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Abstract: In connection with the major unimolecular decompositions of ionized propane, namely, methane elimination
and methyl radical loss, ab initio molecular orbital calculations at the UMP2/6-31G(d) (molecular geometries) and
QCISD(T)/6-311+G(2d,2p) (energies) levels of theory have been used to investigate the relevant parts of the C3H8

•+

ground-state potential energy surface (PES). The calculations demonstrate that at internal energies about 15 kJ/mol
below the thermochemical threshold for methyl radical loss, partial bond dissociation to an ion-neutral complex
consisting of the methyl radical coordinated to the H-bridged ethyl cation and methane elimination therefrom both
occur. The contours of the C3H8

•+ ground-state PES are such that at the threshold for methane elimination the
methyl radical partner of the complex is directed to the hydrogen atom it will abstract without being able to move
freely around the ethyl cation partner. A higher energy configuration of the ion-neutral complex, lying about 11
kJ/mol below the threshold for simple dissociation, mediates the carbon skeletal rearrangement of the propane radical
cation. The observed predominance of the methane losses involving terminal carbon atoms over those involving the
central carbon atom are rationalized on the basis that such a degenerate rearrangement precedes the methane elimination.

Introduction

The unimolecular chemistry of ionized alkanes in the gas
phase has been the subject of ongoing experimental and
theoretical research. Extremely complex behavior is frequently
observed, even for relatively small alkane radical cation species.
One of the major reactions of alkane molecular ions is ejection
of smaller alkanes. The alkanes ejected are composed of alkyl
fragments formed at favorable cleavage points and a hydrogen
atom from an adjacent carbon atom, sometimes after isomer-
ization. This has often been regarded as a 1,2 elimination, which
may or may not be concerted. At present, mechanistic details
concerning the alkane elimination from ionized saturated
hydrocarbons are not well established. In particular, uncertainty
remains about the decomposition of one of the most heavily
studied small alkane ions, the propane radical cation. Some
20 years ago propane and deuterium-labeled propane ions were
studied using threshold photoelectron-photoion coincidence
mass spectrometry (TPE-CPI MS) by Stockbauer and Inghram.1

They found that, although ionized propane-2,2-2H2 loses
predominantly CH4, the eliminations of CH3D and CH2D2 were
not negligibly small. This result contrasted with an earlier
analysis of Lifshitz and Shapiro based on metastable peaks
which suggested that the only significant CH4 elimination
involves a methyl group and a hydrogen atom from the terminal
carbon.2 Wolkoff and Holmes reexamined the metastable
spectrum of ionized propane-2,2-2H2 and found that the
metastable peak for elimination of CH4 was at least 250 times
more intense than elimination of CH3D or CH2D2, but the peak
intensitiesm/z 30:29:28 were about 100:8:9 at 1 eV above
threshold.3 They proposed that the elimination reactions which
involve deuterium atoms from the central carbon have a slightly

higher activation energy and are therefore barely observable in
the microsecond time frame. Derrick and co-workers4 inter-
preted the very large isotope effects (CH4:CH3D:CH2D2 ) 0.87:
0.01:0.12) associated with eliminations of CH4, CH3D, and
CH2D2 from ionized propane-1,1,2,2-2H4 in terms of a nonclas-
sical transition state in which a hydrogen atom on a methyl
group has been transferred to a neighboring C-C bond, forming
a three-center bond. Subsequent TPE-CPI MS studies by
Meisels and co-workers5 indicated that approximately 11% of
all methanes lost from ionized propane-2-13C contain the central
carbon atom and that the threshold energies for methane losses
involving terminal and central carbon atoms lie within 0.22 eV
of each other. They proposed that carbon skeletal rearrangement
of the propane molecular ion does not precede fragmentation
leading to the loss of methane, but that loss of the center carbon
atom may occur in a concerted stepwise cleavage involving a
transition state tighter than that for methane loss involving the
terminal carbon atoms.
We recently reported6 a theoretical study showing that

methane elimination from both ionized butane and isobutane is
mediated by ion-neutral complexes, i.e., species in which
noncovalent interactions retain close together two entities formed
by simple bond cleavages so that they are able to react
unimolecularly (e.g., an incipient cation may isomerize) or
bimolecularly (e.g., by hydrogen atom transfer),7 supporting a
similar proposal by Wendelboe, Bowen, and Williams.8 In
particular, both the isomerization of ionized butane to the
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isobutane radical cation and methane elimination from ionized
butane were found to take place via an ion-neutral complex
between a nonclassical H-bridged propyl cation and the methyl
radical, which lies 15 kJ/molaboVe the sum of the energies of
sec-propyl cation and methyl radical. Methane elimination from
ionized isobutane also was found to take place via an ion-
neutral complex betweensec-propyl cation and methyl radical,
lying 13 kJ/mol below the energy of its loosely bound
components. These theoretical results were consistent with mass
spectrometry experimental findings reported in the literature.
In light of the diversity of suggestions regarding the mech-

anism of the elimination of methane containing the internal
methylene from ionized propane, the highly unusual nature of
an alkane elimination from the middle of a carbon skeleton,
and the specificity of the methane elimination, we undertook a
theoretical study to try to answer the following questions: What
is the ground-state equilibrium structure of ionized propane
(I •+)? Does an ion-neutral complex mediate the decomposition

modes of I •+ and, if so, what is its nature? Can methane
elimination be specific and at the same time be complex-
mediated rather than concerted? Does the carbon skeletal
rearrangement ofI •+ precede the loss of methane bearing the
central carbon atom and, if so, how does it take place? Why
are the threshold energies for methane eliminations involving
terminal and central carbon atoms within a few kJ/mol of each
other? To answer these questions, we investigated the stationary
points on the C3H8

•+ ground-state potential energy surface (PES)
most relevant to the CH3• and CH4 losses fromI •+ by means of
ab initio molecular orbital calculations. We report here the
energetic and structural results of this theoretical investigation.
The findings presented demonstrate that an ion-neutral complex
mediates both the carbon skeletal rearrangement and the methane
elimination fromI •+.

