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An ab initio study was performed of thelds;™ + C,Hg ion—molecule reaction, which has received considerable
experimental attention. The correspondingd¢} potential energy surface (PES) was studied at the MP2/6-
31G(d,p) level of theory, and single-point calculations on the MP2 geometries were carried out at the CCSD-
(T)/6-31G(d,p) and MP2/6-31G(3df,2p) levels. According to our results, the initial interaction of ethane
with the vinyl cation proceeds through a barrierless hydride transfer fraiiy @ give a GHgy-CoHs*
m-complex. This complex is located in a fluxional region of the PES corresponding to differ€xitlg"
complexes around 60 kcal/mol under reactants. In consonance with previous experimental and theoretical
work, it is observed that this region of thets™ PES is separated from the most stabl@glg tert-butyl

cation by an energy barrier of about 19 kcal/mol. Different product channels for the title reaction are accessible
from the GHg" s1-complexes via bWl or CH, elimination and fragmentation processes, the lowest energy
profiles corresponding to the,Bs" and GHs" exothermic channels. Gibbs energy reported in this work
suggests that entropic contributions may play an important role to determine the ratio of the secondary ions
corresponding to different product channels, in agreement with experimental results.

discounted the importance of,8s™ ion formation in their
radiolysis experiments. Tedder and co-worRelmve also
reported the formation of an initial “addition complex’idy™

Introduction

The ion—molecule reactions of ethane have been studied for
many years using different experimental techniduélthough

the general pattern of reactivity of ethane is the same in the in the reactions of ethyl cation and ethylene, and of methy|
different studies, the agreement of cross sections at differentCatlons and propylene. In practice the two reactions yield almost

.ethe same fragmentation ions, but the ratio of these secondary

fons is different. The collision-induced decomposition (CID)
spectrum of GHg* ions colliding with molecular nitrogen shows
two principal fragmentation routes: 385" (0.6) and GHs*
(0.4).

The high relative stability of théert-butyl cation has been
evident from the initial studies by Olah and co-work&s.
According to NMR and photoelectron spectroscopy experi-
mentst! 2-butyl cations present a rapid isomerization between
a symmetrically hydride-bridged form and a second unsym-
metrical structure. The 2-butyl cation can also rearrange to the
most stabletert-butyl cation with an experimental activation

between the different reports in the assignment of product
reactant sequencés?

The reaction between,83" and GHg has received consider-
able attention. Schissler and Steverishave measured the
reaction cross section for the proces#ig + CoHe — C3Hs™
+ CHj occurring in a mass spectrometer at different ion
energies. In their investigation with the technique of ion
cyclotron resonance (ICR) spectroscopy, Wexler and Podaoe
reported three exothermic channels producingis, CsHs*
and GH7", and two endothermic channels producingHg™*
and GH;" with reaction enthalpies of 14 and 31 kcal/mol, ) .
respectively. McAllistet has also observed the reaction produc- energy of around 18 .kcal/méﬂ. The observation of this
ing CaHs*. Kim, Anicich, and Huntregsusing both ICR and rearrangement process in the gas phase by Shold and Alfsloos

photoionization mass spectrometer methods, observed the thre§2S clearly determined that the extent of this rearrangement
exothermic channels 8s*, CsHs*, and GH,*, the first two depends on the fraction of the initially formed ions with

being the major reaction channels, in agreement with the resultssum(?"ent mternql energ){S to overcon:e the energy F’a”'er-
obtained with Blair et af. The AH values reported for these Previous theoretical .WOFP(’ on the_QHg cation has prowde_d
exothermic reaction channels are, respectivelys, —51, and structures and energies for the variousl€ isomers and details

— 46 keal/mols ' ' ' of the mechanisms for their rearrangement, complementing thus

; 13
The detection and study of thert-butyl and 2-butyl cations the experimental daté- ) ] ]
both in the gas phase and in solution have increased the 10 our knowledge, there are no previous theoretical studies
understanding of chemical processes that involve the participa-On the different reaction channels and possible mechanisms for

et al® have demonstrated that the gas-phase reactibly'C+
C,Hg — C4Hg™ leads predominantly to the formation tefrt-
butyl ions in the presence of added (§4ZDCD;. These authors

Since a detailed study of the most significant stable structures
and transition structures (TSs) connecting them on tktéyC

PES seems valuable for getting a deeper knowledge of the
features determining their dynamical behavior and for under-

*To whom correspondence should be addressed. E-mail: tsg@ Standing the experimental findings, in this work we undertook
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an ab initio MO investigation of the mechanism of the most
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important product channels for the title reaction and the related
rearrangement processes on th&lg PES.

