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Methyl or silyl dissociation in the CH2dCHCH2-XH3 (a-XH3
•+) and CH2dCHCHdCHCH2-XH3 (p-

XH3
•+) radical cations (X ) C, Si) yields a+ or p+ and XH3

•. Similarly, the radical anions a-CH3
•-

and p-CH3
•- give the π-delocalized anion and CH3

• preferentially. In contrast, a-SiH3
•- and p-SiH3

•-

prefer to dissociate into the π-delocalized radical and silide. All reactions are endoergic: by 43-50
kcal mol-1 in the radical cations, and easier to some extent in the radical anions, that require
29-33 (X ) C) and 13-14 kcal mol-1 (X ) Si). The fragmentation energy profiles do not present
significant barriers for the backward process in the case of the radical cations. All radical anions
exhibit an energy maximum along the dissociation pathway, but the barrier is lower than the
dissociation limit. Fragmentation is “activated” more in the anions than in the cations with respect
to homolysis in the corresponding neutrals (that requires 72-81 kcal mol-1). Wave function analysis
indicates that the C-X bond cleavage in the hydrocarbon radical ions, although formally comparable
to a homolytic process, is at variance with this model, due to the spin recoupling of one of the two
C-X bond electrons with the originally unpaired electron. This is basically true also for the silyl-
substituted radical anions, in which the initial more delocalized charge distribution might suggest
some heterolytic character of the bond cleavage.

Introduction

Organic radical cations and radical anions were ob-
tained in the last years from neutral precursors by
different means, including photoionization,1 photoinduced
electron transfer,2 electrochemical3-5 or pulse-radiolytic6

methods, and ionization by electron ionization.7 Species
of this kind have been observed oftentimes to undergo
fragmentation into one free radical and one charged
species. Fragmentation can be of synthetic interest,1 and
also has been exploited as a mechanistic probe for
electron transfer in organic and biological reactions.8

Radical ions have either one electron less or one
electron more than some precursor neutral molecule, and

are often found to undergo easier fragmentation than the
neutrals.9,10 Within a localized picture, the breaking σ
bond can be supposed to be weakened, and activated
toward cleavage, by loss or gain of one electron. Some
formal criteria about the charge and spin partitioning
as the radical ion R-Y dissociates have been used,
classifying the process as heterolysis when the charge,
localized on R, moves to Y as the bond cleaves (with
“regioconservation” of the spin density, eq 1), and ho-
molysis if the charge is left where it was already localized
(eq 2).10

Maslak and Narvaez originally stated:10a “the fragmenta-
tion of ... radical ions leads to radicals and ions in a
process that may be viewed as homolytic or heterolytic
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depending on electron apportionment to the fragments.
To reflect this mechanistic duality we propose to call such
processes mesolytic”. As will be discussed below, some
ambiguities that arise from the initial electron density
distribution and the spin recoupling pattern related to
the bond cleavage also suggest not to use the words
homolysis and heterolysis for these fragmentations, and
might further justify the use of the word mesolysis.

A few examples of radical ion fragmentations (Scheme
1) serve to illustrate how the systems studied experi-
mentally11-21 are commonly composed of a π subsystem
(R), â to the σ bond involved in the fragmentation (arrow).
The σ bond connects another part of the molecule, Y,
which can be saturated as well as unsaturated.

Cleavage processes in organic radical ions have been
examined in some ab initio22 and semiempirical23-26

theoretical studies, while other papers have dealt with
this subject from both an experimental and a theoretical
point of view.27,28 In the first study carried out in this
laboratory, the nature of the C-C or C-Si σ bond

cleavage process, which follows the generation of a radical
cation or anion from neutral model precursors, was
examined.29 Four rigid and symmetric (Cs) methyl or silyl-
cyclopropenyl model radical cations and anions were
studied (Scheme 2a, Y ) CH3 or SiH3). The present study
concerns the gas-phase fragmentations of C1 open-chain
systems: four radical cations, four radical anions, and
four corresponding neutrals. The smaller systems (Scheme
2b) are related, as regards structure and bonding, to the
Scheme 2a radical ions. In the radical ions shown in
Scheme 2c the π system is extended to a dienyl compo-
nent. In the Scheme 2b and 2c radical ions (and their
neutrals), the dissociations produce methyl or silyl (Y)
and allyl or pentadienyl (R) moieties.

Methods

The study of the model reactions discussed below was
performed by determining, on the reaction energy hypersur-
faces, the critical points corresponding to stable and transition
structures. These were fully optimized by using gradient
optimization procedures30 at the CAS-MCSCF level of theory,31

with the polarized split-valence shell 6-31G(d)32a,b basis set.
This theory level is expected to take into account a large share
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of the structure-dependent (or nondynamical) correlation
effects. In these calculations a “minimal” active space was
chosen, built from those orbitals which are most involved in
the bond cleavage process. These are, for the reagents, those
belonging to the π subsystem adjacent to the σ bond to be
cleaved, and the σ, σ* couple pertaining to the same bond,
populated with a number of electrons (depending on the
charge) in every possible way, providing a complete CI. The
active spaces so defined by n electrons in m orbitals are labeled
as (n,m), i.e., as (3,4) and (5,4) for the a-XH3

•+ and a-XH3
•-

systems, respectively, and (4,4) for the relevant neutral
molecules. Similarly, the active spaces are (5,6) and (7,6) for
the p-XH3

•+ and p-XH3
•- systems, respectively, and (6,6) for

the related neutral. As the two silicon radical anions exhibit
approximately trigonal-bipyramidal geometries around the
silicon atom (with one position occupied by the extra electron),
we tested in the a-SiH3

•- system the extension of the active
space used in the optimizations by including that σ, σ* couple
pertaining to the C-H bond more heavily mixed with the σ,
σ* couple of the cleaving C-Si bond. This is the axial C-H
bond, for the extra electron occupying one equatorial position.
The resulting extended active space is labeled (7,6). The
geometrical parameters did not vary significantly, and conse-
quently the test was limited to the smaller system.