Computational Details

The geometries of the relevant stationary points on the C3H8
•+

ground-state PES were located at the full (i.e., not frozen core) second-
order Møller-Plesset perturbation theory9 employing the split-valence
d-polarized 6-31G(d) basis set.10 The amount of spin contamination
in the reference spin-unrestricted Hartree-Fock (UHF)11wave function
was found to be very small; thus the expectation values of theŜ2

operator were always very close to the value of 0.75 for a pure doublet
state, i.e., in a range of 0.7586 to 0.7892. Some calculations were
also carried out using (frozen core) quadratic configuration interaction
with the singles and doubles (QCISD) method12 employing the 6-31G-
(d) basis set. To characterize the stationary points as minima or as
saddle points and to facilitate zero-point vibrational energy (ZPVE)
corrections to the relative energies, the harmonic vibrational frequencies
were obtained by diagonalizing the mass-weighted Cartesian force
constant matrix. At the UMP2/6-31G(d) level, the force constant
matrices were calculated from analytical second derivatives of the total
energy, whereas at the QCISD/6-31G(d) level those matrices were
calculated numerically by finite differences of analytical gradients. In
order to predict more reliable ZPVE values, the raw UMP2/6-31G(d)
harmonic vibrational frequencies were scaled by 0.93 to account for
their average overestimation at this level of theory.13

Equilibrium structures were fully optimized within appropriate
symmetry constraints using analytical gradient methods.14 Starting
geometries for the transition-structure optimizations were obtained by
the usual reaction-coordinate method, the energy being minimized with
respect to all other geometrical variables for successive increments in
the reaction coordinate. The approximate transition structures located
in this way were refined by minimizing the scalar gradient of the energy,
using Schlegel’s algorithm.14 The optimized geometries were checked
for the correct number of imaginary eigenvalues of the force constant
matrix.
At geometries optimized using the UMP2/6-31G(d) wave function,

the energies were recalculated using (frozen core) QCISD with the
perturbative estimation of triples (QCISD(T)) method12 employing the
double d,p-polarized triple split-valence 6-311G(2d,2p) basis set.15 In
order to see if diffuse functions might be important in describing
cation-molecule interactions, the QCISD(T) calculations were also
carried out with the 6-311+G(2d,2p) basis set, which includes a single
additional diffuse sp shell on heavy atoms only.16 There was little
difference in the energy changes calculated using the two basis sets
and only the energies derived from the latter are reported. Our best
relative energies correspond to the QCISD(T)/6-311+G(2d,2p) level
together with the ZPVE correction calculated at the UMP2/6-31G(d)
level. Unless otherwise noted, relative energies in the text refer to
this overall level of theory.
Basis set superposition errors (BSSE) are expected to affect the

computed interaction in electrostatically bound species.17 However, it
has been shown that these effects, although they tend to overestimate
the ion-neutral complex stability relative to that of the completely
separated components, are not very pronounced and do not exceed 4-8
kJ/mol.18

The charge and spin density distributions of the most relevant
structures were analyzed within the framework of the topological theory
of atoms in molecules19 by means of the relaxed first-order electron
density and spin density matrices obtained from UMP2 (full) gradient
calculations with the 6-31G(d) basis set.20

All of the ab initio calculations described here were performed with
the GAUSSIAN 92 and GAUSSIAN 94 program packages,21 running
on an IBM RS6000/58H workstation and on the IBM SP2 computer at
the Centre de Supercomputacio de Catalunya (CESCA) in Barcelona.
A locally modified version22 of the PROAIM program23was employed
in computations of Bader atomic charges and spin densities.
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Results and Discussion

The most relevant geometrical parameters of the optimized
molecular structure are given in Figures 1-9 (bond lengths in
Å and bond angles in deg), which are computer-generated plots
of the UMP2/6-31G(d)-optimized geometries. The fully opti-
mized geometries are available as supporting information. Total
energies calculated at various levels of theory are given in Table
1, which includes the ZPVE computed from the scaled
vibrational frequencies. Relative energies are collected in Table
2, together with experimental data derived from known heats
of formation or appearance energy measurements. Finally, the
total atomic charges and spin densities of the most relevant
structures are shown in Tables 3 and 4, respectively.
A. Propane Radical Cation. For the purpose of illustrating

the change in molecular geometry accompanying ionization,
Figure 1 shows the equilibrium structure (I ) of neutral propane optimized at the MP2/6-31G(d) level. Except for the more

elongated C-H bonds, the geometry ofI agrees very well with
that obtained at the HF/6-31G(d) level.24 We note the excellent
agreement between the calculated C-C bond distance of 1.524

(23) (a) Biegler-Ko¨nig, F. W.; Bader, R. F. W.; Tang, T.-H.J. Comput.
Chem. 1982, 3, 317. (b) Bader, R. F. W.; Tang, T.-H.; Tal, Y.; Biegler-
König, F. W.J. Am. Chem. Soc. 1982, 104, 946.

