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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)/6-318-G(2d,2p) (energies) levels of theory have been used to investigate the relevant partszbfgthe C
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-aneiginal complex
consisting of the methyl radical coordinated to the H-bridged ethyl cation and methane elimination therefrom both
occur. The contours of thesBgt 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 thenentral 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 higher activation energy and are therefore barely observable in
the microsecond time frame. Derrick and co-worKerger-
dpreted the very large isotope effects (QEH3D:CH,D, = 0.87:
0.01:0.12) associated with eliminations of £HCHsD, and
CH,D, from ionized propand;1,2,2-°H, in terms of a nonclas-
sical transition state in which a hydrogen atom on a methyl
group has been transferred to a neighborirgdbond, forming
a three-center bond. Subsequent TPE-CPI MS studies by
Meisels and co-worketdndicated that approximately 11% of

The unimolecular chemistry of ionized alkanes in the gas
phase has been the subject of ongoing experimental an
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-a” methanes lost from ionized propaRé3C contain the central
ization. This has often been regarded as a 1,2 elimination, which prop :
carbon atom and that the threshold energies for methane losses

may or may not be concerted. At present, mechanistic details. ) . TN
: AT L involving terminal and central carbon atoms lie within 0.22 eV
concerning the alkane elimination from ionized saturated

hydrocarbons are not well established. In particular, uncertainty of each other. They proposed that carbon skeletal rearrangement

. o .2 of the propane molecular ion does not precede fragmentation
remains about the decomposition of one of the most heavily .

X . . - leading to the loss of methane, but that loss of the center carbon
studied small alkane ions, the propane radical cation. Some

20 years ago propane and deuterium-labeled propane ions Wer(?tom may occur in a concerted stepwise cleavage involving a
studied using threshold photoelectraphotoion coincidence ransition state tighter than that for methane loss involving the

terminal carbon atoms.
mass spectrometry (TPE-CPI MS) by Stockbauerzand Ingfram. We recently reportéda theoretical study showing that
They found that, although ionized propaBe-*H, loses methane elimination from both ionized butane and isobutane is
predominantly Clj, the eliminations of CgD and CHD, were

not negligibly small. This result contrasted with an earlier mediated bY |0ﬁngutral co.mplexes, .€., SpEcies In which
; e . noncovalent interactions retain close together two entities formed
analysis of Lifshitz and Shapiro based on metastable peaks

which suggested that the only significant £ldlimination by_ S|nl1ple| blond cleavag_es_so Ihatt_they are_able to react
involves a methyl group and a hydrogen atom from the terminal g{;g%gﬁ;ﬁr y(e(e.g.t,) arr]‘ ('jr;g'péinatg?n'?rgnrgf%gsor:r?i:;ze; or
carbor? Wolkoff and Holmes reexamined the metastable i y I.gtl), \3//\/ yd Ig B d VF\)/F?I %3
spectrum of ionized propar®2-?H, and found that the simrar proposal by Wenadelboe, Bowen, an iamsn

metastable peak for elimination of Gias at least 250 times particular, both the isomerization of ionized butane to the
more intense than elimination of GH or CH,D, but the peak c 4 DonlcgébKigélerownlee, R. T. C.; Derrick, P.Ghem Soc, Chem

H it . . Q- ommun .

intensitiesm/z 30:29:28 were aboutll(_)0.8..9 at 1 gV aboye (5) Gilman, J. P.; Hsieh, T.; Meisels, G. G. Chem Phys 1982 76,
threshold® They proposed that the elimination reactions which 3497,

involve deuterium atoms from the central carbon have a slightly  (6) Olivella, S.; Sole A.; McAdoo, D. J.; Griffin, L. L.J. Am Chem
Soc 1994 106, 11078.
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isobutane radical cation and methane elimination from ionized  Equilibrium structures were fully optimized within appropriate
butane were found to take place via an-ereutral complex symmetry constraints using analytical gradient methiédStarting
between a nonclassical H-bridged propyl cation and the methyl geometries for the transition-structure optimizations were obtained by
radical, which lies 15 k/mabaove the sum of the energies of the usual reactlon-coordlnat(_a methqd, the energy bem_g m'lnlmlzed Wlth
seepropyl cation and methyl radical. Methane elimination from respect to all other geometrical variables for successive increments in

ionized isobutane also was found to take place via am-ion the reaction coordinate. The approximate transition structures located
p in this way were refined by minimizing the scalar gradient of the energy,

neutral complex betweeseepropyl cation and methyl radical, sing Schiegel's algorithrf. The optimized geometries were checked

lying 13 kJ/mol below the energy of its loosely bound  for the correct number of imaginary eigenvalues of the force constant

components. These theoretical results were consistent with masgnatrix.

spectrometry experimental findings reported in the literature. At geometries optimized using the UMP2/6-31G(d) wave function,
In light of the diversity of suggestions regarding the mech- the energies were recalculated using (frozen core) QCISD with the

anism of the elimination of methane containing the internal Perturbative estimation of triples (QCISD(T)) methddmploying the

methylene from ionized propane, the highly unusual nature of double d,p-polarized triple split-valence 6-31_1G(2d,2p)_bas@ggt,_

an alkane elimination from the middle of a carbon skeleton, °'der to see if diffuse functions might be important in describing

and the specificity of the methane elimination, we undertook a cation—molecule interactions, the QCISD(T) calculations were also