To obtain approximate reaction energy profiles (Figures 1,
3, 5, and 6) several extra points were defined corresponding
to fixed interfragment distances C-X by unconstrained opti-
mizations in the subspace of the remaining parameters. Within
the CAS-MCSCF scheme, the electron distribution is discussed
in terms of Mulliken group charges. As this part of the study
demonstrated a basically monodeterminantal nature of the
wave function along the dissociation profiles (see the next
section), dynamic correlation effects on the reaction energetics
were taken care of through a series of single-point coupled
cluster calculations,33 carried out at the frozen core CCSD(T)
theory level. The energy differences relevant to the fragmenta-
tion reactions were recomputed, for comparative purposes, and
only for the four a-XH3

•+ and a-XH3
•- systems, by multirefer-

ence second-order perturbative single-point energy calcula-
tions.34 These frozen-core CAS(n,m)-PT2/6-311G(2d,p) (radical
cations) and 6-311+G (2d,p)32c,d (radical anions) calculations

are in principle, as far as the reference wave function is
concerned, more consistent with the multiconfigurational
geometry optimizations. The results are reported in the next
section together with the CCSD(T) results that use the same
basis sets, and are close to them (see below). In the case of
a-SiH3

•-, the whole energy profile was redefined, to compare
its qualitative features with those obtained at the coupled
cluster level. All these results further justify the choice of the
CCSD(T) level of theory to define the approximate energy
profiles for the dissociation of all the radical ions. In the CCSD-
(T) calculations, the CAS-MCSCF geometries were utilized,
in conjunction with the 6-311G(d) basis set, for the radical
cations, or the 6-311+G(d) basis set, for the radical anions.32c,d

The more important energy differences were further assessed
by single-point CCSD(T)/6-311G(2d,p) and 6-311+G(2d,p)
calculations (the latter in the case of the radical anions).32c,d

The GAUSSIAN98 suite of programs35 was used in the CAS-
MCSCF geometry optimizations, whereas the CAS-MCSCF +
CAS-PT2 single-point energy calculations were done with the
MOLCAS 4 program.36

Results and Discussion

The following questions have been addressed. (A)
Given that the σ bond cleavage process can produce in
principle two fragments with a different partitioning of
electric charge and unpaired electron, which is the
preferred dissociation mode? (B) Does the expected
intervention of an avoided crossing37 play an important
role in contributing to the dissociation barrier? Will it
generate an energy barrier for the reverse process (kinetic
overhead10b,c), or will this feature be masked by relatively
large energy differences between each reactant and the
resulting fragments? (C) To what extent will fragmenta-
tion be activated by electron loss or gain? (D) What is
the nature of the dissociation process in the radical
cations and radical anions, and how does it compare to
homolysis and heterolysis? Finally, making reference to
the above points, it will be seen if the methyl and silyl
systems exhibit any different features.

In the reagents, the active space consists of the two
(or four)-term π system of the double carbon-carbon
bonds and the σ system of the bond to be cleaved (as
shown in Scheme 3a for the smaller system). These
orbitals correlate, in the separated products, to the
3-orbital π (or 5-orbital) system of the resulting allyl
(pentadienyl) moiety (Scheme 3b) and to either a p orbital
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of the radical or cationic XH3 moiety or to some s-p
hybrid in the XH3 anion (labeled ”sp”).

The first set of calculations, carried out at the CAS-
MCSCF level of theory, has the purpose of providing
easily readable wave functions, apt to support a qualita-
tive description and interpretation of the cleavage pro-
cesses. As the CAS-MCSCF calculations take care only
of nondynamical correlation effects, a better assessment
of the energy differences is achievable at the coupled
cluster level of theory, by using the CAS-MCSCF geom-
etries. Therefore, the CCSD(T) energy difference esti-
mates will be discussed in the following.

1. CH2CHCH2-XH3 Radical Cations. The fragmen-
tation of the radical cations of but-1-ene (X ) C) and
allylsilane (X ) Si) gives an allyl cation fragment and a
methyl or silyl radical. The formation of an allyl radical
and a methyl or silyl cation is less favored by significantly
different amounts: 40.6 or 2.6 kcal mol-1, respectively
(CCSD(T)/6-311G(2d,p) estimates: see the Supporting
Information, file Mesolysis-Excel_Eplots.xls). These num-
bers can be compared with the energy differences that
can be obtained by using the experimental ionization
energies of the methyl, allyl, and silyl radicals.38-41 The
difference is 37.4 for a-CH3

•+ and ranges from -4.2 to
12.0 kcal mol-1 for a-SiH3

•+, respectively.
Bond cleavage in both methyl and silyl systems pro-

ceeds without passing through a transition structure

(Figure 1). In other words, no energy barrier is encoun-
tered in the reverse process.

It can be seen that dissociation of the two radical
cations into an allyl cation and a methyl or silyl radical
takes place by overcoming large energy barriers, coinci-
dent with the reaction energies, and is easier in the
methyl-substituted system than in the silyl system by
only 7 kcal mol-1 at the CCSD(T)/6-311G(2d,p) level (42.5
vs 49.7 kcal mol-1). The relevant CAS-PT2 estimates are
42.8 and 53.5, with the same basis set. The first number
can be compared both to the MP2/6-31G(d)//UHF/6-31G-
(d) result of Du et al.,22 43.7 kcal mol-1, and to the value
that can be computed from experimental thermochemical
data, 40-41 kcal mol-1.22,38

Activation toward Dissociation. The coupled clus-
ter data for the radical ions and their fragmentation
products show that both reactions are remarkably acti-
vated with respect to the similar homolytic process in the
neutral systems. Homolysis of but-1-ene and allylsilane
requires very large energies (as computed with the same
basis set used for the radical cations): 81 kcal mol-1

(compare 74 kcal mol-1, from thermochemical data),38 and
73 kcal mol-1, respectively (for Si no experimental datum
has been found). See Scheme 4, right, numbers in italic
and dashed arrow.
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SCHEME 3