Table 1. Calculated Total Energies (hartrees) and Zero-Point Vibrational Energies (ZPVE, kJ/mol)a for MP2/6-31G(d) Optimized Structures

structure point group state n.i.v.f.b UMP2/6-31G(d) QCISDc/6-311+G(2d,2p) QCISD(T)c/6-311+G(2d,2p) ZPVE

I C2V
1A1 0 -118.674 41 -118.843 97 -118.862 12 261

II C2V
2B2 0d -118.279 91 -118.442 12 -118.460 23 247

III Cs
2A′ 0 -118.279 06 -118.445 68 -118.461 90 246

IV C2V
1A1 0 -78.561 45 -78.661 93 -78.673 03 154

CH3
• D3h

2A2′′ 0 -39.673 03 -39.741 28 -39.745 31 75
V D2

2B1 0 -77.926 51 -78.015 89 -78.024 10 123
CH4 Td 1A1 0 -40.337 04 -40.414 68 -40.420 05 113
VI Cs

2A′ 1 -118.240 55 -118.408 90 -118.424 37 233
VII Cs

2A′ 1 -118.240 60 -118.409 98 -118.425 59 233
VIII Cs

2A′ 0 -118.247 95 -118.415 79 -118.432 26 233
IX Cs

2A′ 1 -118.247 73 -118.416 58 -118.433 76 230
X Cs

2A′ 0 -118.268 22 -118.437 25 -118.453 87 240
XI C1

2A 1 -118.209 83 -118.380 11 -118.398 29 223

aCalculated using MP2/6-31G(d) vibrational frequencies, scaled by 0.93.bNumber of imaginary vibrational frequencies.c In the frozen core
approximation.d At the QCISD/6-31G(d) level it has 1 imaginary vibrational frequency.

Table 2. Calculated Relative Energies (kJ/mol) for MP2/6-31G(d)-Optimized Stationary Points on the C3H8
•+ Potential Energy Surface

stationary point UMP2/6-31G(d) QCISDa/6-311+G(2d,2p) QCISD(T)a/6-311+G(2d,2p) QCISD(T)a/6-311+G(2d,2p)+ ZPVE exp

III 0 0 0 0
II -2 9 4 5
IV + CH3

• 117 112 114 97 97b

V + CH4 41 40 47 37 41c

VI 101 97 99 86
VII 101 94 95 82 74d

VIII 82 78 78 65
IX 82 76 74 58
X 28 22 21 15
XI 182 172 167 144

a In the frozen core approximation.b Estimated from 0 K heats of formation.42 c Estimated from 0 K heats of formation.45 d Estimated from the
appearance potential46 for methane elimination from ionized propane and the propane adiabatic ionization potential.42

Table 3. Calculated Atomic Charges for MP2/6-31G(d)-Optimized
Structuresa,b

atom III IV VI VII VIII IX X

C1 -0.100 -0.057 -0.048 -0.132 -0.077 -0.082 +0.011
C2 -0.079 -0.057 -0.048 +0.016 -0.077 -0.085 -0.019
C3 -0.100 -0.250 -0.259 -0.265 -0.261 -0.139
H1 +0.172 +0.245 +0.234 +0.188 +0.198 +0.189 +0.194
H2 +0.122 +0.217 +0.212 +0.188 +0.198 +0.189 +0.194
H3 +0.122 +0.217 +0.212 +0.240 +0.276 +0.281 +0.006
H4 +0.167 +0.217 +0.212 +0.216 +0.198 +0.189 +0.193
H5 +0.167 +0.217 +0.212 +0.216 +0.198 +0.189 +0.193
H6 +0.176 +0.088 +0.109 +0.117 +0.131 +0.126
H7 +0.176 +0.090 +0.109 +0.117 +0.131 +0.126
H8 +0.183 +0.088 +0.113 +0.117 +0.130 +0.117
aDetermined from Bader population analysis of the UMP2(full)/6-

31G(d) wave function.b Atom numberings refers to Figures 2-8.

Table 4. Calculated Atomic Spin Densities for MP2/
6-31G(d)-Optimized Structuresa,b

atom III VI VII VIII IX X

C1 0.039 0.010 0.042 0.043 0.079 0.556
C2 0.345 0.010 0.033 0.042 0.076 0.247
C3 0.489 0.979 0.906 0.878 0.797 0.187
H1 0.081 0.010 0.000 0.000 -0.001 -0.006
H2 0.006 0.000 0.000 0.000 -0.001 -0.006
H3 0.006 0.000 0.013 0.041 0.047 0.024
H4 0.009 0.000 0.004 0.000 -0.001 -0.006
H5 0.009 0.000 0.004 0.000 -0.001 -0.006
H6 0.003 -0.003 -0.001 0.000 0.001 0.004
H7 0.003 -0.003 -0.001 0.000 0.001 0.004
H8 0.010 -0.003 -0.002 0.000 0.001 0.001

aDetermined from Bader population analysis of the UMP2(full)/6-
31G(d) wave function.bAtom numberings refers to Figures 2 and 4-8.

