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M. V. Frash,*-T V. B. Kazansky,” A. M. Rigby,* and R. A. van Sante

Zelinsky Institute of Organic Chemistry, Russian Academy of Sciences, Moscow B-334, Russia, Shell Research
and Technology Centre Amsterdam, P.O. Box 3800, 1030 BN Amsterdam, The Netherlands, angei&indho
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Quantum-chemical calculations were carried out on the mechanism of the zeolite-catalyzed hydrocarbon skeletal
isomerization via the cyclopropane ring intermediates. According to the B3LYP/6-31G* calculations, formation
of cyclopropane from surface alkoxy species in zeolites occurs via a transition state whose hydrocarbon part
resembles a corner-protonated cyclopropane (corner-PCP) ring. Two conformations of the transition state
found differ in the orientation of the PCP portion with respect to the acid site. The activation energy for the
cyclopropane ring closure reaction is found to be rather sensitive to the use of planar symmetry constraints
and to the level of calculations and less sensitive to the level of the geometry optimization. Calculations on
the mechanism of the carbon isotope scrambling in the free 2-propyl cation were also performed, at several
theory levels up to the Gaussian-2 model. The relatively stable intermediates of this superacid-catalyzed
reaction are carbocations, in contrast to the zeolite-catalyzed isotope scrambling where the relatively stable
intermediates are surface alkoxy species with the corner-protonated cyclopropane as a high-energy transition

State.

1. Introduction carbons via the one-step methyl shift is unlikely as this inevitably
. L ) ) ) ) includes intermediate formation of the unstable primary carbe-

Skeletal isomerization of carbenium ions is an important niym jons. In contrast, the protonated cyclopropane path for
elementary reaction step in solid acid catalyzed transformationsjgomerization of pentane and larger linear hydrocarbons includes
of hydrocarbond:? Besides being the major step in some gy the relatively stable secondary and tertiary carbenium ions.
commercial processes, e.g. conversion-btitenes to iso-butene  Therefore this mechanism has been initially suggested by
and n-alkane hydroisomerization, this reaction influences the Brouwer et aPL22for skeletal isomerization in liquid superacids
product distribution of the cracking and alkylation processes. 5n( |ater by Chevalier et &land by Weitkampfor isomeriza-
Extensive experimental studies of skeletal isomerization have o, in zeolites.
been performed;!® and it has been found that this reaction

r via either a monomolecular or bimolecular (dimer- . . . . :
proceeds via either a monomolecular or bimolecular (dime tions are nowadays being used in studies of the reactions

ization/cracking) mechanism. . o catalyzed by solid acids for more detailed understanding of their
The monomolecular skeletal isomerization is found to be more molecular mechanisn?:25 Recently calculations on a wide

common. Indeedy-pentane and larger hydrocarbons isomerize ange of commercially important hydrocarbon reactions on
via the monomolecular path both on zeolites and on sulfated ;¢q|ites includings-scission and skeletal isomerization have
zirconia®8.7 Isomerization ofn-butenes might follow either a  paen reporte@ However those calculatiofswere performed
monomolecular or blmolecula_r path, d(_ependent on t_he type of 4t a modest level (MP2/6-31G*//HF/3-21G) and with symmetry
the catalyst and on the reaction conditions. The bimolecular ¢,nstraints imposed on the geometries of the species involved.

mechanism is found to be predominant on a number of 15 the issues considered in that work deserve further and more
zeolites’~13 while on the sulfated zirconia both the monomo- detailed investigation.

lecular-*and bimoleculd®®*mechanisms were reported to be
more important. Isomerization af-butenes on the H/FER
zeolite represents an interesting example: the bimolecular
mechanism occurs on the fresh zeolite samples, but on the age
f:;illﬁtg tizemrfr?%r:t?éfcsu;?éct?\;ﬁ;igsvatﬁgciggﬁitf@d0mmam"o potential methodological errors. Indeed, the prgtonated
. T i " cyclopropane (PCP) fragment is a part of the transition state
The monomolecular isomerization in turn might occur in tWo oy this reaction, and it is known that computed relative energies
ways: via the one-step methyl shift or via the “protonated f the free PCP isomers are very sensitive to the level of
cyclopropane” mechanism. Itis difficult to distinguish between g cylationg? Here we analyze how the description of the

these two cases on the grounds of the experimental data, butyciopropane ring closure/opening reaction mechanism depends
arguments of Olah’s carbocation the$thave provided some g, the yse of the symmetry constraints and on the introduction

insight on this subject. Thus, isomerization of linear hydro- ¢ the electron correlation effects in the geometry optimization