Methods of Calculation

Ab initio calculations were carried out with the Gaussian 94
series of program¥ Stable species were fully optimized and
TSs located using Schlegel's algorithihat the MP2/6-31G-
(d,p) theory level8 All the critical points were further charac-
terized, and the zero-point vibrational energy (ZPVE) was
evaluated by analytical MP2/6-31G(d,p) computations of har-
monic frequencies. In addition, CCSD(T)/6-31G(d,p) single-
point calculations were carried out on the MP2/6-31G(d,p)
geometries in order to estimate the effect of more elaborate
N-electron treatments on the calculated relative enefgies.
Similarly, the influence of large basis sets on the relative
energies of the MP2/6-31G(d,p) optimized structures was
estimated by means of single-point MP2 calculations using the
6-311+G(3df,2p) basis set. The frozen core approximation was
used in all the calculations.
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Figure 1. MP2/6-31G(d,p) optimized geometries of the TSs and intermediates located for the formatigiydfr@ermediates in the title reaction.

components of the corresponding transition vectors.

computed by carrying out a natural population anakj$NPA)
on the corresponding MP2/6-31G(d,p) density matrices.

Results and Discussion

We will investigate the most important reaction channels for
the reaction of the vinyl cation with ethane. Figures 1 and 2
display the optimized geometry of the minima and TSs for the
formation and interconversion of differentiy™ intermediate
structures and of the TSs for the elimination ofd# CH, along
the exothermic product channels, respectively. Table 1 presents
the relative energies for the different TSs and intermediates
involved in the formation and evolution of theldy™ intermedi-
ate species, while Table 2 contains the corresponding reaction
energies and thermodynamic data for the different product
channels studied in this work. Finally, Figure 3 shows the
resultant energy profile for the reaction ofH™ with CoHs.

Unless otherwise stated, all the relative energies given in the
text were computed using electronic energies approximated in
an additive fashio# as follows:

Thermodynamic gas-phase data (300 and 700 K, 1 bar) wereE[CCSD(T)/6-31H1-G(3df,2p)]~

computed to obtain results more readily comparable with
experimental results within the ideal gas, rigid rotor, and
harmonic oscillator approximatios8.

E[CCSD(T)/6-31G(d,p)}- E[MP2/6-311G(3df,2p)] —
E[MP2/6-31G(d,p)]

Reaction paths passing through the main TSs located in thisand including the ZPVE correction from MP2/6-31G(d,p)

work were studied by MP2/6-31G(d,p) intrinsic reaction coor- unscaled frequencies. Thermodynamic data in Tables 1 and 2
dinate (IRC) calculations using the Gonzalez and Schlegel were obtained by adding the MP2/6-31G(d,p) thermal correc-
method?! implemented in Gaussian 94. Atomic charges were tions to the composite electronic energies.
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Figure 2. MP2/6-31G(d,p) optimized geometries of the TSs located in this work for@d H elimination processes. Bond lengths are given in
angstroms. Hollow arrows sketch the main components of the corresponding transition vectors.

TABLE 1: Relative Energies (kcal/mol) at Various Theory Levels of the Chemically Important Structures Located on the
Different Reaction Channels Corresponding to the GHz™ + C,Hg lon—Molecule Reaction in the Gas Phase

e (]
MP2/ CCSD(TY MP2/6-311 AH AG

structure 6-31G(d,p) ZPVE 6-31G(d,pj +G(3df,2p) AE? 300K 700K 300K 700K
CoHs™-CoHa, Cs TS1  -233 29 261  -231 -230 240 -240-131 16
CoHe*+++CoHa() 2 629 68 —608  —621 —532-544 545421 253
CoHet++CoHa(), Cs TS3 -622 67 —603  —618 —53.2 —550 —55.8 —41.8 —23.6
TS, GHs'+-CoHa(1) — CHiCH—=CHCHg~-H*(x)  TS4 —62.8 65 —605  —618 ~—53.1-548 558 —417 —23.4
CHaCH—CHyr++CHs* (1) TS5 -701 67 —686  —692 —610 —62.4 —62.4 —50.2 —33.6
TS, CHCH=CHCHy++-H* () — TS6 -655 48 —662  —636 —59.5-60.6 612 —48.2 —31.1