Figure 1. MP2/6-31G(d)-optimized equilibrium structure of neutral
propane.
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Å and the experimental value of 1.526 Å.24 As observed in
previous theoretical studies,25 the three highest occupied mo-
lecular orbitals of1 (i.e., 6a1, 4b2, and 2b1) were found to be
close in energy (within 0.3 eV). The equilibrium structure of
I •+ was first investigated inC2V symmetry. In agreement with
previous calculations of Lunell and co-workers,26we found that
removal of an electron from the 4b2 orbital produces a radical
cation in the2B2 state, which turned out to be the electronic
ground state ofI •+ at the UMP2/6-31G(d) level. The optimized
geometry of this state,II (Figure 2), shows that the C-C bond
distances are 0.053 Å longer and the C-C-C bond angle is
18° smaller as compared with the equilibrium structureI
calculated for the neutral parent molecule. The harmonic
vibrational frequencies calculated forII indicated that it is a
true local minimum on the UMP2/6-31G(d) PES. As was
previously found by Bellville and Bauld27 and Bouma and co-
workers,25 a Cs minimum with one long and one short C-C
bond was located on the ground-state PES whose electronic
wave function has2A′ symmetry. At the UMP2/6-31G(d) level,
the optimized geometry of this minimum,III (Figure 2), is
higher in energy thanII by only 2 kJ/mol. However, single-
point QCISD and QCISD(T) calculations with the 6-311+G-
(2d,2p) basis set at the UMP/6-31G(d) optimized geometries
showed thatIII is 9 and 4 kJ/mol, respectively,lessenergetic
than II . For checking purposes, we carried out additional
geometry optimizations of the electronic ground state ofI •+ in

C2V andCs symmetries at the QCISD level of theory with the
6-31G(d) basis set. The most relevant geometrical parameters
of the QCISD optimized structures are given in Figure 2, along
with the UMP2/6-31G(d) optimized values. With the exception
of the C-C bonds that are somewhat longer, the QCISD and
UMP2 optimized geometries agree closely. At the QCISD/6-
31G(d) level, theC2V structure (II ) is higher in energy than the
Csone (III ) by 8 kJ/mol.28 The calculated harmonic vibrational
frequencies showed thatII is a saddle point on the QCISD/6-
31G(d) PES, whileIII is a true local energy minimum. The
one imaginary frequency (317i) of II corresponds to a normal
mode of b2 symmetry, which leads to a shortening of one and
the lengthening of the other C-C bond, i.e. to a distortion
toward theCs structureIII . At the QCISD(T)/6-311+G(2d,-
2p)//QCISD/6-31G(d) level the energy difference betweenII
and III is calculated to be only 4 kJ/mol.29 Inclusion of the
ZPVE correction calculated from the unscaled QCISD/6-31G-
(d) harmonic vibrational frequencies leads to an energy differ-
ence of only 3 kJ/mol at 0 K. This energy difference represents
the barrier to interconversion of two equivalent structuresIII :

Such an interconversion is clearly a facile process. At this point
we note that recent density functional theory (DFT) calcula-
tions30 (using the parametrization due to Vosko et al.31 including
nonlocal density gradient corrections by Becke32 for the
exchange functional and by Perdew33 for the correlation part)
performed with a polarized double-ú basis set do not support
the existence of a “long-bond” ground stateI •+ of lower
symmetry thanC2V. To investigate whether the expectedC2V
structure ofI •+ may be found as a minimum on a PES computed
with a more accurate DFT method, B3-LYP (Becke’s three-
parameter nonlocal exchange hybrid functional34 with the
nonlocal correlation functional of Lee et al.35) geometry
optimization and harmonic vibrational frequencies calculations
with the 6-311G(d,p) basis were performed. Once again it was
found thatII is a saddle point on the B3-LYP/6-311G(d,p) PES,
while III is a true local energy minimum. At the B3-LYP/6-
311G(d,p) level,II was calculated to be higher in energy than
III by only 4 kJ/mol.36 In conclusion, at both the QCISD and
B3-LYP levels of theory, the electronic ground-state ofI •+ is
predicted to be a long-bondCs structure.
The energy ofIII relative to that ofI (Table 1), i.e., the

calculated adiabatic ionization potential of1, is 10.74 eV.
Experimental values range from 10.937 to 11.1438 eV. On the
other hand, the first vertical ionization potential of propane,
determined as the difference in total energies (QCISD(T)/6-
311+G(2d,2p)) of propane and ionized propane (2B2) (both
calculations being performed at the optimum geometryI ),39 is
12.07 eV, compared with experimental values of 11.537 and 12.7
eV.40
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Figure 2. UMP2/6-31G(d)-optimized structures of the propane radical
cation (QCISD/6-31G(d)-optimized geometrical parameters are given
in parentheses).
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B. Loss of CH3• from Ionized Propane. We elongated the
long C-C bond of III systematically in steps of 0.1 Å by
optimizing all other geometry parameters to simulate the
minimum energy reaction path (MERP) for CH3• elimination.
The increase of the C2-C3 distance caused a simultaneous
lengthening of theanti C-H bond accompanied by the
displacement of the H1 hydrogen atom toward the C2 carbon
atom, while the energy increased steadily. This path led to the
dissociation ofI •+ to C2H5

+ and CH3•. In agreement with
previous theoretical investigations at more sophisticated ab initio
levels,41 our MP2/6-31G(d) calculations predict a H-bridged
equilibrium structure for C2H5

+ (IV , Figure 3). It is worth
noting that the C-C bond length and the distance between the
bridged hydrogen atom and the carbon atoms calculated forIV
are in excellent agreement with the values of 1.380 and 1.309
Å, respectively, predicted by recent coupled-cluster singles and
doubles calculations using a triple-ú double polarization basis
set.41c At the UMP2/6-31G(d) level, the sum of the energies
of the separated fragments, C2H5

