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Density functional theory has been used to study the mechanism of the hydride transfer between alkanes and
alkenes catalyzed by an acidic zeolite. TheHg-H—CsH7)", (t-CsHo—H—t-C4Ho)*, and (GH;—H—t-

C4Hg)™ carbonium ion intermediates through which hydride transfer reactions proceed in the gas phase have
been localized adsorbed on the catalyst surface, and they have been characterized, like in the gas phase, as
reaction intermediates. However, they are about 25 kcal/mol less stable than separated reactants, and
consequently, it will be difficult to detect them experimentally. The complete reaction path for the zeolite-
catalyzed hydride transfer between propane and propene has been calculated, and it has been found that the
(CsH7—H—C3H7)* carbonium ion intermediate directly decomposes into propane and propene, and not into
propane and a covalent alkoxide as previously reported. The activation barrier was calculated assuming this
mechanism is in very good agreement with the only available estimation of this value. It has also been
shown that the geometries and energies provided by the B3PW91 and B3LYP functionals are equivalent and
in very good agreement with the MP2 values and that increasing the basis set size does not significantly alter
the results.

Introduction The mechanism of secondargecondary, tertiarytertiary,

and secondarytertiary hydride transfer reactions between
alkanes and alkylcarbenium ions in the gas phase has been
theoretically investigated by means of traditional ab ifitiand
density functional theory bastohethods, and it has been found
that these iormolecule reactions proceed through a mechanism
consisting of two steps: formation of a stable tight carbonium
Yion intermediate having an open linea—8—-C bond and
decomposition of the complex to the products without activation
energy. However, when the reaction occurs on a zeolite surface,
its mechanism may not be so simple. First, the initial reactants
¥ire not ionic but neutral species: two hydrocarbon molecules
and the acid hydroxyl group of the zeolite Bronsted active site.

The mechanism of acid catalvsis on solids such as eol'teslt is generally supposed that carbocations are formed on these
: : ysl : u ZEOMES gjtog by proton addition either to an olefin or to a paraffin,

has generally been considered to be analogous to that Ofresulting in this last case in formation of a nonclassical

homoge_neous r_eactions in superacid media. It iS. then SUpI:)Ose(a)entacoordinated carbonium ion which decomposes to a car-
that the interaction of a hydrocarbon molecule with a Bronsted benium ion and kor a smaller alkane. However, except for
acid site of the zeolite results in the formation of a carbenium alkyl-substituted cyclopenteriyand indénﬁ cations’ in which

lon lntlermedlate. th"’.lt can .undergo |sorn.er|z'at|ﬁ'ns(:|55|on., the positive charge is delocalized and sterically inaccessible to
aIk_yIat|on, etc., y|_eld|n_g a different carbenium lon |nterme_d|ate. framework oxygens, no free carbenium ions have been experi-
This new carbenium ion can desorb as an olefin, restoring the mentally observed on the surface of acidic zeolites. Instead, a

zeolite Bronsted acid site, or can abstract a hydride ion frqm number ofi3C NMR spectroscoplc® and quantum chemiddti2
an alkane reactant to give an alkane product and a carbenium_, . . . S :
. . studies suggest that the intermediate species in zeolite-catalyzed
ion of the reactant molecule adsorbed on the zeolite surface.

X .~ “"hydrocarbon reactions do not exist as free ions but are covalently
Thus, the hydride transfer between alkanes and alkylcarbenium . .
. ; - - —__bonded to the zeolite framework oxygens, forming stable alkoxy
ions is the elementary step responsible for chain propagation

- . complexes. This means that, in order for the reaction to occur,
of the acid-catalyzed transformations of hydrocarbons, and the strond C-O bond of the stable alkoxy complex should be
therefore it is important to understand in depth the detailed stretchedgso that some ionic characterg eafed in the svstem
mechanism through which this reaction occurs. PP y

in order to induce the hydride transfer from the alkane, a process
*To whom correspondence should be addressed. that would certainly require a high activation energy. Indeed,

t Universidad Politenica de Valencia. Kazansky and Van SantEhhave studied theoretically the

* Universitat de Valacia. mechanism of the hydride transfer between several alkanes and

