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The structure and energetics of then-butonium ion, the protonated form ofn-butane, were computed at the
MP4SDTQ(fc)/6-311++G**//MP2(full)/6-31G** level. Eleven stable structures were found for then-butonium
ion, following the stability order 2-C-n-butonium> 1-C-n-butonium> 2-H-n-butonium> 1-H-n-butonium.
The transition states for intramolecular bond-to-bond rearrangement and for decomposition of the carbonium
ions into the van der Waals complexes were also calculated. The H-n-butonium and the 1-C-n-butonium ions
are higher in energy than the van der Waals complexes13, 14, and15. The van der Waals complexes between
the isopropyl cation plus CH4 and thetert-butyl cation plus H2 are the most stable C4H11

+ species. It was
concluded that the 1-H-n-butonium ion prefers to undergo intramolecular rearrangement to the 1-C-n-butonium
ion, whereas the 2-H-n-butonium ion prefers to decompose into the van der Waals complex of thesec-butyl
cation plus H2. The calculated proton affinity ofn-butane (156.7 kcal/mol) agrees well with the experimental
value of 153.7 kcal/mol. The C4H11

+ (b) species, formed upon the gas-phase reaction between C2H5
+ and

ethane, was confirmed to be the 2-C-n-butonium cation, and the C4H11
+ (a) species was confirmed to be the

2-H-n-butonium cation, as proposed by Hiraoka and Kebarle (Can. J. Chem.1980, 58, 2262-2270). The
experimental activation energy of 9.6 kcal/mol was compared with the value of 12.8 kcal/mol, computed for
the reaction11 f 5 through the transition state21.

Introduction

Carbonium ions are important species involved in acid-
catalyzed alkane transformations. The methonium1 (CH5

+) and
ethonium2 (C2H7

+) ions are the smallest members of this family
and have already been observed in the gas phase by spectro-
scopic methods.3,4 Theoretical ab initio calculations5,6 predict a
structure withCs symmetry for CH5

+, although the intercon-
version among different configurations involves low activation
barriers, making the hydrogen atoms very mobile in the
structure.7-9 For the C2H7

+ cation, theoretical calculations10

reveal the C-ethonium ion, hypothetically formed through the
protonation in the C-C bond of ethane, as the lowest energy
species. Nevertheless, the higher carbonium ions have almost
not been studied by theoretical methods. Our group has recently
performed ab initio calculations for the proponium11 and the
isobutonium12,13 cations, at the perturbational second- and
fourth-order Møller-Plesset levels of theory. Fori-C4H11

+,
protonated isobutane, the calculations indicated that the van der
Waals complexes betweentert-butyl carbenium ion and hydro-
gen and isopropyl carbenium ion and methane are lower in
energy than the carbonium ions themselves. Indeed, additional
calculations13 revealed that decomposition of 2-H-isobutonium,
hypothetically formed through the protonation of the tertiary
C-H bond of isobutane, and of C-isobutonium, formed upon
protonation of the C-C bond of isobutane, to the respective
van der Waals complexes occurs with low or no activation
energy. A similar conclusion was found by Collins and
O’Malley using DFT calculations.14

The good correlation of the theoretical results for propane
and isobutane with the available experimental results led us to
investigate the structure and energetics of then-butonium cations
(n-C4H11

+). These species are isomeric with the isobutonium
cations, and this fact allows direct comparisons among the
different C4H11

+ structures. In a recent study,15 we compared
the relative energies of the C4H11

+ carbonium ions. The
calculations confirmed that the C-butonium ions are lower in
energy than the H-butonium ions. The results were interpreted
in terms of charge delocalization in the atoms and groups of
the three-center-two-electron (3c-2e) bonds. Thus, on H-car-
bonium ions, the hydrogen atoms bear a higher positive charge
compared with those on C-carbonium, where the carbon atoms
and alkyl groups can better accommodate the charge. This study
also indicated that protonation of alkanes in liquid superacids
are governed by kinetic factors associated with the barrier for
proton transfer to theσ bond, rather than by the thermodynamic
factors associated with the basicity of the C-C and C-H bonds.

