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Quantum-chemical calculations were conducted on the basis of
density-functional theory to study reactions of hexyl species in-
volved in the acid-catalyzed isomerization of 2-methyl-pentene-2.
The production of 4-methyl-pentene-2 and 3-methyl-pentene-2 in-
volves 1,2-migrations of hydrogen atoms and methyl groups whose
activation energies are lower than 30 kJ/mol for gaseous carbe-
nium ions. The activation energy for branching rearrangements of
gaseous hexyl cations to form 2,3-dimethyl-butene-2 is 94 kJ/mol.
Transformations of hexyl species were studied in the presence of
gaseous water and an aluminosilicate site to simulate reactions on
acidic oxides. In the presence of these oxygenated (conjugate) bases,
the cationic center in the carbenium ions bonds with oxygen to form
alkoxonium ions and alkoxy species, respectively. The relative en-
ergies of these species are fairly insensitive to their secondary or ter-
tiary nature. Reactive intermediates of the same order are stabilized
more than the corresponding transition states upon interaction with
an oxygenated base, thus leading to an increase in the activation
energies of isomerization reactions. Transition states have greater
separation of electronic charge than the corresponding alkoxonium
ions and alkoxy species. The transition state for branching rear-
rangement requires the greatest separation of electronic charge in
the aluminosilicate cluster; the transition state for methyl migration
requires the second greatest separation of electronic charge; tran-
sition states for hydride shifts require a smaller separation of elec-
tronic charge; and transition states for the protonation of alkenes
to form alkoxy species require the least separation of electronic
charge in the aluminosilicate cluster. These observations imply the
existence of a correlation between the positive charge localized in
the hydrocarbon fragment of a transition state and the sensitivity
of the corresponding reaction pathway to changes in the acidity
of the catalyst. Lastly, activation energies for alkene isomerization
reactions over aluminosilicates are determined by the energies of
transition states with respect to the gaseous reactants plus the acid
site and not by the relative stabilities of the alkoxy intermediates in
the reaction scheme.  © 1999 Academic Press
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1. INTRODUCTION

The acid-catalyzed conversion of hydrocarbons through
cracking, alkylation, and isomerization reactions is of im-
portance in the petrochemical industry (1). Catalysts used
for these transformations typically consist of inorganic
liquid acids (e.g., H,SQO4) or solid oxides such as amor-
phous aluminosilicates and zeolites. Mechanisms for acid-
catalyzed conversions of hydrocarbons have traditionally
been described in terms of carbenium and/or carbonium
ions (2-11), which have been observed in homogeneous,
superacidic media (12-14). For example, carbenium ions
may be formed by protonation of alkenes or by protolytic
cracking of alkanes via carbonium ions. These carbenium
ions may then lead to surface chain reactions, involving
propagation steps such as isomerization, oligomerization,
B-scission, and hydride transfer, which are eventually ter-
minated by steps such as desorption of alkenes and forma-
tion of coke.

The isomerization of carbenium ions proceeds through
branching and nonbranching rearrangements. Nonbranch-
ing rearrangements involve successive hydrogen and alkyl
migration steps, whose activation energies are typically
lower than 30 kJ/mol when the degree of the cation re-
mains constant (as in transitions between secondary carbe-
niumions) (13, 14). These processes are believed to proceed
via transition states containing three-center, two-electron
bonds involving the migrating entity. In contrast, activa-
tion energies of branching rearrangements of species hav-
ing more than four carbon atoms are typically higher than
65 kJ/mol (13, 14), and these processes are believed to pro-
ceed via transition states that resemble protonated cyclo-
propane rings.

Activity and selectivity patterns for the conversion of hy-
drocarbons over solid acid catalysts have been explained
using analogies with reactions of carbenium ions in acidic
solutions (2-11), where reactivity trends are typically based
on differences in the stabilities of primary, secondary,
and tertiary carbenium ions. However, this traditional
viewpoint has been shown to be overly simplistic, since the
reactive intermediates on solid catalysts are more similar



ISOMERIZATION OF 2-METHYL-PENTENE-2

to (neutral) alkoxy species than to (charged) carbenium
ions. Despite evidence for the existence of cyclopentenyl,
indanyl, and trityl cations on acidic zeolites (15, 16), most
spectroscopic (15, 17-23) and quantum-chemical (20, 24—
34) investigations have shown that the ground states of
protonated species involve strong interactions with surface
oxygen atoms (the conjugate basic form of the adsorption
site). Therefore, these species are described more correctly
as alkoxy species covalently bonded to the oxide surface,
and their relative stabilities are insensitive to whether the
hydrocarbon fragment is of a primary, secondary, or ter-
tiary nature. However, these alkoxy species may react via
formation of transition states that resemble carbeniumions
by stretching of the C-O bond (3, 24, 25, 35-44). Because of
the ionic character of these transition states, activation en-
ergies for reactions of hydrocarbons on solid acid catalysts
are different for primary, secondary, and tertiary species,
thereby suggesting that the success of kinetic models based
on reactions of carbenium ions is caused by an ordering of
the activation energies rather than the relative stabilities of
the reaction intermediates (25).

Reactions of hydrocarbons that possess multiple path-
ways are useful probes for the characterization of acid cata-
lysts (45-48). Figure 1 shows several pathways for isomer-
ization of hexyl species in the acid-catalyzed conversion of
2-methyl-pentene-2 (2-MP-2). According to McVicker and
coworkers (45, 46, 48), the conversion of 2-MP-2 can be
catalyzed by amorphous aluminosilicates and the relative
rates of isomerization processes depend on the acidity of the
catalyst: weak acids catalyze migration of the double bond
to produce 4-methyl-pentene-2 (4-MP-2) via 1,2-hydride
shifts; stronger acids are required to catalyze methyl migra-
tions that lead to 3-methyl-pentene-2 (3-MP-2); and even
stronger acids are needed to achieve branching rearrange-
ments involved in the production of 2,3-dimethyl-butene-2
(2,3-DMB-2).

In the present paper, we present results from quantum-
chemical calculations performed on the basis of density-
functional theory (DFT) to study the isomerization of hexyl
species involved in the acid-catalyzed conversion of 2-MP-2
to 4-MP-2, 3-MP-2, and 2,3-DMB-2. Our studies consist of
three scenarios: isomerization of hexyl cations in the gas
phase, reaction in the presence of gaseous water, and trans-
formations of hexyl species on a Brgnsted acid site charac-
teristic of amorphous aluminosilicates. The use of a water
molecule is intended as a first approximation to simulate
the conjugate basic form of an acid site after protonation of
an alkene. The use of a neutral (OH);SiOHAI(OH); clus-
ter is intended to simulate more realistically the acid site of
an amorphous aluminosilicate. The three scenarios chosen
for our studies provide a general view of how the rates of
isomerization of hexyl species are affected as the acidity of
the acid site becomes progressively weaker in moving from
H® to H30® to a neutral aluminosilicate.
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Quantum-chemical calculations have been performed
previously for the isomerization of gaseous butyl (49-51)
and pentyl (52) cations; however, to our knowledge, these
calculations have not yet been conducted for the isomeriza-
tion of hexyl species. We will show that the activation en-
ergies for hydride and methyl migrations involving gaseous
carbenium ions are lower than 30 kJ/mol. Reactions involv-
ing cations of the same degree proceed through transition
states that contain two-electron, three-center bonds involv-
ing the migratory entity, whereas transition states for re-
actions involving cations of different degree resemble the
less stable, in our case secondary, cations. Activation en-
ergies for branching rearrangements in the gas phase are
predicted to be near 94 kJ/mol, and these reactions pro-
ceed via transition states that resemble protonated cyclo-
propane rings. In the presence of a water molecule, the
cationic centers of the various hexyl cations interact with
oxygen to form alkoxonium ions whose relative energies
are less sensitive to their degree, that is, whether they are
secondary or tertiary species. The relative energies of the
various hexyl (alkoxy) species on the aluminosilicate site
are even less sensitive to their degree. Hydride and methyl
migrations, as well as branching reactions, for these alkox-
onium ions and alkoxy species require the separation of
electronic charge and proceed through transition states in
which the positive charge becomes more localized in the
hydrocarbon fragment.

2. METHODOLOGY

Quantum-chemical calculations were performed on the
basis of DFT, using the three-parameter functional B3LYP
(53) along with gaussian-type basis sets (54). This functional
was chosen because it has been shown (52) to describe trans-
formations of hydrocarbons as well as Mgller-Plesset per-
turbation methods (54), while being computationally more
efficient. In general, DFT functionals are known to work
well for the prediction of thermochemical properties of
systems containing light atoms, although they become less
useful for the description of heavy atoms or highly charged
systems (55).