The transformation of hydrocarbons over solid acid catalysts
is a matter of great importance not only for fundamental reasons
but also from the point of view of industrial processes in the
field of oil refining, petrochemistry, and production of chemi-
cals. Among the large variety of acid catalysts that have been
applied to those industrial processes, zeolites are the most widel
used today due to their high activity, selectivity, and thermal
and hydrothermal stability? This, together with the fact that
zeolites are crystalline solids whose structure and nature of the
acid sites can be exactly determined, makes these materials ver
useful catalysts to carry out detailed mechanistic studies
involving hydrocarbons on solid acids.
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surface alkoxides using the HF ab initio method and MP2(fc)// ing the Hessian matrix and analyzing the vibrational normal
HF single-point calculations, and they have obtained activation modes. The total energies were corrected with zero-point
energies between 47.5 and 66.5 kcal/mol. vibrational energies (ZPE) obtained from frequency calculations.
Recently, alternative mechanisms that do not involve the Finally, single-point calculations using the ab initio second-
formation of alkoxide intermediates have been proposed for order Moeller-Plesset perturbation theory were performed on
zeolite-catalyzed monomolecular cracking mbutané* and the B3PW91/6-31G* optimized geometries (MP2//B3PW91).
double-bond migration in linear buteie.In the first case, it When studying the mechanism of solid acid-catalyzed reac-
was found that the process yields directly an alkane and antions by quantum chemical methods, the main problem is the
alkene. In a similar way, it could be possible that the positive infinite nature of the solid catalyst. To solve it, several different
character that appears in the olefin when this is being protonatedapproaches can be used: (a) the cluster model, used in this work,
by the acid hydroxyl group of a zeolite is enough to induce the in which the solid catalyst is simulated by a limited number of
hydride transfer from an alkane, this process being less energy-atoms that are cut out from the solid and treated as a molecule;
demanding than the breaking of a covalent alkoxy complex. (b) embedded cluster calculations, in which the cluster is
Finally, it should be considered that the carbonium ion embedded in a lattice of point charges that simulate the
intermediates through which the hydride transfer occurs in the Madelung potential of the crystal;, and (c) periodic calculations
gas phase might not exist in the interior of the zeolitic cavities, of perfect crystalline solids that take advantage of the traslational
and if they exist, their nature and stability might be different. It symmetry of the crystal. Although the periodic approach seems
is then necessary to include explicitly the interaction of the to be the more realistic because the long-range electrostatic
organic reactants with the solid catalyst in any theoretical potential of the crystal is included and boundary effects are
investigation directed to elucidate the mechanisms of solid acid- absent, its computational cost is really high, and at the present
catalyzed reactions. it is not able to perform geometry optimizations, frequency
We present here a complete quantum chemical study of thecalculations, or transition-state search calculations. In contrast,
mechanism of the hydride transfer between propene and propanghe cluster approach allows for the use of high-quality basis
catalyzed by an acidic zeolite. The active site of the catalyst sets, the inclusion of electron correlation, and the performance
has been simulated by a cluster consisting of two silicon and of minima and transition-state geometry optimizations and
one aluminum tetrahedra. This cluster contains both the frequency calculations, and therefore it is particularly suited to
Bronsted acid hydroxyl group and one of the neighboring basic describe local phenomena such as the interaction of organic
oxygens, and consequently it can correctly model the bifunc- molecules with catalytically active sites. One of the disadvan-
tional nature of the zeolite active sites. The reaction intermedi- tages of the cluster approach is that long-range electrostatic
ates for the zeolite-catalyzed hydride transfer reactions betweeneffects caused by the rest of the crystal are neglected. The
propene and isobutane and between isobutene and isobutanembedding scheme tries to close the gap between the cluster
have also been calculated and compared with the gas-phas@nd the periodic approaches. However, it has been shown that

results. it usually overestimates the effect of the long-range electrostatic
potential on the calculated energies, while it has no influence
Computational Details on the shape of the potential energy surf&e®. It has also

