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The H-D exchange between alkanes and zeolites normally pro-
ceeds with the formation of adsorbed carbenium ions and olefins as
intermediates. Cycloalkanes were used to study the regioselectivity
and stereochemistry of the elimination/protonation reactions on ze-
olites to establish the role of the framework in proton transfer reac-
tions. A preferential exchange in the secondary equatorial position
adjacent to the tertiary center, relative to the axial one was observed.
This result is in agreement with recent theoretical calculations of
elimination/protonation reactions occurring on the zeolite surface,
which point out that an eclipsed conformation between the elimi-
nating proton and the cationic center is necessary for the reaction
to take place. Therefore, in cycloalkanes, the equatorial hydrogens
can be better accommodated in the eclipsed orientation. This re-
sult is in opposition to what is observed for elimination/protonation
reactions of cycloalkanes in solution, where the axial protons are
easier eliminated. With t-butyl-cyclohexane an almost exclusive ex-
change at the methyl position was observed. This result cannot be
explained by the present accepted mechanism involving olefins and
carbenium ions. (@ 1997 Academic Press

INTRODUCTION

The mechanism of electrophilic alkane activation over
zeolites and other solid acids is still open for debate. Al-
though carbocations are believed to be intermediates in
cracking, isomerization, and alkylation reactions over ze-
olites (1), their initial formation from alkane molecules
is unclear. On the other hand, the mechanism of elec-
trophilic alkane activation in liquid superacids involves
the protonation of the C-C and C-H ¢ bonds to form
pentacoordinated carbonium ions (2), characterizing alka-
nes as o-donor bases. Mota and collaborators have shown
(3, 4) that the H-D exchange between zeolite Y and 3-
methylpentane occurs at 100°C, a temperature well below
the cracking threshold. This reaction was previously used
in the study of alkane activation in liquid superacid systems
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(5-7) to characterize the involvement of pentacoordinated
carbonium ions. In DSO3F/SbFs at —78°C, isobutane gives
a regioselective exchange at the tertiary position (7), con-
sistent with the formation of a tertiary pentacoordinated
carbonium ion. At 0°C however, in DF-SbFs, isobutane
(8) and n-butane (9) exchange all protiums for deuterons
at a very fast rate, in comparison with protolytic cleavage
of o C-H and C—-C bonds.

The fact that n-hexane does not exchange with zeolite
Y at the same conditions as the 3-methylpentane does, to-
gether with the apparent exchange in all the positions of
3-methylpentane, led Mota to propose a rearrangement
of pentacoordinated carbonium ions over the zeolite sur-
face (10, 11). However, Sommer and collaborators reinves-
tigated (12, 13) the H-D exchange between zeolites and
alkanes and proposed a different chemistry. They found
that, with tertiary alkanes, exchange does occur only in the
primary and secondary positions adjacent to the tertiary
carbon, which is never exchanged. Therefore, they pro-
posed a mechanism of H-D exchange on zeolites similar to
the mechanism of H-D exchange in sulfuric acid (14, 15),
involving carbenium ions and olefins (Scheme 1). Later,
Engelhardt and Hall (16) also reached the same conclu-
sion, studying the exchange between perdeuterated isobu-
tane and zeolite Y. Nevertheless, the initial formation of the
tertiary carbenium ion could not be completely character-
ized in these studies.

It is interesting to point out that, although olefins are
believed to be formed during the H-D exchange on zeo-
lites, they are not normally observed in the recovered hy-
drocarbon, after the H-D exchange. Nevertheless, recent
studies have indicated that the exchange rate is substan-
tially increased when alkenes are added to the alkane feed

i: deprotonation
ii: hydride transfer

SCHEME 1. Mechanistic scheme for the H-D exchange on zeolites.
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SCHEME 2. Schematic view of the protonation of alkenes on zeolites.

(17, 18) and that significant amounts of olefinic material
remains adsorbed on the zeolite surface after the H-D ex-
change, as observed by solid state *C NMR analysis (17).
These findings support the mechanistic pathway shown
in Scheme 1. On the other hand, theoretical calculations
(17-21) on the protonation of alkenes over zeolite cata-
lysts, indicate that a w-complex between the double bond
and the acidic hydrogen is initially formed and is followed
by proton transfer, together with nucleophilic assistance
from the framework oxygen to the electron-deficient car-
bon, to form an adsorbed carbenium ion (Scheme 2). One
can observe that in the transition state, the adding proton
and the assisting oxygen atom are on the same plane, mak-
ing an eclipsed conformation. The microscopic reversibility
principle (24) states that the transition state for the forward
and reverse reaction must be the same. Hence, for proton
elimination from an adsorbed carbenium ion, an eclipsed
conformation should also be applied. For cycloalkanes this
step may be greatly influenced by the hydrocarbon structure
and the steric environment inside the zeolite pore. There-
fore, a study of the stereochemistry of H-D exchange of
cycloalkanes on zeolites can provide insights into this prob-
lem. In thiswork we wish to report some preliminary studies
in this field.