Protonation ofn-butane can take place at the primary C-H
bonds (six overall), at the secondary C-H bonds (four overall),
and at two distinct types of C-C bonds (two external and one
internal) to form different isomeric structures of then-C4H11

+

cation, as shown in Scheme 1. Experimental data indicate that
n-butonium ions are intermediates in some gas-phase reactions.
Hiraoka and Kebarle16 studied the gas-phase reaction of C2H5

+

with ethane and observed the formation of a C4H11
+ (b)

intermediate, which they suggested was the 2-C-butonium ion.
They estimated the exothermicity of the reaction as 13 kcal/
mol (Scheme 2). The C4H11

+ (b) species interconverts to the
isomeric C4H11

+ (a) species, which can easily decompose into
C4H9

+ and H2. This reaction has an activation energy of 9.3
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kcal/mol and is exothermic by 7.8 kcal/mol. Hiraoka and
Kebarle proposed that the 2-H-butonium cation corresponds to
the structure of the C4H11

+ (a) species. Hence, it decomposes
to the sec-butyl cation plus hydrogen. The C2H5

+ + C2H6 )
C4H9

+ + H2 equilibrium showed a value of∆H ) -20.8 kcal/
mol. The proton affinity (PA) ofn-butane was estimated to be
155 kcal/mol, forming the 2-C-butonium ion. Updated data,
obtained from the NIST database17 (see Supporting Information),
indicate an exothermicity of 13.6( 3 kcal/mol for the reaction
C2H5

+ + C2H6 f C4H11
+(b) and estimate the proton affinity

of n-butane as 153.7 kcal/mol. These new values still hold with
the data previously reported. Nevertheless, the enthalpy change
for the C2H5

+ + C2H6 ) C4H9
+ + H2 equilibrium is much

smaller than previously reported by Hiraoka and Kebarle. Using
the new experimental literature from NIST, one predicts the
∆H value as-12.3 kcal/mol. As a consequence, the enthalpy
change for the interconversion of C4H11

+(b) f [C4H11
+(a)] f

C4H9
+ + H2 was recomputed to be 1.3 kcal/mol.

Experiments in liquid superacid media18 showed thatn-butane
is formed when a mixture of ethylene and ethane is bubbled
through such media. The reaction was explained in terms of
the formation of the 2-C-n-butonium ion as an intermediate. In
this work, we report a detailed ab initio computational study of
then-butonium ion, protonatedn-butane, showing the potential
energy surface and comparing the energetic and interconversion
results with available solution and gas-phase data.

1.1 Computational Details

All calculations were performed at the MP4SDTQ(fc)/6-
311++G**//MP2(full)/6-31G** level, as previously used for
isobutonium and proponium cations. This level of theory proved
to give good correlation with published experimental data.
Nevertheless, for hypercoordinated ions such as carbonium, it
is possible that these species may present large, fairly flat
regions, which would mean that small changes in the relative
energies could represent large displacements in the nuclear
positions. Thus, the use of this level of calculation, despite being
accurate enough for predicting the energetics of chemical
processes (within a few kcal/mol of the true values), serves as
an initial exploratory study of the main processes in the highly
complex potential energy surface (PES) of the hypercoordinated

Figure 1. Minima computed for then-C4H11
+ species.

SCHEME 1 : Schematic View of the Protonation of
n-Butane

SCHEME 2 : Energetics of C2H5
+ + C2H6 Gas-Phase

Reactions (data from ref 16)
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n-butonium ions. The vibrational frequencies were obtained at
the MP2(full)/6-31G** level, and the number of imaginary
frequencies, computed for these stationary points in the PES,
characterizes the structure as a minimum (no imaginary frequen-
cies) or as a transition state (one imaginary frequency). All
energy differences were corrected for zero-point energy (ZPE)
and for a finite temperature of 298.15 K, considering the
vibrational frequencies to be scaled by 0.93.19 If not otherwise
stated, all discussion refers to enthalpy differences at 1 atm and
298.15 K. The calculations were performed using the Gaussian
9420 and GAMESS US21 packages.