+ and CH3•, lies 117 kJ/mol
above the energy ofIII . At the QCISD(T)/6-311+G(2d,2p)
level, this dissociation energy is calculated to be 114 kJ/mol.
The ZPVE correction reduces the predicted (0 K) dissociation
energy to the value of 97 kJ/mol, which is in excellent agreement
with the experimental estimate of 97 kJ/mol determined from
0 K heats of formation.42

C. Carbon Skeletal Rearrangement of the Ionized Pro-
pane. Starting from structureIII with the long C2-C3 bond
distance stretched to 2.96 Å, an extensive grid search using this
distance and the C1-C2-C3 bond angle as reaction coordinates
while maintaining the initialCs symmetry led to the approximate
location of a saddle point at C2-C3 ) 3.25 Å and C1-C2-
C3 ) 78°. The structure located in this way was refined by
minimizing the scalar gradient of the energy using Schlegel’s
algorithm. The resulting optimized structure,VI (Figure 4),
was characterized as a true transition structure by checking that

it had only one imaginary harmonic vibrational frequency. The
atomic displacements associated to the one imaginary frequency
(145i) of VI consisted mainly of a combined closure (or
opening) of the C1-C2-C3 and H1-C1-C2 angles. Further
decrements of the C1-C2-C3 angle inVI yielded a smooth
path leading to a structure akin toIII , showing one long (C3-
C1) and one short (C1-C2) bond. Therefore,VI is a transition
structure for the carbon skeletal rearrangement ofI •+:

At the UMP2/6-31G(d) and QCISD(T)/6-311+G(2d,2p) levels
of theory,VI lies 101 and 99 kJ/mol, respectively, aboveIII .
Inclusion of the ZPVE correction in the latter value leads to an
energy of activation at 0 K of 86 kJ/mol for the degenerate
rearrangement of eq 2.
The long C1-C3 and C2-C3 distances (3.259 Å) inVI ,

along with the fact that the CH3 and C2H5 parts show geometries
nearly identical to the equilibrium structures calculated for the
isolated methyl radical and H-bridged ethyl cationIV (Figure
3), indicate that these entities are loosely bound inVI .
Furthermore, the charge and spin density distributions (Tables
3 and 4) show that the sum of the total atomic charges of the
ethyl unit (+0.985) accounts for nearly the 99% of the positive
charge ofVI , whereas the sum of the total spin densities of the
methyl unit (0.970) accounts for the 97% of the unpaired
electron population ofVI . Therefore, on the basis of the
molecular geometry and the distribution of the total atomic
charges and spin densities,VI can be viewed as an ion-neutral
complex between the H-bridged ethyl cation and the methyl
radical. Since the dissociation energy ofIII to C2H5

+ and CH3•

is calculated to be 97 kJ/mol andVI is predicted to lie 86 kJ/
mol aboveIII , it turns out thatVI is stabilized by 11 kJ/mol
toward decomposition to its loosely bound components.
D. Elimination of CH 4 from Ionized Propane. The

equilibrium structure (V) calculated for the ethene radical cation
produced in the methane elimination fromI •+ is displayed in
Figure 3. The torsional angle between the two CH2 groups of
V is predicted to be 13.0°. This value is close to the torsional
angle of 12.3° calculated at the UMP2/6-311++G(2d,2p) level
by Lunell and co-workers,26bbut deviates 12° from the estimated
experimental value of 25°, based on an analysis of the
vibrational structure in UV absorption and photoelectron
spectra.44 On the other hand, the endothermicity of 37 kJ/mol
at 0 K predicted for the reactionIII f V + CH4 compares

(40) Stockbauer, R.; Inghram, M. G.J. Chem. Phys. 1971, 54, 2242.
(41) (a) Ruscic, B.; Berkowitz, J.; Curtis, L. A.; Pople, J. A.J. Chem.

Phys. 1989, 91, 114. (b) Klopper, W.; Kutzelnigg, W.J. Phys.Chem. 1990,
94, 5625. (c) Perera, S. A.; Bartlett, R. J.; Schleyer, P. v. R.J. Am. Chem.
Soc. 1995, 117, 8476.

(42)∆Hf(C2H5
+) ) 914 (ref 43),∆Hf(CH3

•) ) 149 (ref 43), and
∆Hf(CH3CH2CH3

•+) ) 966 kJ/mol at 0 K. The latter value was obtained
combining∆Hf(CH3CH2CH3) ) -90 kJ/mol at 0 K (Traeger, J. C.; Hudson,
C. E.; McAdoo, D. J.J. Phys. Chem. 1988, 92, 1519) and the propane
adiabatic ionization potential of 10.95( 0.05 eV (ref 43).

(43) Lias, S. G.; Bartmess, J. E.; Liebman, J. B.; Holmes, J. L.; Levin,
R. D.; Mallard, W. G.J. Phys. Chem. Ref. Data 1988, 17, 168.

Figure 3. MP2/6-31G(d)-optimized equilibrium structure of the
H-bridged ethyl cation (IV ) and UMP2/6-31G(d)-optimized equilibrium
structure of the ethene radical cation (V).