Besides experimental techniques, quantum-chemical calcula-

The present paper is devoted to the more detailed study of
the cyclopropane ring closure/opening reaction. This reaction
is chosen both due to its importance as an essential part of the

echanism of skeletal isomerization and due to its sensitivity

calculations.
T i i . .
. Russian Academy of Sciences. A comparison will also be made between the adsorbed PCP
Shell Research and Technology Centre Amsterdam. . . . .
s Eindhoven University of Technology. moiety in the zeqllte-.catalyzed reactions of hydrocarpons and
€ Abstract published ilAdvance ACS Abstractdfay 1, 1997. the free PCP moiety in the superacid-catalyzed reactions. The

S1089-5647(96)04055-2 CCC: $14.00 © 1997 American Chemical Society
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H ; H H TABLE 1: Total Energies, Imaginary Frequencies, and
; \/ Zero-Point Energies of the Reagent, Products, and Two
HesC3 ; c3 Transition State Conformations for Cyclopropane Ring
\ i W / \ H Closure As Calculated at the B3LYP/6-31G* Level
H, | H N/ N 4 H K : B
P YCA— Coe= i | =Gt G2 imaginary  zero-point
H‘?" Vo § i frequency,  energy,
He H .~ Ht structure total energy,au  cm™! kcal/mol
a). .’ H1 surface prop-1-oxy —1095.341 916 R 107.2
--------------- ’ E)z (5)1 cl)z o free cluster —977.406 001 13 53.0
cyclopropane —118.195 410 51.3
- s s W e TSnearin-plane  —1095.247008 14934 1045
\ AN TS out-of-plane —1095.249507 300 104.1
A\Chk J/H c). e). @maginary frequency caused by the constraint on two dihedrals in
H c3 " the cluster (see Models and Computational Detaflénaginary
H1 oL H H\ /H frequency associated with the reaction coordinate.

hydrocarbon reactions such as chemisorption of alkenes,
hydrogen-deuterium exchange, and protolytic cracking. They
observed some changes in the calculated activation energies,

c" | but the reaction mechanisms remained unchanged. Therefore
Yo effects of the cluster model changes were not considered in the
H1i H1 present work.
i | Geometries of the free site, surface prop-l-oxy, and the
./02\ /01\ . /02\ /O‘\ transition state for cyclopropane ring closure were optimized
pAL /’\'\ TS /A\'\ Sic keeping the aluminum, both silicon, and both oxygen atoms of
the cluster in one plane. Such constraint suppresses two soft
d). f). modes not present in a real zeolite, and thus makes the

Figure 1. Cyclopropane ring closure in zeolites: a, free corner-PCP Optimization much faster, while its effect on the activation
(given for comparison); b, surface prop-1-oxy; c, the near-in-plane TS; energies is negligible (less than 1.0 kcal/mol as tested at the
d, the out-of-plane TS; e and f, free Brgnsted acid site plus cyclopro- MP2(FC)/6-31G*//3-21G level). No other geometry constraints
pane. The_most important interatomic distances and charge parametergere imposed.

are given in Tables 2 and 3. Nonlocal density functional (DFT) calculations using the

. . L . B3LYP method (the Becke’s three-parameter hybrid exchénge
relation between mechanisms and active intermediates Ofwith the Lee-ParrYang correlatioff functional) were applied

homogeneous and heterogeneous acid catalysis is a VeY%or the intermediates and the transition state of the zeolite-

Interesting problem. Schemes _ba$ed on reactions of freecatalyzed cyclopropane ring closure reaction. The standard
carbocations established for the liquid superacid sysfeane Pople’s 6-31G* basis s8twas used. The calculated total

now ﬁfeq“ef‘“y Usﬁf Lor desbcrlptlor;of the solid aclldICﬁtaIy;ed energies, zero-point energies, and imaginary frequencies of the
transtormations of hydrocarbons. However recently it has Deen oo\ an¢ structures are given in Table 1. The DFT calculations

S.hOW.” that Sl?(.:h SChemeS' although In go_od agreer_nent Wlthgive geometries optimized with the electron correlation effects
k!net|_c_reg_ular|t|es and f|n_al prqduct distributions, require SOMe ¢y ded, which might be particularly important for the transition
simplification of the solid acid catalyzed reaction mecha- state containing the nonclassical protonated cyclopropane ring.