1.2 Results

Eleven structures were located as minima in the potential
energy surface of protonatedn-butane. Figure 1 shows the
structures corresponding to these minima. Protonation at the
primary C-H bond produces structures1-3, corresponding to
conformational isomers of the 1-H-n-butonium cation. Proto-
nation at secondary C-H bonds leads to structures4-6, the
conformers of the 2-H-n-butonium cation. Protonation at primary
C-C bonds (external) forms the conformers7-9, corresponding
to the 1-C-n-butonium ion, and protonation at the secondary
C-C bond (internal) leads to the conformers10-11of the 2-C-
n-butonium cation. Other minima in the PES were also found,
and they correspond to van der Waals complexes (Figure 2).
Structure12 corresponds to the complex between thesec-butyl
cation and H2. Structure13 represents the C2H5

+ cation plus
ethane. The complex between protonated methylcyclopropane
plus hydrogen corresponds to structure14, while protonated
cyclopropane plus methane is shown as structure15. Table 1
reports the relative enthalpies, computed at the MP4SDTQ(fc)/
6-311++G**//MP2(full)/6-31G** level (using the scaled vi-
brational frequencies at the MP2 level). See Scheme 3 for the
thermochemistry of the formation of the van der Waals
complexes from11.

The ab initio calculations at the MP4 level indicate that the
most stablen-C4H11

+ species is the 2-C-n-butonium cation11.
Nevertheless, its conformer10 is only 0.1 kcal/mol higher in
energy. The next more stable structure is the van der Waals
complex of thesec-butyl cation and H2 (12), illustrating the
trend of the 2-H-n-butonium ions to decompose, as observed
for the 2-H-proponium cation.11 The 1-C-n-butonium cations
(7-9) are next in stability, reinforcing the lower energy of
C-carbonium ions compared to H-carbonium ions. Among the
H-n-butonium ions, the 1-H-n-butonium cations were calculated
to be more energetic than the 2-H-n-butonium ions. One
observes that2 is the most stable structure among the conformers
corresponding to the 1-H-n-butonium ion, being 0.9 and 0.7
kcal/mol lower in energy than structures1 and3, respectively.
Among the 2-H-n-butonium ions,5 was found to be the most

Figure 2. van der Waals complexes computed as minima for the
n-C4H11

+ species.

TABLE 1: Relative Energies of n-C4H11
+ Isomers Corrected

for Zero Point Energies and 298.15 Ka

species
MP4SDTQ(fc)/6-311++G**//

MP2(full)/6-31G**

1 16.6
2 15.7
3 16.4
4 12.5
5 11.3
6 11.8
7 4.5
8 5.1
9 4.7
10 0.1
11 0.0
12 2.3
13 13.4
14 2.2
15 1.4
16 15.7
17 16.1
18 14.8
19 15.1
20 13.3
21 12.8
22 13.4
23 21.5
24 22.3
25 12.1
26 11.0
27 11.3
28 6.6
29 6.3
30 12.2
s-C3H7

+‚CH4 (31) -5.8
t-C4H9

+‚H2 (32) -9.7
n-C4H10 + H+ 156.7
C2H5

++ C2H6 16.0
t-C4H9

++ H2 -9.6
s-C3H7

++ CH4 -4.5
s-C4H9

+ + H2 3.4
s-C4H9

+ b + H2 3.5

a Values of∆H298
0 in kcal/mol. b Protonated methylcyclopropane.

SCHEME 3 : Thermochemistry of the Formation of van
der Waals Complexes from the 2-C-n-Butonium Ion (11)

Potential Energy Surface of Protonatedn-Butane J. Phys. Chem. A, Vol. 104, No. 26, 20006235



stable structure, followed, respectively, by6 and 4. The van
der Waals complexes13, 14, and15 show higher stability than
the 1-H-n-butonium cations. These ab initio calculations indicate
that the stability of the carbonium ions, formed by the
protonation of differentσ bonds ofn-butane, decreases in the
order secondary C-C > primary C-C > secondary C-H >
primary C-H. We must stress here that this order of stability
is in agreement with the concept ofσ bond reactivity proposed
by Olah22 and is also consistent with the results obtained for
the proponium11 and isobutonium12,13 ions.