FIGURE 1. CCSD(T)/6-311G(d) dissociation energy profile for
the CH2dCHCH2-CH3

•+ radical cation (black diamonds) and
for the CH2dCHCH2-SiH3

•+ radical cation (gray squares).
Energy values in kcal mol-1, C-X distance values in ang-
stroms. Right side: the two smaller numbers are relevant to
the terminal part of the energy profiles (continuous segments);
the two larger numbers and thin dashed segments represent
the CCSD(T)/6-311G(2d,p) dissociation energy assessments.
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Fragmentation of the corresponding radical cations
demands, if we consider the reaction energies, 42 and
50 kcal mol-1 (Scheme 4, upper curved arrow). As in the
case of the two radical cations, both homolytic dissocia-
tion profiles are entirely determined by the reaction
energies and do not show a barrier for the reverse
process. Considering the energetics of these dissociations,
it can be seen, on one hand, that the radical cations are
higher in energy than the neutrals by a considerable
amount, estimated, at the same computational level, as
large as 218 (methyl) and 203 kcal mol-1 (silyl) (Scheme
4, leftmost arrow). A comparison of these numbers with
experimental IE data is possible: 220 (methyl) and 196
kcal mol-1 (silyl).38,44a On the other hand, the dissociation
limits (radical cations vs neutrals) are separated by 180
kcal mol-1, while 189 kcal mol-1 is the value obtainable
from IE data.38,40 This corresponds to the energy differ-
ence between allyl+ and allyl• (rightmost arrow and bold
number). The two differences between the dissociation
energies, -38 (methyl) or -23 kcal mol-1 (silyl), put the

fragmentation of the radical cations on a better ground
with respect to the neutrals (“activation” toward frag-
mentation). The estimate obtainable for the methyl case
from thermochemical data is -34 kcal mol-1.38 Thus, an
important contribution to cleavage activation comes from
the fact that the reactant energy level is raised by
removal of one electron, but the product side is destabi-
lized to a lesser extent.

Nature of the Dissociation. The dissociation that
takes place in the two radical cations can be sketched at
first as homolytic (Scheme 5, top and middle drawings),
though it has to be kept in mind that in both cases one
of the electrons involved couples its spin with that of the
originally unpaired electron.

At the onset, the electron distribution in the two
reactant systems is different. In the carbon case, the
positive charge is more localized on what will become the
allyl cationic fragment, while in the silicon case the
charge is divided much more evenly between the two
potential fragments. So, a second limit form can be drawn
(only for Si), as shown in Scheme 5, bottom. As concerns
the cleavage process, the single structure drawn for
carbon and the first limit form drawn for silicon state
that two electrons have to become spin-coupled (left and
middle arrows) as the bond cleaves (middle and right
arrows). The second limit form of the silicon radical cation
describes this coupling as already accomplished in the
reactant (π bond). The spin recoupling appears to be
central to both carbon and silicon processes.

The charge distribution in the reactant radical cations
has a counterpart in the variations of the main geo-
metrical parameters with respect to the neutral precur-
sors (Table 1). For instance, the silicon system exhibits
rather large variations that hint to some hyperconjuga-
tive effect (C-Si distance: +10%; CCSi angle: -10%).
The carbon radical cation has more modest deviations
in the same direction (C3-C4: +1%, CCC4: -6%).
Similarly, as a consequence of hyperconjugation, the C2-
C3 bond adjacent to the XH3 group gets shorter by -7%
(X ) Si) or by -3% (X ) C), while the C1-C2 bond length
(depleted of some electron population) shows a +5%
increase in both cases.

(42) Pentadienyl, IE ) 7.25 eV, from: Lossing, F. P.; Traeger, J. C.
J. Am. Chem. Soc. 1975, 19, 9. EA ) 0.91 eV, from: Zimmerman, A.
H.; Gygax, R.; Brauman, J. I. J. Am. Chem. Soc. 1978, 100, 5595.

(43) When the computed energy differences between the anions and
the corresponding radicals are compared with the experimental
electron affinity values, they are lower in all cases. Methyl: E(CH3

•)
- E(CH3

-) ) -7.0 vs EA ) 1.8(0.7 kcal mol-1. Silyl: E(SiH3
•) -

E(SiH3
-) ) 25 vs EA ) 32.45 ( 0.32 kcal mol-1. Allyl: E(a•) - E(a-)

) 2 vs EA ) 11.1 ( 0.18 kcal mol-1. Pentadienyl: E(p•) - E(p-) ) 14
vs EA ) 21.0 ( 0.7 kcal mol-1. The discrepancy is largely due to basis
set deficiencies. In fact, we carried out some tests on these molecules
at the CCSD(T) level with basis sets of increasing size, up to
6-311++G(3df,2p), and found significant improvements in approaching
the experimental data. Unfortunately, at the CCSD(T) level, the
6-311+G(2d,p) is the largest affordable basis set for the heaviest
systems dealt with in this paper. On the other hand, when estimating
either the energy differences between different dissociation limits or
the activation effects, some cancellations produce a better agreement
with the same values assessed by using the experimental data
(compare the Supporting Information, file Mesolysis-Excel_Eplots.xls).

(44) (a) Van der Meij, C. E.; Van Eck, J.; Niehaus, A. Chem. Phys.
1989, 130, 325. (b) Wolkoff, P.; Holmes, J. L.; Lossing, F. P. Can. J.
Chem. 1980, 58, 251.
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The CI wave function Ψ provides a complementary
ground of analysis, based on a comparison with the
features of pure homolytic and heterolytic fragmenta-
tions. In the CAS-MCSCF calculations a complete CI is
carried out within the orbitals belonging to the active
space, and the analysis of Ψ can be done in terms of
populations of these active orbitals (γi) or, equivalently,
in terms of the highest coefficients of the lowest energy
CI eigenvector. In fact, a single configuration is found to
dominate Ψ all along the dissociation pathway, in both
X ) C and X ) Si cases. This almost monodeterminantal
nature of Ψ is reflected in fractional populations γi rather
close to 0, 1, and 2 for the four active orbitals of the (3,4)
active space (these features, incidentally, allow us to
deem reliable the single-reference coupled cluster assess-
ment of the energy differences). The molecular orbitals
1 and 2 (σCX and πCC in the a-CH3

•+ and a-SiH3
•-

reactants, as shown in Scheme 3) become in-phase and
out-of-phase combinations of the same πCC and σCX

orbitals as the C-X bond gets stretched. The electron
distribution gets modified from the initial πCC

1σCX
2 situ-

ation, and the unpaired electron becomes increasingly
associated to the initial σCX orbital (as shown in Figure
2 for the but-1-ene radical cation).

