17% reactant in the feed. It is possible, how-
ever, that in the latter case the induction period was shorter
than 6 min, when the first sample was taken. At the point
of highest activity, the conversion on HMOR was higher for
17% reactant in the feed than for 7% reactant in the feed, op-
posite from that observed for HZSM-5 [8]. The conversion
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Fig. 3. Conversion of 3-methylpentane on HMOR and HZSM-5 at
142°C, in the gas phaset]) HZSM-5, 7% 3-methylpentane in the feed;
(M) HZSM-5, 17% 3-methylpentane in the fee®@)(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 it re-
mained constant and the same for the two concentrations of
reactant, for the next 2.5 h (Fig. 3).

Two different patterns of reactivity were observed in the
gas-phase reaction as a function of catalyst aging. During
the induction period and at the peak of catalyst activity, the
reaction consisted mostly of cracking, as shown in Fig. 4
for the dilute reactant. (The cracking was even higher for
the concentrated reactant.) At 6 min reaction time, the con-
version was 69.6% and lighter products(} represented
60.0% of the product (effluent minus 3-methylpentane). The
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Fig. 4. Effluent composition in the reaction of 3-methylpentane (7%)
on HMOR at 142C, in the gas phase®) Cs; (O) 2,2-dimethylbu-
tane; (¥) 3-methylpentane;X) 2-methylpentane;&) 2,3-dimethylbutane;
(V) hexane; #) C>7.
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amount of heavy alkanes {G) passed through a maximum mostly cracking and the 2-methylpentane:3-methylpentane
during that period. They represented 1.3% of the product atratio in effluent was low, in contradiction with the reac-
6 min and 5.4% of the product at 16.5 min. The excess of tion sequence and reactivity order of Eqgs. (1)—(4). More
light over heavy alkanes in the effluent means that unsatu-specifically, hexane is formed by the carbocationic mech-
rated species accumulate on the catalyst during the induc-anism directly from either 2-methylpentane or 3-methyl-
tion period. Thus, in the early stages, HMOR exhibited a pentane; it is an initial product from 3-methylpentane as
similar reaction pattern as HZSM-5 [8,9] (cracking mode re- feed [Eq. (4)]. 2,3-Dimethylbutane is a consecutive prod-
action [6,7]), but the reactivity is higher for HMOR than for  yct, accessible only in a two-step process [Egs. (1) and (2)].
HZSM-5 in that mode as well. It is formed in the carbocationic isomerization only af-
After it reached the peak of activity, HMOR switched ter the methylpentanes had reached equilibrium, but is
from a cracking catalyst to (mostly) an isomerization cata- formed faster than hexane because of the relative spe-
lyst. At 37 min time-on-stream (TOS) the conversion was cific rates of Eq. (2) and Egs. (4) [5]. The isomer ratio at
61.5%, but the lighter alkanes represented only 10.0% of g min (3-methylpentane:2-methylpentane:2,3-dimethylbu-
the products (effluent minus 3-methylpentane) and the heavytane:hexane= 52.9:23.0:7.9:10.9) would require that the
alkanes, 4.2%. The change in the lightavy ratios indicates  (g|ative rates of Egs. (1), (2), and (4) be drastically altered
a tapering off in the buildup of unsaturated species on the 5, HMOR as catalyst. Such an alteration cannot explain,
catalyst. Thus, as the catalyst ages, the process becomes Sip\ever, the drop in the selectivity to hexane (3-methylpen-
perficially closer to the reaction of liquid 3-methylpentane tane:2-methylpentane:2,3-dimethylbutane:hexane29.2:
on HMOR. It appears that the reactivity of the catalytic siteS 53 5.1 6:2.2) at 16.5 min, when the conversion was higher
changed as a certain concentration of organic species fa-(78.4%, meaning that the catalyst had high activity) and the

voring lspmerlzatlon was forme_d on them. The qlternatwe decrease in the cracking/disproportionation products (from
explanation that there are two different types of sites Seemsg; 3 1 33 1%) ensured a much higher concentration of

Itess sfatlslfac'ggry. In tan)t/ caze, Itis ieen that tthe treact(lj\{:c';y patt'the precursors of hexane [2-methylpentane and 3-methyl-
erns for iquid reactant and gas-phase reactant are ditteren pentane, Eq. (4)] than at 6 min. A simple change in rela-

tha-[hf?) :'rgez'gﬂ?gt'vxﬁgfettig f%rr;:'\lfigR 'Srgéfiliingrrﬁgn tive rates of isomerization steps cannot explain the change
' 9p in the selectivity to 2,2-dimethylbutane, either. The total

strongly predominant throughout a run and the amount of concentration of its precursors [2-methylpentane and 2,3-

hexane is similar to, or greater than, the amount of 2-methyl- dimethylbutane, Eq. (3)] in the mixture was much higher
pentane, throughout [8].