The greater stability of the 2-C-n-butonium cations in relation
to the 1-C-n-butonium cations can be rationalized in terms of
resonance structures. One can conclude that the 2-C-n-butonium
cation has a greater capability of stabilizing the positive charge,
as it can delocalize the charge over two ethyl groups linked to
the three-center-two-electron bond. For the 1-C-n-butonium
cation, one of the resonance structures involves a methyl cation,
explaining the difference in stability compared to the 2-C-n-
butonium cation (Figure 3).

Some selected geometrical parameters of then-butonium ions
and the van der Waals complexes are shown in Figures 1 and
2, respectively. It was found that the conformers have similar
geometrical parameters. For the 1-H-n-butonium ions (1-3),
the H-H distance in the three-center-two-electron bond ranges
from 0.909 to 0.932 Å, substantially longer than the bond
distance in the H2 molecule (0.741 Å).23 These values are similar
to the H-H distance calculated for the 1-H-proponium (0.909
Å) and 1-H-isobutonium (0.903 Å) cations. The C-H distance
is about 1.20 Å, indicating a high degree of involvement of the
carbon atom in the 3c-2e bond, as observed for 1-H-proponium
(1.202 and 1.210 Å) and 1-H-isobutonium (1.208 and 1.217 Å)
cations. The H-C-H bond angle of the 3c-2e bond is in the
range of 44°-46°. These results are comparable to the values
obtained for the 1-H-proponium (44.3°) and 1-H-isobutonium
(43.7°) ions. For the 2-H-n-butonium cations (structures4-6),
one observes that the H-H distances range from 0.86 to 0.88
Å, while the C-H distances range from 1.21 to 1.25 Å. The
H-C-H bond angles are within the range of 40°-42°. These
values are similar to the calculated parameters for 2-H-
proponium (0.867 Å for H-H bond distance, 1.234 and 1.245
Å for C-H bond distances, and 41° for the H-C-H bond angle
of the 3c-2e bond). These results indicate that the 3c-2e bond
in the 2-H-n-butonium cations is weaker than that in the 1-H-
n-butonium, showing a greater character of H2 and sec-butyl
carbenium ion. This can be understood by analyzing the
resonance structures for the 3c-2e bond. In the 2-H-n-butonium
cation, one resonance structure has the positive charge on a
secondary carbon atom, whereas in 1-H-n-butonium, the charge
is localized over a primary carbon atom. In the case of the 1-C-
n-butonium ions, an asymmetry is found in the 3c-2e bond, as
reported for the C-proponium and C-isobutonium cations. The
C-H bond distance, referring to the methyl group, was
calculated to be 1.19 Å, whereas the C-H bond distance in the
alkyl moiety is 1.28 Å, similar to that observed for C-proponium

(1.188 and 1.272 Å for the methyl and ethyl moieties,
respectively) and substantially different from that observed for
the C-isobutonium cation (1.137 and 1.470 Å for methyl and
isopropyl moieties, respectively). The C-C bond distance of
the 3c-2e bond is about 2.13 Å in the 1-C-n-butonium cation,
whereas it is 2.099 and 2.470 Å for the C-proponium and
C-isobutonium cations, respectively. The geometrical parameters
are slightly different for the 2-C-n-butonium cation, primarily
because of the higher symmetry of the 3c-2e bond. The C-H
bond distances are 1.23 Å, and the C-C bond length is 2.197
Å for structure11and 2.222 Å for10. The C-H bond distances
for these cations are approximately equal to the average of the
C-H bond distances in the 1-C-n-butonium cations. The
C-H-C bond angle in the 2-C-n-butonium cations is 129.4°
for structure10 and 126.5° for structure11. These values are
slightly larger than the values found for the equivalent bond
angle in structures7-9. A value of 114° was found for9 and
an angle of 120° was calculated for structures7 and 8. The
C-H-C bond angle was calculated to be 117.1° for the
C-proponium ion and 142.3° for the C-isobutonium ion,
probably associated with steric interaction between the alkyl
moieties attached to the three-center-two-electron bond. Some
selected geometrical parameters for the three-center-two-
electron bond in carbonium ions are summarized in Table 2.

