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Although the propane ion has been a long-standing model for RRKM/QET calculations, the validity of the
transition states utilized in such calculations was unclear. To remedy this, we use potential energy barriers
and harmonic vibrational frequencies calculated at the ab initio QCISD(T)/6-G{2d,2p) and UMP2/6-

31G(d) levels of theory, respectively, as parameters to compute rate constants versus internal energy curves
for the losses of the H atom, Gland CH from the propane ion by a RRKM procedure. The results agree
reasonably with experimental ones. The ab initio calculations confirm that H atom loss occurs from the middle
carbon of the propane ion to form tisecpropyl cation. The rate constant of H atom loss increases slowly
with increasing internal energy, which is surprising for a simple bond cleavage. This is shown to be due to
the changes in vibrational frequencies between the propane ion and the transition state being small for this
reaction. Methane elimination occurs in a stepwise fashion through a methyl raeliogl ion complex.

Low frequencies arising from CC bond elongation in the rate determining step for this reaction give a faster
rise in rate constant with increasing internal energy for this reaction than for H atom loss, despite the former
reaction being an elimination. A number of frequencies are very low in the transition state fotoS$]

taken to be a loosely bound methyl radieathyl ion complex. This gives a very rapid rise in the rate constant

of this simple CC bond cleavage with increasing internal energy. Losses of single atoms by simple cleavages
are predicted to be slower than most types of competing reactions due to changes in vibrational frequencies
between the reactant and transition states being relatively small.

Introduction gave good agreement between experiment and theory. Lifshitz
and Shapire determined experimental rate constants for field

. . .
The propane on (€1s"™) _ha_s been a fayorlte model for free region dissociations of the propane ion; they obtaked
developing theoretical descriptions of the unimolecular decom- 3.2 x 10* s for CaHg** — CoHat* + CHa

positions of ions in the gas phase since Rosenstock and co-
workers used it to introduce the quasi-equilibrium theory c
(QET), an approach that became highly successful in describingr
the dissociations of ions in the gas phase. A number of
subsequent studigs' utilized ionized propane as a model for
testing and/or developing the QET, but each invoked arbitrary

In a 1967 photoionization study that included propane,
hupka and BerkowitZound that GH;" production is strongly
educed by competition from £, formation, competition
much stronger even than predicted by Vestal with the @ET.
This is very surprising, because in general, simple cleavages
. ; . 7 with low threshold are expected to be the dominant reactions
assumptions re_gardmg the reactant and transition state wbra—at all energies, and H atom loss from ionized propane (a simple
tional frequencies. bond cleavage) has a lower appearance energy (AE) than that
In 1960, Kropf and co-worketsised the QET to “reasonably” of the quickly favored GH4** formation (i.e., AE(GH;*) =
predict the mass spectrum, dissociations in field-free regions 11 5q eV, AE(GH,™) = 11.72.eV) The latter would also be
(metastable decompositions), and isotope effects in the frag-eypected to be relatively slowed by a more constrained transition
mentations of propane and propal@-H; ions. However, they  giate Although Vestal utilized a loose transition state fgic:
also stated “No choice of frequencies and energies ... consistenty - mation to explain this competition pattern, Chupka and
with present experimental evidence and knowledge of activatedBerkowitZ concluded that it is 4, formation that has an
complex structures gave a sufficiently low value for the rate of |, ,sual dependence on internal energy. To rationalize the
CH bond break.” Vestélused improved state-counting methods suppression of @17 at higher energies, they suggested that

to reasonably predict the propane mass spectrum by the QET e “reaction involves a rigid transition state, possibly one
However, to predict observable field free region losses of an H yielding a ringlike structure more stable thatCsH-+.

