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The structure, dynamics, and thermal reactions of the radical cations of silacyclohexanes (cSiC5) containing
one Si atom in the six-membered ring have been studied by means of ESR spectroscopy andab-initio MO
calculations. ThecSiC5 radical cations were generated in perfluoromethylcyclohexane matrix by ionization
radiation at low temperature. By the help of selectively deuterated or methylated silacyclohexanes the 4.2 K
ESR spectrum ofcSiC5+ was successfully analyzed in terms of four different isotropic1H hyperfine coupling
(hfc) constants: 7.55 mT to the equatorial hydrogen (H3e) at the C(3) position, 3.45 mT to H6e, 2.85 mT to
H5e, and 2.60 mT to H2e. The result strongly suggests that thecSiC5 radical cation takes an asymmetrically
distortedC1 structure with one of the Si-C bonds elongated in which the unpaired electron mainly resides.
Ab-initioMO calculations support the distorted structure. A suggested mechanism for the structural distortion
is a pseudo-Jahn-Teller effect. Temperature dependent ESR line shapes were observed between 4.2 and
130 K. They were analyzed in terms of the dynamics of two-site jumping between two equivalent and
asymmetrically distorted mirror image structures so as to give a selective bond length alternation between
two adjacent Si-C bonds. The jumping rate was evaluated to be 12 MHz at a low temperature of 4.2 K and
independent of temperatures below 40 K to give a nonlinear Arrhenius plot. The dynamics is suggested to
be caused by a quantum mechanical tunneling effect at zero-vibrational levels of a symmetrical double-well
potential surface. Furthermore, thermal reactions ofcSiC5+ are presented.

Introduction

The earlier ESR studies of saturated hydrocarbon radical
cations have suggested that their electronic structure can be
grouped into two types, a delocalized type and a localized type
(below), based on the unpaired electron distribution. The former
type includes the radical cations of normal alkanes (nCnH2n+2,
ng 3) and cycloalkanes (cCnH2n, ng 4) in which the unpaired
electron delocalizes over the framework,1-4 while the radical
cations of branched alkanes, such as 2-methylbutane, belong
to the latter type in which the unpaired electron mainly localizes
on a particularσ(C-C) bond.5,6 It has been also reported that
saturated hydrocarbons with anondegenerated HOMO (i.e.,
Jahn-Teller inactive molecules) can hold their original geo-
metrical symmetry of the precursor neutral molecule after one-
electron oxidation.1-6

On the other hand, one of us (M.S.) has reported the electronic
structure and dynamics of radical cations of methylcyclohexane
(Me-cC6) and 1,1-dimethylcyclohexane (1,1-Me2-cC6) by using
the low-temperature halocarbon matrix isolation ESR
technique.7-10 In the papers it has been concluded that those

radical cations take an asymmetrically distorted geometrical
structure (2A in C1) with one of the two C-C bonds elongated,
which are attached by methyl group(s). The reversible tem-
perature dependent ESR line shapes were observed between 4.2
and 173 K. They were explained in terms of a selective bond
length alternation between the two adjacent C-C bonds.