Structures12, 13, 14, and 15 represent van der Waals
complexes of neutral molecules with carbenium ions (Figure
2). Structure12 represents the van der Waals complex between
H2 andsec-butyl cation. Earlier studies showed24 that thesec-
butyl cation has a bridged hydrogen atom, with a C-H bond
distance in the 3c-2e bond of 1.301 Å. The H2 molecule is
formed in the complex, as expressed by the H-H bond distance
(0.736 Å). The C-H bond distance, involving the bridged
hydrogen atom in the carbenium ion moiety, is 1.301 Å, equal
to the calculated distance in the isolatedsec-butyl cation. The
H2 molecule is about 2.36 Å away from thesec-butyl moiety.

Figure 3. Resonance structures for the C-butonium cations.

TABLE 2: Geometric Data for the
Three-Center-Two-Electron Bond in Several Carbonium
Ionsa

cation dH-H (Å) dC-H (Å) dC-C (Å)
θH-C-H

(degrees)

methonium 0.957 1.177/1.177 - 48.0
H-ethonium 0.905 1.207/1.206 - 44.0
1-H-proponium 0.909 1.210/1.202 - 44.3
1-H-n-butonium 0.909 1.211/1.202 - 44.2
1-H-isobutonium 0.903 1.217/1.208 - 43.7
2-H-proponium 0.867 1.245/1.234 - 41.0
2-H-n-butonium 0.878 1.251/1.233 - 40.9
2-H-isobutonium 0.832 1.290/1.283 - 37.7
C-ethonium - 1.220/1.220 1.940 105.3
C-proponium - 1.272/1.188 2.099 117.1
1-C-n-butonium - 1.279/1.186 2.128 119.3
2-C-n-butonium - 1.230/1.230 2.197 126.5
C-isobutonium - 1.470/1.137 2.470 142.3

a Data involving the most stable conformer for each type of
carbonium ion. Computed at the MP2(full)/6-31G** level.
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This structure can be produced by the decomposition of the 2-H-
n-butonium cations. Structure13 is the van der Waals complex
between the ethyl cation (C2H5

+) and ethane, possibly formed
from the decomposition of the 2-C-n-butonium cations. The
ethyl cation has a bridged structure, in agreement with other ab
initio calculations and experiments.25 The distance between the
nearest hydrogen atom of the ethane molecule and the nearest
carbon atom in the ethyl cation is 2.657 Å. The bridged
hydrogen atom in the ethyl cation is asymmetrically bonded to
the carbon atoms because of the interaction with the ethane
molecule. Structure14 is the van der Waals complex between
the protonated methylcyclopropane cation and H2. It can be
formed from the decomposition of 2-H-n-butonium cations with
anchimeric assistance from the methyl group at theâ position
relative to the 3c-2e bond. In this complex, the hydrogen
molecule is about 3.3 Å away from the carbenium ion. The
structure of protonated methylcyclopropane is similar to that
found for corner-protonated cyclopropane.26 Structure15 cor-
responds to the van der Waals complex of corner-protonated
cyclopropane and CH4, which could be formed by the decom-
position of the 1-C-n-butonium ions. The methane molecule lies
3.248 Å from the carbenium ion. Protonated cyclopropane has
a geometry slightly different from an isolated ion26 because of
the interaction with the methane molecule.

These minima in the potential energy surface are intercon-
vertible by intramolecular rearrangements. Figure 4 shows a
(reduced dimensional) pictorial representation of the potential
energy surface of then-butonium cations. Figures 5 and 6 show
the structures of the transition states (TS) for the reactions
presented in Figure 4. Structures16-22 correspond to the
transition states for these reactions and are shown in Figure 5.
Structures16, 17, and18 represent the transition states for the
interconversion of the 1-H-n-butonium cations (1, 2, and3) into
the 1-C-n-butonium ions (7, 8, and9). It is observed (see Table
3) that this reaction is exothermic by 10.5 kcal/mol to 11.5 kcal/
mol and involves no or low activation barriers (-0.8 to 0.4
kcal/mol). Transition state19was found for the interconversion
of the 2-H-n-butonium cations (4-6) into the 1-C-n-butonium
cations (7 and8). This reaction was, again, exothermic by 8.0
kcal/mol, and involved an activation barrier of 2.6 kcal/mol,
slightly higher than the barrier found for the same reaction from
1-H-n-butonium. The transition states20-22 connect the 2-H-

n-butonium cation with the 2-C-n-butonium cations (10and11).
This reaction has an activation barrier of 0.9-1.5 kcal/mol and
is exothermic by 12.4-11.3 kcal/mol.

