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Methyl- and silyl-cyclopropenyl radical charged systems are chosen to model the dissociative
behavior of rigid and symmetric species. Dissociation of the radical cations in two fragments yields
c-C3Hst and XHz* moieties (X = C, Si), while, in the radical anions c-C3Hz* and XH3;™ fragments are
produced. CAS-MCSCF C; energy profiles show the presence of C—X bond cleavage saddle points
in all four cases, separated from the resulting products by energy minima corresponding to
electrostatic complexes. These features are retained in the coupled cluster Cs energy profiles,
obtained by series of single-point calculations on CAS-MCSCF geometries, optimized at fixed C—X
distances. However, at this theory level, the radical cation reactions are significantly more endoergic.
The methyl system has a less unfavorable reaction energy than the silyl (16 vs 20 kcal mol™1), and
both saddle points prove to be slightly lower in energy than the dissociation limits (by ca. —4 and
—2.5 kcal mol~?, respectively). For the radical anions, a more pronounced endoergicity in the carbon
case and a less unfavorable process for silicon are found (54 vs 39 kcal mol~t). Moreover, while the
C, saddle point is lower in energy than the dissociation limit in the carbon case, it is higher for
silicon (ca. —7 and +2 kcal mol~1, respectively). It has to be pointed out, however, that even in the
more endoergic radical anion fragmentations the process is easier than homolysis in the neutral
parent molecules. The calculations carried out on C radical anions show the possible occurrence,
in rigid systems, of real surface crossings, which open in principle the possibility of obtaining excited
fragment products. However, it is clear that for more flexible systems a deformation of the structure
along the dissociation pathway could generate a conical intersection. In this case the radical anions
could certainly follow a lower-energy C; pathway in correspondence of an avoided crossing and
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bypass the real crossing.

Introduction

Organic radical cations and, less frequently, radical
anions have been obtained by various methods from
neutral precursors, and studied experimentally.t They
can often undergo fragmentation into a radical and a
charged species (Scheme 1).

Hyper- and hyponomers (these names designate spe-
cies having one electron more or one electron less,
respectively, than some precursor molecule)? are found
to exhibit a more or less pronounced enhancement of
reactivity (activation) with respect to their neutral parent
molecules. For these processes, in which the cleavage of
the weakened o bond can have homolytic or heterolytic
character, the word mesolysis has been proposed.® Within
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Scheme 1

oxidation R-X)* ., R + Xt o R'+ X
R-X (hyponomer)
reduction (R-X)" .

(hypermomer)

R+ X or R + X

a localized picture, the breaking ¢ bond is supposed to
be weakened, and activated toward cleavage, by one extra
electron or loss of one electron. Some possible ambiguity
about the formal partitioning of (i) either two or three
electrons (anion radical) or (ii) either two or one electrons
(cation radical) pertaining to this bond seems to justify
the introduction of a new word for this process.? Few
theoretical studies on the cleavage of organic radical
cations or anions have appeared so far. The following
systems have been dealt with. The PhX radical anions,
generated by Ph* + X~ coupling (X = Me, F~, CI"), that
have been studied using the INDO and CNDO/2 meth-
ods.* Then the C—C bond cleavage in PhEt't to give a
benzyl cation and a methyl radical was studied by
Hartree—Fock (HF)% and AM15%° methods; in the latter
paper the bibenzyl radical cation was also studied. Bond

(3) Maslak, P.; Vallombroso, T. M.; Chapman, W. H., Jr.; Narvaez,
J. N. Angew. Chem., Int. Ed. Engl. 1994, 33, 73—75 and references
therein.

(4) Villar, H.; Castro, E. A.; Rossi, R. A. Can. J. Chem. 1982, 60,
2525-2527.

© 1999 American Chemical Society

Published on Web 05/12/1999



3868 J. Org. Chem., Vol. 64, No. 11, 1999

cleavage was also studied in the radical cations of
1-butene and 4,4-dimethyl-1-pentene by UHF optimiza-
tions followed by MP2 single-point calculations.® Carbon—
halogen bond breaking in radical anions has also been
explored.”

The molecular systems studied experimentally are
commonly made up by an arylic® (or allylic)®® sz sub-
system, 3 to the ¢ bond involved in the fragmentation.
This & subsystem is connected through the ¢ bond to
another part of the molecule, X, which can be saturated
as well as unsaturated (two examples of radical cation
fragmentations involving arylic and allylic systems are
shown in Scheme 2).

Scheme 2

The purpose of the present study is to examine the
nature of the C—C or C—Si ¢ bond cleavage process,
which follows the generation of a radical cation (or anion)
from a neutral precursor. The reasons for the “activation”
observed in the hypo- or hypernomers with respect to
their neutral precursors, as well as the differences in
reactivity between the carbon and silicon cases, are
analyzed in terms of (i) sign and magnitude of reaction
energies and (ii) occurrence of avoided or real crossings
of electronic states, taking place as the bond cleaves.