) ) ) been reported that the errors due to neglected long-range
All calculations in this work were performed on IBM RS/ g|ectrostatic effects in the cluster approach are not as important
6000 and SGI Power Challenge L workstations by means of 55 errors connected with assuming fixed or only partially relaxed
the Gaussian 94 computer program and, except where gy ctures or errors related with the choice of the computational
otherwise stated, are based on density functional th€ofa  method. Therefore, we have used in this work the cluster
methodology that allows for inclusion of electron correlation approach, always keeping in mind that the relative energies
at a much lower computational cost than traditional ab initio reported represent a higher limit due to neglect of the long-
methods. This is especially important in theoretical studies of range electrostatic effects.
heterogeneous catalysis, where large systems are involved and e ¢jyster used to simulate the active site of the zeolite

the inclusion of electron correlation is essential to correctly ., cists of one aluminum and two silicon tetrahedra whose
describe the interactions between molecules and the C"J‘taIVStdangling bonds, which actually connect the cluster with the rest

surface. In relation with the performance of the different of the solid, are saturated with hydrogen atomsSiHOH—
functionals available nowadays, several comparative sttfdies AlH,—O—SiHs. To avoid artificial distortions that would not

indicate that the results provided by hybrid methods that include ..\ v in the zeolite crystal, the heavy atoms of the cluster were
the Hartree-Fock exact exchange are comparable to those always constrained to be in the same plane, this one being the

obtained with post-HF correlated methods such as for example oy 'symmetry restriction used in the geometry optimizations.
MP2. The method mainly used in this work combines Becke’s

hybrid three-parameter exchange functiéhwalith the gradient-
corrected correlation functional of Perdew and WaitB3PW91)
and employes the standard 6-31G* basig%stitat includes The three carbonium ion intermediate complexes through
d-type polarization functions on nonhydrogen atoms. To test which secondarysecondary, tertiarytertiary, and secondary

the influence of methodology and basis set size on the calculatedtertiary hydride transfer reactions were found to proceed in the
geometries and energies, one of the systems has been alsgas phasthave been now localized adsorbed on the catalyst
optimized using the B3PW91 functional and the Dunning’s full surface, and the complete mechanism for the zeolite-catalyzed
double¢ basis set D95(d, 7 the B3LYP functiona* with both hydride transfer between propane and propene has been
the 6-31G* and the D95(d,p) basis sets, and the much morecalculated.

Results and Discussion

expensive ab initio MP2 meth&dwith the 6-31G* basis set. 1. Reaction Intermediates. The optimized geometry of the
The geometry of both minima and transition states was fully most stable conformation obtained for thesflg—H—CsH7)*
optimized using the Berny analytical gradient metRband carbonium ion adsorbed on the zeolite surface, structuig

the nature of all stationary points was characterized by calculat- shown in Figure la, and the calculated values of the most
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(structure3). The G—Csand G—H bond lengths and thes€
H—Cs angle calculated for these two structures are equivalent
and very similar to those obtanied for the cis conformer of the
isolated (GH7—H—C3H7)* cation at the same level of theory.
But while the energy difference between the gauche and the
cis conformers in the gas phase is only 0.5 kcal/mol, it can be
observed in Table 2 that structurdsind 3 are about 6 and 8
kcal/mol, respectively, higher in energy than the gauche
conformerl. One of the reasons that explains these energy
differences is that the carbonium ions are bonded to the catalyst
surface by Coulombic interactions and also by hydrogen
interactions with the oxygens of the cluster. And the stabilizing
interactions existing between the hydrogen atoms of the methyl
groups of the cis conformers and the oxygen atoms of the cluster
are weaker than those existing in the gauche conformer, which
involve the more positively charged hydrogen atoms bonded
to the carbon atoms of thes€H—Cs bridge. The weaker
character of the hydrogen interactions existing in the cis
conformers is reflected in longer O- -H distances, which are
1.96 Ainl, 2.15 Ain2, and 2.26 A in3. The nature of the
Figure 1. Optimized structure of (a) gauche and (b) cis conformations two cis (C.:?’H7_H_C3H7)+ adsorbed. carbonium ions hgs bgen
of (CsH;—H—CgH7)* carbonium ion adsorbed on a zeolite. characterized by frequency calculations. Three small imaginary
vibration modes have been obtained for each system, but since

important geomftric parameters are given in Table 1. The yhey are associated either to breaking of the symmetry plane in
B3PW91/6-31G* G-Cs and G—-H calculated bond length  \yhich the heavy atoms of the cluster are constrained or to

values of the adsorbed cation, 2.508 and 1.267 A, respectively, otation of the hydrogen terminations of the silicon atoms, both

are very similar to those previously obtained for the isolated g ctyres can be characterized as minima on the potential energy
systent 2.544 and 1.276 A, respectively. The two hydrogen surface.