atom and Cl3, very “loose” configurations of the propane ion Vestal and Futreficalculated minimum rate constants of 6.3
had to be assumed, configurations justifiable only because they, 1 51 for H atom loss and 1.% 10° s for CH, elimination

from the propane ion. However, to obtain these values, they

l8Q:xg::::{a’toéggg"’r‘ge'l\"oﬂca' Branch. made the transition state for H atom loss from ionized propane
§Csic. ' a tight ringlike structure, the “tightest transition state used in
DE-mail: olivella@taga.qo.ub.es. the propane ion calculation” and chose a similar, but slightly
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looser, transition state for GHelimination. Also, Stockbauer
and Inghram later concluded on the basis of the comparison
of QET predictions and experimental results that H atom loss
from ionized propane does not giweCsH;", and that a ring
structure must be considered for the transition state of the H
atom loss. However, after the early studies of the losses of H
atom and CHfrom the propane iors-CsH;" was demonstrated

to be the stable propyl ion isom&ri® suggesting that the
transition state for loss of the secondary H atom is not cyclic.
In addition, recent high level ab initio calculatidhslemon-
strated that the Clfelimination from the propane ion involves
the formation of a H-bridged £is™—CHs* ion—neutral com-
plex, which undergoes a H-transfer between the two partners.
The formation of this ioA-neutral complex is the rate-determin- 3(Co)

ing step of the CH elimination and is characterized by a Figure 1. UMP2/6-31G(d)-optimized geometries of the equilibrium

tr_ansition state_ looking like a methyl ra_dical_ coo_rdinated 0 @ giryctures of the propane radical catidy), the ethene radical cation
distorted classical ethyl cation, which is quite different from (2) and the ethyl cation3].

the transition states assumed by early worketS hus, despite
a long history, it is unclear that the Rie®ampsberger QCISD with a perturbative estimation of the triples (QCISD(T))
Kasset-Marcus (RRKM)/QET theory has been adequately method® employing the double d,p-polarized triple split-valence
applied to the decompositions of the propane ion. In light of 6-311G(2d,2p) basis s&tTo see if diffuse functions might be
the role of the dissociations of ionized propane in the develop- important in describing catieamolecule interactions, the
ment of the QET and the persistent uncertainties in its QCISD(T) calculations were also carried out with the 6-811
application to those reactions, we undertook combined ab initio G(2d,2p) basis set, which includes a single additional diffuse
and RRKM calculations to study the losses of H atomsCH  sp shell on heavy atoms oy There was little difference in
and CH, from ionized propane. These calculations reasonably the energy changes calculated using the two basis sets, and only
reproduced the pattern of experimental observations, demon-the energies derived from the latter are reported. Our best
strating the applicability of the RRKM/QET approach to this relative energies correspond to the QCISD(T)/6-8G(2d,2p)
system. 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.
All of the ab initio calculations described here were performed
with the GAUSSIAN 92 and GAUSSIAN 94 program pack-
The geometries of the relevant stationary points on g€ ages?! running on a HP9000 J280/2 workstation and on the
ground state PES were located at the full (i.e., not frozen core) |BM SP2 computer at the Centre de Supercomputacio de
second-order MgllerPlesset perturbation theddemploying Catalunya (CESCA) in Barcelona.
the split-valence d-polarized 6-31G(d) basis'8&the amount
of spin contamination in the reference spin-unrestricted Hattree
Fock (UHF}*wave function of the doublet states was found to Results and Discussion of the ab Initio Calculations
be very small; thus the expectation values of 8eoperator
were always very close to the value of 0.75 for a pure doublet The optimized molecular geometries and calculated total
state, i.e., in a range of 0.7586.7641. To characterize the energies for the equilibrium structures ofHg™ (1), CoHs™
stationary points as minima or as saddle points and to facilitate (2), C,Hs* (3), and the transition structure for the rate-
zero-point vibrational energy (ZPVE) corrections to the relative determining step of the methane elimination from ionized
energies, the harmonic vibrational frequencies were obtainedpropane TS12) have been reported previouslyFor the sake
at the UMP2/6-31G(d) level by diagonalizing the mass-weighted of completeness these structures are given in Figures 1 and 2
Cartesian force constant matrix. To predict more reliable ZPVE (bond lengths in angstroms and bond angles in degrees). The
values, the raw UMP2/6-31G(d) harmonic vibrational frequen- most relevant geometrical parameters of the optimized molecular
cies were scaled by 0.93 to account for their average overes-structures involved in the H atom loss frolnare given in
timation at this level of theor{® Absolute entropies were  Figures 3 and 4 (bond lengths in angstroms and bond angles in
obtained, assuming ideal gas behavior, from the scaled harmoniadegrees$? Our previous study on the unimolecular decom-
frequencies and moments of inertia by standard metHods. position reactions of revealed that the loss of GHakes place
Equilibrium structures were fully optimized within appropriate through a reaction path involving a steady increase of the energy
symmetry constraints using analytical gradient metHéds. along the CC bond elongation, leading to the sum of the energies
Starting geometries for the transition-structure optimizations of the separated dissociation fragments, sCEnd GHs™.
were obtained by the usual reaction-coordinate method, the Therefore, it was concluded that the €ltbss from1 does not
energy being minimized with respect to all other geometrical involve any transition structure (i.e., there is no intrinsic potential
variables for successive increments in the reaction coordinate.energy barrier for the reverse association reaction of the
The approximate transition structures located in this way were dissociation fragments). Total energies calculated at various
refined by minimizing the scalar gradient of the energy, using levels of theory for all species involved in the present study
Schlegel’s algorithm? The optimized geometries were checked are given in Table 1, which includes the ZPVE and the absolute
for the correct number of imaginary eigenvalues of the force entropies at 298 K computed from the scaled vibrational
constant matrix. frequencies. The relative energies of the stationary points on
At geometries optimized using the UMP2/6-31G(d) wave the potential energy surface associated to the losses of the H
function, the energies were recalculated using (frozen core) atom, CH, and CH® from 1 are collected in Table 2.