The basis set 6-31G* was used to study reactions of iso-
lated hexyl cations, while the larger basis set 6-31 + G* was
used to compare transformations of carbenium ions in the
gas phase and in the presence of a water molecule. Reac-
tions on amorphous aluminosilicates were studied using the
Brgnsted acid site (OH)3SiOHAI(OH)s. This cluster was
chosen because it is the smallest one that can be used re-
liably while maintaining an acceptable computational cost.
However, it should be recalled that quantum-chemical cal-
culations within the cluster approximation are strongly
dependent on the number surface and bulk atoms incor-
porated in the model, so quantitative predictions are not to
be interpreted absolutely.
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Simulations involving the aluminosilicate cluster were
conducted using the basis set 6-31G* for the hydrocarbon
fragment and the acidic hydrogen, 6-31 + G* for the bridg-
ing oxygen, and 3-21G* for silicon, aluminum, and the six
terminating hydroxyl groups. Detailed information about
the methods used can be found elsewhere (56, 57). The
calculations were performed using the software package
GAuUssIAN 94% (58) on IBM SP2 and DEC-alpha computers.
Structural parameters were determined by optimizing to
stationary points on the potential energy surface (PES) cor-
responding either to the stoichiometry CsH$;, CsH130OHY
or CgH130SiAI(OH)g using the Berny algorithm and re-
dundant internal coordinates (59). Carbenium and alkoxo-
nium ionswere optimized fully, whereas C¢H130SiAI(OH)g
clusters were optimized partially by constraining the SiOH,
AIO¢H, O,SiOH, and O,AIO{H angles to values of 129.8°,
129.9°, 180.0°, and 180.0°, respectively, obtained from an
optimization of the bare acid site, where Ot and Oy, repre-
sent terminal and bridging oxygen atoms, respectively.

Transition states were located on the corresponding PES
to estimate activation energies for the isomerization of
hexyl cations in the gas phase and interacting with water
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and aluminosilicate sites. The location of transition states
employed a STQN method, which uses a linear or quadratic
synchronous transit approach to get closer than an initial
guess to the quadratic region of the PES, followed by a
quasi-Newton or eigenvalue-following algorithm to com-
plete the optimization (60). Optimization criteria consisted
of maximum and root-mean-squared forces of less than 22
and 15 J/mol-pm, respectively. The clusters resulting from
optimizations were classified as local minima or transition
states on the PES by calculating the Hessian matrix ana-
lytically. For local minima, the eigenvalues of the Hessian
matrix were all positive, whereas for transition states only
one eigenvalue was negative (54). Vibrational frequencies
obtained from analyses of force constants were used fur-
ther without scaling to estimate thermochemical proper-
ties of the clusters at 298 K. Typically, the error associated
with the use of DFT methods for the estimation of reac-
tion energetics is less or equal to 20 kJ/mol (56, 57), de-
pending on the energy functional, basis sets, and size of the
molecular cluster used. To verify that the transition states
correspond to the chemical reactions of interest, intrin-
sic reaction coordinate calculations were performed using
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—> (CH3),CHCHCH,CH3 <—> (CH3),CCHCH,CH3
11,2 Me~ 1,2 H~ 11,3 H~
X X X
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-X—H -X—H -X—H
Y Y

D
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.

increasing catalyst acidity,

FIG. L.

Reaction scheme for isomerization of 2-methyl-pentene-2 (2-MP-2) to 4-methyl-pentene-2 (4-MP-2), 3-methyl-pentene-2 (3-MP-2), and

2,3-dimethyl-butene-2 (2,3-DMB-2) over the acid H-X. The symbol X is replaced by a positive charge for transformations of gaseous carbenium ions.
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mass-weighted internal coordinates to follow the reaction
paths in forward and reverse directions from the first-order
saddle points (61-63).

3. RESULTS

3.1. Intermediates in the Isomerization Scheme

The conversion of 2-MP-2 to produce 4-MP-2, 3-MP-2,
and 2,3-DMB-2 can be described as proceeding through
protonation of 2-MP-2 to form the tertiary species
2-methyl-pentyl-2 (A), as shown in Fig. 1, which can subse-
quently react through one of three pathways. First, species
A can undergo rearrangement to the secondary species
2-methyl-pentyl-3 (B) through a 1,2-hydride migration, fol-
lowed by deprotonation to yield the alkene 4-MP-2. Al-
ternatively, species B can undergo consecutive methyl and
hydride migrations to form the tertiary species 3-methyl-
pentyl-3 (D), whose subsequent deprotonation vyields
3-MP-2. Finally, species A can undergo two types of branch-
ing rearrangements to produce 2,3-DMB-2. One pathway
consists of a direct branching rearrangement of species
A to the tertiary species 2,3-dimethyl-butyl (F), whose
subsequent deprotonation yields 2,3-DMB-2. The second
pathway involves the formation of the secondary species
4-methyl-pentyl-2 (E) via 1,3-hydride shift, followed by the
branching rearrangement of this species to species F. This
second pathway can also lead to the formation of species
B and, thus, to the production of 4-MP-2 and eventually to
the formation of 3-MP-2 through a subsequent 1,2-hydride
shift.

Optimized structures of the hexyl cations involved in the
gaseous conversion of 2-MP-2 are shown in Fig. 2. Structural
parameters and relative energies are listed in Tables 1 and
2, respectively. In general, energies for gaseous secondary
cations are calculated to be 40-50 kJ/mol higher than those
for tertiary cations, in agreementwith literature data (13, 14,
64). All hexyl cations in our study exhibit sp?-hybridization
of the carbon atom bearing the formal charge, indicating
the presence of an empty p-orbital. All carbenium ions ex-
hibit distortions such as elongation of C-H (or C-C) bonds
and reduction of CCH (or CCC) angles resulting from hy-
perconjugative interactions (50). These interactions mini-
mize the energy of the cations by maximizing the overlap
between the vacant p-orbital at the formal cationic cen-
ter and nearby, occupied orbitals from the aforementioned
bonds. To highlight these effects in Fig. 2, elongated C-H
bonds (~112 pm) are marked by black hydrogen atoms,
whereas typical C-H bond lengths of 109-110 pm are iden-
tified by shadowed hydrogen atoms. These elongated bonds
are oriented nearly parallel to the vacant p-orbital. More-
over, secondary cations B, C, and E exhibit additional in-
teractions between their cationic centers and adjacent C-C
bonds, leading to low values for specific CCC angles (that
is, values from 80° to 90°). The incorporation of diffuse
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FIG. 2.
(C) 3-methyl-pentyl-2, (D) 3-methyl-pentyl-3, (E) 4-methyl-pentyl-2, and
(F) 2,3-dimethyl-butyl-2 cations. “Shadowed” hydrogen atoms form C-H
bonds of a typical length within 109 to 110 pm, whereas “black” hydrogen
atoms form elongated C-H bonds of lengths greater than 111 pm, due
to hyperconjugative interactions. Structural parameters for the optimized
cations in this figure are listed in Table 1.

Structures of (A) 2-methyl-pentyl-2, (B) 2-methyl-pentyl-3,

functions into the basis set 6-31G* does not affect signif-
icantly the relative energies of the reactive intermediates;
however, these additional functions accentuate the effects
of hyperconjugative interactions involving C-C bonds on
the structure of the secondary cations B, C, and E.

In the presence of a water molecule, the carbon atom
bearing the positive charge in gaseous hexyl cations rehy-
bridizes to a state between sp? and sp° when it interacts with
the oxygen atom to form an alkoxonium ion. Optimized
structures of the alkoxonium ions formed from cations A,
B, C, D, and F are shown in Fig. 3, and their structural pa-
rameters and relative energies are listed in Tables 3 and 4,
respectively. The (attractive) energies of interaction, —AE,,
between water and the gaseous carbenium ions are also
listed in Table 4. The energetic difference of ~45 kJ/mol
between secondary and tertiary cations in the gas phase
is lower by ~20 kJ/mol for the corresponding alkoxonium
ions, since gaseous secondary cations B and C are stabilized
more by interactions with water than are the tertiary cations
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TABLE 1

Structural Parameters Obtained Using the Basis Set 6-31G* for the Optimized Reactants and Products Shown in Fig. 2

A B c D E F
Distances (pm)
CiC, 147 (147) 164 (153) — — 153 (153) 147 (147)
C,Cs 147 (147) 143 (143) 141 (141) 147 (147) 169 (168) —
CsCy 153 (153) 146 (146) 171 (152) 147 (147) 141 (141) 153 (153)
C4Cs 153 (153) 153 (153) 152 (153) 153 (153) 147 (147) 160 (160)
CiCs — — 152 (171) 147 (147) —
C,C, — — — — — 146 (146)
CyCs 147 (147) 153 (164) 148 (148) 158 (158) 153 (153) 147 (147)
HC, — 109 109 109-110 110 —
HC; 110, 112 109 109 — 109 109-110
HC4 110 110, 112 109-110 110, 111 109 110
Angles (°)
C1C,Cs 121.0 (121.2) 90.7 (118.6) — — 106.7 (107.7) —
C,C3Cy 120.4 (120.4) 128.0 (128.0) 81.3 (122.0) 119.3 (119.3) 88.4 (88.8) —
C3C4Cs 111.5 (111.5) 119.8 (119.9) 109.8 (114.2) 119.7 (119.8) 125.6 (125.7) 110.9 (111.0)
C1C,Cs 119.3 (119.3) 110.4 (110.4) — — 116.0 (116.0) 118.8(118.8)
C1CsCy — — 112.4 (113.9) 120.8 (120.9) —
C,C3Cy — — 121.8 (77.8) 119.9 (119.9) — —
CyC4Cs — — — — — 117.9 (117.7)
C,C4Cs — — — — — 101.3 (101.8)
C6C,Cs 119.5 (119.5) 118.8 (91.3) 125.9 (126.0) 106.5 (106.6) 107.7 (107.0) —
CsC2Cy — — — — — 119.9 (120.0)
C1C,Cy — — — — — 121.2 (121.2)

Note. Values in parenthesis correspond to the use of the basis set 6-31 + G*.