nisms?82? Indeed, the results of quantum-chemical calculations Indeed, it has been found that the geometry optimization at a
together with the IR and NMR data indicated that the relatively e|ated level is necessary for description of a number of free

stable intermediates of the zeolite-catalyzed hydrocarbon reac- onclassical carbocatiods*>51 However for the purpose of

> 3 - :
tions are c.ovalent surfaqe estéts:® while carbocatlons. . _comparison we performed geometry optimization at the Har-
represent high-energy activated complexes and/or transition oo Fock levels (HF/6-31G* and HF/3-21G) and calculated
state<6:33-38 The zeolite-catalyzed skeletal isomerization also HF/3-21G, HF/6-31G*, MP2(FC)/6-31G*, and B3LYP/6-31G*

starts from covalent surface alkoxy specigshile the ionic final energies for all three HF/3-21G, HF/6-31G*, and B3LYP/
protonated cyclopropane species are high-energy transition stateg 37+ optimized geometries ’ '

for cyclqpropane ring clpsure/qpening. In contrast, the quui_d Calculations on the free 817+ isomers (which are compu-
superacid systems contain relatively stable secondary and tertlalr3fationa|ly much less demanding than calculations on the zeolite-

carbenium ions which undergo skeletal isomerization. catalyzed reaction due to both the smaller number of atoms
involved and a less complex potential energy surface) have been
performed at several levels: the B3LYP/6-31G*, BLYP/6-
All the computations were performed with the Gaussian 94 31G*246 B3P86/6-31G*>53 MP2(FU)/6-31G*, and Gaussian-
program3® The natural population analysis (NPA) based 254
charge®’ were computed using the natural bond orbital package  Transition state (TS) structures were characterized by analyz-
of the Gaussian 94 prografh. ing the (analytically calculated) vibrational normal modes and
The catalytically active Brgnsted acid sites of zeolites were by a local minimum search (after a small distortion of a TS in
modeled by the cluster43i(OH)AIH,(OSiHs) shown in Figure the reaction coordinate direction) to reach reagents and products.
le. The cluster approach has proven to be quite useful in studiesThe computed relative energies of all species involved were
of the mechanisms of zeolite-catalyzed reactions (see ref 17 corrected for the zero-point energies obtained from the vibra-
24 in the paper of Viruela-Martin et &, reviews23-25 and tional modes calculations. Unscaled frequencies were used for
recent works, e.g. of Evleth et #.and Blaszkowski et &f). this, except for the Gaussian-2 calculations where, in accordance
A number of authors have tested the effects of the clustet®size with the definition of the modét} the HF/6-31G* frequencies
and of acid strength modificati6h3”44on the description of  scaled with a factor of 0.8929 were used.

2. Models and Computational Details
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TABLE 2: The Most Important Interatomic Distances (in Angstroms) in the Free Corner-Protonated Cyclopropane Moiety
and in the Transition State for Cyclopropane Ring Closure on the Zeolite Brgnsted Acid Site, As Calculated at the B3LYP/
6-31G* (Default), HF/6-31G*, and HF/3-21G Levels

structure CtC2 C1-C3 C2-C3 Cil-H1 Ol1-H1 02-H2 01-C2 02-C2
free corner-PCP 1.841 1.727 1.393 1.104
near-in-plane TS (1c) 1.885 1.635 1.415 1.121 2.233 2.759 2.583
out-of-plane TS (1d) 2.148 1.641 1.417 1.096 2.189 1.891 2.631 2.857
out-of-plane TS (1d), HF/6-31G* optimized 1.727 1.551 1.431 1.178 1.769 2.182 2.895 3.003
out-of-plane TS (1d), HF/3-21G optimized 1.853 1.695 1.402 1.173 1.583 1.803 2.914 2.848

TABLE 3: The Most Important NPA and Mulliken Charges (in Multiples of the Electron Charge) in the Free
Corner-Protonated Cyclopropane Moiety and in the Transition State for Cyclopropane Ring Closure on the Zeolite Brgnsted
Acid Site, as Calculated at the B3LYP/6-31G* levél

NPA charges Mulliken charges
structure Q1 Q2 Q3 QSUM Q1 Q2 Q3 QSUM
free corner-PCP +0.332 +0.399 +0.268 +1.0 +0.338 +0.365 +0.297 +1.0
near-in-plane TS (1c) +0.286 +0.507 +0.115 +0.908 +0.245 +0.418 +0.171 +0.834
out-of-plane TS (1d) +0.225 +0.609 +0.032 +0.866 +0.219 +0.451 +0.120 +0.790

a Q1 represents the sum of the atomic charges on the methyl group with the C1 carbon (see Figure 1), Q2 and Q3 represent the sum of the atomic
charges on the methylene groups with the C2 and C3 carbons, respectively, and @1M- Q2 + Q3.