EXPERIMENTAL PART

Materials

An ultrastable HUSY prepared at CENPES was used
in this study. Some physical and chemical properties
of the zeolite are shown in Table 1. The hydrocarbons

TABLE 1

Chemical and Physical Characterization
of the Zeolite HUSY

HUSY
Global SAR? 5.3
Framework SARP 9
Na,O (wt%) 0.29
Area (m?g) 661
Micropore Volume (ml/g) 0.281

#SAR stands for the molar silica to aluminaratio.
b Measured by infrared according to Ref. (25).
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were purchased from Aldrich Chemicals and Schuchardt
Munchen. All the hydrocarbons showed purity greater than
999%.

Procedures

For the H-D exchange studies, two procedures were em-
ployed:

Procedure A. The exchange was carried out in an all-glass
grease-free flow system. About 550 mg of the zeolite, in an
U-type glass reactor, was pretreated in a flow of 38 ml/min
of dry N, at 500°C for 30 min. Deuteration was then car-
ried out with 3 mol% of D,O in N, at 200°C for 60 min,
followed by an additional N purge of 15 min. The temper-
ature was reduced to 100°C and the alkane (ca 2.5 mol%
in N,) was passed at a rate of 20 ml/min. The reacted hy-
drocarbon was collected in a precooled (—78°C) U-tube for
90 min and then transferred to NMR tubes for analysis.

Procedure B. A modified technique, employing a straight
reactor, was also used for the less volatile hydrocarbons.
Pretreatment and deuteration procedures were the same as
in Procedure A. Nevertheless, the hydrocarbons (4 mmol)
were added by means of a microsyringe, through a lateral
inlet in the reactor, and collected downwards, by immersing
a collector in an ice bath. The flow of N, in this case was
60 ml/min. The collected hydrocarbons were analyzed by
NMR and GC/MS. This procedure also allowed the mea-
surement of relative rates, by injecting an equimolar mix-
ture of isomers.

Analysis

NMR analysis of the hydrocarbons were carried out on a
Bruker 400 MHz and 500 MHz at Strasbourg and on a Var-
ian VXR-300 at Cenpes. A detailed 'H NMR analysis, in
some cases including *H-'3C correlation and *H-'H COSY
experiments, of the hydrocarbons was carried out for the
assignment of the chemical shifts. Quantitative and qual-
itative deuterium content was obtained by comparison of
the 400 MHz *H and ?H NMR spectra obtained after addi-
tion of an adequate amount of a CF,CICFCI; solution of a
CDCI3/CHCI3 mixture used as internal standard.

GC/MS analysis were carried out in an HP 5988 A
guadrupole equipment, with electron impact ionization
(70 eV). Estimation of the degree of deuteration was done
after correction for the natural abundance *C.

RESULTS

Six cycloalkanes were chosen to study the stereochem-
istry of H-D exchange on zeolites: methyl-cyclohexane, t-
butyl-cyclohexane, cis-1,2-dimethyl-cyclohexane, trans-1,2-
dimethyl-cyclohexane, cis-decalin, and trans-decalin.

Figure 1 shows the results of ?H and *H NMR of methyl-
cyclohexane after H-D exchange. Deuterium was mainly



196

MOTA ET AL.

FIG. L.

incorporated at the methyl position (0.9 ppm). Unfortu-
nately, all the equatorial protons overlap, impairing a pre-
cise evaluation. Nevertheless, the results indicated that
equatorial protons (1.7 ppm) are significantly more ex-
changed, compared with axial protons (1.3 ppm), a fact
which is in opposition to what is observed in liquid media,
where axial protons are well known to be preferentially in-
volved in elimination-reprotonation reactions (26) relative
to the equatorial protons.

For the t-butyl-cyclohexane, Fig. 2 clearly shows the pref-
erential exchange at the methyl groups (0.9 ppm). The other
positions showed minor or negligible exchange. These data
are surprising since no mechanism involving olefins can ex-
plain the exchange at the methyl position.