The variation of isomeric product selectivity with time at 16.5 and 37 min than até min, yet the total aqd relative
(Fig. 5) is mechanistically relevant. Of the isomerization (percentage of the mixture of 'Somers) concentration of 2,2-
products, 2,3-dimethylbutane behaved as a consecutive re_dlmethylbutane decreased drgsucally during that time. The
action product, peaking when the conversion to 2-methyl- plata led to thg same conclusion as rea.ched f(.)r the crack-
pentane was the highest [cf. Eq. (2)]. Hexane and 2,2- ing mode reaction in TFMSA [6], that the isomeric products

dimethylbutane, however, peaked when the reaction wasare largely formed by a mechanism other than the standard
carbocationic isomerization mechanism. This mechanistic

80 feature was even stronger for HZSM-5 as catalyst [8].

1 The G and G fraction consisted almost entirely of the
branched isomers. At the shortest time isobutane was the
) most important product, but isopentane predominated at

S 7 16.5 min and thereafter. A predominance of the branched
2 isomers in the cracking products had also been observed on
E ] HZSM-5 [8].

LD 40 4

ks . .

s - \ 3.2. Reactions of hexane

.g

(¥

. High-purity (synthetic) hexane in the liquid phase at
] 160°C reacted much slower than 3-methylpentane under
1 the same conditions. At low conversions, the rate ratio 3-
1 ) methylpentanghexane can be estimated at about 100, which
01 is less than the ratio for the carbocationic isomerization
0 50 100 150 200 250 300 . . .
mechanism (ca. 1000 [5,7]), but larger than the ratio with
TFMSA in the cracking mode (ca. 10 [7]). The reaction
Fig. 5. GsH14 composition in the effluent from 3-methylpentane (7%) on of hexane on HMOR was also faster than its reaction on

HMOR at 142°C, in the gas phase() 2,2-dimethylbutane;X) 3-meth- HZSM-5 [8]. The catalyst underwent deactivation, however,
ylpentane; ) 2-methylpentane;&) 2,3-dimethylbutane;X) hexane. and the reaction virtually stopped at about 15% conversion.

Reaction time (min.)
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60

There was very little disproportionation and cracking
(up to 1.6% isobutane and isopentane and up to 1.5% C

4

alkanes in the product). Remarkably, the doubly branched 50
isomers, 2,2-dimethylbutane and 2,3-dimethylbutane, were ]
present in significant quantities at the lowest conversion 40

(0.6%) and stayed the same at longer reaction times. The ra-
tio of isomeric products was 3-methylpentane:2-methylpen-
tane:2,3-dimethylbutane:2,2-dimethylbutare 22.4:41.8:;
13.3:22.4 at 3.2% conversion [10]. Commercial hexane, con- ]
taining 0.3% methylcyclopentane, gave the same isomer ra- 20
tio. This distribution and its invariance with conversion show
again that the isomer formation did not occur by the carboca-
tionic isomerization of Egs. (1)—(4). The isomer distribution ]
is strikingly similar to that found in the oxidatively pro- 1 e~
moted chain reaction mode of hexane with TFMSA, which AL UL S
. 0 50 100 150 200 250
we named the cracking mode [7,10,12]. .

The gas-phase reaction of hexane (at 9@p in the Reaction time (min.)
flow reactor ?Xhlblt.ed thelsame Pattem, as the reactlo.n OnFig. 7. Product composition in the reaction of hexane (7%) on HMOR at
HZSM-5. An induction period, during which the conversion 142°¢ in the gas phase®( Cs; (0) 2,2-dimethylbutane;X) 3-methyl-
increased, was followed by a steady decrease in conversionpentane; 4) 2-methylpentane;&) 2,3-dimethylbutane; 4) C>7.
presumably because of catalyst deactivation (Fig. 6). At the
peak of activity, the conversion level of 7% hexane in He
was somewhat higher on HMOR than on HZSM-5, but the
change in concentration of reactant had a more pronounce
effect upon the reaction on HMOR than upon the reaction on
HZSM-5. At the 17% hexane in He, the relative activity of
the two catalysts was reversed (Fig. 6).