The decomposition of then-butonium cations into van der
Waals complexes occurs through transition states23-30 (Figure
6). Structure23 refers to decomposition of cation1 into the
van der Waals complex14, with the anchimeric assistance of
the ethyl group (C-C-C bond angle of 97.4°). This reaction
is exothermic by 14.3 kcal/mol and presents an activation barrier
of 5.0 kcal/mol. Transition state24 is relative to the decomposi-
tion of cation2 to complex12, with the anchimeric assistance
of the C-H bond, as evidenced by the H-C-C bond angle of
89.8°. This reaction is exothermic by 13.3 kcal/mol and presents
an activation barrier of 6.6 kcal/mol. The transition states25,
26, and27 refer to the decomposition of the 2-H-n-butonium
cations (4-6) into H2 and thesec-butyl cation (van der Waals
complex 12), with no or low anchimeric assistance. The
decomposition reaction is exothermic by 9.0-10.2 kcal/mol and
presents no activation barrier (-0.5 to-0.3 kcal/mol). Transi-
tion state28 corresponds to the decomposition of the 1-C-n-
butonium cations (7-9) directly to the van der Waals complex
between methane and the isopropyl cation (structure31, Figure
7). This reaction is exothermic by about 10 kcal/mol and
presents activation barriers ranging from 1.9 to 2.2 kcal/mol.
Structure 29 is the transition state connecting the 1-C-n-
butonium cation (8) and the van der Waals complex15. This
reaction is exothermic by 3.6 kcal/mol with an activation energy
of 1.2 kcal/mol. Structure30 is the transition state connecting
the 2-C-n-butonium ions (10 and 11) to the van der Waals
complex13. This reaction is endothermic by 13.3 kcal/mol and

TABLE 3: Activation ( ∆Hq) and Reaction (∆Hreaction)
Enthalpies for Interconversion and Decomposition of
n-Butonium Ions

reactant
transition

state product
∆Hq

(kcal/mol)
∆Hreaction

(kcal/mol)

1 16 8 -0.9 -11.5
1 23 4 5.0 -14.3
2 17 8 0.4 -10.6
2 24 12 6.6 -13.3
4 19 7 2.6 -8.0
4 - 9 - -7.8
4 20 10 0.9 -12.4
4 25 14 -0.4 -10.2
4 25 12 -0.4 -10.2
5 - 8 - -6.2
5 21 11 1.5 -11.3
5 26 12 -0.3 -9.0
6 - 7 - -7.3
6 22 10 1.5 -11.7
6 27 12 -0.5 -9.5
7 28 31 2.2 -10.3
8 29 15 1.2 -3.6
9 28 31 1.9 -10.6

10 30 13 12.1 13.3
11 30 13 12.2 13.4

Figure 4. Pictorial representation of the potential energy surface of
the n-butonium cation.

Potential Energy Surface of Protonatedn-Butane J. Phys. Chem. A, Vol. 104, No. 26, 20006237



the transition state is about 12 kcal/mol above the carbonium
ions themselves. The reverse reaction presents no activation
energy. The energy barriers and heats of reaction for these
reactions are summarized in Table 3.

1.3 Discussion

The potential energy surface of then-C4H11
+ cations,

computed at the MP4SDTQ(fc)/6-311++G**//MP2(full)/6-
31G** level and considering corrections for ZPE and 298.15
K, showed that the most stable species is structure11, the 2-C-
n-butonium cation. Structure10 lies 0.1 kcal/mol higher in
energy relative to structure11. Nevertheless, we found, as in
our previous theoretical investigations of the isobutonium
cations, that the most stable C4H11

+ species in the ground-state
potential energy surface is the van der Waals complex between
the tert-butyl cation and H2 (32). The trend observed in the
calculations for other alkanes (ethane, propane, and isobutane),
indicating the stability order primary H-carbonium< secondary
H-carbonium< tertiary H-carbonium< C-carbonium ions, was
also observed for then-butonium cation. Nevertheless, proto-
nation in the central C-C bond of then-butane is favored, which
indicates a preference for proton attack at regions with greater
electronic density.