3. Results and Discussion C2 and C3 carbons, and the nonclassical three-centered bond
3.1. The Cyclopropane Ring Closure Reaction on the formed by almost equal contributions from all three carbons:

0, 0, 0,

Zeolite Bronsted Acid Sites. The mechanism of the zeolite- 00 fom C1, 28/_0 from C2, 35% from C?," ,
catalyzed hydrocarbon skeletal isomerization via substituted When the PCP is adsorbed on the zeolite and constitutes a
cyclopropanes has been considered earlier by Rigby &t al. Part of a transition state, the interaction with the catalytic site
Starting from an alkoxy species (a hydrocarbon fragment Causes significa_nt changes in the PCP geometry and ch_arge
covalently bound to one of the oxygen atoms of the acid site), Parameters. .ThIS holds for t.)oth. the 1c and 1d conformatlons
a substituted cyclopropane is formed with donation of a proton of the transition state. Polarization of the PCP portion by the
to the zeolite to form a free Brensted acid site. When the ring N€gatively charged cluster causes a shift of the positive charge

is reopened by protonation a different bond can then be broken, [0 the methylene group containing the C2 carbon. This group
leading to isomerization. has a positive charge of 0.609 or 0.507 e in the transition states

Calculations in the cited wofRwere performed at the MP2- versus 0.399 e in the free PCP. The nonclassical three-centered

(FU)/6-31G*//3-21G level. The planar symmetry constarints bond is being shifted away fr0|_m the C2 carbon toward the C_l
were imposed on all species. Due to those constraints only one2nd C3 atoms. Indeed, contributions of the C2 atom to this
conformation of the TS for the cyclopropane ring closure could bond S|gn|f|9antly decrease in comparison with those in the frge
be found. The activation energy was computed to be 77 kcal/ PCP: 22% in the TS (1c) and 18% in TS (1d) versus 28% in
mol. the free corner-PCP. This is in line with the fact that the-C1
Calculations on the cyclopropane ring closure were repro- €2 and C2-C3 distances become longer while the 13
duced at the B3LYP/6-31G* level without symmetry constraints, distance becomes shorter. Flrjally, it can be seen that the total
and two conformations of the transition state were found. Both charge on the adsorbed PCP is smaller than 1 e, likely due to
these conformations (see parts ¢ and d of Figure 1) represent éhe charge transfer from the negative _cIu_ster. These changes
complex of the corner-protonated cyclopropane (corner-PCP) N the .geometry.and charge_ parameters indicate th.at the a}dsqrbed
species and the zeolite cluster, similar to the TS found edflier. PCP involved in the zeolite-catalyzed skeletal isomerization
The difference between the two conformations lies in the reésembles butis not equivalent to the free PCP involved in the
different orientation of the PCP portion with respect to the Skelétal isomerization catalyzed by liquid superacids.
cluster. The two conformations of the TS for cyclopropane ring
A comparison between the geometry and charge parametersﬁlosure and reaction paths are now to be considered. The first
of the adsorbed PCP moieties with those of the free corner- “near-in-plane” conformation (Figure 1c) has all three carbon
PCP is presented in Tables 2 and 3. In the free PCP, the C1 atoms located close to the ©AI—02 plane of the cluster: their
C2 and C1C3 bonds adjacent to the methyl group (1.841 and deviations from this plane are within 0.16.40 A, and the angle
1.727 A) are longer than a single carberarbon bond, whereas ~ between the O2AI—-02 and C+-C2—-C3 planes is only 75
the length of the G2C3 bond (1.393 A) is intermediate between This conformation resembles the TS found by Rigby efal.
a single and a double bond. According to Wiberg and Rass With the planar symmetry constraints; however, the terminal
this suggests that the corner-PCP species may be considered d¥drogens of the cluster in 1c deviate sufficiently from the
a complex of ethene with the methyl cation formed by charge planar symmetry, and this is likely to reduce the steric
transfer from the occupied-orbital of ethene to the lowest hindrances. The corresponding reaction path starts from the
unoccupieds-orbital of the methyl cation. The amount of the €longation of the O2C2 bond in the surface prop-1-oxy; after
charge transfer from ethene to the methyl cation is significant, that a new C2-C1 bond is being formed while the H1 hydrogen
and only 0.332 e of the total positive charge is located on the is being transferred to the surface O1 oxygen.
methyl fragment, the remaining 0.668 e being located on the The second “out-of-plane” conformation of the TS (Figure
ethene fragment (here and below we describe the NPA chargesld) has a rather large angle (79.4etween the CC2—-C3
as more reliable, but the Mulliken charges exhibit similar plane and the O2AlI—-02 plane. The reaction path associated
tendencies). The NPA analysis of bonding in the free corner- with this TS conformation also involves the elongation of the
PCP shows three carbon core orbitals, seven two-centeredO1—C2 bond in the surface prop-1-oxy, formation of the new
carbor-hydrogen bonds, one two-centered bond between the C2—C1 bond, and transfer of the H1 hydrogen to the surface
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TABLE 4: Activation Energies (in kcal/mol; Including Corrections for the Zero-Point Energies (ZPE)) for the Cyclopropane
Ring Closure Reaction As Found at Different Levels of the Geometry Optimization and Final Energy Calculation