Ab Initio Computational Details
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Figure 2. UMP2/6-31G(d)-optimized geometry of the transition

structures for the rate-determining step of the methane elimination from

ionized propane.
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Figure 3. UMP2/6-31G(d)-optimized geometries of the transition
structure TS14) for the H atom loss from ionized propane leading to
the formation of thesecpropyl cation and the equilibrium structure of
the secpropyl cation 4).

Experimental data derived from known heats of formation or

appearance energy measurements are also given in Table 2.

Formation of the secPropyl Cation. The H atom loss from
ionized propane leading to the formation of #eEpropyl cation
was simulated by stretching the €BI5 bond ofl systematically

in steps of 0.1 A and optimizing all other geometry parameters.

The increase of the C2H5 distance caused a simultaneous
shortening of the C2C3 bond. This path led to the approximate
location of a saddle point at GH5 = 1.91 A. The structure
located in this way was optimized using Schlegel’s algorithm.
The resulting stationary point,.S14 (Figure 3), was character-
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Figure 4. UMP2/6-31G(d)-optimized geometries of the transition
structure TS15) for the H atom loss from ionized propane leading to
the formation of corner-protonated cyclopropane and the equilibrium
structure of corner-protonated cyclopropabg (

activation energy a0 K for the H atom loss from ionized
propane via the transition structuf&14is predicted to be 75
kJ/mol, which is somewhat above the critical energy of 62 kJ/
mol (0.64 eV) determined as the difference between the AE of
11.59 £ 0.01 eV for production of gH;" from propane
measured by Chupka and BerkoWitand the recommended
propane adiabatic ionization potential of 10.250.05 eV
Further elongation of the C2H5 distance inTS14 led to the
dissociation fragmentsecpropyl cation and H atom. The
equilibrium structure calculated for tlsecpropyl cation 8) is
displayed in Figure 3. The sum of the energies of the separated
fragments4 and an H atom, lies 73 kJ/mol above the energy
of 1. This 0 K dissociation energy is in reasonably good
agreement with the experimental estimate of 65 kJ/mol deter-
mined fran 0 K heats of formatioA3