The 'H and 2H NMR spectra of trans-decalin after H-D
exchange (Fig. 3) are consistent with exchange in all po-
sitions. However, for the hydrogens adjacent to the ter-
tiary center, exchange at equatorial position (1.6 ppm)
was fourfold higher than at the axial position (1.0 ppm).
There was also a significant exchange at the tertiary posi-
tion (0.9 ppm), consistent with elimination to form a tetra-
substituted olefin. With cis-decalin, exchange was observed
in all positions (Fig. 4), as in the case of the trans iso-
mer. Nevertheless, no significant regioselectivity, among the

PPM

'H and ?H NMR spectra of methyl-cyclohexane exchanged on DUSY at 100°C.

equatorial and axial hydrogens, was observed, consistent
with a rapid interconversion of two conformational struc-
tures, switching the axial and equatorial hydrogens. Gas
chromatographic analysis indicated the formation of about
18% of trans-decalin, during the H-D exchange. This iso-
merization is consistent with the formation of a tertiary
carbenium ion, followed by hydride transfer to give the
thermodynamically more stable isomer.

The exchange with the trans-1,2-dimethyl-cyclohexane
occurred almost exclusively in the methyl groups, at
0.9 ppm (Fig. 5). On the other hand, the cis-1,2-dimethyl-
cyclohexane showed exchange (Fig. 6) in the methyl posi-
tions (0.9 ppm), aswell asin the tertiary axial and equatorial
positions (1.8 ppm) and axial and equatorial positions adja-
cent to the tertiary carbon (1.5 ppm). In this molecule, there
is no resolution between the axial and equatorial positions.

Competitive experiments between cis- and trans-decalin
and cis- and trans-1,2-dimethyl-cyclohexane revealed that
the cis isomers are more reactive than the respective trans
isomers. Considering first-order Kinetics in the hydrocar-
bon, we found that, the cis-1,2-dimethyl-cyclohexane has
an exchange rate 23-fold higher than the trans isomer. For
the decalins, the difference is even larger. The cis isomer is
47 times more reactive than trans-decalin at 100°C.
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FIG.2. 'H and?H NMR spectra of t-butyl-cyclohexane exchanged on DUSY at 100°C.
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FIG.3. !H and?H NMR spectra of trans-decalin exchanged on DUSY at 100°C.
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FIG.4. 'Hand?H NMR spectra of cis-decalin exchanged on DUSY at 100°C.
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FIG.5. Hand 2H NMR spectra of trans-1,2-dimethyl-cyclohexane exchanged on DUSY at 100°C.
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FIG.6. 'H and?H NMR spectra of cis-1,2-dimethyl-cyclohexane exchanged on DUSY at 100°C.

DISCUSSION

The most reasonable mechanism to explain the H-D ex-
change on zeolite involves elimination-reprotonation steps
with adsorbed olefins and carbenium ions as intermediates
(Scheme 1). In principle, the position of deuterium in the
molecule, the regioselectivity, will be governed by these re-
actions. A mechanism involving adsorbed carbonium ions
as intermediates seems improbable due to the lack of ex-
change of the methine hydrogen in tertiary alkanes (12, 13,
16-18) and by the fact that linear alkanes do not exchange
under the same conditions (10-12) that tertiary alkanes do,
indicating that secondary and primary C—H bonds are not
easily protonated by the zeolite. Hence, the most reason-
able pathway to explain the exchange results of tertiary
alkanes over deuterated zeolite is the formation of an ad-
sorbed tertiary carbenium ion, which can eliminate a pro-
ton to form an adsorbed olefin that can be protonated
(deuterated) to give the adsorbed tertiary carbenium ion
with deuterium incorporated in positions adjacent to the
cationic center, according to the reaction sequence showed
in Scheme 1. A final hydride transfer step affords the deuter-
ated alkane and the adsorbed tertiary carbenium ion, which
can reinitiate the cycle. This mechanism of H-D exchange

on zeolites is similar to the exchange in sulfuric acid (14, 15)
and do not involve adsorbed carbonium ions as intermedi-
ates.