atoms attached to the secondary carbon atoms adopt a gauche .
conformation as in the gas phase, and they orientate toward the To test the influence of the methodology used on the resuls

; : btained, the geometry of structutewas completely reopti-
oxygen atoms of the cluster, which are at a calculated distance®" : :
of ?/egss than 2.0 A. The most important change observed in themlzed at the density functional BSPW91/D95(d,p), B3LYP/6-

geometry of the (gH,—H—CsH5)* cation by adsorption on the 31G*, and B3LYP/D95(d,p) levels and at the much more

catalyst surface corresponds to the closing of thé4S-C angle exlperllstivg a_bCinitic(; M_P|_2|/ g'stGl* Iet\;]el. 5 ggg M(I:let;j;%*
from 180 in the gas phase to 163,% change which is probably calculated G-Cs and G ona lengtns, 2. and 1. '

: . tively, are slightly shorter than those obtained with the
caused by the interaction of the two hydrogens bonded to the eSPEC . .
secondary carbon atoms with the basic oxygens of the zeoIite.B3PW91/ 6-31G* method and the:€H—Csangle value is about

The total positive charge on the organic fragment is high, 15° smaller (see Figure 1 and Table 1), but the conformation

el f . . .
+0.82%, and its distribution is also equivalent to that of the O_f the (GH7—H—-CsHy) fragment and its orientation and
isolated carbonium ion. distance from the cluster are equivalent at both theoretical levels.

Structurel has been characterized by analytically calculating 1€ differences in geometry caused by changing either the
the vibrational frequencies, and it has been found to have only functional (B3LYP |nst*ead of B3PWO1) or the basis set (DI5-
one small imaginary vibrational mode of 23.6i chassociated  (d:P) instead of 6-31G¥) are still less important, and the results
with the movement of the Albigroup out of the plane in which provided by all thesg methods can bg con3|dered equwalgnt.
the heavy atoms of the cluster are constrained. It can therefore] '€ Same can be said about the relative energies summarized
be characterized as a minimum on the PES, and it can beln Tablle 1. The MP2/6-31§* calculated vallue, 22.Q kcal/mpl,
considered, as in the gas phase, a reaction intermediatelS €duivalent to that obtained by performing a single-point
However, the energetics of the process in the zeolite catalystc@lculation with the MP2 method on the B3PW91 optimized
are different from those previously obtained in the gas phase. 960Mmetry, 22.6 kcal/mol, and very similar too to the B3PW91/
The (GH;—H—CsH5)* adsorbed carbonium ion is much less 6-31G* and B3LYP/6-31G* calculated values, 24.0 and 23.4

stable than separated reactants, which are in this case propanécal/mol, respectively. The increase in the basis set size slightly
propene, and the 4$i—OH—AIH,—O—SiH; cluster. The destabilizes _the carbonium ion, _ and the relative energies
calculated B3PW91/6-31G* relative energylofyiven in Table calculated using the D95(d,p) basis set are about 26 kcal/mol.
2, is 24.0 kcal/mol and is 24.9 kcal/mol with the ZPE correction. Consequently, the cheaper B3PW91/6-31G* method has been
Besides, since the ¢8,—H—CsH-)* adsorbed carbonium ion used in the rest of the study, and only single-point calculations
is a reaction intermediate, there must exist a transition state©f the energy have been performed at the MP2/6-31G*//
connecting it with the reactants and/or the reaction products, B3PW91/6-31G* level.
and consequently, there will be an activation barrier for the  The optimized geometries of thet-CsHg—H—t-CqHg)*
hydride transfer reaction of at least-2a25 kcal/mol. (structure4) and (GH7—H—t-C4Hg)* (structure5) carbonium
Two other conformations higher in energy were obtained for ions adsorbed on the zeolite surface are shown in Figure 2. It
the (GH;—H—CsH-)™ carbonium ion adsorbed on the catalyst can be seen that when these two carbonium ions adsorb on the
surface (see Figure 1b). In both structures the two hydrogen catalyst, they adopt a cis conformation in order to avoid steric
atoms bonded to the secondary carbon atoms are cis, but inrepulsions between the methyl groups of the cation and the
one of them the &-H—C; bond is situated perpendicular to atoms of the catalyst. Two orientations were found for the (
the cluster plane (structu® and in the other one it is parallel C4Hg—H—t-C4Ho)* adsorbed carbonium ion. In one of them

a)

b)
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TABLE 1: Optimized Parametersa® (Distances in angstroms and Angles in degrees) and Relative Enerdiém kcal/mol) of
Structure 1 Calculated at Different Theoretical Levels