Formation of the Corner-Protonated Cyclopropane.The
H atom loss from ionized propane leading to the formation of
n-propyl cation was simulated by stretching the-&41 bond
of 1 systematically in steps of 0.1 A and optimizing all other
geometry parameters. The increase of the-B1 distance
caused a simultaneous shortening of the-C2, C2-C3, and
C3—Cl1 distances accompanied by the rotation of the @idup
around the C3C2 bond. This path led to the approximate
location of a saddle point at GH1 = 1.77 A showingCs
molecular symmetry. The structure located in this way was
optimized using Schlegel’s algorithm. The resulting stationary
point, TS15 (Figure 4), was characterized as a true transition
structure by checking that it had only one imaginary harmonic

ized as a true transition structure by checking that it had only vibrational frequency (878i cm). It is worth noting that the

one imaginary harmonic vibrational frequency (535iénThe

elongation of any of the other GH or C3—H bonds inl led
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TABLE 1: Calculated Total Energies (Hartrees), Zero-Point Vibrational Energies (ZPVE, kJ/mol)2 and Absolute Entropies §,

J Mol 1 K~1)ab for UMP2/6-31G(d) Optimized Structures

point QCISDY QCISD(TY/
structure group state nivf UMP2/6-31G(d) 6-311+G(2d,2p) 6-311+G(2d,2p) ZPVE S
1 Cs A 0 —118.27906 —118.44568 —118.46190 246 296
2 D, 2B, 0 —77.92651 —78.01589 —78.02410 123 239
3 Co 1A; 0 —78.56145 —78.66193 —78.67303 154 228
4 C, A 0 —117.76065 —117.90801 —117.92496 222 274
5 Cs A 0 —117.75358 —117.89469 —117.91360 230 272
CH, Ty 1A; 0 —40.33704 —40.41468 —40.42005 113 186
CHz Dan 2A," 0 —39.67303 —39.74128 —39.74531 75 196
H s —0.49823 —0.49981 —0.49981 0 115
TS12 Cs A 1 —118.24060 —118.40998 —118.42559 233 331
TS14 C 2A 1 —118.25535 —118.40980 —118.42694 229 201
TS15 Cs 2A 1 —118.24171 —118.39359 —118.41270 235 287

a Calculated using UMP2/6-31G(d) harmonic vibrational frequencies, scaled by°?A8298 K and 1 atm¢ Number of imaginary vibrational

frequencies? In the frozen core approximation.

TABLE 2: Calculated Relative Energies (kJ/mol) for
UMP2/6-31G(d)-Optimized Stationary Points on the GHg™
Potential Energy Surface

QCISD¥Y QCISD(Ty
stationary UMP2/ 6-311+G 6-311+G

QCISD(TY/
6-311+G

energy excess with respect to the ground state energy including
ZPVE of the reactant iork;, was initially calculated on the basis

of standard RRKM theory of unimolecular reactions, which can
be formulated &8

oint  6-31G(d) (2d,2 2d,2 2d,2p)+ ZPVE ex

P (d) (2d.2p)  (2d,2p) (2d,2p) p W*(E ~Ey
1 0 0 0 0 KE) = ———— (1)
2+ CH, 41 40 47 37 44 ho(E)
3+ CHg 117 112 114 97 F7
4+H 23 99 97 73 65 wherekE, is the critical energy of the reaction (i.e., the energy
5+H 72 134 127 111 a7 barrier includi he ZPVE E— Eois th | b f
Ts12 101 94 95 82 79 arrier including the )NT(_ _ o) is the total number o
TS14 62 94 92 75 62 states of the transition state within the energy inteEvat E,
TS15 98 137 129 118 o(E) is the density of states of the reactant ion, &gl Planck’s