The variation of products with time in the reaction with
low concentration of hexane in the feed stream, shown in
Fig. 7, was similar to that observed for the reaction of 3-
methylpentane. At first, the catalyst induced mostly crack-
ing, then it switched to isomerization. Among the lighter
products (Gs), the isg'normal ratio was very large at first
and decreased later (Fig. 8). The behavior of HMOR was in

30

Selectivity (%)

10 4

a sense similar to that of HZSM-5, for which apparent crack-
jng predominated even more heavily (96%), yet it was dif-
erent, because on HZSM-5 the lighter alkanes remained the
main products from hexane-(60%) throughout the run [8].
Notably, the amount of light products at short TOS was much
smaller for the reaction with higher concentration of 17%
hexane in the feed stream (Fig. 9). It is as if the reaction pat-
tern moves toward the one observed for the liquid reactant
(above) with the increase in the partial pressure of reactant.
On the other hand, when the amount of unsaturated ad-
sorbed species was small and fast growing (short TOS)
2-methylpentane and 3-methylpentane were produced in
a ratio close to the equilibrium value. At longer TOS,
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Fig. 6. Conversion of hexane on HMOR and HZSM-5 at 1@€2in the gas ) ) o )
phase: [0) HZSM-5, 7% hexane in the feedllj HZSM-5, 17% hexane in Fig. 8. Cracking product composition in the reaction of hexane (7%) on
the feed; ©) HMOR, 7% hexane in the feed®) HMOR, 17% hexane in HMOR at 142°C, in the gas phase®) Cg; (O) i-Ca; (V) n-Cy; (V) i-Cs;
the feed. (@) C7; (W) n-Cs.
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3 sults by P. Lukinskas and A. Vinslava, respectively, in our

laboratory).

Examination of mixtures of hexane and methylcyclopen-
50_3 s A tane was of interest in connection with the possibility of

] A hydride transfer catalysis [16]. The hydride transfer catal-
ysis had been established for certain reactions in superacidic
A or strongly acidic solutions [17]. For the isomerization of
hexane, its intervention rests on the carbocationic mecha-
nism described in Egs. (5)—(7) and on the Brouwer—Oelderik
kinetic model, by which the hydride transfer, Eq. (7), is
the rate-determining step [5,18]. Note that the carbocationic
isomerization does not have a termination step as long as
the catalyst is active. Termination occurs by poisoning or
guenching (mechanistically, the same thing). For hydride
transfer catalysis by methylcyclopentane, Egs. (8) and (9)
must be added to the mechanistic scheme. (In the equations,
methylcyclopentane, cyclohexane, and their corresponding
Fig. 9. Product composition in the reaction of hexane (17%) on HMOR at cations are labeled MCP, CH, MCPand CH", respec-
142°C, in the gas phase®) Cs; (O) 2,2-dimethylbutane;X) 3-methyl- tively.) The low conversions allow us to neglect the re-
pentane; £) 2-methylpentane;&) 2,3-dimethylbutane. versibility, except for Eg. (8). The tertiary—tertiary hydride

shift of Eq. (8) is fast [19,20] and may occur back and forth

the 2-methylpentane:3-methylpentane equilibrium was not several times before the ions react by Egs. (7) or (9). The
reached (2-methylpentane was in excess), yet the concentraeatalysis occurs if Eq. (9) is faster than Eq. (7) (Curtin—
tion of 2,2-dimethylbutane in the product was higher than Hammett principle) [21]. The methylcyclopentyl cations
that of 3-methylpentane. These features were observed aflso undergo ring expansion to cyclohexyl cations, bringing
both concentrations of hexane in the feed investigated (cf. about the concurrentisomerization of methylcyclopentane to
Figs. 9 and 7). Thus, the distribution of products shows a cyclohexane [Eqgs. (10) and (11)]:
deviation from the carbocationic isomerization pathway in
the formation of isomers from hexane on HMOR in the gas
phase as well. n-CgH14 — n-CeHiz", (5)

60

Selectivity (%)

0 50 100 150 200 250
Reaction time (min.)