Method

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 using gradient optimi-
zation procedures® at the CAS-MCSCF level of theory,° with
the polarized split-valence shell 6-31G(d)*!2 and 6-31+G(d)*°
basis sets. This theory level is expected to take into account a
large share of the structure-dependent (or nondynamical)
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correlation effects. In Figures 1—4 the optimum interatomic
distances are reported in angstroms and angles in degrees.
To obtain approximate reaction energy profiles (Figures 1—4)
some extra points were defined by constrained optimizations
in correspondence of fixed interfragment distances. Dynamic
correlation effects on the reaction energetics were taken care
of through a series of single-point coupled cluster calcula-
tions,? carried out for the cationic systems at the CCSD(T)/
6-311G(d) level, and for all anionic systems at the CCSD(T)/
6-311+G(d) level, within the default “frozen core” approximation
(energy profiles in Figures 5 and 6). In these calculations CAS-
MCSCF geometries were used, which had been obtained again
by geometry optimizations with regard to fixed interfragment
distances. All computations were executed by using the
GAUSSIAN94 system of programs.t®

Results and Discussion

The following points have been addressed, to which
reference will be made in this Section.

(A) Is the estimate of the energy differences between
the reactant and the resulting fragments sufficient to
completely describe the dissociation process? Or will the
expected intervention of an avoided crossing play an
important role in contributing to the dissociation barrier
and give rise to an energy overhead for the inverse
process?

(B) Is it possible, in principle, not to obtain molecular
fragments in their ground state?

(C) Fragmentation is expected to be more facile than
in the neutral parent precursor for both cation and anion
radicals: to which extent will it be activated by electron
loss or gain?

(D) Which is the nature of the dissociation process in
the hypo- and hypernomers? Do the wave function
features in the vicinity of transition structure allow us
to draw a comparison with typical homolytic or hetero-
lytic processes taking place in neutral molecules?

A molecular model suitable to carry out the analysis
of the cleavage process had to be chosen as simple as
possible, having only one & bond and one ¢ bond in the
position, connecting a small X group (X = CH; or SiH3):
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28, 213—222. (b) Clark, T.; Chandrasekhar, J.; Spitznagel, G. W.;
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Figure 1. Dissociation energy profile for the methylcyclopropenyl radical cation (CAS-MCSCF theory level). Dashed line in the

molecular structures: C'—C “interfragment” distance.

this would turn out to be an X-substituted allylic system
(in Scheme 3a a radical cationic system is shown).

Scheme 3

However, a model system similar to the allylic but
endowed with a plane of symmetry (7) has been set up
in the present study to easily characterize as real
crossings (between electronic states of different sym-
metry) interactions that would correspond to avoided
crossings in systems of lower symmetry. How the overall
picture so obtained could be altered in passing to open-
chain systems will be explored in a subsequent paper.
The symmetry was thus raised from C; (as in the allylic
system) to Cs, by simply linking the C! and C2 atoms of
the open system to yield a small cycle (Scheme 3b). The
plane 7 contains the central atom of X, the C! atom
belonging to the cycle to which X is linked, and the
midpoint of the C>—C2 bond.

Thus, the resulting systems are methyl- or silylcyclo-
propene (the neutral precursors); their hyponomers,
methyl- and silylcyclopropenyl radical cations (1 and 2,
respectively; numbers make reference to Figures 1 and
2); as well as their hypernomers, methyl- and silylcyclo-
propenyl radical anions (3 and 4; see Figures 3 and 4).

The active space chosen in the CAS-MCSCF calcula-
tions consists of those orbitals that are more directly
involved in bond reorganization: the 7 and 7* system of
the double carbon—carbon bond and the o, o* system of
the bond to be cleaved (the first one mixed to some extent
to the last two in the reactants). This choice corresponds,
for the separated products, to the three-orbital & system
of the resulting cyclopropenyl system and to either the
ox hybrid of the X~ moiety (X = CHg, SiH3), or the
corresponding p orbital of the X* moiety (Scheme 4). In
the C; cyclic systems, all these orbitals are symmetric
(S) with respect to the 7 plane of symmetry, with the
exception of #*, which is antisymmetric (A). Thus, any

Scheme 4

7.

R S
A/
=

electronic state characterized by configurations having
either zero or two electrons in the z* orbital will be
obviously S, while those electronic states whose configu-
rations have a single electron in 7* will be A.

The active space is common to the computations
carried out on neutrals, radical cations, and radical
anions: the only difference lies in the number of electrons
that populate them, in all possible ways, providing a
complete CIl. 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 qualitative description and interpretation of the cleav-
age processes. As the CAS-MCSCF calculations take care
only of nondynamical correlation effects, a better assess-
ment of the energy differences is achievable at the
coupled cluster level of theory.1?"

Fragmentation in the Radical Cations. (a) CAS-
MCSCF Results. The fragmentation of methylcyclopro-
penyl radical cation (Figure 1, structure 1a) proceeds
through the transition structure 1b. An ion—dipole
electrostatic complex, corresponding to an association of
the cationic cycle with methyl radical (1c), is found as a
well-defined minimum on the energy hypersurface (the
real importance of this intermediate could only be defined
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Figure 2. Dissociation energy profile for the silylcyclopropenyl radical cation (CAS-MCSCF theory level). Dashed line in the

molecular structures: C!—Si “interfragment” distance.