A, D, and F. Specifically, the stabilization energy changes
associated with the interaction of water with secondary and
tertiary hexyl cations to form alkoxonium ions are 72 and
40-53 kJ/mol (Table 4), respectively. Therefore, the ener-
gies of alkoxonium ions are less sensitive to their primary,
secondary, or tertiary nature when compared to gaseous

TABLE 2

carbenium ions. The distance between the cationic center in
the hydrocarbon and the oxygen atom in water is predicted
to range from 164 to 174 pm. This distance is comparable to
the typical length of 143 pm for C-O bonds, suggesting that
these two atoms interact covalently. According to Mulliken
population analyses (Fig. 3), about 60% of the total positive

Energetics (kJ/mol) Predicted Using the Basis Set 6-31G* for Various Pathways
Involved in the Isomerization of Isolated Hexyl Cations

AE? AH AG 4-MP-2 2-MP-2
®

Overall reactions tH® 11}{
2-MP-2+H® > A 866 (—866) —841 (—841) —846 (—846) 2 ¥ TSI TS7
A-B 45 (45) 48 (49) 52 (52) B<—>A
B—~C -5 (@) -3 5) -2 ()
c—D —44 (~53) _47 (—54) 50 (~54)
ASE 47 (47 51 (51) 56 (56) Tsx 1TS4
A—F -5 (-4 -2 (-2) 1 O C E «<—>F
Transition states TS6
A TSl 72 (72) 70 (70) 75 (75) TS3 +H®
A TS2 49 (49) 52 (52) 58 (58)
C—>TS3 27 (18) 19 (11) 20 (14)
E_ Tsa 15 (15) 10 (10) 17 an D 2,3-DMB-2
E— TS5 21 (21) 12 (12) 15 (15) +H®
E—TS6 45 (45) 42 (42) 48 (48)
A TS7 94 (94) 94 (94) 105 (104)

Note. Values in parenthesis correspond to the use of the basis set 6-31 + G*.
@ These values have not been corrected by the corresponding changes in zero-point energies.
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FIG. 3. Alkoxonium ions formed upon interaction of hexyl cations
A, B, C, D, and F with water. Structural parameters for these optimized
cations are listed in Table 3. The Mulliken charges included in this figure
are associated with the H,O fragment within each cluster.

charge is localized in the hydrocarbon fragment within the
alkoxonium ions.

The interactions of alkenes with Brgnsted acid sites on
the surface of oxides such asaluminosilicates can lead to for-
mation of -complexes prior to their protonation and even-
tual formation of alkoxy species. Optimized structures of
the 7-complex and transition state involved in the protona-
tion of 2-MP-2 are shown in Fig. 4. The w-complex formed
upon adsorption of 2,3-DMB-2 isalso shown in Fig. 4. Struc-
tural parameters are listed in Tables 5 and 6, while relative
energies are listed in Table 7. As reported elsewhere for
adsorption of isobutene on silica (27), the formation of z-
complexes results mainly in perturbation of the C=C bond
by surface hydroxyl groups. The energy of formation asso-
ciated with 7-complexes is predicted to be —62 + 4 kJ/mol
(Table 7), and it is relatively independent of the nature of
the adsorbed hexene. The Mulliken charge of the hydro-
carbon fragment of the transition state is +0.48e versus the
value of —0.08e for the 7-complex, and the activation en-
ergy for protonation, thus, depends on the ability of the
surface to donate a proton to the adsorbed alkene. The ac-
tivation energy for the protonation of 2-MP-2 to form a
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tertiary alkoxy species is predicted to be 71 kJ/mol relative
to the w-adsorbed alkene. These results are in agreement
with previous ab initio studies performed by Kazansky and
coworkers (19, 32, 34) for the protonation of ethene over
H-zeolites, which led to an activation energy of 64 kJ/mol
relative to r-adsorbed ethene.

It has been suggested (65-68) that the acid strength of a
site can be represented theoretically by the deprotonation
energy of a representative cluster (and this value is equal to
the proton affinity of the conjugate basic form of the site).
The deprotonation energy is defined as the energy required
to remove a proton from the cluster, and it decreases as the
acid strength of the cluster increases. The deprotonation
energy of the aluminosilicate cluster used throughout our
studies is 1420 kd/mol (Table 7), and this value is within the
range of 1000 to 1600 kJ/mol found by Sauer, Kazansky,

TABLE 3

Structural Parameters for the Optimized Alkoxonium
lons Shown in Fig. 3

A-W B-W C-W D-W F-W
Distances (pm)
CiC, 151 155 — — 151
C,Cs 152 152 152 152 —
C3Cy 155 152 155 152 154
C4Cs 153 153 153 154 154
CiCs — — 155 151 —
C,C,4 — — — — 154
C,Cs 151 154 151 153 152
HC, — 110 109 110 —
HC; 110 109 110 — 109, 110
HC, 110 110 110 110 110
HO 98 98 98 98 98
C,0 174 — 164 — 170
C3;0 — 164 — 171 —
Angles (°)
C,C.Cs 116.4  108.0 — — —
C,C3Cy 1128 1207 1124 1137 —
C3C4Cs 1110 1168 1138 1180 110.5
C1C,Cs 1157 1105 — — 1135
C,C3Cy — — 1119 1167 —
Ca2CsCy — — 107.7  116.4 —
C,C4Cs — — — — 114.3
C,C4Cs — — —_ —_ 114.5
CsC2Cs 1166 1125 1194 1178 —
CsC2Cs — — — — 116.3
C,C,C4 — — — — 116.5
C,C,0 100.0 — — — 100.7
C;C,0 100.0 — 104.8 — —
C4C0 — — — — 102.4
CsC,0 104.0 — 106.2 — 104.4
HC,0 — — 97.8 — —
C,C;0 — — — 100.7 —
C,C30 — 104.5 — 101.2 —
C4,C30 — 106.7 — 105.0 —
HC;0 — 97.7 — — —
HOH 107.8 108.0 108.3  107.6 108.0
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Energetics (kJ/mol) Predicted for Various Pathways Involved in the
Isomerization of Alkoxonium lons Formed upon Interaction of the Hexyl

Cations Shown in Fig. 2 with Water

AE? AH AG Experimental®
Overall reactions
H3;0® — H,O 4+ H® 706 671 675
2-MP-2 4+ H30%® — A-W —199 —191 —142 4-MP-2 2-MP-2
A-W — B-W 26 29 31 o @
B-W — C-W 4 3 2 tH30 +H30
C-W — D-W —25 —27 —26

TS1—W

A-W — F-W 9 8 11 B—W < > A—W
Transition states
A-W — TS1-W 58 43 30 ~46
A-W — TS2-W 66 58 46 58 S2—W TS7—W
C-W — TS3-W 34 18 5 ~8
A-W — TS7-W 104 92 83 73 c—w F—W
Heats of formation (—AEy): I-W — I+ W
B-W 72
c-w 72 D—wW 2,3-DMB-2
D-W 44 o
F-W 40 +H30
TS1-W 66
TS2-W 35 3-MP-2
TS3-W 56
TS7-W 42

2 These values have not been corrected by the corresponding changes in zero-
point energies.
b These values correspond to transformations in liquid, superacidic media as
reported in Refs. (13) and (14).

FIG.4. m-complexes formed upon adsorption of (a) 2-MP-2 and
(b) 2,3-DMB-2 on an aluminosilicate site. The transition state for the pro-
tonation of Fig. a is shown in Fig. c. The structural parameters are listed
in Tables 5 and 6.

and their coworkers (65, 67, 68) for various models of
Brgnsted acid sites on aluminosilicates. In comparison, the
deprotonation energy of the hydronium ion (equal to the
proton affinity of water) is calculated to be 706 kJ/mol
(Table 4), reflecting the fact that the hydronium ion is a
stronger acid than the neutral aluminosilicate cluster.

The protonation and further reaction of 2-MP-2 over alu-
minosilicates yields a series of alkoxy species, and their
optimized structures are shown in Fig. 5. Structural pa-
rameters and relative energies are listed in Tables 5 and
7. The values of CCC and CCH angles in Table 5 indicate
that the carbon atom nearest to the bridging oxygen is sp*-
hybridized, in contrast to the sp? hybridization within the
gaseous carbenium ions. In addition, the C-O distances of
150-155 pm are only slightly longer than the value of 143 pm
which is typical of single C-O bonds, thus suggesting that
these two atoms interact covalently. Therefore, these hexyl
species are alkoxy species associated with the aluminosili-
cate cluster. Importantly, the energies of formation of the
various alkoxy species (—74 + 14 kJ/mol on average) are
relatively independent of their primary, secondary, or ter-
tiary nature. Mulliken charges associated with the hydro-
carbon fragments of the alkoxy species in Fig. 5 range from
+0.25e to +-0.30e.
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TABLE 5

Structural Parameters for the Optimized 7-Complexes and Hexyl (Alkoxy) Species
on an Aluminosilicate Site as Shown in Figs. 4 and 5