Initiation:

Chain propagation:

n-C6H13+ — tert—Me—Q;H10+, (6)
Chain propagation:

These hydrocarbons were studied only in the liquid  tert-Me—GsH1o" + n-CgH14 — Me—GsHi1 + n-CgHis™,
phase. The reaction of cyclopentane was examined as a )
blank for the studies of hydrogen transfer with deuterated Chain transfer:
hexane; it was found unreactive. No products of ring cleav- n .
age (cracking) were observed at P& Because the possi- tqt-Me—QHlo +MCP = Me-CsH11 +MCP™,  (8)
ble products with higher hydrogen content were not formed, Chain transfer:
the formation of heavier unsaturated or polymeric products, MCP* + n-CgH14 — MCP + n-CgH13™, 9
which would be retained by the.catalyst, is .unl|kely. MCP* — CH*. (10)

The only product observed in the reaction of methylcy-
clopentane was cylohexane. Because the starting material CH" +MCP — CH+ MCP*, (11)
contained almost 2% hexane, it was not possible to deter-chain transfer:
mine whether very small amounts of the ring-opened hydro- " 4
carbons might have been formed. The quantities of hexane CH™ +n-CoH1a— CH A+ n-CoHas™ (12)
and its isomers observed throughout the run, however, were  Mixing hexane and methylcyclopentane affected the re-
accounted for by the initial hexane in the feed. Therefore, activity of both. As seen in Fig. 10, the conversion of hexane
any ring opening of methylcyclopentane was less than thewas reduced from about 5.3% in 30 h to about 3% in
uncertainty of integration. The reactivity of methylcyclopen- more than 40 h by mixing hexane with methylcyclopen-
tane was similar to that of hexane (except that the conversiontane (1:1). The product distribution could not be determined
increased up to 120 h). In this respect, HMOR was similar very accurately because of the low amounts of products in
to HZSM-5, but different from TFMSA in the isomerization the mixture, but there was more 3-methylpentane and less
mode and sulfated zirconia, for which methylcyclopentane 2,2-dimethylbutane than in the reaction of pure hexane (Ta-
reacted about 10 times faster than hexane (unpublished reble 1). The ratio 2-methylpentane:3-methylpentane changed

3.3. Reactions of cyclopentane, methyl cyclopentane, and
their mixtures with hexane
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“] ship of rates of Egs. (11) and (12) is not likely, however,
because both thermoneutral and exothermic hydride shifts

are intrinsically fast [19,20].

30 e - ° Any explanation based entirely on rate differences of car-
~ 1 ‘.;j' bocationic steps is undermined, however, by the observa-
S o - tion that mixing with cyclopentane had the same effect on
é 20 | - the reaction of hexane as mixing with methylcyclopentane
g — (Fig. 10). As stated above, cyclopentane was not converted
§ ’ at all by HMOR under our, relatively mild, conditions. Ar-

guments based on relative rates of hydride transfer steps
are inapplicable to cyclopentane, because the cyclopentyl
cation and the two hexyl (2-hexyl and 3-hexyl) cations are
all secondary carbocations and, therefore, cannot differ too
much in stability. The product distribution was more similar
to the one observed for pure hexane than to the one found
in the presence of methylcyclopentane (Table 1). The ef-
fect of cycloalkanes on hexane reaction on HMOR brings to

0 20 40 60 80 100 120 140
Reaction time (hrs)

Fig. 10. Conversion of hexane, methylcyclopentane, 1:1 hexamethyl- mind the TFMSA-catalyggq r'eaCtion of hexane, ‘_Nhere Cy-
cyclopentane, and 1:1 hexane cyclopentane on HMOR at 14Z, in cloalkanes inhibited the initiation of the fast cracking-mode
the liquid phase: @) hexane; ©) methylcyclopentane; &) hexane in reaction [12].