- . . } carried out with the 6-31£G(2d,2p) basis set, which includes a single
theoretical study to try to answer the following questions: What _qjitional diffuse sp shell on heavy atoms offtyThere was little

is the ground-state equilibrium structure of ionized propane itference in the energy changes calculated using the two basis sets
(I*)? Does an iofrneutral complex mediate the decomposition and only the energies derived from the latter are reported. Our best
relative energies correspond to the QCISD(T)/6-8GL2d,2p) level
CHyCH,CH, 1™ together with the ZPVE correction calculated at the UMP2/6-31G(d)
T level. Unless otherwise noted, relative energies in the text refer to
this overall level of theory.
- . A Basis set superposition errors (BSSE) are expected to affect the
modes ofl** and, if so, what is its nature? Can methane computed interaction in electrostatically bound spetieslowever, it

elimi_nation be specific and at the same time be complex- has been shown that these effects, although they tend to overestimate
mediated rather than concerted? Does the carbon skeletalpe jon-neutral complex stability relative to that of the completely

rearrangement of** precede the loss of methane bearing the separated components, are not very pronounced and do not exc8ed 4
central carbon atom and, if so, how does it take place? Why kJ/mol28

are the threshold energies for methane eliminations involving The charge and spin density distributions of the most relevant
terminal and central carbon atoms within a few kJ/mol of each structures were analyzed within the framework of the topological theory
other? To answer these questions, we investigated the stationarpf atoms in moleculé$ by means of the relaxed first-order electron
points on the GHg™* ground-state potential energy surface (PES) density _and spin density matrices o_btalned from UMP2 (full) gradient
most relevant to the C#4and CH losses froni*+ by means of  calculations with the 6-31G(d) basis Set.

. . . All of the ab initio calculations described here were performed with
ab initio molecular orbital calculations. We report here the the GAUSSIAN 92 and GAUSSIAN 94 program packagesnning

energetic and structural results of this theoretical investigation. ;" " \eM RS6000/58H workstation and on the IBM SP2 computer at

The findings presented demonstrate that ar-iweutral compleX  he Centre de Supercomputacio de Catalunya (CESCA) in Barcelona.
mediates both the carbon skeletal rearrangement and the methang |ocally modified versio® of the PROAIM prograrf? was employed

elimination fromI**. in computations of Bader atomic charges and spin densities.

(13) (a) Hout, R. F.; Levi, B. A.; Hehre, W. J. Comput Chem 1982
3, 234. (b) DeFrees, D. J.; McLean, A. D.Chem Phys 1985 82, 333.

; ; ; (14) Schlegel, H. BJ. Comput Chem 1982 3, 214.
The geometries of the relevant stationary points on thegC (15) Frisch, M. J.: Pople, J. A.; Binkley, J. $ Chem Phys 1984 80,

ground-state PES were located at the full (i.e., not frozen core) second-5,g5

Computational Details

order Mgller-Plesset perturbation thedrgmploying the split-valence (16) Hehre, W. J.; Radom, L.; Schleyer, P. v. R.; Pople, JABInitio
d-polarized 6-31G(d) basis s&t.The amount of spin contamination ~ Molecular Orbital Theory John Wiley: New York, 1986; pp 8687.
in the reference spin-unrestricted Hartrd®ck (UHF}* wave function (17) See, for example: (a) Urban, M.; HozbaTReor Chim Actal1975

was found to be very small; thus the expectation values of¥nhe 36 215. (b) Ostlund, N. S.; Merrifield, D. LChem Phys Lett 1976 39,

612. (c) Bulski, H.; Chalasinski, @heor. Chim Acta1977, 44, 399. (d
operator were always very close to the value of 0.75 for a pure doublet Kolos,(v)v.Theor Chim Acta1979 51, 219. (e) Leclercq, J. M. AIIaann)a,

state, i.e., in a range of 0.7586 to 0.7892. Some calculations were \; . goyteilleur, Y.J. Chem Phys 1983 78, 4606. (f) Hobza, P.; Zahradnik,
also carried out using (frozen core) quadratic configuration interaction R. Int. J. Quantum Chem1983 23, 325. (g) Wells, B. H.; Wilson, S.
with the singles and doubles (QCISD) metkaeimploying the 6-31G- Chem Phys Lett 1983 101, 429.

(d) basis set. To characterize the stationary points as minima or as_ (18) (a) Latajka, Z.; Scheiner, Ehem Phys 1985 98, 59. (b) Postma,

saddle points and to facilitate zero-point vibrational energy (ZPVE) E';g‘gﬂgﬁ EhJé/'\L';et‘{ai‘ggga{’zg'i&;g”ouw' J. K.; Holmes, J. L.; Burgers,
corrections to the relative energies, the harmonic vibrational frequencies " (1'9) Bader F{’ E. WAtoms in MoleculesA Quantum TheogClarendon

were obtained by diagonalizing the mass-weighted Cartesian force press: Oxford, 1990.

constant matrix. At the UMP2/6-31G(d) level, the force constant (20) See, for example: Wiberg, K. B.; Hadad, C. M.; LePage, T.;
matrices were calculated from analytical second derivatives of the total Breneman, C. M.; Frisch, M. J. Phys Chem 1992 96, 671.