Thus the cleaving σ bond has increasing characteristics
of a singly occupied bond, a feature that promotes the
cleavage itself. As concerns the populations of the active
orbitals, in the a-CH3

•+ reactant they are γ1 ) 1.978, γ2

) 1.000, γ3 ) 0.004, and γ4 ) 0.018, and correspond to a
coefficient of 0.994 for the most important configuration
in the CI eigenvector (the numbers 1-4 refer to Scheme
3). In the two-fragment system (10 Å apart) they become
γ1 ) 1.906, γ2 ) 1.000, γ3 ) 0.076, and γ4 ) 0.018 (see
Scheme 3, right side), and correspond to a coefficient of
0.976. In a-SiH3

•-, γ1 ) 1.954, γ2 ) 1.001, γ3 ) 0.031,
and γ4 ) 0.014 correspond to a coefficient of 0.985 for
the most important configuration in the CI eigenvector.
In the two-fragment silicon system the γi and the CI
coefficient have just the same values as for carbon. This
picture points out that the dissociation process is basi-
cally different in nature from homolysis in both X ) C
and X ) Si cases: in fact, a homolytic process sees the
dominance of two configurations, as the bond is stretched.
The spin recoupling of one of the two C-X bond electrons

with the unpaired electron is at the origin of the mono-
configurational nature of dissociation in the radical
cations. This point is further addressed at the end of
section 2.

2. CH2CHCH2-XH3 Radical Anions. Though the two
radical anions are present as minima on the energy
hypersurface, two calculations on the neutral systems,
carried out at the same computational level at the
optimized geometries of the radical anions, show that in
the gas phase only the silicon radical anion is kinetically
stable with respect to electron loss (see the Supporting
Information for details). The radical ions could of course
benefit from some extra stabilization in the condensed
phase, due to the interactions with the counterion and
the solvent itself. Notwithstanding this limitation of our
gas-phase model hydrocarbon system, the study of the
dissociation process has been carried out parallel to that
of the silicon system, to address the abovementioned
points.

The fragmentation reaction, though still endoergic, is
less unfavorable in the radical anions than in the radical
cations. The reaction energy is 29.0 kcal mol-1 in a-CH3

•-,
and 12.9 kcal mol-1 in a-SiH3

•-. In a-CH3
•- the tetrahe-

dral methyl group owns a minor share of the negative
charge (QMulliken ) -0.111 e). The fragmentation of the
radical anion of but-1-ene produces an allyl anion frag-
ment and a methyl radical. The opposite dissociation
mode produces an allyl radical fragment and a methyl
anion that are 9.2 kcal mol-1 higher in energy. This result
can be compared with the energy difference obtained from
the experimental electron affinities of the methyl and
allyl radicals, 9.3 kcal mol-1.38-40 By contrast, the frag-
mentation of a-SiH3

•- (in which the extra electron is more
localized on the almost trigonal bipiramidal SiH3 group,
QMulliken) -0.520 e) produces an allyl radical fragment
and a silyl anion. The allyl anion plus silyl radical couple
is 22.9 kcal mol-1 higher in energy. By using the
experimental electron affinities of the allyl and silyl
radicals,38,40,41 a value of 21.4-22.1 kcal mol-1 is obtained
for comparison. The fairly good agreement is due in fact
to some cancellation of errors.43

Bond cleavage proceeds in both systems by passing
through transition structures (Figure 3), but the energy
maximum is lower than the dissociation limit. Dissocia-
tion of the two radical anions takes place by overcoming

TABLE 1. Selected Geometrical Parameters for the
a-XH3 Reactants

FIGURE 2. The singly occupied active MO of the radical
cation of but-1-ene, at a C-X distance of 2.3 Å.
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energy barriers which are smaller than those for the
radical cations. The reaction energy is lower in the silyl-
substituted system (12.9 kcal mol-1) than in the methyl
(29.0 kcal mol-1). The CAS-PT2 estimates are 12.1 and
31.6 kcal mol-1, respectively, with the same basis set (see
the Supporting Information for further details). The
qualitative features of the CAS-PT2 energy profile are
close to those of the CCSD(T) profile.

Activation toward Dissociation. Also the radical
anion dissociations are activated with respect to the
homolytic process in the neutral systems. The homolysis
of but-1-ene and allylsilane requires, with the 6-311+G-
(2d,p) basis set, 80 (74 kcal mol-1 is the thermochemical
estimate) or 70 kcal mol-1, respectively (Scheme 6, a and
b, respectively, numbers in italic, dashed arrows and
energy levels). By contrast, fragmentation of the corre-
sponding radical anions demands overcoming the barriers
of only 29 and 13 kcal mol-1. It can be seen that the
radical anions are higher in energy than the neutrals by
49 (methyl) and 32 kcal mol-1 (silyl), at the same

computational level (Scheme 6, a and b, respectively,
leftmost arrows). The two methyl dissociation limits
(radical anion vs neutral) are rather close: they are
separated by 2 kcal mol-1 (bold italic number), i.e., by
the computed energy difference between the more stable
allyl anion and the allyl radical. For silyl dissociation,
the limit defined by the allyl radical and silide is lower
than the homolytic by 25 kcal mol-1 (bold italic number
and downward arrow), i.e., by the energy difference
between silide and silyl. The two computed energy
differences are rather small, if compared to the experi-
mental allyl and silyl EA values, 11 and 32 kcal mol-1,
respectively.40,41,43,44 The combination of these data brings
about a sizable “activation” effect in the radical anions:
-51 (C) or -57 kcal mol-1 (Si) with respect to the
homolysis of the corresponding neutrals. This is larger
than that estimated for the corresponding radical cations
(-40 and -25 kcal mol-1, respectively). The origin of
cleavage activation is mainly due to the reactant desta-
bilization, especially in the carbon case. Though the
present computations, when compared to the experi-
ments, underestimate the allyl and silyl EA’s (see the
Supporting Information), a similar underestimation could
be present for the radical anion reactants (for which no
experimental datum is available). The upward shift of
both energy levels would limit the error in the estimate
of the activation effect. No experimental EA data have
been found for the parent neutrals.

Nature of the Dissociation. It can be seen (Scheme
7, top drawing) that in the a-CH3

•- reactant the charge
is more evidently localized on the to-be ionic fragment,
while in the a-SiH3

•- reactant the charge is divided
almost evenly between the potential fragments. This
suggests that only in the Si reactant can a second limit
form be written down (Scheme 7, middle and bottom
drawings).