level of the final energy calculation

level of the geometry optimization HF/3-21G HF/6-31G* MP2(FC)/6-31G* B3LYP/6-31G* ZPE contribution
HF/3-21G 67.0 59.5 51.2 49.2 —4.2
HF/6-31G* 73.3 56.0 46.9 47.8 —3.6
B3LYP/6-31G* 67.6 57.6 59.3 54.9 -3.1

01 oxygen. However in this path the hydrogen atom is being 1c) spontaneously changes to the out-of-plane one during the
transferred to the same O1 oxygen which was bound to the C2geometry optimization. The general features of the out-of-plane
carbon in the initial state. The O2 oxygen is not bound to any TS conformation found at all three B3LYP/6-31G*, HF/6-31G*,
carbons or hydrogens in both the initial and the final states, but and HF/3-21G levels are the same, but values of the geometry
the strong hydrogen bond (1.891 A) formed in the TS (1d) parameters are somewhat different (see the last three rows in
between this oxygen and the H2 hydrogen is likely to stabilize Table 2). In particular, the B3LYP calculations predict an earlier
the TS and thus reduce the activation energy. transition state than the HF calculations, as the B3LYP lengths
Since cyclopropane is a strained molecule, its formation from of bonds being formed during the reaction (€12 and O%

surface alkoxy is rather highly endoergie:22.7 kcal/mol at ~ H1) are longer whereas lengths of bonds being broken{O1
the B3LYP/6-31G* level. Note that after reorientation this ring C2 and CtH1) are shorter. The activation energy appears to
is being reopened and a new alkoxy species is being formed,be rather sensitive to the level of the final energy calculations
thus the overall skeletal isomerization process appears to be(compare columns of Table 4): the values found at the different
almost thermoneutral. The B3LYP/6-31G* activation energy levels differ by up to 26 kcal/mol. The sensitivity of the
for cyclopropane ring closure is slightly lower if the reaction activation energy to the level of the geometry optimization is
proceeds via the out-of-plane TS (Figure 1d) rather than via weaker (compare rows of Table 4): up to 12 kcal/mol for the
the near-in-plane one (1c): 54.9 versus 56.9 kcal/mol. This is MP2(FC)/6-31G* single-point energies and within 7 kcal/mol
probably caused by the slightly lower total positive charge on for others. HF/3-21G final energies are the highest, while final
the PCP in the out-of-plane conformation (see Table 3). energies found at the correlated levels (MP2/6-31G* and

Both the above mentioned B3LYP/6-31G* activation energies B3LYP/6-31G*) are generally the lowest and close to each
(54.9 and 56.9 kcal/mol) are significantly lower than that found Other. Itis interesting that in general the HF/3-21G rather than
by Rigby et ak® at the MP2/6-31G*//3-21G level and with HF/6-31G* geometries yleld.re_sult.s closer to those with the
planar symmetry constraints (77 kcal/mol). In part this differ- B3LYP/6-31G* geometry optimization. The data of Tables 2
ence is caused by the zero-point corrections taken into accoun@nd 4 suggest that the general features of the TS for cyclopro-
in the present work (about 3 kcal/mol, see Table 4). The Pane ring closure in zeolites are correctly predicted by the HF
remaining 18-20 kcal/mol of difference are caused mostly by ~Ccalculations, but for more subtle details the use of a correlated
the planar symmetry constraints imposed in the cited Work, 'evel for both the geometry optimization and final energy
since our calculations at the MP2/6-31G*//3-21G level without C@lculation is preferred.
planar symmetry constraints (see Table 4) yield the activation 3.2. Carbon Isotope Scrambling in 2-Propyl Cation. Now
energy of 51.2 kcal/mol which is again lower than that from the role of the cyclopropane moieties in the zeolite-catalyzed
the sited work8 and close to the B3LYP/6-31G* values. and in the liquid superacid catalyzed reactions of hydrocarbons