energy, whereas at the QCISD/6-31G(d) level those matrices were (21) (a) Frisch, M. J.; Trucks, G. W.; Head-Gordon, M.; Gill, P. M. W.;

calculated numerically by finite differences of analytical gradients. In  Wong. M. W.; Foresman, J. B.; Johnson, B. G.; Schlegel, H. B.; Robb, M.

order to predict more reliable ZPVE values, the raw UMP2/6-31G(d) JA.';SFf .eg%?:;éllé'zsé?Rﬂ?ﬁ;tshs'ﬁngis’d ‘Ii'.; ';i?gae\lsaCSﬂ’..Kgigr leJY.’

harmonic vibrational frequencies were scaled by 0.93 to account for Stewart, J. J. P.; Pople, J. SAUSSIAN 92Gaussian, Inc.: Pittsburgh,

their average overestimation at this level of theBry. PA, 1992. (b) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Gill, P. M.
W.; Johnson, B. G.; Robb, M. A.; Cheeseman, J. R.; Keitth, T. A.; Petersson,

(8) Wendelboe, J. F.; Bowen, R. D.; Williams, D. . Am Chem Soc G. A.; Montgomery, J. A.; Raghavachari, K.; Al-Laham, M. A.; Zakrzewski,

1981, 103 2333. V. G.; Ortiz, J. V.; Foresman, J. B.; Cioslowski, J.; Stefanov, A,;
(9) (@) Mgller, C.; Plesset, MPhys Rev. 1934 46, 618. (b) Pople, J. Nanayakkara, A.; Challacombe, M.; Peng, C. Y.; Ayala, P. Y.; Chen, W.;

A.; Binkley, J. S.; Seeger, Rnt. J. Quantum ChemSymp 1976 10, 1. Wong, M. W.; Andres, J. L.; Replogle, E. S.; Gomperts, R.; Martin, R. L.;
(10) Hariharan, P. C.; Pople, J. Aheor Chim Acta 1973 28, 213. Fox, D. J.; Binkley, J. S.; Defrees, D. J.; Baker, J.; Stewart, J. J. P.; Head-
(11) Pople, J. A.; Nesbet, R. K. Chem Phys 1954 22, 571. Gordon, M.; Gonzalez, C.; Pople, J. GAUSSIAN 94 Gaussian, Inc.:
(12) Pople, J. A.; Head-Gordon, M.; RaghavachariJKChem Phys Pittsburgh, PA, 1995.

1987, 87, 5968. (22) Mota, F., Universitat de Barcelona, unpublished work.
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Table 1. Calculated Total Energies (hartrees) and Zero-Point Vibrational Energies (ZPVE, Riflond¥)P2/6-31G(d) Optimized Structures

structure point group state n.i.vf.  UMP2/6-31G(d) QCISB6-311+G(2d,2p) QCISD(TY6-311+G(2d,2p) ZPVE
| Co A, 0 —118.674 41 —118.843 97 —118.862 12 261
Il Cy, 2B, o —118.27991 —118.442 12 —118.460 23 247
1 Cs 2N’ 0 —118.279 06 —118.445 68 —118.461 90 246
\Y Co 1A, 0 —78.561 45 —78.661 93 —78.673 03 154
CHg Dan 2N 0 —39.673 03 —39.741 28 —39.745 31 75
Y, D, B, 0 —77.926 51 —78.015 89 —78.024 10 123
CH, Ty A, 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
Vi Cs 2N 1 —118.240 60 —118.409 98 —118.42559 233
VI Cs 2A’ 0 —118.247 95 —118.41579 —118.432 26 233
IX Cs 2N 1 —118.247 73 —118.416 58 —118.43376 230
X Cs A’ 0 —118.268 22 —118.437 25 —118.453 87 240
Xl C: 2A 1 —118.209 83 —118.38011 —118.398 29 223

aCalculated using MP2/6-31G(d) vibrational frequencies, scaled by ®M@mber of imaginary vibrational frequenciedn the frozen core
approximationd 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 onltthe @otential Energy Surface

stationary point UMP2/6-31G(d) QCISIB-311+G(2d,2p) QCISD(T¥6-311:-G(2d,2p) QCISD(T¥6-311+G(2d,2p)+ ZPVE  exp
1 0 0 0 0
I -2 9 4 5
IV + CHy 117 112 114 97 97
V + CH, 41 40 47 37 41
v 101 97 99 86
Vil 101 94 95 82 74
Vil 82 78 78 65
IX 82 76 74 58
X 28 22 21 15
XI 182 172 167 144

a|n the frozen core approximatiof Estimated fron 0 K heats of formatior? ¢ Estimated fron 0 K heats of formatioA? 9 Estimated from the
appearance potentféffor methane elimination from ionized propane and the propane adiabatic ionization pdfential.