(hexanet+ methylcyclopentane); [{) methylcyclopentane in (hexane The cyclic hydrocarbons, methylcyclopentane and cy-

methylcyclopentane) ) hexane in (hexane cyclopentane). clopentane, did not seem to have the same kind of effect on

the hexane conversion on HZSM-5 [9] and on HMOR.
between 2 and 5% conversion, indicating that the catalyst
had some “true” isomerizing ability. The catalyst did not lose
its reactivity to convert hexane in the mixture for at least 4. Resultsand discussion: dehydrogenation and
112 h, whereas the conversion of pure hexane stopped after ehydrogenation by the zeolite
about 50 h. On the other hand, the conversion of methylcy-
clopentane was higher in the mixture with hexane than for 4.1. Hydrogen transfer between reactants, studied by
the pure hydrocarbon (or rather the 98:2 methylcyclopen- deuteration
tane:hexane mixture). These findings would be compatible
with the isomerization of the methylcyclopentyl cation of The difference between the reactions on HZSM-5 and on
Eqg. (10) being much faster than the hydride transfer of HMOR was also apparent in the reaction of hexane in the
Eq. (9) and the hydride transfer of Eq. (11) being much faster presence of 5.5% methylcyclopentane-1-d [12]. The deu-
than the hydride transfer of Eq. (12). The intermediates of terium content and distribution were determined from the
the hexane isomerization reaction would then be blocked outGC-MS analyses, in the molecular ion for most compounds.
of the catalytic sites, with the consequence that methylcy- For 2,3-dimethylbutane, both the molecular iery,z = 86,
clopentane would react with a higher (at the limit, double) and the (M—CH)* ion, m/z = 71, were measured. To cor-
quantity of catalyst on a molar basis. The required relation- rect for the isotope fractionation on the GLC column [22],

Table 1
Product selectivity in the reaction of hexane alone or mixed with cycloalkanes, on HMOR
Product Reactant

Hexan& Hexane+ Hexane+ Hexane+

methylcyclopentarfe methylcyclopentarﬂe cyclopentan®

2-Methylpentane 40 432 489 382
3-Methylpentane 29 368 321 228
2,3-Dimethylbutane 18 9.5 80 125
2,2-Dimethylbutane 28 9.3 107 258
Cgs 1.6f 13 03 08

@ Reactants in liquid phase, at 180. The mixtures (hexang methylcyclopentane) and (hexarecyclopentane) were made in 1:1 ratios. Selectivities
are given as percentage.

b Reaction time, 23 h; conversion, 3.2%. The product distribution did not change between 2 and 15% conversion [10].

¢ Reaction time, 22 h; hexane conversion 2.2%.

d Reaction time, 88 h; hexane conversion, 5.1%.

€ Reaction time, 96 h; hexane conversion, 5.2%.

f Heavier alkanes (1.5%) were also formed.
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Table 2
Deuterium distribution in the reaction products from hexane and methyl-
cyclopentane-1-d, on HMOR

Product Deuterium distribution (content of isotopomer?%)
do di dp d3
Hexane > 997 <0.3° 0.0 0.0
2-Methylpentane 32+11 565+17 88+06 25+21
3-Methylpentane 38+69 514+30 92+39 0.0
2,3-Dimethylbutan® 434410 466+04 82+07 17+12
425+20 476+33 63+22 36+09
2,2-Dimethyloutan® 87.24+0.6 123+1.0 0540.2 0.0
i-Cy 270+18 698+15 32432 0.0
Methylcyclopentane 26+09 629+02 99+06 05+01
Cyclohexane 62+14 319+06 36+16 04401

@ Reactants in liquid phase, at 180; methylcyclopentane-1-d content
5.5%.

b Average of two catalytic conversions, at 16 h (conversion 2.6%). GC-
MS separation achieved at an oven temperature G{CLIThe relative in-
tensity of each isotopomeric ion was integrated over the entire GC peak.
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pathway, the hydrogen transfers occur also by eliminations
and readditions, with the catalyst as a deuterium relay.