Sommer and collaborators27 showed the relative importance
of protonation at different positions in the reaction ofn-butane
with HF/SbF5. The relative rates of protonation at the central
C-C bond, primary C-C, and secondary C-H bonds were
measured as being 60:36:4, without considering statistical factors
relative to the total number of bonds. This indicates the higher
reactivity of the central C-C bond compared with the primary
C-C and secondary C-H bonds. These results agree with the
present ab initio calculation, which showed structure11 to be

Figure 5. Optimized geometries and selected geometrical parameters
for the transition states for intramolecular rearrangement of then-C4H11

+

carbocations.
Figure 6. Optimized geometries and selected geometrical parameters
for the transition states for decomposition of then-C4H11

+ carbocations.

Figure 7. MP2(full)/6-31G** optimized geometries and selected
geometrical parameters for the van der Waals complexes of C3H7

+‚
CH4 and t-C4H9

+‚H2.
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the most stable among then-butonium cations. Studies by Olah
and Lin28 on the electrophilic nitration ofn-butane with
NO2

+SbF6
- also support the preferential attack in the secondary

C-C bond followed by primary C-C, secondary C-H, and
primary C-H (24:15:2.3:1, considering statistical factors).
Cracking ofn-butane on the H-ZSM-5 zeolite29 at low conver-
sion levels indicated the preferential attack on the central and
primary C-C bonds relative to the secondary C-H bonds (38:
31:5, considering statistical factors). We point out here that these
results are in agreement with theσ bond basicity order predicted
for n-butane.

Gas-phase protonation ofn-butane with small electrophiles,30

such as H3+ 31 and CHO+,32 show, in general, the following
reactivity order: primary C-C > secondary C-C > secondary
C-H > primary C-H. Calculations are in agreement with these
results, predicting the preferred protonation of C-C bonds in
comparison to C-H bonds. Nevertheless, the experimental data
show a greater selectivity for protonation in the primary C-C
bonds compared to the central C-C bond, in disagreement with
the calculated stability order of the 2-C-n-butonium and 1-C-
n-butonium cations. A possible explanation for this discrepancy
is that the gas-phase reaction is kinetically controlled instead
of thermodynamically driven. Another possibility to explain this
fact would be the initial protonation in the more external and
accessible C-H bonds to form the H-n-butonium cations
followed by rearrangement of these species to the C-carbonium
ions. The interconversion of the 1-H-carbonium ions into the
1-C-carbonium cations has low, or even no, activation barrier,
as indicated by present and previous calculations.13 On the other
hand, the energy barrier for the interconversion of the 2-H-n-
butonium cations to the C-n-butonium cations is higher than
the barriers for the rearrangement of the 1-H-n-butonium cations
to the C-n-butonium ions. The energy barriers computed for
the decomposition of the 2-H-n-butonium cation to the van der
Waals complexes were found to be negative, meaning a
barrierless process. These data express the greater tendency of
the 2-H-n-butonium cation to decompose into the van der Waals
complexes, whereas the 1-H-n-butonium ions tend to undergo
rearrangement to form the 1-C-n-butonium ions by insertion of
the proton into a primary C-C bond. This explains the greater
selectivity observed in the gas phase for the products arising
from protonation of the primary C-C bond. Thus, the observed
products could be generated not only from the direct protonation
of the primary C-C bond, but also from the rearrangement of
the 1-H-n-butonium into the 1-C-n-butonium, followed by
decomposition, in a “two-channel” process.