If the dissociaton mode of a-SiH3
•- into a• and SiH3

-

is taken into account, the upper Si resonance structure
indicates homolytic cleavage, as for a-CH3

•-, while the
bottom structure, similar to that of carbon as regards the
electron distribution, suggests heterolytic cleavage. Thus,
if defining the fragmentation of the carbon radical anion
as homolysis would seem on this basis rather acceptable,
this is not the case for the silicon radical anion, for which
the situation is less clear-cut. Scheme 5 can be com-
pared: in both a spin recoupling pattern can be seen.

Here again, the charge distribution in the reactant
radical anions is reflected by the variations of the more

FIGURE 3. CCSD(T)/6-311+G(d) dissociation energy profile
for the CH2dCHCH2-CH3

•- radical anion (black diamonds)
and for the CH2dCHCH2-SiH3

•- radical anion (gray squares).
Energy values in kcal mol-1, C-X distance values in ang-
stroms. Right side: the two smaller numbers are relevant to
the terminal part of the energy profiles (continuous segments);
the two larger numbers and thin dashed segments represent
the CCSD(T)/6-311+G(2d,p) dissociation energy assessments.
The lowest energy profile is the CAS(7,6)-PT2/6-311+G(d).
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important geometrical parameters with respect to the
neutral parent molecules (Table 1). The silicon-centered
group undergoes in this case a significant change. The
HSiC angles (166°, 94°, 93°) show that its geometry
approaches a trigonal-bipyramidal arrangement, with the
extra electron mostly localized in an equatorial position:
as a consequence the axial C-Si bond stretches by +8%.
By contrast, as the carbon system bears the extra electron
on the former double bond, it is this bond that is
elongated (by the same percent). The consequences of the
addition of one electron seem to be more localized on the
C1-C2 bond with respect to what is observed (Table 1)
in the related radical cation.

The features of the CI wave function Ψ offer a
complementary ground of scrutiny, based on the corre-
sponding features of a sheer homolytic or heterolytic
cleavage. The analysis is done again in terms of coef-
ficients of the lowest eigenvector and populations of the
active orbitals (γi). A single configuration stands out at
all interfragment distances, and the fractional popula-
tions of the active orbitals γi are rather close to 0, 1, and
2. For instance, in the methyl dissociation TS of but-1-
ene•-, γ1 ) 1.981, γ2 ) 1.941, γ3 ) 1.007, and γ4 ) 0.070.
These data correspond to a 0.973 coefficient for the
dominant configuration in Ψ. The silyl system behaves
similarly (for instance, the largest CI coefficient in the
TS is 0.961), though its fragmentation mode is opposite.
This picture is clearly different from what is character-
istic of homolysis (two-electron configurations acquiring
comparable weight as the bond is stretched). On this
basis, the dissociation mode for a-SiH3

•- could seem closer
to heterolysis, in which no electron pair is disrupted and
one configuration dominates at all distances. However,
as seen for the radical cations, the spin pairing of the
originally unpaired electron with one of the electrons of
the cleaving bond is a very important feature, which can
be responsible on its own for the monoconfigurational
nature of Ψ. This trait of Ψ is present not only for the
silicon system, but also for carbon. The description
appears endowed with some ambiguity and seems to

justify on an even larger acceptation the label mesolysis
originally proposed by Maslak for this kind of process.10a

In the TS, the initially localized active molecular
orbitals become in-phase and out-of-phase combinations
of the π and σ orbitals. This situation evolves, with the
increasing C-XH3 distance, toward one in which the
single electron occupies an orbital largely characterized
by the contribution of the σCX

/ component (as shown in
Figure 4 for the radical anion of but-1-ene). This feature
clearly favors the cleavage of the σ bond.

The spin recoupling of one of the two C-X bond
electrons with the unpaired electron makes the difference
for both the radical cation and radical anion cases with
respect to the analogous neutral molecules. Scheme 8
helps in illustrating where the difference lies. This simple
picture points out that the dissociation process, which
can be formally drawn and thought of as homolytic (or
in some respect heterolytic, depending on the case), is
basically different in nature from these two limits. As
the C-X bond stretches, the σCX and σCX

/ orbitals come
closer in energy, while becoming more localized on the
two separating fragments (“p(C)” and “p(X)”). In a ho-
molytic process this near-degeneracy implies the com-
parable weight of two electron configurations (Scheme
8, left). In the case of mesolysis, a singly occupied orbital
is present on the π fragment (a π orbital for a radical
cation, or a π* orbital for a radical anion). This is close
in energy to the “p(C)” on the carbon involved in the bond
cleavage, and overlaps well with it. The resulting spin
coupling allows a single electron configuration to domi-
nate the wave function (Scheme 8, right).

3. CH2dCH-CHdCH2-XH3 Radical Cations. For
the hexa-1,3-dienyl system, p-CH3

•+, fragmentation gives
a pentadienyl cation fragment and a methyl radical. The
fragmentation to pentadienyl radical and methyl cation
is less favored by 58.4 kcal mol-1. For the radical cation
of penta-2,4-dienylsilane, p-SiH3

•+, a similar fragmenta-
tion takes place, and the less favored dissociation limit
(pentadienyl radical + silyl cation) is 20.4 kcal mol-1

higher. These numbers can be compared with the energy
differences provided by the experimental ionization ener-
gies of the methyl, silyl, and pentadienyl radicals,38,39,41,42

which are 58.9 and 17.6-21.3 kcal mol-1, respectively.
The two reactants exhibit a different electron distribu-
tion. In p-CH3

•+ the charge is more localized on what will
become the pentadienyl cationic fragment (QMulliken )

SCHEME 7

FIGURE 4. The singly occupied active MO of the radical
anion of but-1-ene, at a C-X distance of 2.3 Å, that corresponds
to the CAS-MCSCF dissociation TS.
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0.114 e for the methyl group). By contrast, in p-SiH3
•+

the charge is divided much more evenly between the two
potential fragments (QMulliken) 0.429 e). These traits are
similar to those shown by a-CH3

•+ and a-SiH3
•+, though

the more extended π-system is now able to tolerate a
somewhat larger share of the positive charge.