The first pathway is unlikely because cyclohexane formed
in the mixture contains only 64% nondeuterated molecules.
The cyclohexyl cation is formed from deuteromethylcy-
clopentane by deuteride loss to a tertiary isohexyl cation
[Eq. (8)] followed by ring enlargement, so it contains no
label. It leads to labeled cyclohexane by Eq. (11) and un-
labeled cyclohexane by Eq. (12). Energetically, the cyclo-
hexyl cation should not discriminate significantly between
the exothermic Eq. (11) and the thermoneutral Eq. (12),
because hydride transfers have small intrinsic energy bar-
riers [19,20]. Reaction by Eq. (12) is favored by the con-
centration ratio of hexane to methylcyclopentane-1-din the
mixture (18:1) multiplied by the primary isotope effect man-
ifested in the reaction of Eq. (11). Contrastingly, for the
tertiary isohexyl cations, competition between a thermoneu-

The accuracy of the determination decreases as the quantity of materialtfal channel [Eq. (8)] and an endothermic channel [Eq. (7)]

decreases, that is, in the order: hexane, methylcyclopentaBemethyl-
pentane> 2,2-dimethylbutane, 3-methylpentane2,3-dimethylbutane-
cyclohexane> i-Cy.

€ Less than the uncertainty of the measurement.

d The first number from the (M—Me) fragment, the second number, from

the molecular ion.
€ From the (M—-CH) fragment.

should result in a high level of discrimination favoring the
former.

In the alternative pathway, cationoidic intermediates are
in equilibrium with the corresponding olefins adsorbed on
the catalyst, which acquires the isotope in the process. The
labeled cyclohexane results form the deuteration of cyclo-

hexene by the catalyst. The case for the second pathway is
the isotope content was always determined by integration strengthened by the existence of doubly labeled molecules in
over the entire GLC peak. Because 2,2-dimethylbutane doesthe reaction products. By the deuteride transfer pathway, the
not have a molecular ion peak in the spectrum, only the (M- branched isomers, which are formed in the largest quantity,
CHg)* ion was examined for it. The results are shown in should incorporate deuterium at the reactive tertiary posi-
Table 2. tion; therefore, they cannot acquire more than one deuterium
In the reaction on HZSM-5, the isomers formed (2- atom per molecule. Whereas the numbers in Table 2 are not
methylpentane, 3-methylpentane) contained 0.1-0.2 deu-highly accurate, because of the small concentrations of the
terium atoms per molecule and the loss of label from species analyzed, the existence of molecules containing at
deuteromethylcyclopentane was within the uncertainty of least two deuterium atoms is unquestionable. Most interest-
the measurements. At a similar conversion (2.6%) on HMOR,ingly, methylcyclopentane-1-d not only loses deuterium to
2-methylpentane, 3-methylpentane, and 2,3-dimethylbutanegive the unlabeled species (ca. 27%), but also acquires a sec-
contained 0.7-0.8 deuterium atoms, whereas methylcy-ond label (10%) and possibly even a third (to a marginal

clopentane had lost about 15% of its labEhus, the more
active catalyst also produces more H/D exchange. A com-
parison of the molecular ion and the (M—g} fragment of

extent). This label randomization and formation of multi-
ply labeled molecules show that all the products came from
olefinic intermediates, in the same way as in the reaction cat-

2,3-dimethylbutane suggested that more deuterium may bealyzed by TFMSA [12] and HZSM-5 [9]. At the low level of
present in the tertiary positions than in the methyl groups. conversion investigated, the probability of return of a neutral
Isobutane was formed in the highest amount among theproduct molecule to the catalytic site is negligible. There-
cracking products and could be analyzed with higher ac- fore, the intermediate olefins (or a kinetic equivalent thereof)
curacy. It contained a number of deuterium atoms in the should undergo multiple exchanges with the catalyst before
molecule similar to 2-methylpentane, which would mean being saturated and desorbed. Remarkably, no olefin is des-
that the deuterium concentration in isobutane (10 hydrogenorbed and found in the product with any of these catalysts.
atoms) was greater than in isohexane (14 hydrogen atoms)Any hydrogen-deficient species formed remained on the cat-
As the signals measured were small, we are reluctant to as-alyst. In TFMSA, they were identified as allyl cations, which
sign much to the differences. participate in the reaction of alkanes [6,7,12]. It is likely that
There are two possible mechanisms for transferring deu- similar species are formed and play a role in the reactions on
terium from methylcyclopentane-1-d to the products of the solid catalysts as well.
hexane. The first, direct, pathway is deuteride transfer to a No deuterium incorporation above the uncertainty limit
carbocation. (A transfer to an incompletely formed, weakly was seen in the unreacted hexane (Table 2). Because of the
coordinated carbocation [23], or cationoidic species [15], low concentration of label in the total hydrogen pool, this
not considered before, cannot be precluded.) In the secondvas not a conclusive observation. The isotope fractionation
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on the GLC column [22] would concentrate, however, any Table 3
labeled molecules at the beginning of the GLC peak. A care- Deuterium content (atoms per molecule) in the reaction products from
ful search of the initial part of that peak failed to reveal a nexane-u-ds with methylcyclopentane, on HMOR

significant increase in the (M- 1) signal over the normal  Product Deuterium contéht
value, indicating that there was no deuterium enrichment in Hexane 4401
hexane. 2-Methylpentane ®+0.2