2|n the frozen core approximatiohEstimated fron 0 K heats of
formation: AH{(CH,=CHy") = 10742% AH{(CH;) = —672 and
AH{(CH3;CH,CHgz") = 966 kJ/mol at 0 K. The last value was obtained
by combining AH{(CH3;CH,CH3) = —90 kJ/mol at 0 K® and the
propane adiabatic ionization potential of 10-99.05 eV ¢ Estimated
from 0 K heats of formationAH{(CoHs™) = 91412 AH{(CHg") = 1492
and AH{(CH;CH,CHz'*) = 966 kJ/mol.® Estimated from thermo-
chemical dat&® ©Estimated from the appearance potentfals.

to the location of the same transition structufr815 The
activation energy a0 K for the H atom loss from ionized
propane via the transition structuf&15is predicted to be 118
kJ/mol, which is 43 kJ/mol higher than the one calculated for
the H atom loss via the transition structtr814. This predicts

constantW/(E — Eg) andp(E) were enumerated by direct count
of vibrational states using a progréhbased on the Beyer
Swinehart algorithni?

The RRKM computations employed the potential energy
barriers calculated at the QCISD(T)/6-BG(2d,2p) level and
the UMP2/6-31G(d)-calculated harmonic vibrational frequencies
scaled by the factor 0.93. The torsional modes were treated as
low-frequency vibrations. For H atom loss, the relative energy
of 75 kJ/mol calculated fofS14was taken as the critical energy
and the harmonic vibrational frequencies calculated for this
structure were taken as the transition state frequencies. Fgr CH
elimination, the relative energy of 82 kJ/mol calculated for the
rate-determining transition structufeS12 was taken as the

little loss of H atoms other than one of those linked to the middle critical energy for the overall reaction and the harmonic
carbon atom in ionized propane, in accordance with experi- Vibrational frequencies calculated for this transition structure
mental observations when isotope effects and H-interchangewere taken as the transition state frequencies. Since the CH

prior to dissociation are taken into acco@nturther elongation
of the C1-H1 distance infS15led to the dissociation of ionized

loss from ionized propane does not involve any transition
structure (i.e., the reverse association reaction is barriefiess),

propane to the corner-protonated cyclopropane and an H atomthe sum of the relative energies of the separated dissociation

The equilibrium structure) calculated for the corner-proto-

fragments3 and CHe (97 kJ/mol) was taken as the critical

nated cyclopropane is displayed in Figure 4. The sum of the energy of this reaction, whereas the harmonic vibrational

energies of the separated fragmebtand an H atom, lies 111
kJ/mol above the energy af The calculated energy difference
between thesecpropyl cation4 and the corner-protonated
cyclopropane form of the 4£i;" ion (5) is 38 kJ/mol, in good
agreement with the experimental value of 35 kJ/Mdtarlier
MP4(SDQ)/6-31G(d,p) calculations with HF/6-31G(d) opti-
mized geometries predicted a value of 34 kJ/mol for this
differencel®

RRKM Computational Details

For H atom, CH', and CH, losses from ionized propane, the
dependence of the unimolecular rate constéffon the internal

frequencies calculated for a propane ion structure with the C2
C3 bond elongated to 3.4 A and all other geometry parameters
optimized,6 (Figure 5), were taken as the vibrational frequencies
of the effective transition state. Such a choice of the-C3
distance was made in order to obtain an energy difference
between the crossover points of the curve for thel£* ion
with the curves for the-CsH7™ and GHs™ ions in the RRKM-
calculated breakdown graph close enough to experimental
results. Tables S1S4 (Supporting Information) contain the
UMP2/6-31G(d)-calculated harmonic vibrational frequencies
and their description fot, TS14, TS12 and®6.