The calculated activation energy for Cyc|0propane ring closure will be Compared. The real skeletal isomerization can OocCcur,
is to be compared with the available experimental activation however, only in hydrocarbons with more than three carbon
energies for skeletal isomerization in zeolites. The activation atoms (calculations on such a reaction catalyzed by zeolites will
energies of 26.7 and 13.1 kcal/mol (in different temperature e reported elsewhéd®, while the above discussed cyclopro-
ranges) were reported for n-pentane isomerization on Pt/HMor Pane formation from the £alkoxy can be considered as a part
and were of about 30 kcal/mol forhexane isomerization on  ©Of the carbon isotope scrambling in propane. Therefore it is
Pt/H-ZSM-5 and Pt/H-MoPF? Thus the activation energies natural to compare the mechanism of the carbon scrambling in
computed at the MP2 or B3LYP correlated levels{%D kcal/ zeolites with the mechanism of this reaction in liquid superacids.
m0|' see Table 4) without Symmetry constraints are closer to According to Haw et af3 the former reaction is not observed
the experimental data than the value found with symmetry at low temperatures when the latter one readily occurs. This
constraint (77 kcal/mol) but are still too high. The remaining  indicates that persistent free 2-propyl cation cannot be formed
discrepancy might have the following reasons: (i) the experi- in zeolites®
mental data correspond to hydrocarbons with more than three The carbon isotope scrambling in 2-propyl cation was
carbon atoms and the “C3 ring” transition states for such experimentally studied in the liquid superacid metig& Koch
hydrocarbons are stabilized by the extra alkyl grotfphus et al. have performed the quantum-chemical characterization
leading to lower activation energies than that for the unsubsti- of the reaction paths for the carbon and hydrogen isotope
tuted cyclopropane; (i) the acid strength of the cluster used in scrambling in the free 2-propyl catiéd. They have found that
the calculations is lower than that of the real zeditand (iii) the hydrogen scrambling proceeds via the transition state having
the cluster calculations do not take into account the Coulomb the 1-propyl cation geometry, while the path for the carbon
interaction between the positive hydrocarbon portion of the scrambling includes the corner-protonated cyclopropane (local
transition state and the negative oxygen atoms situated in theminimum) and another transition state with the 1-propyl cation
zeolite cage but not connected with the aluminum atém. geometry but different from the TS for the hydrogen scrambling.

Finally one can compare the activation energies found with  Below the most important results of Koch efatoncerning
different combinations of the geometry optimization and final the carbon scrambling are repeated at several theory levels
energy calculation levels (see Table 4). Only the out-of-plane including the very precise Gaussian-2 (G2) métlahd, for a
conformation of the TS was located at the HF/6-31G* and HF/ purpose of comparison, three DFT methods. We consider the
3-21G levels (Figure 1d); the near-in-plane conformation (Figure 2-propyl cation, corner-PCP, edge-PCP, and TS between the
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TABLE 5: Relative Energies of the Free GH;" Isomers Calculated at Different Theory Levels (Including Corrections for
Zero-Point Energies)

MPA(FC)/6-311G**//

structure MP2(FU)/6-311G*®  Gaussian-2 ~MP2(FU)/6-31G* B3LYP/6-31G* BLYP/6-31G* B3P86/6-31G*
2-propyl cation 0 0 0 0 0 0
corner-PCP +7.2 +7.6 +6.4 +12.2 +12.7 +10.6
edge-PCP +8.6 +8.8 +9.0 +16.0 +17.5 +12.3
TS between the 2-propyl +20.5 +20.8 +21.3 +22.0 +21.7 +22.8

cation and corner-PCP

a Reference 63.