B3PW91/6-31G* B3PW91/D95(d,p) B3LYP/6-31G* B3LYP/D95(d,p) MP2/6-31G*

r(Cs—H) 1.267 (1.276) 1.263 1.273 1.266 1.242
r(Cs—CJ) 2.508 (2.544) 2.472 2.527 2.504 2.396
r(Ce—Cn) 1.495 (1.496) 1.499 1.500 1.505 1.500

1.500 1.504 1.504 1.509 1.505
a(Cs—H—-Cy 163.5 (180.0) 156.2 166.0 163.1 149.4
r(Cs—0) 3.029 3.027 3.043 3.040 3.020
r(H—0) 1.964 1.949 1.987 1.976 1.942
Eref 24.0 (24.9) 26.6 23.4 (24.2) 26.1 22.0

aSee Figure 1& The values in parentheses at the B3PW91/6-31G* level correspond to the isolated carboniu@eionlated as the difference
between the total energy of the adsorbed cation and the sum of the energies of prqpapene+ the clusterd The values in parentheses include
the zero-point vibrational energy correction.

TABLE 2: Relative Energies® (in kcal/mol) of All Structures same level of theory, given in parentheses in Figure 2. The
Studied in This Work total positive charge on these fragments is close to unity
structure B3PW91/6-31G* +ZPE MP2//B3PW91 (+0.82C in 4 and +0.85& in 5), and its distribution is also
1 24.0 249 226 equivalent to that of the isolated carbonium ions.
2 30.0 30.6 29.3 The (CsHg—H—t-C4Hg)t and (GH;—H—t-C4Hg)* car-
3 32.4 33.1 317 bonium ions are bonded to the zeolite surface by Coulombic
‘51 25733 ggé gé; interactions and by four stabilizing interactions between the
6 7.4 276 292 hydrogen atoms of the methyl groups and the oxygen atoms of

) the cluster. These interactions are weak, as reflected in the
aCalculated as the difference between the total energy of the O- -H distances of 222.3 A. and consequently the two cations
adsorbed cation and the sum of the energies of the corresponding alkan - e
1 alkenet cluster. Gre relatlvely separa_ted fr_om the catalyst surface, theCC
calculated distance id being 4.035 A and the £-O and
Cr- -O distances ir5 being 3.680 and 3.636 A, respectively.

B3PWo1 The relative energies with respect to separated reactants,
(CyCp  2.606 (2.608) which are isobutené- isobutanet the cluster for structurd
(CrH)  1.303 (1.304) and propener isobutanet the cluster for structurg, are listed
"GyCm)  1.509 (1.506) in Table 2. The B3PW91/6-31G* calculated values for the (

1.503 C4Ho—H—1-C4Hg) " adsorbed carbonium ion, 25.8 and 26.1 kcal/

a(CrH-Cy) 179.8 (179.8) mol with the ZPE correction, and for the {&;—H—t-C4Hg)™
(CrO)  4.035 adsorbed cation, 27.7 and 28.3 kcal/mol with the ZPE correction,
r(H-0) 2,156 are similar to the values obtained for structdre The MP2-

(fu)/6-31G* single-point calculations yield similar results,
structure4 being slightly more stabilized than the other two.
Three (56.2i, 54.0i, and 37.8 i crH and two (47.3i and 20.9i
cm~1) imaginary vibration modes were obtained from the
frequency calculations performed for structurésand 5,
respectively, but since they are small in magnitude and related
either to the constraints imposed on the cluster or to the
hydrogen terminations of Si and Al, both adsorbed cations can
be characterized as minima on their potential energy surfaces.