Table 1. Radical Cations. Total2 and RelativeP Energies of the Critical Points

CAS-MCSCF¢ CCSD(T)d

X E AE E AE
CH3; reactant la —154.578 931 0.0 —155.150 031 0.0
TS 1b —154.575 239 2.3 —155.131 530 11.6

complex 1c —154.592 124 -8.3 —155.132 882 10.8

dissociation limit 1d —154.585 338 —-4.1 —155.124 945 15.7

SiH3 reactant 2a —405.637 199 0.0 —406.169 341 0.0
TS 2b —405.627 661 6.0 —406.141 729 17.3

complex 2c —405.636 490 0.4 —406.142 940 16.6

dissociation limit 2d —405.635 403 1.1 —406.137 820 19.8

a Hartree.  kcal mol~2. ¢ 6-31G(d) basis set. 4 6-311G(d) basis set; the TS entries correspond to the maxima in the energy profiles.

by a molecular dynamics study). The analogous silicon
system undergoes a similar evolution (Figure 2, struc-
tures 2a—c).

CAS-MCSCF energies are collected in Table 1. Dis-
sociation of the two hyponomers takes place by overcom-
ing rather low energy barriers and is easier in methyl-
substituted cyclopropenyl than in silyl (by 3.7 kcal mol™2).
The difference in barrier heights undoubtedly reflects to
some extent the difference in reaction energies, as methyl
dissociation is exoergonic by 4.1 kcal mol~1, while silyl
dissociation is endoergonic by 1.1. However, the energy
profiles are obviously not entirely determined by the
energy difference between the reactant and the two
fragment products (point A). Indeed, the presence of an
energy barrier in both cases clearly indicates the exist-
ence of an avoided crossing between the reactant and
product states, which share the same symmetry and
correspond to different bonding (spin coupling) situations.
It is also apparent from these energy profiles that, even
if the complex minima are disregarded, a barrier of 5—6
kcal mol~* for reassociation is present at this computa-
tional level. Moreover, given that reactant and products
are related by an avoided crossing between states of the
same symmetry, the lowest energy ground-state products
are obtained (point B).

The CAS-MCSCF/6-31G(d) data reported in Tables 1
and 3 and displayed in Figures 1 and 2, show that both
reactions are remarkably activated with respect to the
similar homolytic process in the neutral systems (point
C). Homolysis of methylcyclopropene and silylcyclopro-

pene requires very large energies: both dissociation
profiles are entirely determined by the reaction energies
and do not show a barrier for the inverse process.
Considering the energetics of these dissociations, it can
be seen, on one hand, that the hyponomers are higher in
energy than the neutrals by a large amount (Scheme 5),

Scheme 5
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@\ XHs /ﬁl
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|

estimated, at the same computational level, as 203.4 kcal
mol~! (methyl) and 189.0 kcal mol~ (silyl). On the other
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hand, the dissociation limits (radical cations vs neutrals)
are separated by 114.9 kcal mol?, i.e., by the energy
difference between c-C3Hs" (a two-electron cycle) and
c-C3Hz'. Thus, an important contribution to cleavage
activation comes from the fact that the reactant energy
is raised by removal of one electron, but the cyclic product
is destabilized to a lesser extent.

The silyl hyponomer is less destabilized than the
methyl, with respect to the neutral, by ca. 14 kcal mol~2.
This characteristic of the reactants brings about a less
advantageous dissociation energy for the silyl. The reason
for this feature could be tentatively traced back to an
energetically stabilizing hyperconjugative overlap be-
tween the singly occupied sicc molecular orbital and the
ocsi orbital of the bond to be cleaved. This effect implies
some electron density transfer to the zcc and is expected
to be easier (from the point of view of the ocx energy
levels involved) in the silicon case. It is revealed by a
comparison of the geometrical characteristics of the two
radical cations (Scheme 6). In the silicon radical cation,

Scheme 6
NEUTRALS

0011 -0.014
.0.062 -0.193
H CHs3

126.0
L -297“ 1.543
H 0.011 -0.007
-0.047 H -0.062 \, 9317

Q(CHCH)=0.068 Q(CHSiH3)=-0.068
Q(CHCH)=-0.094 Q(CHSiH3)=0.094

Q(CHCH)=0.022 Q(CHCH3)=-0.022
Q(CHCH)=-0.124 Q(CHCH3)=0.124

RADICAL CATIONS

0.271 SiHs 0.361 0.244
H CH,

Q(CHCH)=0.722 Q(CHCH3)=0.277

RADICAL ANIONS

-0.343 -0.349
H CHs

Q(CHCH)=-0.629 Q(CHSiH3)=-0.371  Q(CHCH)=-0.686 Q(CHCH3)=-0.314
three prominent geometrical features can be discussed.
(1) A slightly shorter central C2—C2 bond (—0.032 A) with
respect to its carbon analogue is observed. The C?—C?3
bond length increases with respect to the relevant
neutrals are 3% and 4.5% for the Si and C radical cations,
respectively. Thus, the carbon radical cation reveals a
more pronounced depopulation of the zcc orbital. (2) A
rather long C—Si bond is also observed. The elongation
with respect to the neutral is +13%, while the analogous
C—CH3; distance undergoes only a 3% increase. This
feature is complementary to the preceding one and
indicates a larger electron density transfer, in the Si
radical cation, from the ocsi molecular orbital to the zcc
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orbital. (3) The angle defined by the midpoint of the C2—
C2 bond, C!, and X, explicitly indicated in Scheme 6,
concurs with its smaller value to emphasize the presence
of a hyperconjugative overlap. Besides, group charges
(bold numbers) provide complementary information, by
showing in the silicon case a larger share of positive
charge on the groups connected by the bond to be cleaved
(below the structure, right), with respect to those con-
nected by the original double bond (below the structure,
left). It is interesting to note how this hyperconjugative
effect, though implying an elongation of the bond to be
cleaved, translates into some charge delocalization and
a relative stabilization of the reactant. It can be antici-
pated that in the two radical anions, in which a 7*cc is
populated with an extra electron, this delocalization
cannot be operative, because of the different symmetry
of the m*¢c orbital and the two orbitals pertaining to the
ocx bond, which implies zero overlap (Scheme 6, bottom).