The calculations predict a PA of 156.7 kcal/mol forn-butane
to form the 2-C-butonium ion. This is in good agreement with
the experimental value of 155 kcal/mol, reported by Hiraoka
and Kebarle,16 and the value of 153.7 kcal/mol, computed from
updated data obtained from the NIST database.17 The energy
difference between isolated C2H5

+ and C2H6 and cation11 has
a predicted∆H value of +16.0 kcal/mol. This is in good
agreement with the estimated experimental∆H value of+13.6
( 3 kcal/mol, supporting the model proposed by Hiraoka and
Kebarle that cation C4H11

+ (b) is the 2-C-n-butonium ion
(structures10 and/or 11). Hiraoka and Kebarle reported the
enthalpy change for the reaction C2H5

+ + C2H6 f s-C4H9
+ +

H2 as -20.8 kcal/mol. Nevertheless, the new value predicted
using the updated data of NIST database is much smaller, being
computed as-12.3 kcal/mol. The enthalpy change predicted
by the ab initio calculations for this reaction is-12.6 kcal/
mol, thus in good agreement with present experimental result
for the reaction. The new pictorial potential energy diagram

supported by the updated experimental data and the ab initio
calculations shows that species C4H11

+ (a) (supposed to be the
2-H-n-butonium cation) proposed by Hiraoka and Kebarle is
now higher in energy than C4H11

+ (b) (the 2-C-n-butonium
cation). The former, which corresponds to structure5 in the
present work, decomposes with a low barrier to thes-C4H9

+

cation and H2. In fact, the ab initio calculations predict that the
decomposition of5 (2-H-n-butonium) to12 (the van der Waals
complex betweens-C4H9

+ and H2) through transition state26
is a process with no barrier or with very low activation energy
(∆Hq ) -0.3 kcal/mol). The transition state to link11, C4H11

+

(b), to 5 has the structure21 (Figure 4). Then, the predicted
activation energy for the reaction is+12.8 kcal/mol. This is
close to the experimental activation energy of 9.6 kcal/mol
observed by Hiraoka and Kebarle, supporting the mechanism
and species proposed in ref 16.

The most stable species on the potential energy surface of
C4H11

+ is structure32, which corresponds to the van der Waals
complex between thet-C4H9

+ cation and H2. It was not possible
to find a transition state connecting structure11 and 32 in a
single elementary step. The rearrangement of the 2-C-n-
butonium cation to the 2-H-n-butonium cation occurs with an
activation barrier of 12.8 kcal/mol. The 2-H-n-butonium cation
(5) decomposes with no energy barrier into the van der Waals
complex12. Hence, the pathway that would lead to the more
stabletert-butyl cation plus H2 would be the rearrangement of
the sec-butyl cation into the van der Waals complex12. This
reaction was calculated by Schleyer,24 also at the MP4 level,
and was predicted to have an energy barrier of 19.6 kcal/mol
for the rearrangement of thesec-butyl cation into thetert-butyl
cation, in good agreement with the experimental result of 18
kcal/mol in solution.33 This reaction does not appear to occur
at the experimental conditions of the Hiraoka and Kebarle
experiment.

1.4 Conclusions

Ab initio calculations, at the MP4 level, were carried out to
determine the structure and energetics linking the many stable
isomers of then-butonium ions. The transition states intercon-
necting these species, as well as the decomposition products,
were also determined. The stability order of then-butonium
species was shown to be 2-C-n-butonium> 1-C-n-butonium
> 2-H-n-butonium > 1-H-n-butonium. The van der Waals
complexes13, 14, and15are more stable than the H-n-butonium
and 1-C-n-butonium ions. The van der Waals complexes of the
isopropyl cation plus CH4 and of thetert-butyl cation plus H2
were found to be the most stable structures among all of the
C4H11

+ isomers. It was concluded that the 1-H-n-butonium ions
prefer to undergo intramolecular rearrangement to the 1-C-n-
butonium ions, whereas the 2-H-n-butonium ions prefer to
decompose into the van der Waals complex of thesec-butyl
cation and H2. The calculated proton affinity ofn-butane (156.7
kcal/mol) agrees well with the experimental value of 155 kcal/
mol, reported by Hiraoka and Kebarle. The C4H11

+ (b) species,
formed upon the gas-phase reaction between C2H5

+ and ethane,
was confirmed to be the 2-C-n-butonium cation, whereas the
C4H11

+ (a) species was found to correspond to the 2-H-n-
butonium cation, as proposed in ref 16. The activation energy
of 9.6 kcal/mol found by Hiraoka and Kebarle is comparable
to the value of 12.8 kcal/mol computed for the reaction11 f
5 through transition state21.
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