It can therefore be concluded that the carbonium ion
intermediates through which the hydride transfer occurs in the
gas phase also exist as reaction intermediates when the process
HCHO)  3.636 is catalyzed by a zeolite, although they are energetically less
HHO)  2213.2.342 stable than separated reactants, and consequently they will be

5 difficult to detect experimentally. It's important to note that
Figure 2. Optimized structure of (a)t{CsHo—H—t-CsHo)" and (b) these results are different from those previously reported by
_(CgH7—I-:—t—C4H9)Lcarbc;niunj iodns adsorb%c]i on al zeoli_te. Distartlrcl:es Kazansky and Van Santdh,who, using the HOAI(OH)s
In angstroms and angles In degrees. € values In parenthese:
corresgpond to the isolagt’ed carbonigum ions. P 5%13 ls_{t;eis 2_Séy3m7r;1+et;):;daz?cimifjﬁ:%iﬁ;In Z?S():r’b];%urldart_he

(structure4) the Q—H—Ct axis is perpendicu|ar to the cluster bonium ions to be transition states that Collapse to surface
plane, and in the other one, which is 2.3 kcal/mol less stable, alkoxides and free paraffins.

the G—H—C; axis and the cluster are parallel. However, only 2. Reaction Path. To obtain the complete mechanism for
the parallel orientation was localized for theskG—H—t-C4Hg)* the zeolite-catalyzed propanpropene hydride transfer reaction,
carbonium ion (structurB), because when we tried to optimize we have taken the £ Cs distance in structur# as the reaction

the geometry of the perpendicular orientation, the system coordinate and we have performed a series of geometry
decomposed into propane and isobutene adsorbed on the neutralptimizations in which this distance has been slowly varied from
HsSi—OH—AIH ,—O—SiH;3 cluster. The optimized geometric  2.51 to 3.00 A. In each calculation the€Cs distance has
parameters of the organic fragments of structéresmd5 are been held fixed, and all other parameters except for the dihedral
equivalent to those calculated for the isolated systems at theangles of the heavy atoms of the cluster have been allowed to

B3PW91
HCs-C) 2594 (2.618)
HCeH)  1.214 (1.213)
"CeH)  1.386 (1.410)
"(CeCr) 1.503 (1.505)
HCrCm) 1.503 (1.497)
1.494
a(Cs-H-Cy 172.0 (173.9)
HCeO)  3.680
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Figure 3. B3PW91/6-31G* optimized structure of the transition state AEags 57 4.8 9.0
for the zeolite catalyzed hydride transfer between propane and propene. AE ) 04,0 249 -
Distances in angstroms and angles in degrees. cation ‘ ' ’
AEqp, 27.4 276 29.6

fully optimize. It has been found that as the<Cs distance ] ] - )
increases, the central hydrogen atom moves toward one of thefFigure 4. Calculated energy profile for the zeolite-catalyzed hydride

' . .. _transfer between propane and propene.
secondary carbon atoms, forming a propane molecule, while
the other G fragment orientates in such a way that one of the of adsorbed carbonium ion intermediates similar to those
hydrogen atoms of a methyl group starts being transferred to obtained in the gas phase. which decompose vielding direct
the cluster, yielding a propene molecule adsorbed on the zeolite : ' gas phase, wh pose yielding di y

surface an alkane and an adsorbed alkene.

The optimized geometry of the calculated transition state for Figure 4 shows the calculat_ed energy profile for the complete
the process, structuré, is shown in Figure 3. The €Cy process. The apparent activation energy, calculated as the
distance. 2 é54 A, is only slightly longer than in thesG— energy difference between transition sté@nd the sum of the