The analysis of the CI wave function (W) can be carried
out in terms of coefficients of the lowest eigenvector, or,
equivalently, of populations of the active orbitals (y;). A
single configuration dominates W all along the reaction
pathway in both cases (for instance, the highest coef-
ficient is larger than 0.98 in both transition structures).
These data are reflected in fractional populations y;
rather close to 0, 1, and 2 for the four active orbitals
(Scheme 4). For instance, in the transition structure 1b
y1 = 1.953, y, = 0.992, y; = 0.032, y, = 0.022. Orbitals 1
and 2 are in-phase and out-of-phase combinations of scc
and ocx orbitals and, at the transition structure, the
electron distribution switches approximately toward a
ncclocext situation (cleavage of a singly occupied ¢ bond).
This picture points out that the dissociation process,
which can be formally thought of as homolytic, is basi-
cally different in nature (point D). Indeed, in the neutral
molecules, changes in W are significantly different from
the radical cation case. In the C—X distance range 3.0—
3.8 A, two large coefficients are observed in the lowest
Cl eigenvector: they vary from —0.461 to —0.626 for one
configuration and from 0.855 to 0.755 for the other.
Correspondingly, the populations of the active orbitals
vary in the ranges y; = 1.906—1.934, v, = 0.452—-0.812,
ys = 1.533—1.180, v, = 0.108—0.074. These data, which
sharply contrast those for the radical cations, are typical
of a homolytic process.

(b) Qualitative Discussion of the Avoided Cross-
ings. Two factors concur to determine the barrier
heights: the destabilization of the bonding situation of
the reactants, which grows up in the first part of the
reaction pathway, and the sign and magnitude of the
reaction energy. Both are also expected to influence the
earlier or later occurrence of the dissociation transition
structures. Inspection of the energy profiles reported in
Figures 1—6 reveals the extent to which their relative
importance can be different in the cases just examined.
The moderate CAS-MCSCF exothermicity of the methyl
system 1 compares with the very modest endothermicity
of the silyl system 2 (Table 1): the two reaction energies
differ by 5 kcal mol~*. Also, the difference between the
two dissociation energy barriers is not large, less than 4
kcal mol~2, whereas the barriers to reassociation differ
by only 1.5 kcal mol~1. On the whole, the energy profiles
of the two radical cation reactions appear to be rather
similar.

The origin of the reaction energy barrier can in both
cases be essentially traced back mainly to the avoided
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crossing of two electronic states of the reactant (or of the
products). The nature of the two interacting states is the
same in the C and Si cases and is determined by the
bonding (spin coupling) in the reactant and products.
Both states are symmetric with respect to the symmetry
plane 7. The two-state scheme is obviously an approxima-
tion because more than two states of this symmetry are
allowed to mix. The intended crossing is sketched in
Scheme 7, in which the dominant configurations are

Scheme 7

indicated for each state. The ground state of the reactant
is shown in Scheme 7c: in the more important configu-
ration two electrons populate the gcx orbital, while the
mcc orbital of the cycle is singly occupied. This state
correlates (crossing curves in Scheme 7) with an excited
state of the two resulting fragments (Scheme 7b), which
can be described as the lowest triplet of the cyclopropenyl
cation, coupled with the ground doublet of the methyl or
silyl radical to an overall doublet (dashed lines symbolize
spin coupling).'* The ground state of the products (Scheme
7d) corresponds to the cyclopropenyl cation (two electrons
in the p + & orbital) plus methyl or silyl radical (X). It
correlates in turn, in a backward process, with an excited
state of the reactant (Scheme 7a). In the more important
configuration of this state two electrons are spin-coupled
and populate the mcc orbital, while a single electron
populates the ocx orbital. The reactant excited state 7a
would need, to be generated from the ground state 7c, a
o to m one-electron transfer, with spin recoupling (left
vertical arrow). This implies that, as dissociation takes
place, the increasing importance of the mixing of the two
reactant states would translate into ocx bond depopula-
tion. On the other hand, the product excited state 7b can
be generated from the ground state 7d via a singlet (p +
m)? to triplet (p + @)'(p — x)! excitation and spin
recoupling (right vertical arrow).