Table 3. Calculated Atomic Charges for MP2/6-31G(d)-Optimized Table 4. Calculated Atomic Spin Densities for MP2/

Structured® 6-31G(d)-Optimized Structurgés

atom Il v VI Vil VIl IX X atom 1l Vi VIl Vi IX X

Cl1 -0.100 —0.057 —0.048 —0.132 —0.077 —0.082 +0.011 C1 0.039 0.010 0.042 0.043 0.079 0.556
C2 -0.079 —0.057 —0.048 +0.016 —0.077 —0.085 —0.019 Cc2 0.345 0.010 0.033 0.042 0.076 0.247
C3 —-0.100 —0.250 —0.259 —0.265 —0.261 —0.139 C3 0.489 0.979 0.906 0.878 0.797 0.187
H1 +0.172 +0.245 +0.234 +0.188 +0.198 +0.189 +0.194 H1 0.081 0.010 0.000 0.000 —0.001 —0.006
H2 +0.122 +0.217 +0.212 +0.188 +0.198 +0.189 +0.194 H2 0.006 0.000 0.000 0.000 —0.001 —0.006
H3 +0.122 +0.217 +0.212 +0.240 +0.276 +0.281 +0.006 H3 0.006 0.000 0.013 0.041 0.047 0.024
H4 +0.167 +0.217 +0.212 +0.216 +0.198 +0.189 +0.193 H4 0.009 0.000 0.004 0.000 —0.001 —0.006
H5 +0.167 +0.217 +0.212 +0.216 +0.198 +0.189 +0.193 H5 0.009 0.000 0.004 0.000 —0.001 —0.006
H6 +0.176 +0.088 +0.109 +0.117 +0.131 +0.126 H6 0.003 —-0.003 -—0.001 0.000 0.001 0.004
H7 +0.176 +0.090 +0.109 +0.117 +0.131 +0.126 H7 0.003 —0.003 —0.001 0.000 0.001 0.004
H8 +0.183 +0.088 +0.113 +0.117 +0.130 +0.117 H8 0.010 -0.003 -—0.002 0.000 0.001 0.001

a Determined from Bader population analysis of the UMP2(full)/6-
31G(d) wave function? Atom numberings refers to Figures-8.

Results and Discussion

The most relevant geometrical parameters of the optimized
molecular structure are given in Figures4 (bond lengths in
A 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 structurg 6f neutral propane

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

a Determined from Bader population analysis of the UMP2(full)/6-
31G(d) wave function? Atom numberings refers to Figures 2 anel8t

I(Cyy)
Figure 1. MP2/6-31G(d)-optimized equilibrium structure of neutral
propane.

optimized at the MP2/6-31G(d) level. Except for the more
elongated C-H bonds, the geometry dfagrees very well with
that obtained at the HF/6-31G(d) lev¥8l.We note the excellent
agreement between the calculated €bond distance of 1.524
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101.7 (1474)

O (1.093)
H5

I (Cy)

Figure 2. UMP2/6-31G(d)-optimized structures of the propane radical
cation (QCISD/6-31G(d)-optimized geometrical parameters are given
in parentheses).

A and the experimental value of 1.5262A.As observed in
previous theoretical studiédthe three highest occupied mo-
lecular orbitals ofl (i.e., 6a, 4k, and 2k) were found to be
close in energy (within 0.3 eV). The equilibrium structure of
I** was first investigated ii€;, symmetry. In agreement with
previous calculations of Lunell and co-workéfsye found that
removal of an electron from the 4brbital produces a radical
cation in the?B; state, which turned out to be the electronic
ground state of™ at the UMP2/6-31G(d) level. The optimized
geometry of this statd| (Figure 2), shows that the-&C bond
distances are 0.053 A longer and the C—C bond angle is
18> smaller as compared with the equilibrium structdre
calculated for the neutral parent molecule. The harmonic
vibrational frequencies calculated fdr indicated that it is a
true local minimum on the UMP2/6-31G(d) PES. As was
previously found by Bellville and Bautd and Bouma and co-
workers?> a Cg minimum with one long and one short=C

J. Am. Chem. Soc., Vol. 118, No. 39, 939a

C,, and Cs 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
UMP?2 optimized geometries agree closely. At the QCISD/6-
31G(d) level, theC,, structure (1) is higher in energy than the
Csone (Il ) by 8 kJ/mol?® The calculated harmonic vibrational
frequencies showed thét is a saddle point on the QCISD/6-
31G(d) PES, whildll is a true local energy minimum. The
one imaginary frequency (3i)7of Il corresponds to a normal
mode of b symmetry, which leads to a shortening of one and
the lengthening of the other-&C bond, i.e. to a distortion
toward theC; structurelll . At the QCISD(T)/6-31+G(2d,-
2p)/IQCISD/6-31G(d) level the energy difference betwéen
andlll is calculated to be only 4 kJ/m&}. 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 kd/mol at 0 K. This energy difference represents
the barrier to interconversion of two equivalent structuies

—_—

CHrCHZ—CH_ﬂ ’* CH;  CHy, CH, " M

Such an interconversion is clearly a facile process. At this point
we note that recent density functional theory (DFT) calcula-
tions®® (using the parametrization due to Vosko e¥ahcluding
nonlocal density gradient corrections by Betkdor the
exchange functional and by Perd&for the correlation part)
performed with a polarized doublebasis set do not support
the existence of a “long-bond” ground state™ of lower
symmetry tharC,,. To investigate whether the expect€d,
structure ofl** 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 functidhabith the
nonlocal correlation functional of Lee et #&). geometry
optimization and harmonic vibrational frequencies calculations
with the 6-311G(d,p) basis were performed. Once again it was
found thatll is a saddle point on the B3-LYP/6-311G(d,p) PES,
while 1l is a true local energy minimum. At the B3-LYP/6-
311G(d,p) level]l was calculated to be higher in energy than
[l by only 4 kJ/moB8é In conclusion, at both the QCISD and
B3-LYP levels of theory, the electronic ground-statel df is
predicted to be a long-bon@; structure.