2-propyl cation and corner-PCP (structures “2-propyl”, “corner- A HH A
protonated I", “edge-protonated”, and “1-propyl II”, respectively, Y \\ck. W *
in Table 1 of the paper of Koch et &). One can see from the \x+ H Ht}(q“
data of Table 5 that the G2 results are very close to the MP4-  H=C~ZH el H
(FC)/6-311G**//IMP2(FU)/6-311G** resul8 (the difference H \.n — "7 C"H — o |
does not exceed 0.4 kcal/mol). The MP2(FU)/6-31G* values T" H H / \AI/ \
are also very close to G2 (differences are within 1.2 kcal/mol). ) 0 é 0 VAN
The DFT methods perform rather well although deviation of N,/ N 1
their results from the G2 ones is somewhat larger. In particular /N /N (1)
they predict the relative energy of the corner-PCP to b& 3 (1b) (1d) re-orientation
kcal/mol higher and that of the edge-PCP to be-3%cal/ ﬂ of A
mol higher. It should also be noted that the edge-PCP is a local H H
minimum on the MP2(FU)/6-31G* and MP2(FU)/6-311&%* H \Ck* " *
potential energy surfaces but is a first-order saddle point HAC\*/HH Hﬁ}-cd A
according to all three DFT methods, B3LYP, BLYP, and B3P86. C\‘ ’
The B3P86 method yields the closest to the G2 and MP2 relative cZ : = " Q.“ﬁH = "
energies for the corner- and edge-PCP, the BLYP method is | Hi |
closest for the relative energy of the TS, and the B3LYP method /O\ /O\ 0 o 0 0
is intermediate for all cases. A NG N
The relative energy of the TS is in fact the activation energy 7\ A
for the carbon isotope scrambling in the free 2-propyl cation. (1b)

However the experimental activation energy for this reaction
in the SQFCI—SbF; superacid solution of 15.7 kcal/ntéflis

significantly (5 kcal/mol or more) lower than that calculated at B He” X

all the levels (see Table 5) including the G2 model. A similar e H \ @

discrepancy was found by Koch et®lbetween the calculated \c@—)— g/ — H‘,C_(VH

and measured activation energies for the hydrogen isotope / \\H / * Y AN " H
scrambling in the free 2-propyl cation. This is somewhat H H H \C/AH
surprising as the reporteét??MP2 and DFT activation energies .

for the three other similar reactions, carbon scrambling in the 2-propyl cation TS He, @ZH
2-butyl cation, skeletal isomerization of the 2-butyl cation, and CH H7C—CVH
skeletal isomerization of the 2-pentyl cation, are within2l H ~ CHy / 8 &

kcal/mol from the corresponding experimental values. This \c——@%{ Hw@ */ corner-PCP
suggests that even in the superacid solution the influence of W N = Hac—c\ H

solvation effects on the relative stabilities of thgHz" isomers H H AN

is not negligible. Although carbocations in liquid superacid  2-propyl cation TS

med“"’.‘ are usu_ally cop_sidered as fr_ee moieties, severa_l example§igure 2. Carbon isotope scrambing: A, in zeolites; B, in liquid
of their reactivity modified by solvation are known. Forinstance gyperacids. The asterisk marks A€ atoms.
solvation effects are reported to change the relative stability of
the t-butyl and adamantyl cations in superacid media with a reaction path (similar to that suggested for the liquid superacid
respect to the gas pha%e. catalyzed skeletal isomerization of higher alk&hemd that
The comparison of the reaction paths for carbon isotope found by quantum-chemical calculations for 2-butyl and 2-pentyl
scrambling in the adsorbed propyl group and in the free 2-propyl cation isomerizatiot->) starts with the relatively stable car-
cation is given in Figure 2. The latter reaction (described by bocations.
Koch et alf3, see also Figure 2B) starts with the hydride shift In contrast, the isotope scrambling in the adsorbed species
from the methyl group to the secondary carbon. The resulting starts with the covalent propyl group while the ionic species
1-propyl cation is not a local minimum on the potential energy represent only transition states as shown in Figure 2A. The
surface, but represents a transition state for formation of the consequent cyclopropane ring closure, reorientation of the
corner-PCP ion. The negative eigenvalue in this TS is cyclopropane moiety versus the adsorption site, and ring
contributed mainly by the rotation around the -623 bond, reopening result in formation of the new propyl group with a
which moves the C1 carbon to a position more suitable for different isotope distribution. Such a difference in the mech-
bonding to the C3 carbon. After the corner-PCP is formed its anisms of scrambling in the free propyl cation and in the
ring is reopened in the different position, preserving the-C1 adsorbed propy! group is consistent with the observations of
C3 bond and breaking the €C2 bond. This yields againthe Haw et al®® that the former reaction does not occur at low
transition state and finally the scrambled 2-propyl cation. Such temperatures when the latter one readily occurs.
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4. Conclusion