The intended curve crossing just discussed is at the
origin of the energy barrier, originated by the fact that

(14) Compare the configuration mixing scheme of Shaik and Pross,
which is formulated in VB terms, e.g., in: Pross, A. Theoretical and
Physical Principles of Organic Reactivity; John Wiley & Sons: New
York, 1995; pp 109—121 (and references therein). Shaik, S. S.; Hiberty,
P. C. Adv. Quantum Chem. 1995, 26, 99—163. See also, for instance:
Shaik, S. S. 3. Am. Chem. Soc. 1981, 103, 3692—3701. Shaik, S. S.;
Pross, A. J. Am. Chem. Soc. 1989, 111, 4306—4312. Shaik, S. S.;
Dinnocenzo, J. P. J. Org. Chem. 1990, 55, 3434—3436. Shaik, S.; Reddy,
A. C. J. Chem. Soc., Faraday Trans. 1994, 90, 1631—1642. The
description provided here derives, of course, from the results of the
CAS-MCSCEF calculations, which are in MO terms.
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the crossing between these two reactant and product S
states is avoided. One evident limit of the present dis-
cussion is that it plainly leaves out of consideration the
stabilization brought about by state mixing along the
reaction pathway. This stabilization concurs to determine
the actual position and height of the energy maximum
along the reaction energy profile. Both the excited state
of the reagent (correlating with the ground state of the
products) and the excited state of the products (correlat-
ing with the ground state of the reagent) are character-
ized by dominant configurations that can be seen, in
either the C or Si case, as differing from the ground-state
dominant configuration by promotion of a single electron.
Also the reaction energy factor obviously concurs to
determine the actual reaction energy profile (the lower
barrier is found for the exoergonic reaction, the higher
for the endoergonic; see Table 1), but, in determining the
CAS-MCSCF energy profiles, it does not dominate. As
will be presently seen in the subsection dealing with the
coupled cluster results, dynamical correlation effects tend
to emphasize the role of the reaction energies and provide
a modified picture of the two dissociation energy profiles,
characterized by a larger endoergicity. This is parallel
to imagining the right-hand side of Scheme 7 dragged
up at higher energies and strongly suggests that extend-
ing the present curve crossing scheme beyond the pur-
pose of providing a simple qualitative analysis of the
nature of the avoided crossing is not appropriate. The
gualitative description of the changes in bonding situa-
tions due to the curve crossing is, however, still valid and
superimposed to the reaction energy datum.

Fragmentation in the Radical Anions. (a) CAS-
MCSCF Results. In contrast with the features of the
radical cation dissociations just discussed, the ground
state of both reactant radical anions is of symmetry
different from that of the ground state of the product
fragments. This is due to the different occupation of the
z* orbital in the reagent (one electron) and in the
products (empty). As a consequence, if symmetry is
strictly maintained, a real crossing occurs between the
two electronic states, and fragmentation of the ground-
state reactants cannot yield ground-state products. There-
fore, two energy hypersurfaces were probed (Figures 3
and 4): one, labeled A (antisymmetric), contains the
reactant as its lowest minimum point, from which methyl
or silyl dissociation was studied; the other, labeled S
(symmetric), is relevant to the ground-state products. On
surface A, the fragmentation of methyl and silylcyclo-
propenyl radical anions (structures 3a and 4a) proceeds
through the C; maximum energy structures 3b and 4b
(see Figures 3 and 4), which correspond to first-order
saddle points in the Cs subspace and will be hereafter
loosely called transition structures. The dissociation so
described always preserves the Cs symmetry of the
reacting system (energies reported under pathway A in
Table 2). Again, past 3b or 4b, ion—dipole electrostatic
complexes are found as well-defined minima on the
energy hypersurface, corresponding to associations of the
radical cycle with a methyl or silyl anion (structures 3c
and 4c). At large distances the cyclic fragment is found
to be in an excited state. On the other hand, the S
pathway was explored starting from the two ground-state
products at large distance and proceding backward
toward the reagent, with the purpose of defining the
position of the curve crossing.'® The real crossing between
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Figure 3. Dissociation energy profile for the methylcyclopropenyl radical anion (CAS-MCSCF theory level). Dashed line in the
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Figure 4. Dissociation energy profile for the silylcyclopropenyl radical anion (CAS-MCSCF theory level). Dashed line in the

molecular structures: C!—Si “interfragment” distance.

the A and S curves is found to occur past the A transition
structure along the approximate dissociation coordinate.

The radical anionic systems show fragmentation en-
ergy barriers of much larger magnitude than the radical
cations: 52.0 and 27.6 kcal mol~2, for methyl and silyl
dissociation, respectively (CAS-MCSCF/6-31+G(d) re-
sults, Table 2). In the methyl case, the A dissociation
limit (separated from the transition structure 3b by the
complex 3c) is located at a higher energy than the

(15) The reactant geometry in the excited S state was determined
only with the 6-31G(d) basis set; with the addition of sp diffuse
functions (6-31+G(d) basis set), the MCSCF procedure failed to
converge in the reactant zone (distance < 2.4 A).