Table 2 show that the C-Si bond stretches by 4% in
p-SiH3

•+ (while the elongation was +10% in a-SiH3
•+), and

the CCSi angle is reduced by 3% (to be compared with
-10% in a-SiH3

•+). Similarly, the single C-C bond
adjacent to the SiH3 group gets shorter by 4% (-7% in
a-SiH3

•+). Though both the geometry and the charge
distribution are consistent with some hyperconjugation
effect, this seems to be less pronounced than in the
smaller system. As regards the p-CH3

•+ system, such an
effect is absent.

To dissociate into a pentadienyl cation and a methyl
or silyl radical, the two radical cations have to overcome
large energy barriers that almost correspond to the
reaction energies. In fact, for p-CH3

•+, the energy profile
for C-X bond cleavage presents a quite flat surface and
no barrier to reassociation. The p-SiH3

•+ system presents
a modest reassociation barrier, ca. 1 kcal mol-1 high
(Figure 5). At the CCSD(T) level the reaction energies
are very close in the methyl and silyl systems (46.2 and
46.3 kcal mol-1). The datum for the methyl system can
be compared with the estimate obtainable from thermo-
chemical data,38 45 kcal mol-1.

Activation toward Dissociation. Both reactions are
activated with respect to the similar homolytic process
in the neutral systems. The situation is sketched in
Scheme 9 for both radical cations. Homolysis of hexa-
1,3-diene and penta-2,4-dienylsilane requires very large
energies, 76 (compare 74 kcal mol-1, from thermochemi-
cal data)38 and 68 kcal mol-1, respectively (Scheme 9,
bottom, numbers in italic and dashed arrow). Both
dissociation profiles are entirely determined by the
reaction energies and do not show a barrier for the
reverse process. Fragmentation of either radical cation
(Scheme 9, upper curved arrow) demands 46 kcal mol-1.
From the energetics of these dissociations, it can be seen
that the radical cations are higher in energy than the
neutrals by a large amount, but not as much as their allyl
counterparts (Scheme 9, leftmost arrow): 192 (C) (com-
parable with the estimate obtainable from thermochemi-
cal data,38 197 kcal mol-1) and 184 kcal mol-1 (Si, for
which no experimental IE has been found). The dissocia-

SCHEME 8

TABLE 2. Selected Geometrical Parameters for the
p-XH3 Reactants

FIGURE 5. CCSD(T) dissociation energy profile for the
CH2dCHCHdCHCH2-CH3

•+ radical cation (black diamonds)
and for the CH2dCHCHdCHCH2-SiH3•+ radical cation (gray
squares). Energy values in kcal mol-1, C-X distance values
in angstroms. Right side: the two smaller numbers are
relevant to the terminal part of the energy profiles (continuous
segments); the two larger numbers and thin dashed segments
represent the CCSD(T)/6-311G(2d,p) dissociation energy as-
sessments.
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tion limits are separated in both cases by 162 kcal mol-1

(i.e. by the energy difference between pentadienyl+ and
pentadienyl•), 18 kcal mol-1 less than what was found
for the allyl systems. This datum is comparable again
with the thermochemical estimate,38,44b 167 kcal mol-1.
The data bring about an “activation” effect, with respect
to homolysis in the neutrals, of -30 (methyl) or -22
(silyl) kcal mol-1. In the analogous allyl systems these
estimates were -38 (methyl) and -23 kcal mol-1 (silyl).
The estimate of the activation effect computed for the
methyl system is quite close to the thermochemical
datum,38 -29 kcal mol-1.

Nature of the Dissociation. From the examination
of the CI wave function Ψ, a single configuration emerges
as dominating at all distances. As an example, in the
methyl dissociation TS of p-CH3

•+ (occurring at rCC ) 2.70
Å), γ1 ) 1.936, γ2 ) 1.890, γ3 ) 1.001, γ4 ) 0.099, γ5 )
0.053, and γ6 ) 0.021, which correspond to a 0.953
coefficient for the dominant configuration in Ψ. The same
comments formulated for the analogous allylic systems
hold, and will not be repeated here.

4. CH2dCH-CHdCH2-XH3 Radical Anions. As
was the case for the smaller radical anions (subsection
2), only the silicon one is kinetically stable with respect
to electron loss (see the Supporting Information for
details). This is admittedly a limitation of our model
hydrocarbon system; however, the study of its dissocia-
tion (carried out parallel to that of its silicon analogue)
is helpful for addressing the points mentioned at the
beginning of this section.

In p-CH3
•- only a minor part of the negative charge is

associated to the tetrahedral methyl group (QMulliken )
-0.085 e), similarly to a-CH3

•-, but the more extended
π-system is evidently a better acceptor. The fragmenta-
tion of the radical anion p-CH3

•- produces a pentadienyl
anion fragment and a methyl radical. The reverse charge
and electron apportionment produces a pentadienyl radi-
cal fragment and a methyl anion that are 20.8 kcal mol-1

higher in energy. This result can be compared with the
energy difference of 19.2 kcal mol-1, obtained from the

experimental electron affinities of the methyl and pen-
tadienyl radicals.38,39,42 By contrast, in p-SiH3

•- the extra
electron is more localized on the almost trigonal bipyra-
midal XH3 group (QMulliken) -0.492 e), though not as
much as in a-SiH3

•-.
The silicon-centered group approaches also in this case

a trigonal-bipyramidal arrangement (HSiC angles: 165°,
93°, 94°). The extra electron is mostly localized in an
equatorial position, and the axial C-Si bond stretches
by +10%, while the π system is quite similar to the
neutral. By contrast, in p-CH3

•-, as the π system bears
the extra electron, its bonds change by (3-4% (as in the
analogous cation). The C5-C6 bond is stretched by a
negligible amount (Table 2).

Its fragmentation produces a pentadienyl radical frag-
ment and a silyl anion, and the pentadienyl anion plus
silyl radical couple is 11.1 kcal mol-1 higher in energy.
The experimental electron affinities of the silyl and
pentadienyl radicals give a value of 11.5 kcal mol-1.38,41,42

In both cases, the satisfactory agreement is due again to
some cancellation of errors.43 The fragmentation in the
radical anions is a less unfavorable process than that in
the radical cations, in particular for p-SiH3

•-. It is
endoergic for both systems, by 33.4 kcal mol-1 in p-CH3

•-

and 13.4 kcal mol-1 in p-SiH3
•-. Bond cleavage proceeds

in both systems by passing through energy maxima, but
these are lower than the dissociation limit, for both C
and Si (Figure 6).