In addition, quantum-mechanical barrier tunneling (QMBT)
correction to the rate constants was considered in the RRKM
calculations. To incorporate QMBT effects in the framework
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Figure 6. Plots of the logarithm of the RRKM-derived rate constant,

k(E), versus internal energy excess with respect the ZPVE of the
propane radical catiork, for the losses of an H atom, GHand CH®

6(Cs)
Figure 5. Structure used for computing the harmonic vibrational from ionized propane.

frequencies of the effective transition state for the methyl radical loss
from ionized propane.

of the RRKM theory?® WI(E — Eg) in eq 1 was replaced by
Wom'(E — Eo):

Wou(E — E) = Y PE — ¢;) )

0.8

0.6

Relative abundance

whereP(E — ¢,") is the one-dimensional tunneling probability
as a function of the enerdy in the reaction coordinate arg"

is the vibrational energy levels of the transition state; in the
classical limit of no tunnelingVom'(E — Eg) — WI(E — Ey). L
The barrier along the reaction coordinate was approximated by
a generalized Eckart potent#dlin the case of the loss of an H
atom, it is worth noticing that the sum of the energies of the . e - o =0
dissociation fragments are calculated to lie high (73 kJ/mol) gigyre 7. Breakdown graphs for the ionized propane depicting the
above the energy of. Since quantum-mechanical tunneling relative abundances of thesldy*, s-CsH,*, CHate, and GHst ions
through an energy barrier between reactants and products cannads a function of internal energy excess with respect the ZPVE of the
take place at energies below the energy of the product, it follows propane radical catiork, at 10°° s after ionization. The curves were
that thel — 4 + H dissociation begins at an energy nearly pbtgined by integrating the rate equations using rate constants shown
identical to the sum of the energies of the corresponding " Fgure 6.

dissociation fragments, which is only 2 kJ/mol below the . . .
calculated energgy barrier of 75 kJ/r¥10I. Consequently, the According to RRKM theory, at a given internal enerythe
calculated QMBT corrections to the rate constants for the H rate of.a reaction with a critical enerdsp is pf‘?po”'ona' to
atom loss were negligible. For the same reasons, the calculatedN® ratio between th&V'(E — E) of the transition state and
QMBT corrections to the rate constants for the£ldss were  °(E) of the reactant (eq IW'(E — Eo) is the number of possible
also found to be negligible. In light of these findings, we decided (vibrational) states of the transition state within the energy

finally not to consider QMBT corrections to the rate constants NtervalE — Eo, which in turn, is inversely related to the values
of the latter two dissociations in the RRKM calculations. of the vibrational frequencies in the transition state; that is, the

lower the transition state frequencies, the larger the number of
possible states. In the case of competing reactions (i.e., the
Results and Discussion of the RRKM Calculations possible reactions of a given reactapffe) is the same for all
of them, so the relative rate constants are determined by the
The logarithm ofk(E) versusE curves for the losses of H  critical energies of the reactions and the respective transition
atom, CH, and CH- from propane ion, calculated by using State vibrational frequencies. The propane ion is the reactant in
egs 1 and 2, are shown in Figure 6. The breakdown graphs forall three of the reactions being compared, so the relative rates
ionized propane, depicting relative abundances of tiésC, of those reactions at internal energies substantially above their
s-C3H7T, CoHs™, and GHs™ ions as a function oE at 10° s critical energies are determined largely by the transition state
after ionization, are displayed in Figure 7. The curves were Vvibrational frequencies. On going from the reactant to the
obtained by integrating the rate equations using the rate constantgsespective transition state in all three of the reactions, it is
shown in Figure 6. reasonable to assume that the vibrational frequencies of the
The RRKM-calculated rate constants reproduce the experi- propane ion are transformed into the frequencies of the transition
mental dominance of H atom loss at lowest energies, its rapid state (i.e., the transition, state frequencies are related to the
replacement by Cldelimination with increasing energy, and propane ion ones). Thus at high internal energies, the rate
the dominance of Cklloss at still higher energies (Figure 7). constants for H atom, Cf4 and CH, losses from the propane