Recent results of H-D exchange on zeolites at tem-
peratures lower than 100°C also support the mechanism
shown in Scheme 1. For instance, adamantane, a rigid cyclic
molecule where formation of a bridgehead olefin is virtu-
ally impossible, does not exchange with DUSY at room
temperature (27), but it does with liquid superacids (28), se-
lectively at the tertiary position. Yet, the H-D exchange of
2-methylpentane and 3-methylpentane with DUSY at 0°C,
although showing rates significantly slower than at 100°C,
presented (27) the same NMR spectral patterns, indicat-
ing exchange only at the secondary and primary positions
adjacent to the tertiary center. In liquid superacids, at sim-
ilar temperatures, there occurs (29) significant exchange at
the tertiary position of isobutane, stressing the different
mechanisms for exchange on zeolites and liquid superacids.
Indeed, the existence of tertiary pentacoordinated carbo-
nium ions as discrete intermediates in hydrocarbon reac-
tions has been questioned, in view of a recent high level ab
initio theoretical calculation (30). Thus, tertiary carbonium
ions seem to straightforwardly decompose to the respec-
tive carbenium ion and hydrogen. Therefore, in the H-D
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exchange in liquid superacids, they are better described as
transition states, coordinated with the counterion, rather
than discrete intermediates. Evidences for this assumption
comes from results (8) of isobutane exchange/ionization in
DF/SbFs mixtures. As the acid strength increases, by in-
creasing the amount of SbFs, thus decreasing the coordi-
nating ability of the counterion, the ionization to the t-butyl
cation increases, relative to H-D exchange.

The protonation (deuteration) according to Scheme 1,
follows the Markovnikov rule, with formation of the ter-
tiary carbenium ion. However, as indicated by theoretical
calculations (19-23) and shown in Scheme 2, it is expected
that an eclipsed conformation, between the adding proton
(deuteron) and the assisting oxygen from the framework,
is formed in the transition state. Therefore, a regioselectiv-
ity among the hydrogens adjacent to the tertiary position
should be expected.

With methyl-cyclohexane there is a great preference for
exchange in the methyl and in the equatorial positions. Al-
though the resolution of the NMR spectrum does not al-
low discrimination among the equatorial positions of the
molecule, it can be inferred that most of the exchange takes
place at the equatorial positions adjacent to the tertiary cen-
ter, as the formation of the tertiary carbenium ion should be
the preferred pathway. With trans-decalin the exchange of
the equatorial hydrogen, adjacent to the tertiary center was
fourfold preferred over the axial one, supporting the inter-
pretation of the methyl-cyclohexane data. These results are
in agreement with calculations of the olefin protonation—
elimination reactions shown in Scheme 2, which indicated
the need for an eclipsed conformation. In cycloalkanes
the equatorial protons adjacent to the tertiary center can
achieve an eclipsed conformation with the cationic cen-
ter, allowing elimination and protonation (deuteration) re-
actions to take place (Scheme 3). The axial protons are
more distant to the framework and interaction through an
eclipsed conformation with the cationic center is very dif-
ficult and high in energy. With cis-decalin there was no se-
lectivity for exchange in equatorial and axial positions. This
is explained by the great flexibility of this molecule, inter-
changing the equatorial and axial hydrogens and making
the achievement of an eclipsed conformation easier.

H
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SCHEME 3. Possible transition state for protonation-elimination reac-
tions of cycloalkanes on zeolites. Preferential exchange of the equatorial
hydrogens.
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SCHEME 4. Possible pathway for exchange in the methyl position of
t-butyl-cyclohexane. Formation of a cyclopropane (spiro) intermediate.

An interesting observation arose from the exchange with
t-butyl-cyclohexane, where an almost exclusive exchange
at the methyl position was observed. This result cannot be
explained by the general mechanism, shown in Scheme 1,
for the H-D exchange on zeolites, as there is no possi-
bility of eliminating a proton from the methyl group to
form an olefin. A carefully inspection in the result of H-D
exchange with trans-decalin also revealed that the axial
hydrogens in g position with respect to the tertiary cen-
ter (1.3 ppm) are exchanged (Fig. 3). Therefore, a 1,3-
elimination-protonation process seems to be operating for
t-butyl-cyclohexane and trans-decaline. We still do not have
a definite explanation for this process. However, the in-
volvement of adsorbed pentacoordinated carbonium ion
cannot account for the observed results, since neopentane
and neohexane (2,2-dimethylbutane), both having a quater-
nary carbon, did not exchange with DUSY under the same
conditions. A feasible pathway would involve the formation
of a cyclopropane ring, followed by protonation (deutera-
tion) in the C—C bond, opening the ring (Scheme 4). Never-
theless, additional experiments must be carried out, before
a clearer conclusion can be drawn. The exchange of the ax-
ial hydrogens in g position to the tertiary center (1.3 ppm)
in trans-decalin can also be explained invoking a similar 1,3
elimination process, forming a bicyclo compound.