Activation toward Dissociation. Both C and Si
reactions are activated with respect to the similar ho-
molytic process in the neutral systems. Scheme 10
illustrates the situation in both cases. As mentioned in
the preceding subsection, homolysis of hexa-1,3-diene and

SCHEME 9

FIGURE 6. CCSD(T) dissociation energy profile for the
CH2dCHCHdCHCH2-CH3

•- radical anion (black diamonds)
and for the CH2dCHCHdCHCH2-SiH3

•- radical anion (gray
squares). Energy values in kcal mol-1, C-X distance values
in angstroms. Right side: the two smaller numbers are
relevant to the terminal part of the energy profiles (continuous
segments); the two larger numbers and thin dashed segments
represent the CCSD(T)/6-311+G(2d,p) dissociation energy
assessments.
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penta-2,4-dienylsilane requires 75 and 68 kcal mol-1,
respectively (Scheme 10, right: numbers in italic; dashed
arrows and energy levels). Fragmentation of the corre-
sponding radical anions demands 33 and 13 kcal mol-1

(Scheme 10, upper curved arrows). It can be seen that
the radical anions are higher in energy than the neutrals
by 28 kcal mol-1 (p-CH3

•-) and 30 kcal mol-1 (p-SiH3
•-)

(Scheme 10, leftmost arrows), less than the a-XH3
•-

systems (49 and 34 kcal mol-1). The dissociation limits
of the radical anions are lower than the homolytic limit
of the relevant neutrals (bold numbers and downward
arrows). For the methyl system they differ by ca. -14
kcal mol-1, i.e., by the energy difference between
pentadienyl- and pentadienyl•. The computation under-
estimates this energy difference, if reference is made to
the experimental EA value, -21 kcal mol-1, for the silyl
system by -25 kcal mol-1, i.e., the difference between
the silyl radical and the silide anion, as was the case for
the smaller system. Also this difference is underesti-
mated, making reference to the experimental EA value,
-32 kcal mol-1.41-43 These data result in an “activation”
effect of -42 (C) or -55 (Si) kcal mol-1, with respect to
homolysis in the neutrals. The effect is larger than that
estimated for the two cations p-XH3

•+ (-30 and -22 kcal
mol-1). As in the smaller anionic systems, a similar
underestimation could exist for the radical anion reac-
tants (for which no experimental datum is available) and
the upward shift of both energy levels would limit the
error.43

If these data are compared with the fragmentation of
the similar a-XH3

•- systems, it can be seen that the
reactants are less destabilized with respect to their
neutrals in the p-XH3

•- case (by ca. 8 kcal mol-1 for X )
C and 11 kcal mol-1 for X ) Si). This effect is balanced
in the carbon case by the larger stabilization of the
fragments with respect to the homolytic limit (penta-
dienyl anion vs allyl anion, both compared to the corre-
sponding radicals). The result is a slightly larger “activa-
tion”, -53 vs -49 kcal mol-1. However, in the case of
silicon, the stabilization of the fragments does not depend
on the delocalized π-system, and is the same in both
p-XH3

•- and a-XH3
•.- cases. The smaller “activation” is

therefore due entirely to the smaller destabilization of
the pentadienyl reactant.

Nature of the Dissociation. Inspection of the CI
wave function Ψ shows that a single configuration

dominates again at all distances, as in the preceding
cases. In the methyl dissociation TS of p-CH3

•-, γ1 )
1.981, γ2 ) 1.949, γ3 ) 1.909, γ4 ) 1.006, γ5 ) 0.107, and
γ6 ) 0.049, and in the silyl dissociation TS of 4-silyl-
butadiene•-, γ1 ) 1.985, γ2 ) 1.945, γ3 ) 1.897, γ4 ) 1.009,
γ5 ) 0.106, and γ6 ) 0.058. In the methyl case, these data
correspond to a 0.948 coefficient for the dominant con-
figuration in Ψ, in the silyl case to 0.946. Thus, the
situation is very similar to that encountered for the
smaller systems, and the same comments apply.

Dissociation Modes. It may be useful to summarize
graphically the preferred dissociation modes and the
different behavior of the cations vs the anions, and of C
vs Si radical ions. This is done in Scheme 11 for the a-XH3

radical ions and in Scheme 12 for the p-XH3 radical ions.
The horizontal reference lines represent the dissociation
mode that generates a charged π system and a XH3

radical. This is the preferred mode, but for the two silicon
anionic systems, as evidenced by the negative ∆E values.
On the left sides of the two schemes the energy differ-
ences for the alternative charge and unpaired electron
partitioning modes in the anion (arrows) and cation
(dashed arrows) radical methyl systems are plotted. On
the right sides the same is done for the cation (dashed

SCHEME 10
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arrows) and anion (arrows) radical silyl systems. The
charge can be allocated to the silyl group much more
easily than to the methyl. This is particularly true for
the positive charge, though both apportionings are un-
favorable. Yet it has more importance for the negative
charge, because of the reversal of the fragmentation
mode. The difference between dissociation modes is
generally much larger for the cations than for the anions.
It is also larger for the methyl than for the silyl cations.
The energy difference between the two obviously reflects
the difference: [E(CH3

+) - E(CH3
•)] - [E(SiH3

+) -
E(SiH3

•)] ) 38.0 kcal mol-1.39 The analogous energy
difference that separates the anionic levels is [E(CH3

-)
- E(CH3

•)] - [E(SiH3
-) - E(SiH3

•)] ) 32.0 kcal mol-1.
When a pentadienyl system is involved instead of allyl,
the energy difference between the more stable radical and
the cation gets larger: [E(p•) - E(p+)] - [E(a•) - E(a+)]
) 17.8 kcal mol-1. This is the amount by which the two
radical cation alternative dissociation limits of Scheme
12 are located higher in energy than their analogues of
Scheme 11. A similar shift is found for the radical anion
alternative dissociation limits: [E(p•) - E(p-)] - [E(a•)
- E(a-)] ) 11.7 kcal mol-1. In this case the allyl anion is
calculated to be less stable than the radical (by only 2.1
kcal mol-1), whereas the pentadienyl anion is more stable
than the radical by 13.8 kcal mol-1.