transition structure itself: 53.9 kcal mol~'. In the silyl
case, the A dissociation limit is much lower, and results
lower than the transition structure 4b: 17.6 kcal mol~!
(see point A at the beginning of the Results). The
indication provided by this finding is that in some cases
(sufficiently symmetric and rigid molecules) fragmenta-
tion could yield non-ground-state products (point B).
However, if the symmetry were lowered to C;, the lowest
dissociation limit would be directly attained. This could
occur either by operating a substitution, in which case
the real crossing would simply become an avoided cross-
ing, or through a deformation of the system along the
dissociation pathway, in which case a conical intersection
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Table 2. Radical Anions: Total® and Relative® Energies of the Critical Points
CAS-MCSCF¢ CcsD(T)d
pathway A pathway S
X E AE E AE E AE
CHs reactant 3a —154.800 368 0.0 —155.412 674 0.0 (A)
TS 3b —154.717 554 52.0 —154.697 698 64.4 —155.336 867 47.6 (A)
complex 3c —154.730 819 43.6 —154.725 853 46.8 —155.341 443 44.7 (A)
dissociation limit 3d —154.714 485 53.9 —154.721 663 49.4 —155.325 958 54.4 (S)
SiH3 reactant 4a —405.852 745 0.0 —406.448 772 0.0 (A)
TS 4b —405.808 758 27.6 —405.805 354 29.7 —406.383 912 40.7 (A)
complex 4c —405.832 355 12.8 —405.834 140 11.7 —406.393 438 34.7 (A)
dissociation limit 4d —405.824 649 17.6 —405.832 274 12.8 —406.386 695 38.9 (S)

a Hartree. ° kcal mol~1; relative to the ground-state reactant. ¢ 6-31+G(d) basis set. 9 6-311+G(d) basis set; the TS entries correspond

to the maxima in the energy profiles.

Table 3. Neutral systems. Total2 and Relative® Energies of Reactants and Dissociation Limits

CAS-MCSCF/6-31G(d)

CAS-MCSCF/6-31+G(d)

X E AE E AE
CH3 reactant —154.903 102 0.0 —154.906 332 0.0
dissociation limit —154.768 469 84.5 —154.774 578 82.7

SiH3 reactant —405.938 402 0.0 —405.942 429 0.0
dissociation limit —405.803 839 84.4 —405.823 655 74.5

a Hartree.  kcal mol—1.

would be generated, and the real crossing could be
consequently bypassed.’ If this case is contemplated,
reference can be made, for the reaction energies, to the
values of the S dissociation limit in the C; case: these
are 49.4 and 12.8 kcal mol~! for methyl and silyl dis-
sociation, respectively.

The CAS-MCSCF/6-31+G(d) results reported in Tables
2 and 3, and displayed in Figures 3 and 4, show that also
in the hypernomers the fragmentation reactions are
activated with respect to the similar homolytic process
in the neutral systems (point C). Homolysis of methyl-
cyclopropene and silylcyclopropene requires, as already
observed, a very large energy and does not show a barrier
for the reassociation process (Table 3, rightmost col-
umns). The hypernomers are higher in energy than the
neutrals by 66.5 kcal mol~* (methyl) and 56.5 kcal mol—*
(silyl), as illustrated in Scheme 8. These quantities are

Scheme 8

C:49.6

Si12.8
AC:334 A CHs

-© XH
2\ > L A\ + oxH
A v )
Si:—5.74_ + :SiH3

C:66.5
Si:56.5

i\ XH3_

about one-third of those calculated for the hyponomers.
The dissociation limits are separated from the homolytic
ones (neutrals) by 33.4 (methyl radical favored over
methide) and —5.8 kcal mol~? (silide favored over silyl
radical). The first result shows that the dissociation limit
is destabilized by half the amount computed for the

(16) Salem, L. Electrons in Chemical Reactions. First Principles; J.
Wiley & Sons: New York, 1982; pp 141-143 and 148—-151.

reactant in passing from the neutral to the radical anion,
leaving some 33 kcal in favor of the radical anion process.
In the second case, almost 6 kcal mol~! are gained in
having a silyl anion instead of the radical, and this
quantity adds to the 56 relative to the reactants and
favoring the radical anion process (Scheme 8). The
process involving silicon is thus expected, on these
grounds, to be easier than that involving carbon. Indeed,
as in the case of the radical cations, the reactant energy
is raised by addition of one electron but the fragmenta-
tion products are not as destabilized (in the case of C) or
even stabilized to some extent (Si). This allows a more
favorable energy balance and, therefore, contributes to
cleavage activation. However, the two hypernomer dis-
sociations are not activated to the extent of those involv-
ing the hyponomers. In the case of the radical anions,
the contributions to dissociative activation coming from
the gross reaction-energy differences are 33 kcal mol—?
(C, 66—33 kcal mol~! from Scheme 8) and 62 (Si, 56+6
kcal mol~* from Scheme 8). These figures compare with
the more favorable quantities estimated for the radical
cations, 88 kcal mol~* for C (derived from 203—115 kcal
mol~! from Scheme 5) and 74 kcal mol~? for Si (derived
from 189—115 kcal mol~* from Scheme 5). In the case of
the radical cations, differential destabilizations of reac-
tant and products put C and Si almost on the same
ground, in contrast with what is found for the radical
anions, as only the contribution to activation for silyl is
comparable to those of the radical cations.