Figure 4. UMP2/6-31G(d)-optimized transition structure involved in
the carbon skeletal rearrangement of propane radical cation.
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well with the relative enthalpy of 41 kJ/mol forI •+ with respect
to ethene radical cation and methane, estimated from 0 K heats
of formation.45

The methane elimination fromI •+ was found to proceed in
three steps. Starting fromIII , the formation of the fragments
CH4 + C2H4

•+ implies a hydrogen atom transfer from C1 to
C3 accompanied by the scission of the C2-C3 bond. Therefore,
we investigated the elongation of the latter bond combined with
the shortening of the C3-H3 distance inIII . This reaction path
led to the approximate location of a saddle point at C2-C3)
2.81 Å and C3-H3 ) 2.65 Å. The structure located in this
way was optimized using Schlegel’s algorithm. The resulting
stationary point,VII (Figure 5), was characterized as a true
transition structure by checking that it had only one imaginary
harmonic vibrational frequency. The one imaginary frequency
(607i) corresponded chiefly to the simultaneous lengthening of
the C1-H3 and C2-C3 bonds combined with a shifting of the
H3 hydrogen atom toward the C2 carbon atom. The H3-C1-
C2 bond angle of 76.5°, the C1-C2 bond distance of 1.396 Å,
and the C1-H3 bond distance of 1.173 Å (Figure 5) indicate
that the ethyl part of the transition structureVII looks like a
distorted classical ethyl cation.41 Furthermore, an analysis of
the charge and spin density distributions (Tables 3 and 4) reveals
that the sum of the total atomic charges of the ethyl part
(+0.932) accounts for more than 93% of the positive charge of
VII , whereas the sum of the total spin densities of the methyl
part (0.902) accounts for more than 90% of the unpaired electron
population ofVII . Therefore, the transition structureVII can
be viewed as a distorted classical ethyl cation coordinated to
the methyl radical. The energy of this complex (Table 2) is
calculated to be 82 kJ/mol aboveIII and 15 mJ/mol below that
of H-bridged ethyl cation plus methyl radical.
Further increments of the C2-C3 bond inVII led to a

continuous decrease of the H3-C1-C2 angle while the C3
carbon atom was progressively shifted to the H3 hydrogen atom.
This reaction path led to the stationary pointVIII (Figure 6)
showing C1-C3 and C2-C3 distances of 3.232 and 3.227 Å,
respectively. The force constant matrix ofVIII turned out to
have only positive eigenvalues, the lowest harmonic vibrational
frequency (5 cm-1) corresponding to a rotation of the methyl
unit about the C3-H3 axis. It is worth noting that the C1-H3
and C2-H3 distances inVIII are 0.054 and 0.053 Å longer,
respectively, than in the equilibrium structureIV optimized for
the isolated C2H5

+ ion. This seems to indicate that there is a
loose C3‚‚‚H3 bonding interaction between the C2H5 and CH3

parts of this structure. Regarding the charge and spin density
distributions (Tables 3 and 4), it is noteworthy that the sum of
the total atomic charges of the ethyl moiety (+0.914) accounts
for nearly 91% of the positive charge ofVIII , whereas the sum
of the total spin densities of the methyl unit (0.878) accounts
for nearly 88% of the unpaired electron population ofVIII ,
indicating a weak (≈0.1 e-) electronic charge transfer from the
methyl radical to the H-bridged ethyl cation inVIII . Conse-
quently, the molecular geometry and the distribution of the total
atomic charges and spin densities suggest thatVIII can be
regarded as another configuration of the methyl-H-bridged ethyl
complexVI in which the carbon atom of the methyl partner is
loosely bound to the bridging hydrogen atom of the ethyl
partner. At the UMP2/6-31G(d) and QCISD(T)/6-311+G(2d,-
2p) levels of theory, the energy of complexVIII is calculated
to be 35 and 36 kJ/mol, respectively, lower than that of its
separated components, C2H5

+ and CH3•. Inclusion of the ZPVE
correction in the latter value leads to a stabilization energy of
VIII toward decomposition into these fragments of 32 kJ/mol
at 0 K.
The second step of the methane elimination fromI •+ was

found to involve a hydrogen atom transfer between the methyl
and the H-bridged ethyl partners of the ion-neutral complex
VIII . Since this implies the formation of a covalent bond, the
two partners ofVIII should come much closer together. In
fact, the C3-H3 distance of structureVIII (1.983 Å) is
shortened to 1.736 Å in the transition structureIX (Figure 7)
found for the hydrogen atom transfer. The normal mode
associated with the single imaginary vibrational frequency of

(44) Merer, A. J.; Schoonveld, L.Can. J. Phys. 1969, 47, 1731.
(45)∆Hf(CH2dCH2

•+) ) 1074 (ref 43),∆Hf(CH4) ) -67 (ref 43), and
∆Hf(CH3CH2CH3

•+) ) 966 kJ/mol at 0 K. For the latter value see ref 42.

Figure 5. UMP2/6-31G(d)-optimized transition structure connecting
propane radical cationIII and the ion-neutral complexVIII . Figure 6. UMP2/6-31G(d)-optimized equilibrium structure of the ion-

neutral complex between methyl radical and H-bridged ethyl cation.

Figure 7. UMP2/6-31G(d)-optimized transition structure for the
transfer of the bridging hydrogen atom of C2H5