CH3CH=CH2'"CH3+(.7I)

CH:CH=CHCHy+-H* () 7 687 52 —681  —675 —617 —62.862.9-50.7 —34.7
TS, CHCH=CHy+++CHs" (1) — (CHz)sC* TS8 —477 52 —488  —457 —416 —43.1 —43.6 —30.7 —13.7
(CHa)sC 9 ~793 44 -797  -714 -73.4-751-76.4 —63.7 —47.5
TS, GHst++CoHa(t) — CHCHCHCHs™ + H, TS10 -233 31 -226  -253 —215-227-23.0-105 63
TS, CHCH—=CHy+-CHy* () — CH.CCH,CHs" + Hp TS11 —23.0 2.8 -226  —26.0 -22.8-241-243 121 4.3
TS, CHCH=CHCHy+-H* () — CH,CHCCH;* + H, TS12 —159 —05 ~-182  —17.7 —20.6-214-202 —10.4 4.0
TS, GHs*++*CoHa() — CH,CHCH,* + CHa TS13 -236 35 -220  —248 -198-21.0-212 -91 7.1
TS, CHCH=CHy++-CHs* (1) — CHiC=CHy*+-CH, TS14 -272 14 —-301  —275 —29.0-295-288 —19.4 —6.2
CHaC—CHy*+-CH 15 -292 04 -325  -29.0 -319-312 244 -29.3 162
TS, CHCH=CHCHy--H* () — CH,C=CH,* + CH, TS16 —154 07 -17.8  —161 —17.7-17.8-169 —92 2.0
TS, CHCHCHCHs* + H— CH,CHCH,* + CHy  TS17 —19.7 32 —187  -226 —185-196-198 —7.8 84

aThe values are given with respect teHz" (1) + C;He separate fragment8ZPVE correction from MP2/6-31G(d,p) frequenciéSingle-
point calculations on the MP2/6-31G(d,p) geometridgCCSD(T)/6-31G(d,p)+ E[MP2/6-31H-G(3df,2p)]— E[MP2/6-31G(d,p)H- ZPVE[MP2/
6-31G(d,p)].¢ Thermodynamic data (1 atm) computed from MP2/6-31G(d,p) thermal corrections and the composite electronic energies.

TABLE 2: Reaction Energies (kcal/mol) of the Various Reaction Channels Considered in This Work for the gHg + CoH3"
lon—Molecule Reactior?

e e
MP2/ CCSD(TY  MP2/6-311 AHo AGu
reaction channels 6-31G(d,p) ZPVE  6-31G(d,p) +G(3df,2p)° AEp8 300 K 700 K 300 K 700 K
CHsCH;™ + C,H, -17.3 16 —20.1 -17.4 —-18.6 —188 -—-195 184 174
CH,=CH—CH—-CH3z" + H, —-41.7 —-2.3 —42.7 —39.0 —42.2 —41.4 —41.0 —38.3 —35.5
CH;—CHC—-CHs" + H, —22.6 —4.6 —-21.2 —23.6 —-26.8 —256 —238 —-235 217
CH,—CH—CH,* + CH, —40.6 2.4 —43.0 —-37.1 —-37.1 —37.2 —37.4 —36.6 —35.8
CH;=C—CHgz" + CH, —26.6 0.6 —30.0 —25.3 —-28.1 —288 —285 —293 301
CH3;—CH—CHs*" + [:CHj] 59.0 —2.7 50.8 58.1 47.2 47.7 48.3 47.6 47.1
CH;" + CH;=CH—CHjs 19.1 1.0 15.9 20.2 18.0 18.4 18.2 18.6 19.0
CH,=CH—-CHg"" + CHgz’ 18.9 25 14.9 21.6 20.1 16.8 175 15.9 14.3