As was the case for the two radical cations, W is
dominated by one configuration all along the reaction
pathway A in both cases (the highest CI eigenvector
coefficient is larger than 0.97 in the two dissociation
transition structures). The same is true for that part of
the S surface that has been investigated in order to define
the real crossing position.> While the dominant config-
uration in the reactant has, as mentioned above, a single
electron in the z* orbital (A), in the ground-state cyclo-
propenyl radical the unpaired electron is located in the
out-of-phase p—x combination (S) (Scheme 4). The frac-
tional populations y; of the four active orbitals in the
transition structures convey the same information. These
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are, in the methyl dissociation A transition structure 3b
y1 = 1.995 (ocx, polarized toward X), y, = 1.924 (7wcct+0*cx,
or, equivalently, (7 + p) out of phase with oy, the bonding
hybrid on the X fragment), y; = 1.000 (7*cc), v4 = 0.081
(mcc-0*cx, or, equivalently, (p—x) out of phase with o).
Similarly, in the silyl dissociation A transition structure
4b: y, =1.989, y, = 1.925, y3 = 1.000, y4 = 0.086. These
data contrast those for the homolytic dissociation of the
parent neutral molecules, already discussed for the
radical cations, and convey the information that the
process basically shares the features of a heterolytic
cleavage (point D).

(b) Qualitative Discussion of the Avoided Cross-
ings. In the case of the methylcyclopropenyl radical anion
the reaction energy determines the features of the
reaction profile (Table 2). Even if the symmetry were
broken and the lowest dissociation limit attained, the
resulting overhead would only be ca. 2 kcal mol™.
However, for the similar silylcyclopropenyl system the
transition structure is higher in energy than the A
dissociation limit by 10 kcal mol~*, which would become
ca. 15 if the S dissociation limit could be attained.
Particularly for this last system, a qualitative discussion
of the nature of the avoided crossing to which the energy
barrier is related, similar to that elaborated for the
radical cations, could be worthwhile. It will be developed
with the same purpose and within the same limits
mentioned in that subsection. Indeed, as will be discussed
in the following subsection, dynamical correlation effects
furnish again more endoergic dissociation profiles. Two
cases will be contemplated: (1) dissociation in a rigid
system, maintaining the C; symmetry, for which only A
configurations are considered (Scheme 9); and (2) break-
ing down of the symmetry constraint, resulting in the
attainment of the lowest energy fragments (Scheme 10).

In the radical anion reactants one electron is always
located in the *cc orbital of the cycle (energy profile A).
Thus, the reactant ground state (Scheme 9c) differs from

Scheme 9
ol X -

w o~ Pl ol

that of the radical cation (Scheme 7c) by having two more
electrons, and the dominant configuration is srcc?m*cclocy?
(A). The avoided crossing on the A surface is associated
with two A states of the product fragments: both are
excited states. The lower, as regards the cycle, has domi-
nant configuration (z + p)?z*!, as shown in Scheme 9d.
The higher, which correlates with 9c, can be described
as the lowest triplet of the cyclopropenyl anion, coupled
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with the ground doublet of the methyl or silyl radical to
an overall doublet (Scheme 9b; dashed lines symbolize
again spin coupling). The second excited state of the frag-
ments is thus related to the first one through an electron
transfer from :XH;~ to the (p—x) orbital of the cycle, to
get a four-electron z-system (right vertical arrow). More-
over, the cycle must be in a triplet state to allow the spin
coupling between the two moieties, which is character-
istic of the ocx bond involved in the cleavage (as depicted
in 9¢). The remaining three electrons are spin-coupled
in a way corresponding to the reactant three-electron
m-system, found in correspondence of the double bond
(Scheme 9c). On the other hand, the excited state of the
reactant (Scheme 9a) that correlates with the lowest
excited state of the products 9d has, as more important
Configurations, ﬂcclﬂ*ccl()'cng*cxl and ﬂcczﬂ*cclgcxlg*cxl
(only the last one indicated in Scheme 9). Therefore, the
ground-state dominant configuration of the reactant 9c
needs to undergo a one-electron ocx to 6*cx Or 7cc t0 0% cx
promotion to be transformed into 9a (left vertical arrow).
If the symmetry were broken, and the lowest dissocia-
tion limit attainable, this excitation of the reagent would
be substituted by a 7*cc to 0*cx excitation (Scheme 10)
to correlate with the lowest product state, whose domi-
nant configuration in the cycle is (p + mcc)?(p — 7ce)t.

Scheme 10
X ol

|I'x

Final Assessment of the Energy Fragmentation
Profiles. Although the CAS-MCSCF approach has the
merit of providing results that allow a qualitative reading
of the wave function and interpretation of the process
underway, a quantitatively sound assessment of the
reaction energetics is not to be expected. By taking into
account only the structure-dependent correlation contri-
bution, they seem to provide an unbalanced description
of the separated fragments with respect to the reactant,
although to different extents in the four cases studied in
this paper.

(a) Coupled Cluster Results for the Radical Cat-
ions. The effects of dynamic correlation on the energies
are large, and in both cases the cyclic reactant is much
more stabilized than the products. The more important
variation with respect to the CAS-MCSCF energy differ-
ences is displayed by reaction energies. A significantly
more pronounced endothermicity results (by ca. +20 kcal
mol~t) in both methyl and silyl reactions. The reaction
energy remains less unfavorable for the methyl system,
by 4 kcal mol~2. A series of single-point CCSD(T) calcula-
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Figure 5. Dissociation energy profiles for the methyl and silyl
cyclopropenyl radical cations (CCSD(T) theory level).

tions, performed on the CAS-MCSCF geometries obtained
by constrained optimizations at several fixed interfrag-
ment distances, allowed us to define an approximate
energy profile (Figure 5).