2-MP-2(x) 23-DMB-2 (%) A-X B-X C-X D-X F-X
distances (pm)
CiC, 151 152 153 154 — — 153
CCs3 135 — 154 154 154 154 —_
CCq 152 151 154 153 155 154 154
CGCs 154 152 153 153 153 154 154
GG — — — — 154 153 —
CCy — 136 — — — — 156
CCs 151 152 153 154 152 154 153
HpyC2 212 210 — — — — —_
HyC3 199 — — — — — —
HyCy — 211 — — — —_ —
HpOp 100 101 — — —_— —_ —
OC2 307 307 155 — 151 —_ 155
OC3 297 — — 152 — 155 -
0G4 — 308 — - - — —
OpSi 166 166 167 167 167 169 168
OpAl 191 191 195 192 192 192 197
0,Si 162-164 162-164 162-164 162-164 162-164 163-165 162-164
OtAl 171-174 171-173 172-174 172-174 172-173 172-173 172-174
angles (°)
C1CCs 1209 — 114.8 1104 — — —
CoG3Cy 1274 — 115.2 119.8 1110 113.0 —
C3C4Cs 1119 1134 1115 112.3 114.2 114.7 109.2
C1CCe 115.6 114.0 110.7 111.0 — — 107.4
Ci1C3Cy — — — — 112.5 1100 —
CoC3Cy — — — — 108.6 1134 —_
CoCyC3 — 123.3 — — — — 114.7
C2G4Cs — 1233 — — - — 114.2
CeC2C3 1235 — 112.2 117.7 116.7 115.3 —_
CeC2Cy —_ 123.3 — — —_ — 1120
CiCCy — 1227 — — — — 1138
HpCoC3 65.6 — — — — — —
HpyC3Ca 76.2 —_ — — —_ — —_
HyC2Cy — 717 — — — — —
HpC4Co — 70.7 — — — — —
H,O,Si 129.8 129.8 1298 129.8 129.8 129.8 129.8
HiO:Al 1299 129.9 1299 129.9 1299 1299 129.9
0450y 104.3-105.4 104.2-105.4 105.2-1060 104.9-1070 102.4-107.0 104.2-109.0 105.3-107.4
OAIO 93.0-105.4 96.5-103.9 101.2-1020 989-1014 96.4-1020 91.9-1046 92.7-110.7
AlOpSi 137.8 140.4 1164 119.7 118.8 114.4 112.6

3.2. Transition States in the Isomerization Scheme
3.2.1. Production of 4-MP-2 (TS1)

The optimized structure of the transition state (TS1) for
the 1,2-hydride migration involved in the isomerization of
A to B is shown in Fig. 6. Energetic and structural parame-
ters of TS1 are listed in Tables 2 and 8. The activation en-
ergies for the forward and reverse reactions are predicted
to be 72 kd/mol and 27 kd/mol, respectively. Uncertainties
in these energies can be caused by inaccurate accounting of
electron-correlation effects by the DFT method, since the
proper inclusion of electron-correlation energies is crucial
when modelling the behavior of carbenium ions (50-52).
Nevertheless, the results of our calculations are in agree-
ment with previous DFT and ab initio studies (52) of sec-
ondary to tertiary 1,2-hydride shifts in methyl-butyl cations,

which have predicted the activation energy to be between
12 and 32 kJ/mol.

The C-H bond involving the migrating hydrogen atom
in TS1 is nearly parallel to the empty p-orbital in atom Cj,
which bears the formal charge. This prediction is in agree-
mentwith the suggestion of Brouwer (13, 14) that the vacant
p-orbital in the formal cationic center becomes coplanar
with the sp3-orbital carrying the migrating entity for a 1,2-
shift to achieve maximum stability of the transition state.
Mulliken population analyses indicate that TS1 resemblesa
secondary cation whose positive charge is localized mainly
in atom Cs.

The presence of a water molecule has a significant effect
on the energetics for the 1,2-hydride migration involved in
the isomerization of A to B. The optimized structure for
this transition state (TS1-W) is shown in Fig. 7, and the
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TABLE 6

Structural Parameters for Transition States of 2-MP-2 Protonation and Isomerization
Reactions on an Aluminosilicate Site as Shown in Figs. 4 and 8

2-MP-2 TS1-X TS2-X TS3-X TS7-X
protonation
distances (pm)
GG 150 151 189 — 153
CCs 140 141 140 141 152
GGy 152 150 151 151 179
C4Cs 154 153 153 153 151
C1Cs — — 179 150 —
CCy — — — — 151
CCe 149 150 149 148 153
HC 174 133 _ 134 —
HC;3 125 132 — 132 126
HCy — — — — 133
OsC2 296 321 324 287 334
OC3 281 281 297 332 274
OpSi 160 157 157 158 157
OpAl 180 177 176 176 177
O¢Si 163-166 164-167 164-167 164-168 164-167
OAl 172-176 172-179 172-179 172177 173-180
angles (°)
C1CGs 118.0 118.6 63.9 — 115.5
CoCaCy 126.7 1265 1235 121.8 53.4
C3C4Cs 110.6 112.8 113.0 116.2 116.2
C1C2Cs 1185 1173 109.3 — 1133
C1C3Cy — — — 117.6 —
GGy - — 71.6 118.7 —
CoCyCs — — — — 54.0
CoC4Cs —_ — — — 121.2
CsC2C3 122.8 1229 123.0 126.7 115.3
CeCoCy — — — — 114.9
H*CC3 45.3 57.6 — 57.2 —
H*CoCy — — — — —
H*C3Cy 81.9 58.4 — 58,8 100.7
H*CsCy — —_ — — 47.9
H*C,Cs — — — — 45.0
70.0 61.0 66.5 95.6 53.9
OpC2C3
OpCrCy — — - — 123.0
0uC3Cs 82.0 92.9 88.0 59.4 99.4
HOSi 129.8 129.8 129.8 129.8 129.8
H,O:Al 129.9 129.9 129.9 129.9 129.9
OSiOp 105.8-111.3 107.5-1120 107.0-112.0 105.0-111.0 106.7-112.4
0,AIO, 98.7-108.8  100.3-111.0 100.6-110.9 102.8-111.2 100.0-110.0
AlOpSi 147.0 158.8 166.3 158.7 158.8

energetic and structural parameters are listed in Tables 4
and 9, respectively. The activation energies for the forward
and reverse reactions are predicted to be 58 and 32 kJ/mol,
respectively. These predictions are higher than the values
of 46 and 8 kJ/mol reported by Brouwer and coworkers
(13, 14) for 1,2-hydride migrations from tertiary to sec-
ondary carbenium ions in superacidic solutions. Calculated
enthalpies of activation are in better agreement with these
experimental barriers. Nevertheless, our predictions are
within the error expected from DFT calculations (56, 57). It
should be noted that since TS1 and B are secondary cations,
they are stabilized by interactions with water more than the

tertiary cation A; stabilization energies are estimated to be
53, 72, and 66 kJ/mol for interactions of A, B, and TS1, re-
spectively, with water (Table 4). Therefore, the activation
energy for the tertiary to secondary 1,2-hydride migration
in the presence of water is lower than in the gas phase, while
the activation energy for the secondary to tertiary reaction
is slightly higher.

The Mulliken charge associated with the hydrocarbon
fragment in TS1-W is increased to 98% of the total charge,
as shown in Fig. 7, and this charge is mainly localized on
atom Cj. Therefore, the isomerization process involves a
separation of electronic charge within the transition state.
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Energetics (kJ/mol) Predicted for Various Pathways Involved
in the Isomerization of Hexyl Species over an Aluminosilicate

Site
AE? AH Experimental®

Overall reactions 4-MP-2 2-MP-2
H-X — H® + X~ 1420
2-MP-2 — 4-MP-2 (trans) 6 5 5 YH—X +H—X
2-MP-2 — 3-MP-2 (trans) 3 3 4
2-MP-2— 2,3-DMB-2 1 0 -1 TS1—X

_ B—X <—> A—X
Intermediates
2-MP-2—H-X () 65
A-X -73 TS2—X TS7—X
B-X =77
C-X —-93 C—X F—X
D-X —70
F-X —56 TS3—X tH—X
2,3-DMB-2—H-X (r) _58
Transition states D—X 2,3-DMB-2
TS(2-MP-2 protonation)-X 6
TS1-X 41 22-52 +H—X
TS2-X 71 55-68
TS3-X 52
TS7-X 117 3-MP-2

Note. Energies of the reactive intermediates and transition states
are reported relative to 2-MP-2 + H-X, where X represents the con-

jugate base of the acid site.

2These values have not been corrected by the corresponding

changes in zero-point energies.

b Overall heats of reaction are calculated from data in standard
thermodynamic tables. Apparent activation energies correspond to
reactions over amorphous silica-alumina and ultrastable Y-zeolite as

reported in Ref. (45).

This view is also supported by the long C,—O and C3-O
distances of 324 and 273 pm, respectively, which suggest
that TS1-W consists essentially of a carbenium ion (TS1)
and neutral water.

The optimized structure of TS1 interacting with the alu-
minosilicate cluster (H-X) is shown in Fig. 8. Structural pa-
rameters and reactions energetics are listed in Tables 6 and
7, respectively. The activation energy for the forward re-
action (A-X — B-X) is predicted to be 41 kJ/mol relative
to gaseous 2-MP-2 plus the acid site. As in the analogous
case involving alkoxonium ions, the activation of A-X to
produce B-X via 1,2-hydride shift requires the separation
of charge, leading to a transition state that resembles a car-
benium ion plus the conjugate basic form of the oxide clus-
ter: Mulliken charges for the hydrocarbon fragments within
A-X and B-X are +0.30e and +0.26¢, whereas this charge is
increased to 4+-0.51e within TS1-X. The existence of a carbe-
nium ion within TS1-X is also evident from the long C,-O
and C3-O distances and the predicted rehybridization of
these carbon atoms from a sp® state in the alkoxy species to
a nearly sp? state in the transition state.