aThe values are given with respect to thgHg' (:r) + C,Hs separate fragment8 ZPVE correction from MP2/6-31G(d,p) frequenciéSingle-
point calculations on the MP2/6-31G(d,p) geometrid§CCSD(T)/6-31G(d,p)H- E[MP2/6-311-G(3df,2p)]— E[MP2/6-31G(d,p)H- ZPVE[MP2/
6-31G(d,p)].¢ Thermodynamic data (1 atm) computed from the MP2/6-31G(d,p) thermal corrections and the composite electronic energies.

Isomers of the Vinyl Cation C,Hs". To calibrate the energy differences between the different isomerssf:C were
methodology to be used in the determination of the energeticsalso calculated in this work at the CCSD(T)/6-31G(3df,2p)
as well as the mechanism of the title reaction, the electronic level using the corresponding MP2/6-31G(3df,2p) geom-
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Figure 3. Energy profiles for the possible reaction channels corresponding to the reaction oHiiec@tion and ethane. ZPVE corrections were
computed using the MP2/6-31G(d,p) analytical frequencies, while electronic energies were calculated in an additive manner (see text ®r the detail

etries. At this level of theory, the nonclassical structure A, while the NPA charge transfer from ethylene to the ethyl
(7r-complex) is the most stable;B3s* isomer, 3.8 and 49.3 kcal/  cation increases 0.10 e with respect to the TS strudtGre A

mol under the other two isomeric structures, theation CH- Csm-complex between g1, and GHs™ (TS3in Figure 1) was
CH™ and the methylcarbine cation GE*, respectively (MP2/ also located on the PES, presenting-aCbond length and a
6-311+G(3df,2p) frequencies characterize theCH™ structure charge transfer of 1.786 A and 0.53 e, respectively. The
as a first-order saddle poirf) Our theoretical calculations using  symmetrical structurdS3 results in a TS on the MP2/6-31G-
the additive scheme shown above give for these electronic (d,p) PES for the isomerization & to its mirror image (see
energy gaps 3.7 and 49.4 kcal/mol, respectively, differing in Figure 3). This isomerization of the-complex 2 passing
only 0.1 kcal/mol from the CCSD(T) ones. All the relative through a symmetricat-complex has a very low energy barrier
energies in this work are given with respect to the most stable of 0.7 kcal/mol at the MP2/6-31G(d,p) level, but the best theory

sr-cation isomer of GHs™ . level using the above-mentioned additive scheme renders it as
Formation of the Initial Addition Complex C 4Hg™. Ac- a fluxional motion without any energy barrier (see Table 1).
cording to reaction coordinate calculations alonggaleast- The initial intermediate gHg™, 2, can evolve easily through

motion approach, the initial interaction between thel{ cation a TS (TS4in Figure 1) for a 1,3-H shift from the ethyl cation
and GHg proceeds through a barrierless hydride shift froshl£ moiety to the ethylene fragment to give anothgi& minimum

to give a bridged gHg™ complex TS1in Figure 1), which can on the PES resembling a corner-protonated methylcyclopropane
be considered as the minimum energy point along the reaction(5 in Figure 1), which is 7.8 kcal/mol more stable than

trajectory for the indicated H-shiff This complex of Cq intermediate2. The energy barrier for this proton-scrambling
symmetry presesta H atom of the €+, moiety situated in a process is only 0.1 kcal/mol with respectZoAccording to its
bridged position interacting wita C atom of the @Hst moiety structure 5 is best described as;acomplex between a GHi