The energy ofill relative to that ofl (Table 1), i.e., the
calculated adiabatic ionization potential &f is 10.74 eV.
Experimental values range from 1& .90 11.148 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 propariB,j (both
calculations being performed at the optimum geomglsy is
12.07 eV, compared with experimental values of ¥1afd 12.7

bond was located on the ground-state PES whose electronicgy/ 40

wave function hagA’ symmetry. At the UMP2/6-31G(d) level,
the optimized geometry of this minimunhll (Figure 2), is
higher in energy thafi by only 2 kJ/mol. However, single-
point QCISD and QCISD(T) calculations with the 6-31G-

(28) QCISD/6-31G(d) energies in hartrees:118.31323 |{) and
—118.31627 {1 ).

(29) QCISD(T)/6-31%#G(2d,2p)//QCISD/6-31G(d) energies in har-
trees: —118.46038 I ) and —118.46177 {1 ).

(2d,2p) basis set at the UMP/6-31G(d) optimized geometries  (30) gfiksson, L. A, Lunell, S.; Boyd, R. J. Am Chem Soc 1993

showed thatll is 9 and 4 kJ/mol, respectivellessenergetic
than Il. For checking purposes, we carried out additional
geometry optimizations of the electronic ground statédiin

(24) Hehre, W. J.; Radom, L.; Schleyer, P. v. R.; Pople, JABInitio
Molecular Orbital Theory John Wiley: New York, 1986; p 168.

(25) Bouma, W. J.; Poppinger, D.; Radom, Ikr. J. Chem 1983 23,
21.

(26) (a) Lunell, S.; Feller, D.; Davidson, E. Rheor Chim Acta199Q
77, 111. (b) Lunell, S.; Eriksson, L. A.; Huang, M.-B. Mol. Struct
(THEOCHEM)1991, 230, 263.

(27) Bellville, D. J.; Bauld, N. LJ. Am Chem Soc 1982 104, 5700.

896.

(31) Vosko, S. H.; Wilk, L.; Nusair, MCan J. Phys 198Q 58, 1200.

(32) Becke, A. D.Phys Rev. A 1988 38, 3098.
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V(D2)

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

B. Loss of CHs* from lonized Propane. We elongated the
long C—C bond of lll systematically in steps of 0.1 A by
optimizing all other geometry parameters to simulate the
minimum energy reaction path (MERP) for @Helimination.
The increase of the C2C3 distance caused a simultaneous
lengthening of theanti C—H bond accompanied by the

v€lla et al.

VI(C)

Figure 4. UMP2/6-31G(d)-optimized transition structure involved in
the carbon skeletal rearrangement of propane radical cation.

it had only one imaginary harmonic vibrational frequency. The
atomic displacements associated to the one imaginary frequency
(145) of VI consisted mainly of a combined closure (or
opening) of the C+C2—-C3 and HE:-C1-C2 angles. Further
decrements of the C1C2—C3 angle inVI yielded a smooth
path leading to a structure akin lid , showing one long (C3

displacement of the H1 hydrogen atom toward the C2 carbon C1) and one short (C1C2) bond. Thereforeyl is a transition
atom, while the energy increased steadily. This path led to the structure for the carbon skeletal rearrangemeritaf

dissociation ofl*™ to C;Hs™ and CHe. In agreement with

previous theoretical investigations at more sophisticated ab initio CH;—CH,—CH;

levels* our MP2/6-31G(d) calculations predict a H-bridged
equilibrium structure for gHs™ (IV, Figure 3). It is worth
noting that the &C bond length and the distance between the
bridged hydrogen atom and the carbon atoms calculated/for

[N

CHy——CHy—CH; 1™ @)
At the UMP2/6-31G(d) and QCISD(T)/6-3315(2d,2p) levels
of theory, VI lies 101 and 99 kJ/mol, respectively, abdlle.

Inclusion of the ZPVE correction in the latter value leads to an

are in excellent agreement with the values of 1.380 and 1.309energy of activation ta0 K of 86 kJ/mol for the degenerate
A, respectively, predicted by recent coupled-cluster singles andrearrangement of eq 2.

doubles calculations using a tripleelouble polarization basis
set?l¢ At the UMP2/6-31G(d) level, the sum of the energies
of the separated fragments;Hg™ and CH, lies 117 kJ/mol
above the energy dfil . At the QCISD(T)/6-31+G(2d,2p)
level, this dissociation energy is calculated to be 114 kJ/mol.
The ZPVE correction reduces the predicted (0 K) dissociation

The long C+C3 and C2-C3 distances (3.259 A) ivl,
along with the fact that the GH-and GHs parts show geometries
nearly identical to the equilibrium structures calculated for the
isolated methyl radical and H-bridged ethyl catidh (Figure
3), indicate that these entities are loosely bound\h
Furthermore, the charge and spin density distributions (Tables

energy to the value of 97 kJ/mol, which is in excellent agreement 3 and 4) show that the sum of the total atomic charges of the

with the experimental estimate of 97 kJ/mol determined from
0 K heats of formatior?