3.2.2. Production of 3-MP-2: 1,2-Methyl Shift (TS2)

The optimized structure of the transition state (TS2) for
the 1,2-methyl migration involved in the isomerization of B
to Cis shown in Fig. 6, and the energetic and structural pa-
rameters are listed in Tables 2 and 8. The activation energies
for the forward and reverse reactions are both predicted
to be lower than 10 kJ/mol. The main feature observed in
the structure of TS2 is a three-center, two-electron bond
involving atoms C,, Cs, and the migrating atom C;. The
C1—C; and C;—C3 distances are near 187 and 180 pm while
the C1C,C; and C,C3C; angles are approximately 65° and
70°, respectively. This symmetric position of the migrating
methyl group is expected on the basis of the small ener-
getic difference between the stable species involved in the
reaction. The Mulliken charges associated with atoms C;
through Cg in TS2 indicate that the positive charge is not
localized in a specific carbon atom, but that it is delocalized
in the C,C,Cs-ring.

The presence of a water molecule has a significant ef-
fect on the isomerization of species B to C. The optimized
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FIG. 5.
are listed in Table 5.

structure of TS2 interacting with water is shown in Fig. 7,
and the corresponding energetic and structural parameters
are listed in Tables 4 and 9, respectively. The activation en-
ergies for the forward and reverse reactions are predicted
to be 40 and 36 kJ/mol, respectively, and these values are
higher than the experimental value of 14 kJ/mol reported
by Brouwer and coworkers (13, 14). The stabilization ener-
gies associated with the formation of alkoxonium ions from
interactions of B and C with water are both near 72 kJ/mol
(Table 4), whereas this value is 35 kJ/mol for TS2. There-
fore, reactive intermediates are stabilized more than the
transition state upon interaction with water, resulting in an
increased activation energy. Mulliken charges (Figs. 3 and
7) indicate that nearly all the positive charge is localized
in the hydrocarbon fragment within TS2-W. Moreover, the
long C,—-O and C3-O distances (305 and 322 pm, respec-
tively) also suggest that TS2-W comprises essentially a free
carbenium ion (TS2) and neutral water.

The optimized structure TS2 interacting with the alumi-
nosilicate cluster is shown is Fig. 8. Structural parameters
and reaction energetics are listed in Tables 6 and 7, re-
spectively. The activation energy for the forward reaction
(B-X— C-X) is predicted to be 71 kJ/mol relative to
gaseous 2-MP-2 plus the acid site. As in the analogous case

Hexyl (alkoxy) species formed upon adsorption and reaction of 2-MP-2 and its isomers on an aluminosilicate site. The structural parameters

involving alkoxonium ions, the activation of B-X to produce
C-X via 1,2-methyl shift requires the separation of charge,
leading to a transition state that resembles a carbenium ion
plus the conjugate basic form of the oxide cluster: Mulliken
charges for the hydrocarbon fragments within B-X and
C-Xare +0.26e and +0.27e, whereas this charge is increased
to +0.54e within TS2-X. The existence of a carbenium ion
within TS2-X is also evident from the long C,~O and C5-O
distances and the predicted rehybridization of these carbon
atoms from a sp° state in the alkoxy species to a nearly sp?
state in the transition state.

3.2.3. Production of 3-MP-2: 1,2-Hydride Shift (TS3)

The optimized structure of the transition state (TS3) for
the 1,2-hydride migration involved in the isomerization of
C to D is shown in Fig. 6, and energetic and structural pa-
rameters are listed in Tables 2 and 8. The activation energies
for the forward and reverse reactions are predicted to be
27 (18) and 71 (71) kJ/mol, respectively, using the basis set
6-31G* (6-31 4+ G*). TS3 is similar to TSI, since it resem-
bles a secondary cation; Mulliken charges in TS3 suggest
that the positive charge is localized mainly in C,. The angle
formed between the C-H bond containing the migrating
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(TS2)

FIG. 6. Transition states of elementary reactions (TS1) A < B, (TS2)
B« C, (TS3) C+«+ D, (TS4) A< E, and (TS5) E < B. The structural pa-
rameters are listed in Table 8.

hydrogen atom and the C,—C3 bond is 98°, showing that
this C—H bond aligns with the vacant p-orbital in Cs.

The optimized structure of TS3 interacting with water is
shown in Fig. 7, and the corresponding energetic and struc-
tural parameters are listed in Tables 4 and 9, respectively.
The activation energies for the forward and reverse con-
version of C to D are 34 and 59 kJ/mol upon interaction
with water, and these values should be compared to the
experimental values of 8 and 46 kJ/mol referred to pre-
viously. Calculated enthalpies of activation are in better
agreement with these experimental barriers. Nevertheless,
our predictions are within the error expected from DFT
calculations (56, 57). The activation energy for the reverse
reaction is lower by 12 kJ/mol than the gas-phase values,
and this behavior is caused by the stronger interaction with
water of secondary species C and TS3, compared to the
tertiary species D. Stabilization energies for species C, TS3,
and D are 72, 56, and 44 kJ/mol, respectively (Table 4). Fur-
thermore, the isomerization process involves a separation
of charge since 99% of the total is localized in the hydro-
carbon fragment within TS3-W. The long C,—O and C3-O
distances (268 and 324 pm, respectively) also suggest that
TS3-W consists essentially of a carbenium ion (TS3) and
neutral water.
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The optimized structure of TS3 interacting with the alu-
minosilicate site is shown in Fig. 8. Structural parameters
and reaction energetics are listed in Tables 6 and 7, re-
spectively. The activation energy for the forward reaction
(C-X— D-X) is predicted to be 52 kJ/mol relative to
gaseous 2-MP-2 plus the bare acid site. As in the analo-
gous case involving alkoxonium ions, the activation of C-X
to produce D-X via 1,2-hydride shift requires the separa-
tion of charge, leading to a transition state that resembles
a carbenium ion plus the conjugate basic form of the ox-
ide cluster; Mulliken charges for the hydrocarbon fragment
within C-X and D-X are both 4-0.26e, whereas this charge is
increased to 4+-0.51e within TS3-X. The existence of a carbe-
nium ion within TS3-X is also evident from the long C,-O
and C3-O distances and the predicted rehybridization of
these carbon atoms from a sp® state in the alkoxy species to
a nearly sp? state in the transition state.

3.2.4. Production of 2,3-DMB-2 (TS4, TS5, and TS6)

The production of 2,3-DMB-2 can take place through
two pathways. The first pathway consists of consecutive
1,3-hydride migrations and branching rearrangements from
species A, to species E, and then to species F. The second

(TS2—W)

(TS1—W)

FIG. 7. Transition states of elementary reactions (TS1-W) A-W
< B-W, (TS2-W) B-W <« C-W, (TS3-W) C-W « D-W, and (TS7-
W) A-W < F-W. The structural parameters are listed in Table 9. The
Mulliken charges included in this figure are associated with the H,O frag-
ment within each cluster.
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TABLE 8
Structural Parameters Obtained Using the Basis Set 6-31G* for Optimized Transition States Shown in Figs. 6 and 9
TS1 TS2 TS3 TS4 TS5 TS6 TS7
distances (pm)
GG 154 (154) 187 (186) —_ 153 (153) 153 (153) 154 (154) 153 (153)
G 145 (145) 140 (140) 145 (145) 154 (154) 152 (152) 183 (183) 147 (147)
GG 146 (146) 151 (151) 158 (158) 147 (148) 140 (140) 144 (144) 178 (178)
C4Cs 155 (156) 154 (154) 153 (153) 150 (150) 148 (148) 152 (152) 152(152)
GG — 180 (180) 153 (153) — — — —
Gy — —_ — 189 (189) —_— 161 (161) 157 (157)
CGe 156 (156) 150 (150) 145 (145) 153 (153) 154 (154) 153 (154) 153 (153)
H'C 112(112) — 195 (195) 121 (122) — 116 (116) —
H'C3 196 (197) - 113(113) —_ 123(123) 157 (157) 144 (145)
H°*Cy — — — 146 (146) 148 (147) - 120 (120)
angles (°)

GGGy 1145 (114.5) 65.0 (65.4) — 115.6(1157)  114.4(1145) 119.9(1199) 116.8(116.8)
GGGy 1279(127.8)  1252(125.2)  114.5(114.5) 774 (77.4) 126.4 (126.6) 57.5 (57.5) 56.8 (56.8)
C3C4Cs 1182(117.9)  109.6(109.6)  1129(113.0)  123.4(1234)  1256(1256)  121.5(121.6)  124.8(124.9)
C1CCe 1129(112.9)  114.2(114.0) — 1176 (1175)  1126(1126) 117.6(1175)  113.9(113.8)
GGGy — 70.0 (69.8) 114.8 (114.8) — — — —
CCGCs — - — 52.9 (52.8) — 73.4(734) 51.5(51.4)
CGyCs — —_— — 122.0 (122.2) — 119.3(1194)  120.4(120.5)
CeC2C3 115.6 (115.4)  124.9(124.8)  127.4(1274)  1149(1150) 110.0(110.0)  122.0(1220) 117.7(117.7)
CiC3Cy — 110.0(110.0)  114.8 (114.9) — — — —
CeCrCy — — — 118.7 (118.7) — 114.2(1142)  116.4(1164)
H*CC3 98.2 (98.6) — — 100.4 (100.4) — 58.2 (58.4) —
H*CCy — — — 50.7 (50.6) — 107.3(107.4) —
H'CCp — — 97.6 (97.7) — 109.6 (109.9) 39.2(39.0) 98.8 (98.8)
H*C3C4 — - — — 68.0 (67.3) 96.7 (96.6) 42.0 (42.0)

Note. Values in parenthesis correspond to the use of the basis set 6-31 + G*.

pathway consists of a direct branching rearrangement from
species A to species F.