and is 23.0 kcal/mol more stable than separate reactants.moiety and propylene with two asymmetricat-C bonds with
According to NPA charges, a notable charge transfer (0.52 e) bond lengths of 1.649 and 1.912 A and an NPA charge transfer
from the ethylene moiety to the ethyl cation stabilizes this from propylene to the methyl cation of 0.70 e.
complex. Nevertheless, analytical frequencies and IRC calcula- The z-complex 5 can readily evolve to another ;89"
tions confirm thafTS1is not a stable structure on the MP2/6- intermediate 7 in Figure 1), 0.7 kcal/mol more stable than
31G(d,p) PES (see Figure 3) but is a first-order saddle point through a TS with an energy barrier of only 1.5 kcal/nib&6
possessing an imaginary frequency (454 énthat corresponds  in Figure 1). The nature of this TS was further confirmed using
to an internal torsional motion to give /acomplex between IRC reaction coordinate calculations. The structdreorre-
C,H4 and GHs* (2 in Figure 1), which is 53.2 kcal/mol more  sponds to the H-bridged 2-butyl cation@f symmetry in which
stable than separate reactants. Therefore, the existence of théhe proton is symmetrically attached to the double bond through
bridged GHo"™ complexTS1 can only be transierf, a C—H bond length of 1.302 A and accommodates an NPA
Thes-complex GHg*, 2, which can be also seen as a corner- population of 0.59 e. The calculated energy profile in Figure 3
protonated methylcyclopropene, Hassymmetry and presents  manifests a satisfactory agreement with the most recent experi-
two different C-C bonds with bond lengths of 1.674 and 1.812 mental data indicating that the symmetrical 2-butyl cafias
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in fast equilibrium at low temperatures with a second unsym-  C4H;* can also be formed from through a 1,1-H elimina-
metrical structure, the H-bridged form being more stable by 0.4 tion TS,TS12 which is also shown in Figure 2. IRC calculations
kcal/mol1ta14 reveal that the leaving Hmnolecule comes from the bridged H

When the CH* fragment in compless becomes attached to in 7 and one of the H atoms bonded to the C3 atdi812
the central C atom of the propylene moiety with simultaneous Shows a symmetrical departure{@ bond lengths= 1.832
1,2-migration 6 a H atom through the TS structurgss, A) of a practically formed H molecule (H-H bond length=
structure5 evolves to give the most stablai@* intermediate ~ 0-755 A), while the hydrogen atom attached to C2 shows an
9, the (CHy)sC™ tert-butyl cation ofC; symmetryl which is initial 7z bond with the two central C atoms (see Figure 2).
73.4 kcal/mol more stable than separate reactants (see Figuré\ccording to our calculations, 41.1 kcal/mol are required to
3). Figure 1 shows thaTS8 resembles a primary isobutyl ~eliminate the H molecule from7 via the product-like TS12,

carbocation, which is not a stable minimum on the PEShe rendering ar-protonated 2-butine cation that is 15.4 kcal/mol
energy barrier associated with the formation of the {G&" less stable than the methylallyl cation. Nevertheless, this product
cation from its immediate g™ precursois is 19.4 kcal/mol channel is also exoergic with respect to the initial reactants given

the (CHs)sC* cation being around 12 kcal/mol more stable than that thesr-protonated butinet ';'2 separate products are 26.8
intermediatess and 7. These energy values are very close to Kcal/mol more stable than83" + CxHs.

those reported in earlier theoretical wdfkS5 The experimental From the above results it is clear that these energy profiles
values are 18.0 and 46 kcal/mol for the activation and  for the GHz* + CoHs — C4H7" + H; exothermic process are
reaction energies, respectivéfpe below the initial reactants, the three TSs for theeimination

pathways being about 20 kcal/mol more stable than reactants
es (see Figure 3). We also note that the calculated exoergicity of
S this process to give the most stablgHz" cation 42.2 kcal/
mol) compares well with the reported experimentdd value
of —46 kcal/mol. However, a prediction of the most favored

Therefore, the relatively complex ;897 energy profile
obtained with our calculations shows two clearly distinct zon
(see Figure 3). The first one is a fluxional region of the PE
corresponding to different-C4Hg™ complexes, around 60 kcal/
mol under reactants, which are very easily interconnected o . .
through very low energy barriers that facilitate a full proton mechanlstlc_: route for _theAEh channel may require a study
scrambling between the initial reactants. This minimum energy of the deta|leq dynam!cs of the processes.
area would correspond to the initial addition complex reported _ The GHg" intermediate<?, 5, and7 can also evolve along
by experimentalisfsand is clearly separated through a notable CH,4 ellmlnatlon processes leading to the formation of different
energy barrier of around 19 kcal/mol from the most stahlde® CsHs' isomers. A methyl group aha H atom from the ethyl
tert-butyl cation constituted by a uniquebond C-C skeleton, ~ cation and ethylene moieties in structizerespectively, can