To validate these findings, we conducted another series3Methylpentane (Small peak)
of experiments, in which a small amount of regular methyl- ;28:?2;?:23222 (%rla(')' geak)
cyclopentane was added to deuterated hexane. We preferredc,c Y 07401
partially but uniformly labeled hexane to the fully deuterated i-c,¢ 0.6+0.02
material, because differences in the label content of productsMethylcyclopentarfé 0.27+0.06
could give information about the relative importance of the Cyclohexang 0.60+0.04

isotope effect-sensitive hydride transfer step in their forma- 2 Reactants in liquid phase, at 160, methylcyclopentane content
tion. Catalytic deuteration of 1,4-hexadiene without solvent 5.5b%,)’&vera e of two catalytic conversions, at 24 h (conversion 0.95%) and
atambient temperature a”q pressure gave hexane Contammgl h (convgersion 1.1%). 'I)fhe data are fror’n GC-MS analyses, oven temper-
on the average 4.3 deuterium atoms per molecule (30-7%ature 13-168C. The relative intensity of isotopomeric ions was integrated
isotope enrichment), statistically distributed among the two over the entire GC peak.
methyl groups and four methylene groups [12]. Mixtures of ¢ The quantity of normal isomer was too small to afford a reliable num-
this material with 5.5% methylcyclopentane were reacted Pej for its deuterium content. = . .
for 24 and 31 h, to conversions smaller than the amount of ¢ B:zg:m:g: Z;:Z;ﬁg: g:g‘%i 111695/2/[5(21'2?57.7/322'3.
methylcyclopentane added (0.9 and 1.1%, respectively).
The results in this series of experiments are quanti-
tatively less accurate than in the runs with hexane andlyst. No hydride transfer catalysis intervenes. Isotope ex-
methylcyclopentane-1-d, because it is easier to determinechange between deuterated solid acids and alkanes has long
small incorporations of label in unlabeled molecules, than been known [24-27] and was confirmed recently by NMR
small losses of it from labeled molecules. Nonetheless, it investigations [28]. The process was interpreted as occur-
was definitely established that there was a significant loss offing in parallel or in competition with skeletal rearrange-
label from the isomerization products of hexane. Methylcy- ment [28]. We now find that the elimination and addition,
clopentane and its isomerization product, cyclohexane, ac-which exchange hydrogen, constitute steps of the rearrange-
quired deuterium during the reaction. Again, no measurable ment mechanism. Alkenes are critical reaction intermedi-
loss of deuterium from the unreacted hexane was detectedates, although no alkenes are found in the reaction products
This is not surprising, because there were 1.2—-1.5 meq ofthat desorb from the catalyst (except at much higher temper-
aluminum in the catalyst per 100 mmol of hexane. If all the atures).
aluminum atoms were in active sites and had exchanged hy- A comparison of the conversion of methylcyclopentane
drogen to deuterium to statistical distribution with hexane, to cyclohexane (4%) and its hydrogen—deuterium exchange
the label loss from the latter would be hardly perceptible.  (over 25 atoms of deuterium incorporated in 100 molecules
Considering the conversions of hexane (ca. 1%) and of methylcyclopentane, cf. Table 3) in the reaction con-
methylcyclopentane (ca. 4%) and the deuterium content of ducted in the presence of hexane4s@hows that the ex-
products, given in Table 3, we conclude that the majority of change with the catalyst was faster than isomerization.
label lost from hexane that reacted remained in the catalyst. ~An analogy exists with the reaction of these alkanes in
the weak superacid, TFMSA, where a duality of mecha-
4.2. Mechanistic considerations nisms was observed: an isomerization mode and a cracking-
disproportionation mode. The latter exhibited features of
Our results reveal a contrasting behavior of 3-methylpen- a radicalic chain reaction, mixed with a carbocationic
tane and hexane when reacted as liquids on HMOR. The(cationoidic) process. The transition from the former to the
former exhibits a clean (very little cracking) isomeriza- latter was triggered by the accumulation of unsaturated,
tion, with products formed in the sequence and with rel- allylic-type carbocations in the acid and was promoted by