0.2
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TABLE 3: Energy Differences (kJ/mol) Between Crossover some RRKM calculations made the free rotors in the propane
Points in the Breakdown Graphs for the lonized Propane ion low frequency torsions. Our ab initio calculations indicate
CHo 2 CoH b source the presence of low frequency torsions rather than free rotors
115 535 this work in the reactant and transition state and do not support Vestal's
12.6 50.2 ref 6 reduced CH rocking frequency in the transition state.
15.9 50.2 ref 7 Methane Elimination. As described previoush the transi-
24.7 54.7 ref 30

tion state for the rate-determining step in the (GHimination

2 Crossover of curve for &1;" with those for GHg"". ® Crossover from the propane ion is a loosely associated methyl ragical
of curve for GH4** with those for GH-,* and GHs". ethyl ion complex; i.e., the elongated CC bond in the propane
. . . _ . ion is stretched further and the methyl is moved toward the H
ion are determined by the lowering of the vibrational frequencies 4o it will abstract (Figure 2). A bending mode of the propane
on going from the reactant to thg respective transition state. o involving one hydrogen atom on each methyl is considered

lefer_ences between_the energies of the crossover points fory, hecome the transition vector. The latter is a combination of
competing processes in experimental and RRKM-calculated ~~- bending, methyl wagging of the two hydrogen atoms

breakdown grgphs are given in j’able 3. The crossover of thetightly bound to C1, and G2C3 stretching. Although a number
CaH7" curve with the correspono'lmggEg*' _and GHa'" curves of vibrational frequencies are significantly lowered upon forming
are 11.5 kJ/mol apart, and expe_rlmental differehééiare 12'6_’ this transition state (Table S3, Supporting Information), the
15.9, and 24.7 kJ_/mc_)I. Expenment_ a_nd RRKM calcu_lat|ons lowest frequency in the transition state for £élimination (38
agree reasonably in light of the variation in the experimental .. -1y 4rises from easier torsional motion around the elongated

;/I;alu?:s. T?e .RF‘;.KM calculat_i;)hnfhpla(t:re] the crossi5n395p|(23r;ts ?f C2—C3 bond, which corresponds to the lowest frequency (188
e CH elimination curve wi € Other CUrves 5. mo cm™Y) in the propane ion. Other frequencies that significantly

apart as compared to experimental differeR¢€%of 50.2, 50.2, decrease are the CCC bending (216 to 153 %mC1-C2

and 54.7 kJ/mol. : ;
. . torsion (268 to 203 cmt), the C2-C3 stretching (453 to 211
_Hyd_rlog_en Al\torg _Lo?r?. Blecause sHtreichlnfg of atr?H bgg? 'S" emr1), CH bending in the loose methyl (643 to 319 ¢ and
primarily involved in the loss ba i atom from the middie a combined C%C2 torsion-CH bending (1310 to 911 c#).

tcrarnbci)tri]' ne\)/(CEtptr Iior trtf \\//lbrf;\tlrogal r:;lgiie tt':\atn belcorrnrtra]s tithrf There are not increased frequencies, as might be expected for
ansition vector {1.€., Ine vector desc g the nuclear motion ¢, ation of a more ordered transition state. The lack of

assomatgd to the transition state Imaginary frequency), theincreased frequencies is attributed to CC bond-breaking domi-
frequencies in the transition state for that process are quite

T . . . . nating in the transition Figure 2), with H-transfer takin
similar to those for the propane ion. Comparing the vibrational ating in the transition state (Figure 2), wit transter taking

. - . 4 . place in a separate second stéNibrational frequencies are
{tr?sq?()elj]r?clie;gltvsgrrlg;ra(eblizr?;easni(:] Csriggg?nrgl%lmn?ggg:g:gé onsiderably lowered in the rate-determining transition state
on going from the pro gne ion to the transition state for the H —cooooc H-transfer is not yet very far along. The decreases in
ato?n Iogs Furtherlcr)nofe the chanaes that do occur are in thevibrational frequencies make the rate-determining transition state

oo o 9 for CH,4 elimination “looser” than that for H atom loss. This
range in which there is little effect on rate constant, namely the . A .
. . feature is supported by the activation entropies-86 and—5
moderate to high frequency range. The numerator in eq 1