The optimized structure of the transition state (TS4) for
the 1,3-hydride migration involved in the isomerization of
A to E is shown in Fig. 6, and energetic and structural pa-
rameters are listed in Tables 2 and 8. The activation en-
ergies for the forward and reverse reactions are predicted
to be 62 and 15 kJ/mol, respectively, regardless of the ba-
sis set used. The activation energy for the reverse reaction,
although within the expected error, is slightly lower than
the value of 36 kJ/mol (13) for 1,3-hydride shifts within ter-
tiary 2,4-dimethyl-pentyl cations. TS4 has a two-electron,
three-center bond involving the migratory entity, but the
overall structure of this edge-protonated cyclopropane ring
is somewhat more complex than TS2. The HC,C, angle of
51° and the relatively short C,—C, distance of 189 pm sug-
gest the formation of a partial bond between these two car-
bon atoms. In addition, Mulliken charges associated with
the carbon atoms in TS4 suggest that the positive charge is
delocalized within the HC,Cy-ring.

Cation E can undergo a 1,2-hydride shift to form sec-
ondary cation B or a branching rearrangement to form
tertiary cation F. The optimized structure of the transition
state (TS5) for isomerization of species E to B is shown in

Fig. 6, and energetic and structural parameters are listed in
Tables 2 and 8. The activation energies for the forward and
reverse reactions are both predicted to be near 22 kJ/mol,
and they are ~10 kJ/mol higher than experimental values
for 1,2-hydride shifts in secondary n-butyl cations (13, 14).
The migrating hydrogen atom is positioned symmetrically
between atoms C3; and C4, which are the atoms bearing
the formal positive charge in cations B and E, respectively.
A two-electron, three-center bond is formed involving the
migratory entity, resulting in delocalization of the positive
charge within the HC3C,-ring.

The branching rearrangement of species E to F proceeds
via transition state TS6. The optimized structure for this
transition state is shown in Fig. 9, and the energetic and
structural parameters are listed in Tables 2 and 8, respec-
tively. The activation energies for the forward and reverse
reactions are predicted to be 45 and 97 kJ/mol, respec-
tively. These results are in agreement with values of 71 to
85 kJ/mol obtained from previous DFT and ab initio cal-
culations (52) of the activation energy for the secondary
to tertiary branching rearrangement of n-pentyl to methyl-
butyl cations.

TS6 resembles a protonated cyclopropane ring. The for-
ward reaction requires not only the migration of ahydrogen
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TABLE 9

Structural Parameters for the Optimized Transition
States Shown in Fig. 7

TS1—W TS2—W TS3—W TS7—W
distances (pm)
CiC 152 183 —_ 153
CCs 141 139 142 148
C3Cy 148 150 153 180
C4Cs 154 153 154 152
Ci1Cs — 185 152 —
CoCy - —_ — 155
C2Cs 152 150 148 153
H'C; 123 — 152 —
H*C3 149 — 122 139
H*Cy — — — 123
C,0 324 305 268 337
C;0 273 322 324 272
HO 97 97 97 97
angles ()
C1CCs 1189 68.8 — 116.0
CaC3Cy 128.8 126.4 122.0 55.0
C3C4Cs 113.8 117.5 114.8 1244
C1CCs 116.0 109.0 — 1133
C2C3Cy — 66.7 117.9 —
CCyCs — — — 51.8
CoCyCs — — —_ 121.8
CeC2C3 122.6 124.8 129.0 117.0
Ci1C3Cy — 114.7 117.2 —
CeCaCy — — — 117.2
H*'CxC3 68.0 — 48.9 —
H*CCy — — - —
H*C3Cs 50.0 — 69.9 98.2
H*C3C4 —_ — —_ 43.0
HC,Cs — — — 50.2
0C,Cs 56.6 84.2 99.7 52.0
OC,Cy — - _ 125.0
0OC5Cs 97.8 704 54.7 102.6
OC:Cs — — — 157.7
HOH 104.6 104.4 104.7 104.6

atom from atom C, to C3, but also the cleavage of the C,—C3
bond and formation of the C,—C,4 bond. The migrating hy-
drogen atom is positioned between atoms C, and Cj; the
H-C, and H-Cj3 distances and the HC,C3 angle are 116 pm,
157 pm, and 58°, respectively. The C,—C3 and C,—C, dis-
tances of 183 and 161 pm suggest cleavage of the former
and formation of the latter bond. The positive charge ap-
pears to be localized mainly in atom C,4 according to the
Mulliken charges.

3.2.5. Production of 2,3-DMB-2 (TS7)

A second pathway for the production of 2,3-DMB-2 is
through the direct branching rearrangement of species A
to F. This reaction proceeds via transition state TS7, whose
structure is shown in Fig. 9 while energetic and structural
parameters are listed in Tables 2 and 8, respectively. The
activation energies for the forward and reverse reactions
are predicted to be 94 and 99 kJ/mol, respectively. TS7 re-
sembles a protonated cyclopropane ring, with the migrating
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hydrogen atom positioned between C3 and C,4. The forward
reaction also requires the cleavage of the C,—C3 bond and
formation of the C,—C4 bond. The C,—C, distance of 157 pm
indicates the formation of this bond. The positive charge ap-
pears to be localized in atom C, according to the Mulliken
charges.

The optimized structure of the transition state for the
direct branching rearrangement in the presence of water
(TS7-W) is shown in Fig. 7, and the corresponding ener-
getic and structural parameters are listed in Tables 4 and 9.
The activation energies for the forward and reverse reac-
tions are 104 and 95 kJ/mol, respectively, which are higher
than the experimental value of approximately 73 kJ/mol re-
ported by Brouwer and coworkers (13, 14). Nevertheless,
our predictions are within the error expected from DFT cal-
culations. The activation energy for the forward reaction is
10 kJ/mol higher than that predicted in the gas phase, since
the tertiary cation A is stabilized by water more than TS7.
In particular, the magnitudes of the energy changes upon
interaction with water are 53 and 42 kJ/mol for species A
and TS7, respectively (Table 4).

The branching rearrangement of species A to F in the
presence of a water molecule involves a separation of
charge within TS7-W, as indicated by Mulliken population
analyses (Figs. 3 and 7). The charge localized in the hy-
drocarbon fragment of TS7-W is 98% of the total charge,
compared to 60% for species A and F in the presence of

(TS2—X)

(TS1—X)

FIG. 8. Transition states for the elementary reactions (TS1-X) A-X
< B-X, (TS2-X) B-X « C-X, and (TS7-X) A-X <> F-X. The structural
parameters are listed in Table 6.
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FIG.9. Transition states of elementary reactions (TS6) E <> F and
(TS7) A < F. The structural parameters are listed in Table 8.

water. In addition, the C,—O and C3-O distances are rela-
tively long (337 and 272 pm, respectively), suggesting that
TS7-W consists essentially of a carbenium ion (TS7) and
neutral water.

The optimized structure of TS7 interacting with the alu-
minosilicate cluster is shown is Fig. 8. Structural parameters
and reaction energetics are listed in Tables 6 and 7, respec-
tively. The activation energy for the forward (A-X — F-X)
reaction is predicted to be 117 kJ/mol relative to gaseous
2-MP-2 plus the acid site. As in the analogous case involv-
ing alkoxonium ions, the activation of A-X to produce F-X
via branching rearrangements requires the separation of
charge, leading to a transition state that resembles a carbe-
nium ion plus the conjugate basic form of the oxide cluster;
Mulliken charges for the hydrocarbon fragment within A-X
and F-X are +0.30e and +0.25e, whereas this charge is in-
creased to 4+0.58e within TS7-X. The existence of a carbe-
nium ion within TS7-X is also evident from the long C,-O
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and C3—-O distances and the predicted rehybridization of
these carbon atoms from a sp® state in the alkoxy species to
a nearly sp? state in the transition state.

4. DISCUSSION

The isomerization of gaseous hexyl cations involves
branching and nonbranching rearrangements whose rates
are significantly different. In particular, nonbranching rear-
rangements consist of relatively fast 1,2-migrations of hy-
drogen atoms and methyl groups whose activation energies
are predicted to be lower than 30 kJ/mol for species of the
same cationic order, or relative to the less stable cation.
The energetic difference between reactive intermediates
also plays an important role: this difference is 40-50 kJ/mol
between secondary and tertiary cations. Transition states
for reactions of cations of the same order have the positive
charge delocalized within two-electron, three-center bonds
involving the migratory entities, which are symmetrically
positioned between the cationic centers of the reactants and
products. Transition states for reactions of cations of differ-
ent order resemble the less stable, in our case secondary,
cations. On the other hand, branching rearrangements,
whose activation energies are predicted to be near 94 kJ/
mol, are more complex reactions involving the simultane-
ous cleavage and formation of C—-C and C-H bonds. Transi-
tion states for these transformations resemble protonated
cyclopropane rings. The complete energy profile for the iso-
merization of gaseous hexyl cations is shown in Fig. 10.