_ L : energies of propene, propane, and the cluster, is 27.4 and 27.6
;'ton%g?nu':ﬁe&rgsegﬁ;ehf 15505 ﬁétﬁga ttt;egc(elr.l;rgé %fj?hgeen kcal/mol wit_h the Z_PE correction. When_the adsorp_tion energy
Ci—C, and G—Cs bond length values are similar to those of propene is considered, the real activation energy is s_omewhat
calculated for isolated propane at the same level of theory, 1.527h|gher, 33.1 and.32.4 kcal/mol with the ZPE co*rrectlon, and
A, and the fragment as a whole resembles a propane moleculethe iame trend is observ_ed at the MP2/6-31G //.E.;?’PWQUG'
with a stretched €H bond. In the other fragment the;€Cs ic? slt(ral:/(?tlﬂr;h?segrig?/ (défilereznge ::éw;a%n IELZT/?L)OIna?ﬁ?:\Z
distance, 1.480 A, is somewnhat longer than the-Cs one, V) :
1.457 A, and one of thed=H bonds is glightly stretched (1.121 B3PW91/6'31C’:’ B3PWO1/6-31G*ZPE, and MP2/6-31G*//
A). This geometry agrees well with the obtained reaction path B3PW91/6-31G 4 levels, respect|ve_ly), z_and _consequ_ently _the
that involves donation of a proton frome¢@o the cluster and (CaH7—H~CgH)™ adsorbed carbonium ion intermediate wil
consequent formation of a double bond betwegar@ G. The be difficult to observe experlmentally. .
Mulliken population analysis indicates that transition state AlthO.UQh there are no ava|_lable direct exper_lmen_tal dat_a of
highly ionic, the total positive charge on the “propane” fragment the activation energy of hydride transfer reactions in zeolites,
(+0.252) being lower than that on the “propyl” fragment an estimation of '[hI'S va}lue of about 30 kcal/mol was made from
(+0.532). the modeling of klnepcs of isobutane cracki#g.It can be _
Structuret has been characterized by a frequency calculation, obs_erved that there is a very good agreement _be_tween this
and only one imaginary vibration mode of 130.8icrhas been estimation and our the_oretlcal results. Finally, it is important
obtained. The reaction coordinate associated with this imaginaryt0 note that the3act|vat|on energy of f‘ZS keall mol*obtam.ed by
mode is mainly related to the movement of the central hydrogen Kazansky et at’ at the MPZ/G'P&"'G* /IHF/6-31G* level is
atom toward Gand to the stretching of ones€H bond, but it com_parable to the BBPW91/6-_SlG value of 43.0 kcal/mol
also involves contributions from all carbon atoms, from the other obtained by us fgr the energy difference between the adsorbed
hydrogens bonded to ¢C and from one of the hydrogen (CsH;—H—C3H7)* carbonium ionl and the_ sum of the energies
terminations of the Al atom. By following this reaction of propane and the covalent propylkoxide.
coordinate in one sense, thestG—H—C3H7)™* carbonium ion
intermediatel is reached, and by following it in the opposite
sense the system decomposes into propane and propene. Due The mechanism of the zeolite-catalyzed hydride transfer
to the small size of the cluster used, the proton that is transferredreaction between alkanes and alkenes has been theoretically
from Cs to the zeolite seems to move toward one of the investigated by means of density functional theory, and the
hydrogen terminations of the Al atom. However, in a real following conclusions have been obtained.
zeolite, where every Al atom is bonded to four O atoms, this  First, the (GH;—H—C3H7)", (t-C4Ho—H—t-C4Hg)™, and
proton would be transferred to a SiOAl bridge, restoring the (C3H;—H—t-C4Hg)* carbonium ion intermediates through which
Bransted acid site. Thus, according to these results, the zeolite-secondary secondary, tertiarytertiary, and secondastertiary
catalyzed hydride transfer reaction does not involve the forma- hydride transfer reactions were found to proceed in the gas phase
tion of covalent alkoxide intermediates as proposed by Kazansky also exist as reaction intermediates when the process is catalyzed
etal. We have found that this process occurs through formationby an acidic zeolite. The optimized geometric parameters and

Conclusions
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the charge distributions of these three adsorbed carbonium ions  (6) Xu, T.; Haw, J. FJ. Am. Chem. S0od.994 116 10188.

imi i i i (7) (a) Aronson, M. T.; Gorte, R. J.; Farneth, W. E.; White JDAm.
alrehS|m|rI1a_r to those prevmtrj]sly ogtalned df_cfxrr the |solatfed SYSIeMS, o\ S0c1989 111, 840. (b) Haw, J. F.: Richardson. B. R. Oshiro, I.
although in some cases they adopt a different conformation in g .| 550 N. D.; Speed, J. A. Am. Chem. S0d.989 111, 2052. (c) Lazo,
order to avoid steric repulsions between the methyl groups andN. D.; Richardson, B. R.; Schettler, P. D.; White, J. L.; Munson, E. J.;
the zeolite surface. These three intermediates are bonded tdtaw. J. F.J. Phys. Cheml99], 95, 9420. _ .
the catalyst surface both by Coulombic interactions and by ,\%S)J M/fr'rf'”éﬁf;rf"sgggégmﬁﬁ' g/éGV" Paukshtis, E. A.; Zhidomirov,
hydrogen interactions with the oxygens of the lattice. However, ~ (g) Stepanov, A. G.; Zamaraev, K. Catal. Lett.1993 19, 153.