Exothermic Channels GHs", C4H*, and CsHs*. Accord- be eliminated to form a CHmnolecule through the TS structure

. . . . TS13 (see Figure 2). The geometrical structure and the IRC
Ing to reaction coordinate ca}lculatlon_s on the MP2/6-31Q(d,p) reacticgn path%or thig TS arg analogous to those for the %,2-H
PES by varying the appropr+|at distances, the formation eliminationTS10, TS13manifesting also a three-center interac-

of the ethyl cation in the 13" + C,Hg ion—molecule process

. . tion of the departing Cklgroup (C-C bond length of 1.705
may easily proceed through a barrierless rupture of tié;C A)andH atomp(C—H%ondgllengfh(of 1.193 A) withgthe terminus
intermediate? into the GHs" and GH,4 products. As previously "0 i the forming allyl cation 15" (see Figure 2). The
mentioned2 can be best.conS|der.ed.asra:omplex bgtween energy barrier for the direct fragmentation 2into methane
ethylene and the ethyl cation, the+b|nd|ng energy of this complex and the allyl cation GHs" is 33.4 kcal/mol, only 1.7 kcal/mol
being 34.6 kcal/mol while the £1s™ and GH,4 separate products FRTI, ) :
are 18.6 kcal/mol more stable than the initial reactants (see Tablegreater than that for the 1,2;t€limination. Our calculations

. . . also predict that botftTS13 and separate products (GH-
2). This calculated exoergicity presents a satisfactory agreementCSHSﬂ are clearly more stable than the initial reactants

with the reported experimentalH value for the GHz™ + CoHat + CoHe) by 19.8 and 37.1 keal/mol. respectivel
CoHg — CoHs' + CHy4 process 16 kcal/mol)? (CaHs 2He) by 19. ' » 'esP Y.

. . : As expected from the structure &fresembling a methyl
Concerning the formation of the;87" cation, we found three P g y

. L . . cation forming ar-complex with the propylene moiety, this
different TSs for H elimination from the GHy" intermediate  jiormediate can lose a methane molecule by means of a 1,2-H
structures, 5, and7. From2 a H, elimination occurs through  ioration with simultaneous rupture of two weak-C bonds
a TS structure 1S10in Figure 2) in which the atoms of the  yhrqugh the TS structurES14in Figure 2. INTS14, the proton
emerging H molecule present a three-center interactiavith is almost transferred to the leaving GHhholecule, which
a carbon atom with two €H distances of 1.207 and 1.222 A presents a weak interaction with the central carbon atom of a
and a H-H distance of 0.927 A.'IR.C cglculatlons conﬂrm that quasi-formed 2-methylvinyl cation (the bond lengths of theHC
TS10 corresponds to a 1,2zlimination process 10 give @ 5ng G-C breaking bonds are 1.781 and 2.567 A, respectively;
methylallyl cation. The calculated energy barrier T@10with see Figure 2)TS14is 9.2 kcal/mol more stable tharS13and
respect _to the previous compl@presents a value of 31.7 kcall  pas an energy barrier with respectiof 32.0 kcal/mol, while
mol, while the CH—CH-CH—CH," + H, separate products  {he resulting 2-methylvinyl gHs* cation is 9.0 kcal/mol less
are 42.2 kcal/mol more stable than the initial reactants (11.0 gigple than the allyl cation. According to IRC calculations as
kcal/mol less stable tha?; see Tables 1 and 2). well as MP2/6-31G(d,p) geometry optimization§S14 is
TS11in Figure 2 is the TS for the 1,24¢limination process  connected with a weak iermolecule complex]15in Table 1,
from 5. In TS11, the three-membered ring Bis opened and  between methane and the 2-methylvinyl cation. This complex
a methylene H atom in the propylene moiety forms a three- (not shown in Figure 2 for brevity) ha€s symmetry, an
center interaction with another H atom from the terminal methyl equilibrium C(CH)—C3(CsHs") distance of 3.187 A and is 2.9
group (see Figure 2). Our calculations render a comparableand 3.8 kcal/mol undefS14 and the corresponding GHt
energy and structure for bofAiS10 and TS11, the later one CsHs' products, respectively (see Figure 3). The comlex
being only 1.3 kcal/mol more stable and presenting an energy dissociates into the CH- C3Hs™ products, 28.1 kcal/mol below
barrier with respect to its ££lg™ precursor of 38.2 kcal/mol. the initial reactants. In a previous theoretical wétla low
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energy profile for the isomerization mechanism between the process may occur in a barrierless manner to yighdsG- CHs™
2-methylvinyl cation and the allyl cation passing through a products, which are 18.0 kcal/mol less stable thakl +
corner-protonated cyclopropene has been determined. CoHe.