Activation energies predicted for the isomerization of
gaseous hexyl cations are generally higher than those
determined experimentally in superacidic solutions by
Brouwer and coworkers (13, 14). While uncertainties in
these energies can be caused by inaccurate accounting of
electron-correlation effects by the DFT method (50-52),
these discrepancies could indicate that reaction models
based on gaseous carbenium ions are not applicable to stud-
ies in condensed media. Better agreement between pre-
dicted and experimental activation energies is generally ob-
tained if hexyl cations are allowed to interact with water to
form alkoxonium ions. For example, the proper ordering of
the rates of 1,2-methyl versus 1,2-hydride shifts is obtained
for reaction models based on alkoxonium ions. The com-
plete energy profile for reactions of these alkoxonium ions
is shown in Fig. 10. Transformations of alkoxonium ions
are less dependent on the degree of the cations since their
relative energies are less sensitive to the cationic order. Re-
actions of alkoxonium ions are determined mainly by the
required separation of electronic charge upon activation
of the reactive intermediates: ~60% of the total positive
charge is localized in the hydrocarbon fragments of alkox-
onium ions while this charge is increased to more than 98%
of the total charge within transition states. Therefore, since
carbenium ions of the same order are stabilized more by
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FIG. 10. Energy profile for isomerization of gaseous hexyl cations
(dashed line) and cations interacting water (solid line) through nonbranch-

ing and branching rearrangements. The energies are reported relative to
that of alkoxonium ion A-W.

interactions with water than the corresponding transition
states, activation energies are predicted to increase with re-
spect to those for gaseous reactions.

The use of a water molecule in our structural models
allows for an understanding of the factors that limit the
transformation of hexyl species in the presence of an oxy-
genated (conjugate) base. However, the deprotonation en-
ergy of hydronium ions is too low (706 kJ/mol) compared
to that of acidic oxides (1000-1600 kJ/mol) to allow for the
generation of a quantitative model of the relevant surface
chemistry. Furthermore, reaction intermediates on oxide
surfaces are expected to be (neutral) alkoxy species in con-
trast to (charged) alkoxonium ions. This situation is repre-
sented in the present study by calculations involving neutral
aluminosilicate clusters having a deprotonation energy of
1420 kJ/mol. The complete energy profile for reactions of
these alkoxy species is shown in Fig. 11.
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FIG. 11. Energy profile for isomerization of hexyl species on an alu-
minosilicate site. The energies are reported relative to gaseous 2-MP-2 plus
the acid site. Activation energies for the protonation of 7-complexes are
assumed equal to that calculated for the protonation of 2-MP-2 (Table 7).
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The reaction scheme for the isomerization of 2-MP-2 to
4-MP-2, 3-MP-2, and 2,3-DMB-2 over aluminosilicates can
be written as

adsorption (desorption)
2-MP-2 + H-X &=8= 2-MP-2--H-X
4-MP-2 + H-X &8= 4-MP-2--H-X
3-MP-2 + H-X &5= 3-MP-2--H-X
2,3-DMB-2 + H-X &8= 23-DMB-2--H-X
protonation (deprotonation)
2-MP-2---H-X A-X
4-MP-2---H-X B-X
3-MP-2---H-X D-X
2,3-DMB-2---H-X F-X
isomerization
A-X B-X
B-X C-X
C-X D-X
A-X F-X,

where H-X represents the Bransted acid site.

To compare the results of our calculations with exper-
imental data for isomerization of 2-MP-2 to give 4-MP-2
over aluminosilicate catalysts, it is necessary to derive a rate
expression based on the reaction scheme presented above.
For this purpose, we make the following assumptions:

(1) adsorption—desorption processes are quasi-equili-
brated;

(2) free energies of activation for protonation—
deprotonation processes are independent of the nature of
the alkene;

(3) free energies of isomerization steps are independent
of the nature of alkoxy species such that rate coefficients
for the forward and reverse reactions are equal in each step;
and

(4) reaction conditions are such that only 4-MP-2 is
formed.

On the basis of these assumptions, the overall rate of iso-

merization (R) in the limit of zero pressure of 4-MP-2 can
be expressed as

Nampz = (0, G) 9(G, PA),

where f and g are functions of surface coverage by alkoxy
species (0), Gibbs free energies of gaseous and surface

species (G), and the proton affinity of the catalyst site (PA).
Specifically,
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(0.6 = KeKoP
T+ (1+ KK, P

KaB
G, PA) = ,
9EPA = 19K (ko k)

where kag and kj, are rate coefficients for surface isomeriza-
tion (A-X — B-X) and protonation reactions, respectively;
Kp and K are equilibrium constants for surface protona-
tion reactions and for w-adsorption of 2-MP-2; and P; is
the partial pressure of 2-MP-2. It should now be noted that,
since

Kag

2Kp22 & 1,

Kp
the effective rate coefficient for the production of 4-MP-2
is approximately given as

kiKsz ~ KneKzKp
kBT

- = KKz Kp,

where kapg has been replaced by its estimate from transi-
tion state theory (69). The product KKB K, Kp is the overall
equilibrium constant for the reaction:

2-MP-2 + H-X 55 TS1-X.

Therefore, the rate of double-bond isomerization is deter-
mined by the free energy of the transition state (TS1-X)
with respect to gaseous 2-MP-2 plus the acid site, and it
is not controlled by the relative stabilities of = or alkoxy
complexes.

The dependence of the rate of double-bond isomeriza-
tion on the acidity of the catalyst is incorporated implic-
itly in g through activation energies for surface protonation
(Ep) and isomerization (Eag) reactions. This dependence
on surface acidity becomes evident if one assumes that

_ 0
En=Ey—¢
Eag = EQq —
AB = Eag — €AB,

where E and E are defined with respect to the weak-acid
limit (e.g., amorphous aluminosilicates) and positive values
of ey and e ag correspond to stronger acids, such that

ko AB
AB 9Xp< RT)

0 EAB — €p ’
()

Rampz = £(0,G)

As discussed later, we expect e, to be less sensitive than e ag
to changes in the acid strength of the catalyst; therefore,
ep < eaB, and Nampz increases as the catalyst becomes more
acidic.
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We now note that McVicker and co-workers (45, 46, 48)
measured the overall activation energy to be 23 kJ/mol for
the rate of formation of 4-MP-2 from 2-MP-2. According to
the analysis presented above, this value should be compared
to the energy of TS1-X relative to gaseous 2-MP-2 plus the
acid site, which is predicted to be 41 kJ/mol (Table 7). These
experimental and predicted values of the overall activation
energy are in agreement, in view of the simplistic nature of
the aluminosilicate cluster used throughout our studies.

We consider next the rate of production of 3-MP-2 from
2-MP-2. It can be seen in Fig. 11 that the activation energy
for the conversion of B-X to C-X is predicted to be higher
than for the conversion of A-X to B-X and of C-X to D-X.
Therefore, we may assume that

kas ~ kcp > Kac.

Also, we note that all rate coefficients for surface isomer-
ization reactions are smaller than kp, since the activation
energy for the protonation of 2-MP-2 is low (6 kJ/mol).
Application of these assumptions leads to the following ex-
pression (in the limit of zero pressure of 4-MP-2 and 3-MP-
2):

, BC
Ramp2 = ka—mwpz-

P
In a manner analogous to that discussed above, one can
show that the effective rate coefficient for the production
of 3-MP-2 is approximately given as

»Ksc
Ksvipz & KagKr K3 == ko
_ ksT KABKBCKHK%
= <z ,

where all rate coefficients have been replaced by their
estimates from transition state theory (69). The product
KABKBCK K /K?"é is the overall equilibrium constant for
the reaction

2-MP-2 + H-X + TS,-X, 55 TS1-X + TS2-X,

where TS,-X is the transition state for the surface protona-
tion of 2-MP-2. Therefore, the rate of production of 3-MP-2
is determined by the free energy of transition state TS1-X
with respect to gaseous 2-MP-2 plus the bare acid site and
by the free energy of TS2-X with respect to TSp-X. The rate
of reaction is not affected by the relative stabilities of = or
alkoxy complexes.

The ratio of the rate of production of 3-MP-2 to that of 4-
MP-2 (selectivity, Sampy) is approximately given as follows:

ch

Svp2 & Kp— .
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The dependence of Sgvpz On the surface acidity becomes
evident if one assumes that

_ 0
En=E,— &
Egc = E%. —
BC — Epc — €BC»

where EJ and EQ. are defined with respect to the weak-
acid limit and positive values of ¢, and egc correspond to
stronger acids, such that

k%C EBC — 8p
Svp2 A ka—% eXp(T)

As discussed later, surface protonation reactions are ex-
pected to be less sensitive than isomerization reactions to
changes in the acidity of the catalyst; therefore, ¢ < egc,
and Szvp2 increases as the catalyst becomes more acidic.
This predicted behavior is in agreement with experimental
observations (45, 46, 48).

The activation energies for the forward reactions B-
X — C-X — D-Xinvolved in the production of 3-MP-2 are
predicted to be 71 and 52 kJ/mol, respectively, relative to
gaseous 2-MP-2 plus the acid site. These barriers are com-
parable to the values of 55 and 23 kJ/mol reported by
McVicker and coworkers (45, 46, 48) for the 1,2-shifts of
methyl groups and hydrogen atoms over amorphous alu-
minosilicates. Discrepancies between our predictions and
experimental values are probably caused by the high de-
protonation energy of the simplistic aluminosilicate cluster
chosen for our studies.