C. Carbon Skeletal Rearrangement of the lonized Pro-
pane. Starting from structuréll with the long C2-C3 bond

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 ofVl. Therefore, on the basis of the

distance stretched to 2.96 A, an extensive grid search using thisnolecular geometry and the distribution of the total atomic

distance and the CiC2—C3 bond angle as reaction coordinates
while maintaining the initiaCs symmetry led to the approximate
location of a saddle point at GX3 = 3.25 A and C+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 structurd|l (Figure 4),

charges and spin densitid4, can be viewed as an iemeutral
complex between the H-bridged ethyl cation and the methyl
radical. Since the dissociation energyllbfto C;Hst and CH®

is calculated to be 97 kJ/mol and is predicted to lie 86 kJ/
mol abovelll , it turns out thatVl is stabilized by 11 kJ/mol
toward decomposition to its loosely bound components.

was characterized as a true transition structure by checking that D. Elimination of CH4 from lonized Propane. The

(40) Stockbauer, R.; Inghram, M. @. Chem Phys 1971, 54, 2242.

(41) (a) Ruscic, B.; Berkowitz, J.; Curtis, L. A.; Pople, J. A.Chem
Phys 1989 91, 114. (b) Klopper, W.; Kutzelnigg, Wi. Phys Chem 199Q
94, 5625. (c) Perera, S. A.; Bartlett, R. J.; Schleyer, P. il.Rm Chem
Soc 1995 117, 8476.

(42) AH{(CoHs') = 914 (ref 43), AHy(CHz") = 149 (ref 43), and
AH{(CH3CH,CHz") = 966 kJ/mol at 0 K. The latter value was obtained
combiningAH{(CHsCH,CHsz) = —90 kJ/mol 40 K (Traeger, J. C.; Hudson,
C. E.; McAdoo, D. JJ. 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.

equilibrium structure\{) calculated for the ethene radical cation
produced in the methane elimination frdni is displayed in
Figure 3. The torsional angle between the two,@frbups of

V is predicted to be 13?0 This value is close to the torsional
angle of 12.3 calculated at the UMP2/6-33H-G(2d,2p) level

by Lunell and co-worker&® but deviates 12from the estimated
experimental value of 25 based on an analysis of the
vibrational structure in UV absorption and photoelectron
spectra* On the other hand, the endothermicity of 37 kJ/mol
at 0 K predicted for the reactiohl — V + CH4; compares
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Figure 5. UMP2/6-31G(d)-optimized transition structure connecting

propane radical catiol and the ior-neutral complexVIIl .

well with the relative enthalpy of 41 kJ/mol for" with respect
to ethene radical cation and methane, estimatad B heats
of formation?®

The methane elimination frot™ was found to proceed in
three steps. Starting fromhl , the formation of the fragments
CH4 + CoHgt implies a hydrogen atom transfer from C1 to
C3 accompanied by the scission of the-@23 bond. Therefore,
we investigated the elongation of the latter bond combined with
the shortening of the C3H3 distance irlll . This reaction path
led to the approximate location of a saddle point atC3 =
2.81 A and C3-H3 = 2.65 A. The structure located in this
way was optimized using Schlegel’s algorithm. The resulting
stationary pointVIl (Figure 5), was characterized as a true
transition structure by checking that it had only one imaginary
harmonic vibrational frequency. The one imaginary frequency
(607) 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-B3—
C2 bond angle of 76%the C+C2 bond distance of 1.396 A,
and the C+H3 bond distance of 1.173 A (Figure 5) indicate
that the ethyl part of the transition structiél looks like a
distorted classical ethyl catidA. Furthermore, an analysis of

J. Am. Chem. Soc., Vol. 118, No. 39, 9398

{1983

VI (Cy)

Figure 6. UMP2/6-31G(d)-optimized equilibrium structure of the ion
neutral complex between methyl radical and H-bridged ethyl cation.
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Figure 7. UMP2/6-31G(d)-optimized transition structure for the
transfer of the bridging hydrogen atom oftG;* to the CHy partner in
the ion—neutral complexVIll .

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(.914) accounts

the charge and spin density distributions (Tables 3 and 4) revealsfor nearly 91% of the positive charge \fll , whereas the sum

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 ofVIl . Therefore, the transition structux#l 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 abollé and 15 mJ/mol below that

of H-bridged ethyl cation plus methyl radical.

Further increments of the GZ3 bond inVIl led to a
continuous decrease of the H81-C2 angle while the C3
carbon atom was progressively shifted to the H3 hydrogen atom.
This reaction path led to the stationary poifitl (Figure 6)
showing C}EC3 and C2-C3 distances of 3.232 and 3.227 A,
respectively. The force constant matrix\@fil turned out to
have only positive eigenvalues, the lowest harmonic vibrational
frequency (5 cml) corresponding to a rotation of the methyl
unit about the C3H3 axis. It is worth noting that the GiH3
and C2-H3 distances inVIll are 0.054 and 0.053 A longer,
respectively, than in the equilibrium structuké optimized for
the isolated @Hs" ion. This seems to indicate that there is a
loose C3--H3 bonding interaction between thels and CH

(44) Merer, A. J.; Schoonveld, ICan J. Phys 1969 47, 1731.
(45) AH{(CH=CHz**) = 1074 (ref 43) AH{(CH4) = —67 (ref 43), and
AH{(CH3CHCHz'*) = 966 kJ/mol at 0 K. For the latter value see ref 42.

of the total spin densities of the methyl unit (0.878) accounts
for nearly 88% of the unpaired electron population\&fl ,
indicating a weak#0.1 €) electronic charge transfer from the
methyl radical to the H-bridged ethyl cation ifill . Conse-
quently, the molecular geometry and the distribution of the total
atomic charges and spin densities suggest YHHt can be
regarded as another configuration of the metttydbridged ethyl
complexVI in which the carbon atom of the methyl partner is
loosely bound to the bridging hydrogen atom of the ethyl
partner. Atthe UMP2/6-31G(d) and QCISD(T)/6-31&(2d,-

2p) levels of theory, the energy of compleXl is calculated

to be 35 and 36 kJ/mol, respectively, lower than that of its
separated components;Hg™ and CHy. 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 O K.