The z-protonated 2-buten@ can also dissociate into a GH Thermodynamic Analysis.lon—molecule reactions are best
molecule and a 2-methylvinylEls* cation by means of a 1,1-  described by performing dynamics calculations or in the realm
elimination mechanism througfS16in Figure 2. Thisis a quite  Of the variational transition-state thed®To obtain an indica-
advanced TS in which a methane molecule is practically formed tion of the effect of temperature and entropy on the processes
with the breaking &H and G-C bonds presenting bond lengths ~ Presented above, we cglcul_ated the enthalpies and Gibbs energies
of 1.861 and 2.569 A, respectively (see Figure 2). An IRC for all the structures implied at two temperatures: 300 and
calculation starting al'S16 shows that this TS is connected 700 K.
with the GHg" intermediate?, the transition vector for the GH From Table 1 we see that, at 300 K, entropy destabilizes all
elimination maintaining an approxima® symmetry along the the TSs and intermediates by about-1d kcal/mol except for
reaction path. The computed energy barrier and reaction energy! S14and, particularlyTS16owing to the their quite advanced
for this 1,1-CH elimination with respect to structurg are, structure. At 306-700 K, this destabilization is around 15

respectively, 44.0 and 33.6 kcal/mol. Thus, we see in Figure 3 18.5 kcal/mol except for those TSs presenting the most
that all the energy profiles leading toslds* cations proceed productlike character: TS12, TS14, and TS16. As a conse-
below separate reactants, the TI®1.3, TS14andTS16being, quence, at 700 K, all the TS structures excéftl4 are less
respectively, 19.8, 29.0, and 17.7 kcal/mol more stable than Stable than separate reactants in terms of Gibbs energy while
reactantsTS16is the least stable TS on the PES fos &hd all the GHg" intermediates remain more stable than separate
CH, elimination processes, whilES14is the most stable one. ~ '€actants (see Table 1). .

The computed reaction energy for the formation of the allyl ~ Our AG values clearly yield theert-butyl cation9 as the
cation GHs" (—37.1 kcal/mol) is 14 kcal/mol lower in absolute ~ Most stable form of the " species, in agreement with
value than the reported experimental estimafidhis discrep- ~ €XPerimental evidenceFigures in Table 1 also reflect the
ancy between the theoretical and experimental values is difficult ©°Served preference for two exothermic fragmentation routes

. . ) . . i i i + +
to rationalize given that the allyl cation is the most stabjel< of the title reaction, i.e., the £is* and GHs" channels. In
isomer28 effect, as previously discussed, the reactive comp|dgrmed

. thr h a hydr n transfer from ethan , can il
The GH;" + H, — C3Hs™ + CHy4 reaction can proceed ough a hydrogen transfer from ethane @ig”, can easily

; s dissociate into ethylene and theHg ™ cation, presenting a Gibbs
thrpugh the TS structur‘éS;?(see Figures 2 anq 3). This saddle reaction energy of-17.4 kcal/mol at 700 K. Alternativelyl S4
point, which presents a tight structure showing a three-center

; . : with a Gibbs activation energy at 700 K of 1.9 kcal/mol connects
interaction between aHnoiety and a nearly tetrahedral carbon the intermediat& with the CH;*—propylener-complex. This

atom, can be described as a TS for the insertion oinkb the z-complex can evolve through the most stab®@14 for CH,