For the 1,2-dimethyl-cyclohexanes the situation is simi-
lar to the other cycloalkanes. In the trans isomer exchange
is almost exclusive in the methyl group, as found for the
methyl-cyclohexane. The virtually low exchange, below the
detection limits, in the other positions of the trans-1,2-
dimethyl-cyclohexane may be associated with a higher en-
ergy barrier, compared with the methyl-cyclohexane, to
achieve an eclipsed conformation between the equatorial
hydrogens and the cationic center. Upon distorting the
ring (twist-boat like conformation), steric repulsion be-
tween the two methyl groups in equatorial positions can
be dominant, impairing elimination/protonation reactions.
For the cis-1,2-dimethyl-cyclohexane this repulsion is signif-
icantly lower. The two adjacent methyl groups are in equa-
torial and axial positions and, thus, far from each other,
allowing a more convenient distortion of the molecule and
exchange in the ring. Besides exchange in the equatorial
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SCHEME 5. Structural representation of the cis-1,2-dimethyl-
cyclohexane, showing the dihedral angles between the two tertiary hydro-
gens and between the axial tertiary hydrogen and the adjacent equatorial
secondary hydrogen.

position adjacent to the tertiary center, there was exchange
in the axial position. Exchange was also observed in the ter-
tiary position (axial and equatorial). In the cis-1,2-dimethyl-
cyclohexane molecule there is one tertiary hydrogen in the
axial position and another in the equatorial position. If the
proton (deuteron) attacks the axial tertiary hydrogen, it is
possible to eliminate the axial secondary hydrogen adjacent
to the tertiary carbon or the equatorial tertiary hydrogen,
as both have a dihedral angle of 60° with the axial tertiary
hydrogen and, by consequence, with the adsorbed carbe-
nium ion being formed (Scheme 5). On the other hand, if
the proton attacks the tertiary equatorial hydrogen, besides
elimination of the axial tertiary proton and the equatorial
secondary hydrogen adjacent to the tertiary carbon, it is
also possible to eliminate the axial secondary proton adja-
cent to the tertiary carbon. Both secondary hydrogens have
adihedral angle of 60° with the equatorial tertiary hydrogen
and can be eliminated by a distortion of the ring to achieve
eclipsed conformation (Scheme 6).

The results of competitive exchange between the cis
and trans isomers of decalin and 1,2-dimethyl-cyclohexane
showed that the cis isomers are significantly more reactive
than the trans isomer. This difference in reactivity is prob-
ably associated with difficulties for distorting the structure
to eclipse the eliminating proton and the cationic center.
The structure of trans-decalin is rigid and distortion of the
ring to achieve an eclipsed conformation would cost a sig-
nificant amount of energy. On the other hand, the struc-
ture of the cis-decalin is considerably more flexible, and
distortion to achieve an eclipsed conformation is easier,
compared to the trans isomer. In the trans-1,2-dimethyl-
cyclohexane the presence of two di-equatorial adjacent
methyl groups impair the distortion of the structure due
to steric repulsion between the methyls. This effect is less

H 60°
H y Hwy
H
T g
HyC H
CH CH,

NEWMAN PROJECTION

SCHEME 6. Structural representation of the cis-1,2-dimethyl-
cyclohexane, showing the dihedral angles between the equatorial tertiary
hydrogen and the adjacent secondary hydrogens (axial and equatorial).
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pronounced in the cis isomer, where the methyls are located
in equatorial and axial adjacent positions and distortion to
achieve an eclipsed conformation is easier. The same ef-
fect was found for cracking reactions, where the cis-decalin
was found to be significantly more reactive than the trans-
decalin (31). This result suggests that, like proton elimina-
tion, the B-scission, which conceptually can be viewed as a
carbenium ion elimination, also requires an eclipsed con-
formation between the cationic center and the alkyl group
to be cracked.

CONCLUSIONS

The H-D exchange between zeolite Y and cycloalkanes
was successfully used to study the role of the zeolite frame-
work in proton transfer reactions. With methyl-cyclohexane
and trans-decalin, the equatorial hydrogens adjacent to the
tertiary center were significantly more exchanged than the
correspondent axial ones. This result is in agreement with
recent theoretical calculations of protonation/elimination
reactions on zeolites, which point out an eclipsed conforma-
tion between the cationic center and the eliminating proton.
The difference in reactivity between cis and trans isomers
of decalin and 1,2-dimethyl-cyclohexane may be attributed,
at least in part, to difficulties in achieving the eclipsed con-
formation in the trans isomer.

The t-butyl-cyclohexane exchanged almost exclusively at
the methyl position, indicating a different mechanism, not
involving olefins. To explain this result we suggest that a
1,3-proton elimination, with formation of a cyclopropane
ring, is taking place. However, additional experiments are
required in order to confirm this hypothesis.
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