The second step of the methane elimination fromwas
found to involve a hydrogen atom transfer between the methyl
and the H-bridged ethyl partners of the iemeutral complex
VIl . Since this implies the formation of a covalent bond, the
two partners ofVIll should come much closer together. In
fact, the C3-H3 distance of structur&/Ill (1.983 A) is
shortened to 1.736 A in the transition structide (Figure 7)
found for the hydrogen atom transfer. The normal mode
associated with the single imaginary vibrational frequency of



9374 J. Am. Chem. Soc., Vol. 118, No. 39, 1996

v€lla et al.

X(Cs)

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

IX (272 cm™1) is dominated by a shortening of the €83
distance combined with a lengthening of the-€43 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-Q0.870) accounts for 87% of
the positive charge ofX, whereas the sum of the total spin
densities of the methyl unit (0.800) accounts for 80% of the
unpaired electron population dX. This indicates a weak
electronic charge transfer from the methyl radical partner to the
H-bridged ethyl cation in the transition structupe. 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 i1l . However, at the QCISD(T)/6-3#1G-
(2d,2p) level of theory|X is calculated to lie 4 kJ/mdbelow
VIII . Since in this region the PES appears to be very flat, a
meaningful evaluation of the relative energiesvdfi andIX
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)/6-3115(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 frorfll , as that barrier is the one for the
first step.

A geometry re-optimization diX, 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 ieneutral complex

XI(Cy)

Figure 9. UMP2/6-31G(d)-optimized transition structure for the
transfer of a nonbridging hydrogen atom ofHz" to the CH* partner
in the ion—neutral complex/Ill .
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Figure 10. Schematic potential energy profile showing the methane
elimination from ionized propanél(). Energy values obtained from
the ZPVE-corrected QCISD/6-3115(2d,2p) energies relative to that
of Il .

transfer of one of the peripheral hydrogen atoms gfl£ to
the CH partner in the iorneutral complexVIll was also
studied. For instance, the H1 atom transfer was found to take

between the ethene radical cation and methane. Thus theplace through the transition structufé (Figure 9). It is worth

geometrical parameters of theH part of structureX are nearly
identical to those of the calculated equilibrium structure for the
isolated ethene radical catidf while the C3-H3 bond of the
CH, part is 0.065 A longer than in the calculated equilibrium
structure for the isolated methane (1.090 A). The charge and
spin density distributions (Tables 3 and 4) show that the sum
of the total atomic chargesH0.766) 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 populatioX.of
Therefore, there is a significantz0.2 ) 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 £+ and CH,. Since BSSE are
expected to affect the computed interaction between thig'C
and CH, partners in the compleX, this stabilization energy
value should be taken with caution.

The above findings indicate thEX is the transition structure
for the bridging hydrogen atom transfer between the-ioautral
complexesVIll and X. For the sake of completeness, the

noting that the C3H1 and C+H1 distances (1.206 and 1.498
A, respectively) inXl indicate a covalent binding of this
transition structure. The normal mode associated with the single
imaginary vibrational frequency ofl (801 cm™1) corresponds
chiefly to a shortening of one of these twe-& bonds and a
lengthening of the other one. The energy of the saddle point
Xl is predicted to be 86 kd/mol higher than thatf. It can

be concluded, therefore, that the transfer of a hydrogen atom
other than the bridging hydrogen ofl@s* to the CH* partner

in the ion—neutral complex/Ill is very unlikely.

Finally, the formation of the product¢ + CH, implies a
simple separation of the two components of the compex
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 fromlll . The activation energyt® K for the overall
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iy In summary, the present theoretical calculations reveal that
a the unusual features of the dissociationd ‘6f stem from the
PR intermediacy of an ethyl ioamethyl radical complex. The
e S specificity of the methane elimination arises from abstraction
s of the bridging hydrogen atom in a metkyH-bridged ethyl
complex in which the bridging hydrogen atom originates from
a methyl ofl**. 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 iemeutral complex intermediate.
A concerted 1,2-elimination would be symmetry-forbidden in
the Woodward-Hoffman sensé® passage through an ien
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 eliminatibhalso demonstrates
that H-transfer inVIIl is strongly favored over return it , as

0 50% of such collapses would interchange the positions of the
carbon atoms it**, producing a repositioning of isotopic labels
H M H that clearly does not occur at the threshold for methane
KU H& e —H elimination. Carbon skeletal isomerization lof by way of
" + \.+ K ; .+/ ion—neutral complexes does occur, but only as a minor, higher
H&F_ et ”9c—c'>” H\/c_ et energy process through a different configuration of the complex
H " " \ " H (e.g.,VI). Atthe threshold for attaininglll /IX it is clear that