+ to the CH3• partner in
the ion-neutral complexVIII .
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IX (272i cm-1) is dominated by a shortening of the C3-H3
distance combined with a lengthening of the C1-H3 and C2-
H3 distances. Regarding the charge and spin density distribu-
tions (Tables 3 and 4), it is noteworthy that the sum of the total
atomic charges of the ethyl unit (+0.870) accounts for 87% of
the positive charge ofIX , whereas the sum of the total spin
densities of the methyl unit (0.800) accounts for 80% of the
unpaired electron population ofIX . This indicates a weak
electronic charge transfer from the methyl radical partner to the
H-bridged ethyl cation in the transition structureIX . It can be
seen from Table 2 that at the UMP2/6-31G(d) level there is an
energy barrier of less than 1 kJ/mol associated to the hydrogen
transfer process inVIII . However, at the QCISD(T)/6-311+G-
(2d,2p) level of theory,IX is calculated to lie 4 kJ/molbelow
VIII . Since in this region the PES appears to be very flat, a
meaningful evaluation of the relative energies ofVIII and IX
at a given level of theory should be done using the geometries
optimized at the same level. Due to the prohibitive computa-
tional cost involved, the geometry re-optimization of these
structures at the QCISD(T)/6-311+G(2d,2p) level was not
attempted in the present study. These difficulties do not
influence our determination of the overall energy barrier to
methane elimination fromIII , as that barrier is the one for the
first step.
A geometry re-optimization ofIX , slightly modified accord-

ing to the normal mode of the single imaginary vibrational
frequency, with the appropriate sign, led to a local minimum
(X, Figure 8) which appears to be an ion-neutral complex
between the ethene radical cation and methane. Thus the
geometrical parameters of the C2H4 part of structureX are nearly
identical to those of the calculated equilibrium structure for the
isolated ethene radical cationV, while the C3-H3 bond of the
CH4 part is 0.065 Å longer than in the calculated equilibrium
structure for the isolated methane (1.090 Å). The charge and
spin density distributions (Tables 3 and 4) show that the sum
of the total atomic charges (+0.766) and the sum of the total
spin densities (0.779) of the ethene unit account for nearly 77%
of the positive charge and unpaired electron population ofX.
Therefore, there is a significant (≈0.2 e-) electronic charge
transfer from the ethene radical cation partner to the methane
in the complexX. This complex is stabilized by 22 kJ/mol
toward decomposition into C2H4

•+ and CH4. Since BSSE are
expected to affect the computed interaction between the C2H4

•+

and CH4 partners in the complexX, this stabilization energy
value should be taken with caution.
The above findings indicate thatIX is the transition structure

for the bridging hydrogen atom transfer between the ion-neutral
complexesVIII and X. For the sake of completeness, the

transfer of one of the peripheral hydrogen atoms of C2H5
+ to

the CH3• partner in the ion-neutral complexVIII was also
studied. For instance, the H1 atom transfer was found to take
place through the transition structureXI (Figure 9). It is worth
noting that the C3-H1 and C1-H1 distances (1.206 and 1.498
Å, respectively) inXI indicate a covalent binding of this
transition structure. The normal mode associated with the single
imaginary vibrational frequency ofXI (801i cm-1) corresponds
chiefly to a shortening of one of these two C-H bonds and a
lengthening of the other one. The energy of the saddle point
XI is predicted to be 86 kJ/mol higher than that ofIX . It can
be concluded, therefore, that the transfer of a hydrogen atom
other than the bridging hydrogen of C2H5

+ to the CH3• partner
in the ion-neutral complexVIII is very unlikely.
Finally, the formation of the productsV + CH4 implies a

simple separation of the two components of the complexX.
UMP2/6-31G(d) calculations of the corresponding MERP
showed a smooth increase of the potential energy until it reaches
the separated products. Consequently, it appears that no reverse
activation energy is associated to this dissociation. Figure 10
summarizes the potential energy profile calculated at the
QCISD(T)/6-311+G(2d,2p)+ZPVE level for the methane elimi-
nation fromIII . The activation energy at 0 K for the overall

Figure 8. UMP2-6-31G(d)-optimized equilibrium structure of the ion-
neutral complex between ethene radical cation and methane.

Figure 9. UMP2/6-31G(d)-optimized transition structure for the
transfer of a nonbridging hydrogen atom of C2H5

+ to the CH3• partner
in the ion-neutral complexVIII .

Figure 10. Schematic potential energy profile showing the methane
elimination from ionized propane (III ). Energy values obtained from
the ZPVE-corrected QCISD/6-311+G(2d,2p) energies relative to that
of III .
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reaction via the rate-determining transition structureVII is
predicted to be 82 kJ/mol, which is somewhat above the critical
energy of 74 kJ/mol (0.77 eV) determined as the difference
between the appearance potential of 11.72( 0.02 eV for the
CH4 elimination fromI •+ measured by Chupka and Berkowitz46

and the recommended propane adiabatic ionization potential of
10.95( 0.05 eV.42

The intriguing observation that a small amount (≈11%) of
all methane loss from ionized propane-2-13C includes the central
carbon atom is readily explained if one assumes that the carbon
skeletal rearrangement of eq 2 precedes the elimination of
methane involving the central carbon atom. Figure 11 provides
a schematic potential energy profile, calculated at the QCISD-
(T)/6-311+G(2d,2p)+ZPVE level, showing the two-step process
required to generate a rearranged radical cation (i.e.,III ′′) which
can eliminate methane bearing the central carbon atom. Since
the calculated overall activation energy of this isomerization
(86 kJ/mol) is 4 kJ/mol higher than the calculated value (82
kJ/mol) for the subsequent methane elimination from the
rearranged radical cation (see Figure 10), the carbon skeletal
rearrangement is the rate-determining step for the methane
elimination involving the central carbon atom. At this point
we note that the predicted energy difference of 4 kJ/mol between
the transition structuresVI andVII is much lower than the
measured5 difference of 0.22 eV (21 kJ/mol) between the
appearance potentials of the CH4 and13CH4 losses from ionized
propane-2-13C. However, this discrepancy is likely due to
kinetic and competive shifts and the combination of the
uncertainties in all of the results. The complex-mediated
elimination from and isomerization ofI •+ are similar to carbon
skeletal rearrangements and alkane eliminations that occur in
larger alkane radical cations6,8,47demonstrating further generality
of such processes.