they are energetically less stable than separated reactants (which (10) (a) Kazansky, V. BAcc. Chem. Red4991, 24, 379. (b) Senchenya,

are the corresponding alkarealkene+ the zeolite Brgnsted geﬁéhﬁﬁign?kr{bV'c;}ﬁitggal_ffglfgé 8, 317. (c) Kazansky, V. B.;
active site), and consequently they will be difficult to detect a1) Viruela, P.: Zicovich-Wilson. C. M.: Corma, Al. Phys. Chem.

experimentally. 1993 97, 13713,
Second, the influence of basis set size and methodology on (12) Rigby, A. M.; Kramer, G. J.; Van Santen, R. A. Catal. 1997,
the results has been tested by performing a series of calculationd 7% 1.

in which the B3PW91 and B3LYP functionals and the MP2 ab Ca%ﬁ)lggal%ﬂ%z\éf'; Frash, M. V.; Van Santen, R.$tud. Surf. Sci

initio method combined with the 6-31G* and D95(d,p) basis  (14) collins, S. J.; O'Malley, P. Chem. Phys. Lettl995 246, 555.
sets were used. It has been shown that the geometries and (15) Boronat, M.; Viruela, P.; Corma, Al. Phys. Chem. A998 102,

i ; ; 982.
energies calculated with the B3PW91 and B3LYP functionals (16) Frisch, M. J.: Trucks, G. W.: Schlegel. H. B.: Gill, P. M. W.:

are completely eqUivalefnt and .in very gOOd_ agreement with the Johnson, B. G.; Robb, M. A.; Cheeseman, J. R.; Keith, T.; Petersson, G.
MP2 values and that increasing the basis set size does nofa.; Montgomery, J. A.; Raghavachari, K.; Al-Laham, M. A.; Zakrzewski,
significantly alter the results obtained. V. G.; Ortiz, J. V.; Foresman, J. B.; Cioslowski, J.; Stefanov, B. B
: : : Nanayakkara, A.; Challacombe, M.; Peng, C. Y.; Ayala, P. Y.; Chen, W.;
Third, the complete reaction path for the hydride transfer Wong, M. W.. Andres, J. L.; Replogle, E. S.. Gomperts, R.. Martin, R, L.

between propane and propene has been calculated at theox, D. J.; Binkley, J. S.; DeFrees, D. J.; Baker, J.; Stewart, J. P.; Head-

B3PW91/6-31G* level, and it has been found that theHE&- Gordon, M.; Gonzalez, C.; Pople, J. Aaussian 94,Revision B.1;

_ + ; i i ; ; _ Gaussian: Pittsburgh, PA, 1995.
H—CsH,)* adsorbed car_b_onlum ion intermediate directly de (17) (a) Hohenberg, P.: Kohn. Whys. Re. B 1964 136 864. (b) Kohn,
composes through transition st&iénto propane and propene. v "sham, L. JPhys. Re. A 1965 140, 1133.

No covalent alkoxide intermediate is formed according to this  (18) (a) Parr, R. G.; Yang, W. IBensity Functional Theory of Atoms
mechanism, and therefore the real activation energy necessarynd MoleculesOxford University Press: New York, 1989. (b) Dreizler,

; ; ; ; R. M.; Gross, E. K. U. InDensity Functional TheorySpringer: Berlin,
for the reaction to occur is not as high as if a strong covalent 1890, () March, N. H. InElectron Density Theory of Many-Electron

C—0 bond had to be broken, in which case the activation barrier sysiemsAcademic Press: New York, 1991.
would be about 13 kcal/mol higher. (19) (a) Zygmunt, S. A.; Mueller, R. M.; Curtiss, L. A.; Iton, L. B.
Mol. Struct. (THEOCHEM)998,430, 9. (b) Becke, A. DJ. Chem. Phys.
_ 1996 104, 1040. (c) Boronat, M.; Viruela, P.; Corma, A. Phys. Chem.
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