Figure 11. Schematic potential energy profile showing the carbon retum tolll d,oes not compete with methane elimination. This
skeletal rearrangement of ionized propatfi¢)(and the subsequent IS Very surprising, a¥lll should be able to return tdl , the
conversion of the rearranged radical catidh '§ to an equivalent ~ lowest energy point on the PES, by the pathway whereby it
structure (Il ) which can eliminate methane containing the central forms froml**. We rationalize its not doing so by relating the
carbon atom. Energy values obtained from the ZPVE-corrected QCISD/ experimentally measured thresholds for the dissociatiohs of

6-311+G(2d,2p) energies relative to that ibF . and our theoretical description of the PES as follows. Simple
] ) o N ] methane elimination at threshold occurs because the lowest

predicted to be 82 kJ/mol, which is somewhat above the critical ethyl cation go near the bridging hydrogen atom. We suggest
energy of 74 kJ/mol (0.77 eV) determined as the difference that the covalent bonding between the C3 and H3 atorkdlin
between the appearance potential of 11:7D.02 eV for the  makes H-transfer-methane elimination from there much faster
CHj elimination froml** measured by Chupka and Berkowftz  than return tdil . A methyl group can move from one carbon
and the recommended propane adiabatic ionization potential of o the ethyl group to the other only at higher energies at which
10.95=+ 0.05 eV it can do so without going near the bridging hydrogen atom.
The intriguing observation that a small amoustl(L%) of  Thys the contours of thes8g+ ground-state PES are such that
all methane loss from ionized propa2é®C includes the central 4t the threshold for methane elimination the methyl radical
carbon atom is readily explained if one assumes that the Carbonpartner of the ior-neutral complex is directed to the hydrogen
skeletal rearrangement of eq 2 precedes the elimination of atom it will abstract without being able to move freely around
methane involving the central carbon atom. Figure 11 provides the ethyl cation partner. We know of no previous demonstration
a schematic potential energy profile, calculated at the QCISD- of 4 confined path from a ground state ion to the transition state

(T)/6-311+G(2d,2p)ZPVE level, showing the two-step process  for reaction between the partners in an-areutral complex.
required to generate a rearranged radical cation I{i.&) which

can eliminate methane bearing the central carbon atom. Sincecqnclusions

the calculated overall activation energy of this isomerization

(86 kd/mol) is 4 kd/mol higher than the calculated value (82 Our computational exploration of theslg* ground-state
kJ/mol) for the subsequent methane elimination from the potential energy surface in the regions concerning the® @htl
rearranged radical cation (see Figure 10), the carbon skeletalCH, losses from ionized propane reveals several important
rearrangement is the rate-determining step for the methanepoints:

elimination involving the central carbon atom. At this point (1) At the QCISD/6-31G(d) level of theory, the equilibrium
we note that the predicted energy difference of 4 kJ/mol betweenstructure of the ground state propane radical cation is predicted
the transition structure¥l and VIl is much lower than the  to be aCs structure showing a long-6C bond of 1.897 A and
measured difference of 0.22 eV (21 kJ/mol) between the a somewhat short-€C bond of 1.474 A. The interconversion
appearance potentials of the £&hd*3CH, losses from ionized  petween the two equivalent structures takes place V@&,a

propane2-'*C. However, this discrepancy is likely due to transition structure showing two-€C bonds of 1.595 A and
kinetic and competive shifts and the combination of the involves an activation energy of about 5 kJ/mol.

uncertainties in all of the results. The complex-mediated  (2) The carbon skeletal rearrangement of the propane radical

elimination from and isomerization ¢f" are similar to carbon cation takes place via a transition structure consisting of the

skeletal rearrangements and alkane eliminations that occur inmethy| radical coordinated to the nonclassical H-bridged ethyl

larger alkane radical catioh*’demonstrating further generality  cation. This ior-neutral complex lies about 11 kJ/mol below

of such processes. the calculated energy of the dissociation fragments H-bridged
(46) Chupka, W. A.; Berkowitz, 1. Chem Phys 1967, 47, 2921. ethyl cation plus methyl radical.

(47) Traeger, J. C.; Hudson, C. E.; McAdoo, D.JJAm Soc Mass
Spectrom1996 7, 73. (48) Williams, D. H.Acc Chem Res 1977, 10, 280.




9376 J. Am. Chem. Soc., Vol. 118, No. 39, 1996 vElla et al.

(3) The methane elimination from ionized propane proceeds abstraction of the bridging hydrogen atom in the metty
in three steps. The first one involves the formation of another bridged ethyl complex in which the bridging hydrogen atom
configuration of the methytH-bridged ethyl complex, lying originates from a methyl of the propane radical cation.

32 kJ/mol below the energy of its separated components, in  (5) The carbon skeletal rearrangement is predicted to precede
which the carbon atom of the methyl partner is loosely bound the elimination of methane from ionized propane involving the

to the bridging hydrogen atom of the ethyl partner. This central carbon atom. This degenerate rearrangement is calcu-
elementary reaction is the rate-determining step of the methaneiated to be the rate-determining step of the overall process

elimination from ionized propane and is characterized by a |eading to methane loss bearing the central carbon atom of the
transition structure lying 15 kJ/mol below the thermochemical prgpane radical cation.

threshold for methyl radical loss, which looks like a methyl
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