In summary, the present theoretical calculations reveal that
the unusual features of the dissociations ofI •+ stem from the
intermediacy of an ethyl ion-methyl radical complex. The
specificity of the methane elimination arises from abstraction
of the bridging hydrogen atom in a methyl-H-bridged ethyl
complex in which the bridging hydrogen atom originates from
a methyl ofI •+. Thus, this reaction is not concerted, as might
be concluded from its specificity, so specificity in an H-transfer
does not always rule out an ion-neutral complex intermediate.
A concerted 1,2-elimination would be symmetry-forbidden in
the Woodward-Hoffman sense;48 passage through an ion-
neutral complex enables the system to bypass the high-energy
barrier that would be associated with a symmetry-forbidden,
concerted process.
The specificity of methane elimination1,5 also demonstrates

that H-transfer inVIII is strongly favored over return toIII , as
50% of such collapses would interchange the positions of the
carbon atoms inI •+, producing a repositioning of isotopic labels
that clearly does not occur at the threshold for methane
elimination. Carbon skeletal isomerization ofI •+ by way of
ion-neutral complexes does occur, but only as a minor, higher
energy process through a different configuration of the complex
(e.g.,VI ). At the threshold for attainingVIII /IX it is clear that
return toIII does not compete with methane elimination. This
is very surprising, asVIII should be able to return toIII , the
lowest energy point on the PES, by the pathway whereby it
forms fromI •+. We rationalize its not doing so by relating the
experimentally measured thresholds for the dissociations ofI •+

and our theoretical description of the PES as follows. Simple
methane elimination at threshold occurs because the lowest
energy trajectories for moving the methyl radical around the
ethyl cation go near the bridging hydrogen atom. We suggest
that the covalent bonding between the C3 and H3 atoms inVIII
makes H-transfer-methane elimination from there much faster
than return toIII . A methyl group can move from one carbon
of the ethyl group to the other only at higher energies at which
it can do so without going near the bridging hydrogen atom.
Thus the contours of the C3H8

•+ ground-state PES are such that
at the threshold for methane elimination the methyl radical
partner of the ion-neutral complex is directed to the hydrogen
atom it will abstract without being able to move freely around
the ethyl cation partner. We know of no previous demonstration
of a confined path from a ground state ion to the transition state
for reaction between the partners in an ion-neutral complex.

Conclusions

Our computational exploration of the C3H8
•+ ground-state

potential energy surface in the regions concerning the CH3
• and

CH4 losses from ionized propane reveals several important
points:
(1) At the QCISD/6-31G(d) level of theory, the equilibrium

structure of the ground state propane radical cation is predicted
to be aCs structure showing a long C-C bond of 1.897 Å and
a somewhat short C-C bond of 1.474 Å. The interconversion
between the two equivalent structures takes place via aC2V
transition structure showing two C-C bonds of 1.595 Å and
involves an activation energy of about 5 kJ/mol.
(2) The carbon skeletal rearrangement of the propane radical

cation takes place via a transition structure consisting of the
methyl radical coordinated to the nonclassical H-bridged ethyl
cation. This ion-neutral complex lies about 11 kJ/mol below
the calculated energy of the dissociation fragments H-bridged
ethyl cation plus methyl radical.(46) Chupka, W. A.; Berkowitz, J.J. Chem. Phys. 1967, 47, 2921.

(47) Traeger, J. C.; Hudson, C. E.; McAdoo, D. J.J. Am. Soc. Mass
Spectrom. 1996, 7, 73. (48) Williams, D. H.Acc. Chem. Res. 1977, 10, 280.

Figure 11. Schematic potential energy profile showing the carbon
skeletal rearrangement of ionized propane (III ) and the subsequent
conversion of the rearranged radical cation (III ′) to an equivalent
structure (III ′′) which can eliminate methane containing the central
carbon atom. Energy values obtained from the ZPVE-corrected QCISD/
6-311+G(2d,2p) energies relative to that ofIII .
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(3) The methane elimination from ionized propane proceeds
in three steps. The first one involves the formation of another
configuration of the methyl-H-bridged ethyl complex, lying
32 kJ/mol below the energy of its separated components, in
which the carbon atom of the methyl partner is loosely bound
to the bridging hydrogen atom of the ethyl partner. This
elementary reaction is the rate-determining step of the methane
elimination from ionized propane and is characterized by a
transition structure lying 15 kJ/mol below the thermochemical
threshold for methyl radical loss, which looks like a methyl
radical coordinated to a distorted classical ethyl cation. The
second step implies the transfer of the bridging hydrogen atom
from the ethyl partner to the methyl partner in the methyl-H-
bridged ethyl complex intermediate with a negligible energy
barrier, yielding an ion-neutral complex between the ethene
radical cation and methane lying about 22 kJ/mol below its
separated components. Finally, the formation of the products
ethene radical cation plus methane implies a simple separation
of the two components of the latter complex, and thus no reverse
activation energy is associated to this dissociation.
(4) The specificity of the methane elimination arises from

abstraction of the bridging hydrogen atom in the methyl-H-
bridged ethyl complex in which the bridging hydrogen atom
originates from a methyl of the propane radical cation.
(5) The carbon skeletal rearrangement is predicted to precede

the elimination of methane from ionized propane involving the
central carbon atom. This degenerate rearrangement is calcu-
lated to be the rate-determining step of the overall process
leading to methane loss bearing the central carbon atom of the
propane radical cation.
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