In this study the sheer dissociations in the gas phase
of eight very simple systems have been examined.
Though a number of gas-phase experimental studies
exist,7,45,46 in many experiments the situation is signifi-
cantly more complex, due to the effects brought about
by solvation, and also to the presence of acceptors of the
leaving group, e.g. a radical anion, if the cleavage of a
radical cation occurs.

The solvent itself can act as an acceptor: see for
instance the role played by the nucleophilic assistance
in the desilylation of radical cations (ref 2, pp 583 and
584 in particular). Solvation effects can be important in
affecting the ease of fragmentation and the fragmentation
mode (loss of hydrogen, of alkyl, of trialkylsilyl, etc.), or
the consequent charge/unpaired electron apportioning
between the fragments. The nature of the leaving group
can also obviously be a driving force for some kind of
cleavages, and this effect is explored only to a limited
degree in the model systems just discussed. In this
respect, the UHF and MP2 results of Du et al.,22 in which
methyl and tert-butyl separation from an allyl moiety was
studied, can be compared. In that paper, the larger
system was found to dissociate preferentially as a• +
t-Bu+, contrary to the smaller one, which dissociates
following the opposite partitioning of the charge and
unpaired electron. Notwithstanding these obvious limita-
tions, we hope that this study can provide a sort of
“baseline” for the description and understanding of C-C
and C-Si bond cleavages occurring nearby a π-unsatur-
ated system, and a starting point for further investiga-
tions.

Conclusions

In this study some important features of the gas-phase
fragmentation reactions of eight organic radical cations
and anions have been investigated (points A-D, begin-
ning of the Results section). The substrates present one
or two unsaturations, and the detaching group is either
methyl or silyl. All bond cleavages of the radical ions
imply separation of the electric charge and unpaired
electron. Points A-C pertain to the features of the
dissociation coupled cluster energy profiles, while point
D is relevant to the features of the multiconfigurational
wave function.

(A) In all hydrocarbon radical ions the charge is
associated, upon fragmentation, with the resulting π
system, and a methyl radical is obtained. The silyl cations
behave as their carbon counterparts, but the two limits
are very close for a-SiH3

•+. By contrast, in the silyl radical
anions the negative charge prefers to be associated with
the silicon-centered fragment. The fragmentation is
endoergic in all cases. The reaction energies of the radical
cations are substantial, 43 to 50 kcal mol-1. In the radical
anions fragmentation is less endoergic in the two carbon
systems (by 29 to 33 kcal mol-1), and is easier in the
silicon systems (13 kcal mol-1 for both).

(B) In all cases no significant energy barriers are
estimated for the reverse processes. The dissociation
processes are largely characterized by their thermody-
namics. In other words, the role of the avoided crossings
related to the processes is masked to a large extent by
the rather considerable reaction energy.47

(C) As experimentally observed,10 the homolysis of the
related neutral molecules (which in our computations has
no energy overhead for the reverse process) is much more
demanding in terms of energy. Bond cleavage in the
radical ions is thus substantially “activated” by electron
loss or gain. For the systems discussed, the activation is
larger for the radical anions (-43 to -55 kcal mol-1) than
for the radical cations (-22 to -39 kcal mol-1).

(45) (a) Goldberg, N.; Schwarz, H. In The Chemistry of Organic
Silicon Compounds; Rappoport, Z., Apeloig, Y., Eds.; J. Wiley and
Sons: New York, 1998; Vol. 2, Chapter 18, pp 1105-1142. (b) Schwarz,
H. In The Chemistry of Organic Silicon Compounds; Patai, S.,
Rappoport, Z., Eds.; J. Wiley and Sons: New York, 1989; Part 1,
Chapter 7, pp 445-510.

(46) Fornarini, S. Mass Spectrom. Rev. 1996, 15, 365-389.
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(D) The qualitative features of the dissociation pro-
cesses (electron distribution, wave function properties)
have been examined within a multiconfiguration ap-
proach, to better understand their nature. In the carbon
radical ion reactants the charge is more clearly localized
on that part of the molecule that will become the ionic
fragment. The fragmentation could be formally sketched
as homolytic. In the silicon radical ions, by contrast, the
charge is partitioned almost equally between the two
potential fragments, and the situation is less clear-cut.
A conspicuous feature, common to all the radical ion
fragmentations studied, is that only one electron config-
uration stands out at all C-X bond distances. This trait
(common to the C and Si systems) puts “mesolysis” in
sharp contrast with homolysis. The latter is in fact
characterized by the dominance of two-electron configu-
rations along the dissociation pathway. Mesolysis is also
divergent from heterolysis in that the one-electron con-
figuration nature of Ψ is attributed to the spin coupling
of one of the two electrons pertaining to the cleaved bond
with the originally unpaired electron. The apparent
ambiguity of this cleavage process and the peculiarity just

described further justify the introduction of the word
“mesolysis”, which was originally proposed by Maslak10a

for this kind of dissociative process, on the basis that it
presents a mechanistic duality (as dissociation may be
formally viewed as homolytic or heterolytic depending on
the sharing of the electrons between the two resulting
fragments).

In the radical cations, the carbon and silicon systems
show the same fragmentation mode, and require similar
energies. However, the silyl group is more inclined to
accommodate an electric charge than methyl, and this
becomes especially important for the negative charge.
This feature allows easier dissociations for the anionic
silyl systems, in which silide is generated.48
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(47) The reaction energies are larger at the CCSD(T) level than at
the CAS-MCSCF level. This is attributable to dynamic electron
correlation effects, which bring about a larger stabilization of the
reactant with respect to the separated products in all cases. In fact,
the CAS-MCSCF energy profiles present larger barriers for the reverse
processes, and so give more importance to the avoided crossing factor.
In the discussion, not much emphasis was put on the comparison of
the two sets of data, because the CCSD(T) energy difference estimates
are more reliable (see the Methods section). In this study the MCSCF
calculations have been instrumental in examining the features of the
wave function and generating the geometries for the energy plots.

(48) Silide is easily formed (SiH4 + NH2
-), and the gas-phase acidity

of SiH4 is ca. 371 kcal mol-1, close to those of MeCN and t-BuOH (ref
43b, p 450).
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