HsC—C bond in the methylallyl cation 17", involving the - gjimination AG(5—TS14) = 27.4 kcal/mol at 700 K). Table 1
simultaneous elimination of a GHnolecule to give an allyl ;55 an important difference in Gibbs energy, ranging from
cation GHs". This is confirmed by inspection of the transition g 5 14 kcal/mol. betweefiS14 and the rest of TSs for +or

vector as well as the calculation of the IRC reaction pasi7 CH, elimination, TS14 remaining more stable than separate
is 18.5 kcal/mol more stable than separate ethane andthg C reactants by 6.2 kcal/mol.

cation and is very close in energy to the rest of TSs in Figure = pq expected, the influence of entropy and temperature on

2 (see Table 2). The corresponding energy barrier with respectAGrxn is remarkably lower (see Table 2). At 300 K all the

to separate KHand the methylallyl cation is 23.7 kcal/mol. products are destabilized by entropy except for the exothermic
Endothermic Channels CH*, CsHe'", and CsH7*. As channel CH=C—CHs" + CH, and for the endothermic channel

mentioned in the Introduction, ICR experimehtendered two CH,=CH—CHgz" 4+ CHs". At 700 K the only stabilized reaction

endothermic channels producing the radical catigHgZ™ and channels are CH-CH—CHz™ + [:CH,] and especially Ch=

the GH7" cation for the ior-molecule reaction between the CH—CHgz* + CHz'.

vinyl cation and ethane. According to our calculations, these

endothermic channels stem from structGrevhich resembles  Conclusions

am-complex between C#t and propylene and therefore plays

an essential role in the mechanism of the title reaction.

According to reaction coordinate calculations, the formation
of the GH7" cation can occur through a barrierless fragmenta-

tion? of the three-membered r?ng mto give_a neutral singlet 1, which is a saddle point on the PES connected wittomplex
carbené[:CH,] and a propyl cation €4;", which are 47.2 keall 5 payeen GH, and GHs*. The barrierless dissociation @f

mol less stable than separate reactants (see Table 2). The reactiopg its component fragments leads to theHg" exothermic

enthalpy reported by experimentalists for this process is 31 kcall pannel AEnn = —18.6 kcal/mol). Structureg—7 characterize

mol 3 a fluxional region of differentr-C4Ho™ complexes, which are
Concerning the g1¢" + CHs" endothermic channel, the  around 60 kcal/mol under reactants, corresponding to the initial

calculated reaction energy with respect to reactants amounts taaddition GHe™ complexes reported by experimentalits

20.1 kcal/mol compared with the experimentdfi reported of agreement with previous theoretical and experimental work, our

14 kcal/mol. It is reasonable to expect that this product channel calculations predict that the propyler€Hs" z-complex5 is

may be accessible frol by means of a homolytic rupture of  also connected with the most stablgHg" tert-butyl cation9

its three-membered ring, forming thus a methyl radical and a through a notable energy barrier of 19.4 kcal/mol. TSs in Figure

propylene radical. Similarly, the heterolytic disassociatiod of 2 for H, or CH, elimination processes from differemtcom-

into propylene and the methyl cation is also to be expected. In plexes are energetically more stable than reactants, although

this case, our reaction coordinate calculations indicate that thisTS14, which describes the 1,1-GHlimination from5, is 10

The energy profile displayed in Figure 3 describes various
possible mechanisms for the most important reaction channels
corresponding to the £i3T + C;Hg ion—molecule reaction.
The initial H-shift from GHe gives a bridged @Hg™ complex
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kcal/mol more stable than the rest of TSs. The inclusion of

thermal corrections at 700 K rendef$14 under reactants,
whereas the remaining TSs fop Br CH, elimination processes

become less stable than separate reactants in Gibbs energy in

agreement with the preference for €ldlimination detected
experimentally>® The calculated reaction energies for the
exothermic reaction channelsids™, CsHst, and GH;™ are
—18.6,—37.1, and—42.2 kcal/mol, respectively, whereas those
for the GH;™ and GHg* endothermic channels are 47.2 and
18.0 kcal/mol, respectively.
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