ative rates characteristic for the carbocationic mechanismelectron acceptors [6,7]. Both hexane and 3-methylpentane
[Egs. (1)—(4)] [4,5]. Contrastingly, the product composition reacted faster in the cracking mode than in the isomer-
from hexane in the liquid phase cannot be rationalized by the ization mode, but the acceleration was much greater for
carbocationic isomerization mechanism involving secondary hexane. The reactivity ratio 3-methylpentane:hexane was ca.
and tertiary GH13™ cations (whether free, ion-paired, or 1000 in the isomerization mode and ca. 10 in the cracking
partially coordinated), established with superacid catalysts mode [7,12]. On HMOR, 3-methylpentane reacts in the iso-
in the liquid phase (e.g., HF-SpH4,5]. merization mode. The transition to the cracking mode did
Hydrogen exchange of hexane with a typical hydride not occur for the length of our experiments. Productwise,
donor is important, but it occurs mostly through the cata- the reaction of hexane on HMOR fits the cracking mode,
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but its relative acceleration was less than in TFMSA. The alkenes may be formed by one-electron oxidation or by de-
reactivity ratio 3-methylpentane:hexane was ca. 100. Evenhydrogenation on tetracoordinated aluminum atoms, either
in TFMSA, however, the reaction was not initiated by the in the lattice or in extralattice aluminum species [42].
cleavage of C-H or C—C bonds by the superacid, but by  Disproportionation is important as a pathway for isomer-
an oxidative activation with the apparent participation of ization. Because small molecules predominate in the de-
the allylic cations [6,7,12]. The solid acids are, inherently, sorbed products, there must be unsaturated products retained
weaker acids than the liquid analogs [29,30] and zeolites areby the catalyst. It is possible that alkenyl cations on the
nowhere near superacidic strength [15,30-32]. The incon-catalyst play a role in the reaction, as they do in trifluo-
sistencies of theoretical concepts thought to support zeoliteromethanesulfonic acid.
superacidity, like pseudoliquid character and electronegativ- The mechanism of alkane conversion on zeolites involv-
ity equalization, have been discussed elsewhere [15]. Oneing sigma bond protonolysis like in liquid superacids [43,44]
cannot presume that sigma bond acidolysis should occur onand mechanistic control by the size and shape of the chan-
the zeolite catalyst. nels [33] because of steric requirements of cracking and
It is noteworthy that intervention of superacid-like activa- hydride transfer [45] has been contradicted. Thus, the reac-
tion of alkanes was proposed for HZSM-5 as catalyst [33], tivity ratio of hexane to 3-methylpentane varies with factors
a material of rather low acidity [34,35]. The reactions of other than the size of cavities, and the transverse space re-
hexane and 3-methylpentane on HZSM-5 at moderate tem-quirement of the transition structure for hydride transfer is
peratures were even farther from unimolecular carbocationic smaller than forg-cracking [46]. Now, our results further
processes than the reactions on HMOR [8,9]. impugn the “carbonium”ion (protonated alkane) mechanism
Allylic cations, particularly cycloalkenyl cations, have of catalysis on zeolites.
been observed by Haw et al., as products from alkenes in  The catalytic properties of zeolites have been correlated
zeolites [36,37]. It is possible that more reactive alkenyl with their acidity (and the latter with the BAl ratio).
cations, formed early in the reaction, play a role in the con- We see now that other properties, such as hydrogenating—
version of alkanes in zeolites, as in TFMSA. dehydrogenating ability and one-electron oxidizing proper-
The chemisorbed alkenes may be formed by the one-ties are also of critical importance for reactivity.
electron oxidation of alkanes, as proposed earlier [38—-41],
or by metal ion catalysis by the tetracoordinated aluminum
centers in the lattice or extraframework aluminum species, Acknowledgment
as shown more recently [42]. The intermediacy of alkenes .
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