J. Phys. Chem. B, Vol. 101, No. 27, 199351

(21) Brouwer, D. M.; Oelderic, J. MRec. Tra. Chim.1968 87, 721.
(22) Brouwer, D. M.; Hogeveen, Hrog. Phys. Org. Chenl972 9,

Quantum-chemical calculations on mechanisms involving 179.

participation of the free and protonated cyclopropane species
in the zeolite-catalyzed skeletal isomerization of hydrocarbons
as well as in the liquid superacid catalyzed carbon isotope
scrambling in propane have been performed. The results

obtained indicate that:
1. According to the B3LYP/6-31G* calculations, formation

of cyclopropane from a surface alkoxy species occurs via a

(23) Sauer, J.; Ugliengo, P.; Garrone, E.; Saunders, \Cliém. Re.
1994 94, 2095.

(24) Kramer, G. J.; van Santen, R. 8hem. Re. 1995 95, 637.

(25) Blaszkowski, S. R.; van Santen, R. Fop. Catal, in press.

(26) Rigby, A. M.; Kramer, G. J.; van Santen, R. A.Catal, in press.

(27) Hehre, W. J.; Radom, L.; Schleyer, P. v R.; Pople, JAAInitio
Molecular Orbital Theory John Wiley and Sons: 1986.

(28) Kazansky, V. BAcc. Chem. Red.991, 24, 379.

(29) Kazansky, V. BStud. Surf. Sci. Catall994 85, 251 (Advanced

transition state whose hydrocarbon part resembles a corner-Zeolite Science and Applications, Jansen, J. C., Stoecker, M., Karge, H.
protonated cyclopropane ring. Two conformations of such a G., Weitkamp, J., Eds.; Elsevier, 1994).

transition state were found. They differ in the orientation of

the PCP portion with respect to the acid site.

2. General features of the TS for cyclopropane ring closure/

(30) Kazansky, V. B.; Senchenya, I. M. Catal. 1989 119, 108.

(31) Aronson, M. T.; Gorte, R. J.; Farneth, W. E.; White, D.Am.
Chem. Soc1989 111, 840.

(32) Haw, J. F.; Richardson, B. R.; Oshiro, I. S.; Lado, N. D.; Speed, J.

opening found in the present work are the same as wereA J- Am. Chem. Sod989 111, 2052.

calculated earlier at the MP2/6-31G*//3-21G level and with
planar symmetry constraints. However the activation energy
is found to be significantly lower and thus closer to the available

experimental values.

(33) Haw, J. F.; Nicholas, J. B.; Xu, T.; Beck, L. W.; Ferguson, D. B.
Acc. Chem. Red.996 29, 259.

(34) Senchenya, I. N.; Kazansky, V. Batal. Lett.1991, 8, 317.

(35) Kramer, G. J.; van Santen, R. A.; Emeis, C. A.; Nowak, A. K.
Nature 1993 363 529.

(36) Viruela-Martin, P.; Zikovich-Wilson, C. M.; Corma, Al. Phys.

3. The computed activation energies are found to be ratherChem.1993 97 13713.

sensitive to the level of final energy calculations and less

sensitive to the level of geometry optimization.

4. Structures involved in the carbon isotope scrambling in
the 2-propyl cation were calculated at several theory levels up

(37) Blaszkowski, S. R.; Nascimento, M. A. C.; van Santen, RJA.
Phys. Chem1996 100, 3463.

(38) Kazansky, V. B.; Frash, M. V.; van Santen, R.Appl. Catal. A
1996 146, 225.

(39) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Gill, P. M. W.;

to the G2 model. The relatively stable intermediates of this Johnson, B. G.; Robb, M. A.: Cheeseman, J. R.; Keith, T.; Petersson, G.
superacid-catalyzed reaction are carbocations, in contrast to the?.; Montgomery, J. A.; Raghavachari, K.; Al-Laham, M. A.; Zakrzewski,

zeolite-catalyzed reaction where the relatively stable intermedi-

. G.; Ortiz, J. V.; Foresman, J. B.; Cioslowski, J.; Stefanov, B. B.;
Nanayakkara, A.; Challacombe, M.; Peng, C. Y.; Ayala, P. Y.; Chen, W.;

ates are surface alkoxy species with the corner-protonatedwong, M. W.; Andres, J. L.; Replogle, E. S.; Gomperts, R.; Martin, R. L.;

cyclopropane as a high-energy transition state.
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