. . J mol~t K~1 for CH, elimination and H atom loss, respectively,
increases very slowly beyond a few kJ/mol above threshold with . ;

. > . ; ._obtained from the calculated absolute entropies at 298 K (Table
increasing internal energy, producing a rather slow increase in

. . . o= 1)31 As a consequence of the substantial reduction of the lowest
the rate constant of this reaction with increasing internal energy.

Thus it is simply the absence of low frequencies in the transition ferﬁr?]lij:aﬂ%is r(i);eﬂs]err%?:ﬂarr;eolrzn r'; tIZF triﬁn?gtlgnczts;fértl?ew(i:t;'
state for loss of the H atom rather than any unusual feature of . pidly

e o increasing internal energy than the H atom loss, the reaction
the transition state, such as cyclization, that produces the : . ; . »
. o . . . that is favored just above its threshold. This noncompetitiveness
relatively slow rise in the rate constant of this reaction with

increasing internal energy. of a simple bond cleavage is interesting, as complex-mediated

Kropf and co-workersused rounded off and grouped propane alkqng eliminatiqns are usually overwhelmed by simple.dis-
vibrational frequencies for the propane ion and modified those sociations involving cleavage of the same CC bond at higher

ias82—36
frequencies to represent the transition state. For the propaneenerg'e§'

ion they assumed two GHree rotations, motions that instead ~Kropfand co-workerSused a CC stretching as the vibrational
have frequencies of 188 and 268 chin 1 according to our ab ~ Mode that becomes the transition vector for GHimination,
initio calculations. For the H atom loss the only change they in contrast to our assignment of a methyl bending motion as
made on going from the propane ion to the transition state wasthe precursor to the transition vector. For the transition state,
to convert a high-frequency CH stretch (3000 dnto the they also increased a CC stretching frequency from 900 to 1200
transition vector. As would be predicted by the above discussion, €M * changed two assumed propane ion;Gide rotations to
their RRKM calculations also gave a slow rise in the rate 500 cn* vibrational frequencies, and reduced two4bicking
constant of H atom loss with increasing energy. Vestal and frequencies from 1000 to 100 cth Vestaf assumed one free
Futre”4 used frequencies S|m||ar to those Of Kropf and co- rotor in the transition state and none or two in the propane on,
workers for the propane ion and the transition state. These With little change in frequencies otherwise between the reactant
choices of transition vector and preservation of frequencies and the transition state. Vestal and Futreightened the
between the reactant and the transition state are in accord withtransition state for this process mainly by stopping two free
our ab initio calculations, a|though the assumption of free rotors. None of the preViOUSIy assumed transition states is very
rotations in the propane ion is not. Vestased the frequencies much like the one we obtained from ab initio calculations.

of Kropf and co-workerswith some modifications to describe QMBT effects are predicted to produce some elimination of
H atom loss from the propane ion. He retained a CH stretch asCH,4 below the calculated activation energy @ K for this
the transition vector, but in addition he reduced az@btking reaction (82 kJ/mol) and to slightly increase the competitiveness

frequency from 1000 to 100 crhin that transition state and in ~ of CHy4 elimination with H atom loss just above the threshold
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for the former. Thus QMBT effects should enhance the loss of  Supporting Information Available: Tables S+S4 sum-
CH4 by metastable decomposition. However, our predicted marizing the UMP2/6-31G(d)-calculated harmonic vibrational
contribution of QMBT effects to the rate constant of £Hss frequencies and their description fby TS14, TS12 and6 (8
above the top of the barrier is small, so QMBT effects are not pages). See any current masthead page for ordering and Internet
the major factor causing Cielimination to overcome H atom  access instructions.
loss with increasing internal energy.
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