We consider next the production of 2,3-DMB-2 from 2-
MP-2 over aluminosilicate clusters. It can be seen in Fig. 11
that the activation energy for the reaction A-X — F-X is
considerably higher than for all other isomerization reac-
tions; therefore, we may assume that

Kag = kep > Kae > Kar.

Also, we note that all rate coefficients for surface isomer-
ization reactions are smaller than k,. On the basis of these
assumptions, the following rate expression is obtained (in
the limit of zero pressure of products):

, k k
9i23DMBZ = kﬁ <1 + Kp%> m4|\/|p2.
AB p

The ratio of the rate of production of 2,3-DMB-2 to that of
4-MP-2 (selectivity, Sz3pmsz) is approximately given as

k k
Sapme2 & (1 + Kpﬂ).
Kag Kp

The dependence of Sy3pme2 0N the surface acidity becomes
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evident if one assumes that

_ =0
Ep_Ep—ep
Eas = Edg —
AB = Eag — €AB

0
Ear = Epr — €ar,

where EJ, EQg, and E)p are defined with respect to the
weak-acid limit and positive values of ¢, eag, and ear cor-
respond to stronger acids, such that

Ss3pmB2
k%F EAF — EAB k(/)\B EAB — €p
~ L expl ——— | {1+ Kp-Pexp| —— )¢ .
K Xp( RT ) 5 k9 Xp< RT )

The production of 2,3-DMB-2 is favored over stronger
acid catalysts if surface branching reactions are more sen-
sitive than 1,2-hydride shifts and surface protonation re-
actions to changes in the acidity of the catalyst; that is, if
EAF > EAB > &p.

An alternative approach to the generation of a rate ex-
pression for the rate of branching reactions consists of
assuming that z-adsorption and surface protonation pro-
cesses are quasi-equilibrated in comparison to the branch-
ing rearrangement, in view of the high activation energy
for this isomerization step. The surface coverage by A-Xis
then given by

Oa-x = Kz Ky P Op—x,
and the forward rate of branching is

Nospme2 = Karfa—x
= Kar Kz KpPrOy_x

keT
= BTKKFKHKF,P,QH,X,

where kag has been replaced by its estimate from transi-

tion state theory (69). The product K,’fF K, Kp is the overall
equilibrium constant for the following reaction:

2-MP-2 + H-X 55 TS7-X.

Therefore, we conclude that the rate of branching rear-
rangements and, more generally, the rates of alkene iso-
merization reactions are determined by the free energies
of transition states with respect to the gaseous reactants
plus the acid site and not by the relative stabilities of =
and alkoxy intermediates in the reaction scheme. It is for
this reason, and the fact that transition states have a high
degree of charge separation, that kinetic models based
on carbenium-ion chemistry have been effective for the
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description of reactions of hydrocarbons on solid acid cata-
lysts.

Finally, we consider whether our calculations can explain
why McVicker and co-workers have found that weak acids
catalyze 1,2-hydride shifts in 2-MP-2 to produce 4-MP-2;
that stronger acids are required to catalyze methyl migra-
tions that lead to 3-MP-2; and that even stronger acids are
needed to achieve branching rearrangements involved in
the production of 2,3-DMB-2. We have seen that the rate
of production of 4-MP-2 is controlled by the free energy
of TS1-X with respect to gaseous 2-MP-2 plus the acid site
H-X, and we defined ¢ ag as the change in the energy of TS1-
X with respect to the acidity of the catalyst. We have also
shown that the rate of production of 3-MP-2 is controlled
by the free energy of TS1-X relative to gaseous 2-MP-2
plus the acid site, and by the free energy of TS2-X relative
to that of TS,-X; egc and ep were defined as the changes
in energy of TS2-X and TS,-X with respect to the acidity
of the catalyst. Moreover, we have shown that the rate of
production of 2,3-DMB-2 is controlled by the free energy
of TS7-X with respect to gaseous 2-MP-2 plus the acid site,
and we defined ear as the change in the energy of TS7-X
with respect to the acidity of the catalyst. To explain the
selectivity trends observed by McVicker and co-workers in
terms of acid strength, we need ear > egc > eag > €p. This
trend is, in fact, justified by the Mulliken charges of 0.58e,
0.54e,0.51e, and 0.48e of the hydrocarbon fragments in TS7-
X, TS2-X, TS1-X, and TSy-X, respectively. Hence, there is
a correlation between the charge localized in the hydrocar-
bon fragment of atransition state in an alkene isomerization
scheme and the sensitivity of the corresponding reaction
pathway to changes in the acidity of the catalyst. The tran-
sition state for branching rearrangement (TS7-X) requires
the greatest separation of electronic charge in the alumi-
nosilicate cluster, and its energy is most sensitive (through
ear) to changes in the acidity of the cluster, that is, the abil-
ity of the cluster to donate a proton. The transition state
for methyl migration (TS2-X) requires the second greatest
separation of electronic charge in the aluminosilicate clus-
ter, and its energy is thus less sensitive (through egc) to
changes in the acidity of the cluster. Transition states for
hydride shifts (TS1-X and TS3-X) require a smaller sep-
aration of electronic charge in the aluminosilicate cluster,
and their energies are even less dependent (through e ag) to
changes in the acidity of the catalyst. Lastly, the transition
state for the protonation of 2-MP-2 (TS,-X) to form alkoxy
species requires the least separation of electronic charge
in the aluminosilicate cluster, and the energy of this transi-
tion state is expected to be the least sensitive (through ep)
to changes in the acidity of the cluster. These observations
imply that the greater the extent of charge separation in the
transition state of certain reaction pathway in an alkene iso-
merization scheme, the more sensitive is the selectivity for
this pathway to changes in the acidity of the catalyst.
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5. CONCLUSIONS

The acid-catalyzed conversion of 2-methyl-pentene-2 (2-
MP-2) to 4-methyl-pentene-2 (4-MP-2), 3-methyl-pentene-
2 (3-MP-2), and 2,3-dimethyl-butene-2 (2,3-DMB-2) has
been studied on the basis of density-functional theory. The
production of 4-MP-2 and 3-MP-2 can be described as pro-
ceeding first through the protonation of 2-MP-2 to form
the tertiary 2-methyl-pentyl-2 species. These species can
undergo 1,2-hydride migrations and subsequent deproto-
nation reactions to yield 4-MP-2. Alternatively, they can re-
act via consecutive 1,2-shifts of hydrogen atoms and methyl
groups to yield 3-MP-2. The production of 2,3-DMB-2 from
2-MP-2 can be described through initial protonation of
2-MP-2 to form tertiary 2-methyl-pentyl-2 species, which
can react via two pathways. One pathway involves a 1,3-
hydride shift to form secondary 4-methyl-pentyl-2 species,
which can react further via hydride and methyl migrations
to yield 4-MP-2 and 3-MP-2, or can undergo branching
rearrangement to yield 2,3-DMB-2. The second pathway
consists of direct branching rearrangements of tertiary 2-
methyl-pentyl-2 species to form tertiary 2,3-dimethyl-butyl-
2 species, and thereby yield 2,3-DMB-2.

The activation energies calculated for reactions of
gaseous carbenium ions are not in good agreement with
experimental results for reactions in superacidic solutions.
Better agreement is achieved if the carbenium ions are
allowed to react with a conjugate base, such as the oxy-
gen atom of water. Reaction intermediates interacting with
oxygenated (conjugate) bases such as water or an alumi-
nosilicate site resemble alkoxonium ions and alkoxy com-
plexes, respectively, and hydrocarbon fragments within the
transition states resemble carbenium ions. Transition states
for reactions of cations of the same order contain two-
electron, three-center bonds involving the migratory entity,
whereas transition states for reactions of cations of differ-
ent order resemble the less stable cation. In the presence
of water or on an aluminosilicate site, secondary interme-
diates are stabilized more than tertiary intermediates, and
all intermediates are generally stabilized to a greater extent
than transition states. Accordingly, the activation energies
associated with reactions involving cations of the same or-
der are increased upon interaction with the oxygenated
(conjugate) base. The relative energies of alkoxonium ions
and alkoxy species are fairly insensitive to their secondary
or tertiary nature. In all cases, isomerization reactions of
alkoxonium ions and alkoxy species require the separation
of charge within the transition state. The rates of alkene iso-
merization reactions are determined by the free energies of
transition states with respect to the gaseous reactants plus
the acid site, and not by the relative stabilities of = and
alkoxy intermediates in the reaction scheme.

Finally, our calculations provide an explanation to why
McVicker and coworkers found that weak acids catalyze
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1,2-hydride shifts in 2-MP-2 to produce 4-MP-2; that
stronger acids are required to catalyze methyl migrations
leading to 3-MP-2; and that even stronger acids are needed
to achieve branching rearrangements involved in the pro-
duction of 2,3-DMB-2. Specifically, transition states for the
protonation of alkenes to form alkoxy species require the
least separation of electronic charge in the aluminosili-
cate cluster; transition states for hydride shifts require a
greater separation of electronic charge; the transition state
for methyl migration requires an even greater separation of
electronic charge; and the transition state for direct branch-
ing rearrangements requires the greatest separation of elec-
tronic charge in the aluminosilicate cluster. These obser-
vations imply the existence of a correlation between the
positive charge localized in the hydrocarbon fragment of
a transition state and the sensitivity of the corresponding
reaction pathway to changes in the acidity of the catalyst.
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