Both methyl and silyl radical cations still dissociate
by passing through an energy maximum followed by an
energy dip, which corresponds to an electrostatic complex
between the two fragments. This is, however, encoun-
tered at larger distances than those corresponding to the
CAS-MCSCF transition structures. The methyl maxi-
mum is at ca. 2.4 A, while the CAS-MCSCF TS was
encountered at a distance of 1.9 A. That of the silyl profile
is found at ca. 3.5 A, to be compared with the 2.8 A
distance in the CAS-MCSCF TS. It is noteworthy that
both these maxima lie below the dissociation limits. It is
also to be observed that single-point calculations, if
carried out on the critical point geometries alone, would
completely miss the energy profile features.

(b) Coupled Cluster Results for the Radical An-
ions. In the radical anions, the effects of dynamic
correlation on the energies are large in the silicon case,
not much so for carbon, although the effect is in the same
direction. The reaction energy was computed in both
cases by taking the lowest dissociation limit as a refer-
ence, on the basis of the above considerations on the
possible intervention of conical intersections.

Again, the cyclic reactant is more stabilized than the
products, with an impressive increase in reaction energy
(+26 kcal mol~2) for the silicon dissociation. The reaction
energy remains, however, less unfavorable for the silyl
system, by more than 15 kcal mol~. As observed for the
radical cations, an estimate of possible energy barriers
(or their very detection) is possible only by drawing
approximate energy profiles. These were defined as done
for the cations. Both methyl and silyl radical anions
dissociate by passing through energy sags corresponding
to electrostatic complexes between the two moieties.
Accordingly, this depression implies the existence of an
energy maximum preceding it. This is encountered at
larger distances than those corresponding to the CAS-
MCSCF transition structures, as already observed for the
radical cations. In fact, both maxima are found at ca. 3.0
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Figure 6. Dissociation energy profiles for the methyl and silyl
cyclopropenyl radical anions (CCSD(T) theory level).

A, while the CAS-MCSCF saddle points were encoun-
tered at a distance of 2.6 A. It is notable that, while the
methyl maximum lies some 6 kcal mol™' below the
relevant dissociation limit, the silyl maximum is 1.7 kcal
mol~* above. The role of dynamic correlation appears to
be of the utmost importance in determining the overall
description of all dissociation process.

Conclusions

This study, intentionally carried out on very simple and
rather rigid systems, outlines how the questions raised
at the beginning can be answered.

(A) The relative stabilities of neutral reactants and
charged radical reactants, compared with the relative
stabilities of the resulting fragments, can provide a
reliable estimate of the more or less pronounced feasibil-
ity of the fragmentation process, but only if the role of
avoided crossings giving a contribution to the energy
barrier is modest. From the CAS-MCSCF data collected
here it would appear that it cannot generally be so: a
significant energy overhead for the inverse process is
found in the majority of cases (the smallest is that of the
carbon radical anion). However, the higher level coupled
cluster calculations tend to minimize the role of avoided
crossings, leaving reaction energies as a major factor. It
is noted that dynamic correlation has consequences of
variable importance: it heavily affects the reaction
energies of both radical cations, as well as that of the
silicon radical anion, but it provides just a small refine-
ment to the value determined for the carbon radical
anion. In all cases, energy maxima are present on the
CCSD(T) profiles, due to the presence of a dip corre-
sponding to a complex between the two fragments. Only
in one case, that of the silicon radical anion, does the
avoided crossing result in an energy barrier that is
slightly above the dissociation limit. In summary, the
final answer to question A can be that the energy
difference between reactant and dissociated fragments
is a major factor in the four cases considered.

(B) The study of methyl and silyl separation from
methyl- and silylcyclopropenyl radical anions shows that
it is possible, in principle, to obtain molecular fragments
that are not in their ground state. This may occur if
symmetry is preserved in sufficiently rigid systems
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during the bond cleavage process. For more flexible
systems, due to the presence of a conical intersection, the
radical anions would follow a lower-energy C; pathway
in correspondence of an avoided crossing, which would
lead to the ground-state products.®

(C) Fragmentation is easier than in the neutral parent
precursor not only for the cation radical (hyponomer) but
also for the anion radical (hypernomer). This “activation”
of the system toward bond cleavage occurs to different
extents in the two cases. While gross activations of 88
and 74 kcal mol™! are estimated (at the CAS-MCSCF
level) for methyl and silyl dissociations in the radical
cations, on the sole basis of reaction energies, the related
radical anions have analogous contributions to dissocia-
tive activation of 33 and 62 kcal mol~1. On these data,
the effect of the avoided crossings is at this level certainly
superimposed.

(D) The analysis of the wave function at the transition
structures indicates that the description of the cleavage
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in the radical cations, although formally germane to a
homolytic process, is at variance with this model. For the
radical anions the process fundamentally reveals the
characteristics of heterolytic cleavage.

How the overall picture obtained in the present paper
could change in simple open-chain systems (as the allyl
system shown in Scheme 3) will form the subject of a
follow-up study.
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