With increasing temperature, the structural distortions of Me-
cC6+ and 1,1-Me2-cC6+ are gradually averaged due to intramo-
lecular dynamics so as to give apparently the same geometrical
symmetry ofCs as the neutral molecules. These experimental
results imply that the saturated hydrocarbons possessing certain
symmetrical elements in the structure such asCs, C2, or C2V
may decrease in symmetry after one-electron oxidation in spite
of being Jahn-Teller inactive molecules. Therefore the delo-
calized structure cannot be necessarily preferable to the localized
one in someσ-radical cations which have so far been regarded
as the delocalized type. In the present paper the previous studies
on Me-cC6+ and 1,1-Me2-cC6+ were fully extended to the
radical cations of silacyclohexane (cSiC5), 1-methylsilacyclo-
hexane (1-Me-cSiC5), and 1,1-dimethylsilacyclohexane (1,1-
Me2-cSiC5), which contain one Si atom in the ring structure.
There are several reasons why we are interested in silacyloal-
kanes. First, since the ionization potential of Si is lower than
that of carbon,11 the unpaired electron is expected to predomi-
nately reside on theσ(Si-C) bond(s) of the sila-alkane radical
cations such ascSiC5+. This may lead us to confirm by ESR
spectroscopy whether the unpaired electron favorably resides
on a particular Si-C bond or on the two Si-C bonds equally,
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in other words, whether thecSiC5 radical cation has the
geometrical structure of asymmetrically distortedC1 or sym-
metricalCs. Thus, the Si atom can be regarded to play a role
as a “probe” to detect the structure distortion. Second, silacy-
clohexane is known to take a chair structure which is rigid
enough in ESR time scale.12 That is, we do not need to worry
about geometrical isomers which make the associated ESR
spectra complex as generally observed for linear alkane radical
cations.1-4,13-16 Third, we can rather easily synthesize the
selectively deuterated and methylated silacyclohexanes, which
allows us to unambiguously assign the experimental spectra.
We report experimental evidence that the radical cations of

silacyclohexanes have an asymmetrically distorted structure in
the ground electronic state regardless of matrix used. The results
are discussed on the basis of the second-order Jahn-Teller effect
by the help of MO calculations. Then, the temperature
dependent ESR line shapes are presented and successfully
analyzed in terms of a dynamic model of the selective Si-C
bond length alternation between two equivalent and asymmetri-
cally distorted mirror image structures. A suggested mechanism
for the dynamics is quantum mechanical tunneling at zero-
vibrational levels of symmetrical double-well potential surfaces.
Furthermore, geoselective thermal deprotonations were observed
to convert the ions into neutral radicals depending on not only
the matrix used but also whether the two methyl groups are on
the Si or not.

Experiment and Calculations

The solute molecules, silacyclohexane (cSiC5), and its methyl
and/or selectively deuterated derivatives explored in this study
are shown below. They were synthesized by the conventional

methods,17 and the purity of more than 99% was confirmed with
1H and13C NMR spectra (JEOL Model Ex-270 spectrometer).
The substitution ratio of deuterium (D) to H at a certain position
in the selectively deuterated compounds was 98%: the ratio is
usually governed by the deuterium content of LiAlD4 (Aldrich
Chemical Co., Inc.) used as a reducing reagent. The matrix
molecules used are perfluoromethylcyclohexane, CF3-cC6F11
(Tokyo Kasei Kogyo Co., Ltd.), and perfluorocyclohexane,
cC6F12 (Aldrich Chemical Co., Inc.), and other halocarbons such
as CFCl3 and CFCl2CF2Cl (Tokyo Kasei Kogyo Co., Ltd.). They
were used without further purification.
The solid solutions containingca.0.1 mol % solute molecule

in a halocarbon matrix were prepared in Suprasil ESR sample
tubes (diameter 4 mm), by several freeze, degas, and thaw cycles
on a vacuum line. They were irradiated withγ-rays from60Co
with a total dose ofca. 1 Mrad at 4.2 or 77 K and subjected to
an ESR study. The method is well established to generate solute
radical cations and stabilize them in the matrix molecules.18-20

ESR spectra were recorded on Bruker ESP 300E spectrometer
from 4.2 K to the temperature at which all solute radicals
decayed out. The temperatures were controlled with an Oxford
continuous flow cryostat, ESR 900.

The geometry optimizations of the cation radicals were carried
out on a Convex/c3240 computer with Gaussian 90 (UHF/STO-
3G) and MOPAC programs at the Information Processing
Center, Hiroshima University. The spin densities were evaluated
by the INDO MO method for the optimized geometrical
structures.21,22 The observed temperature dependent ESR
spectra were simulated on a personal computer (NEC PC9801
DA) with a program developed by Heinzer.23,24 The program
uses the equation of motion for the density matrix within the
Liouville formalism.

Results and Discussion

1. 4 K ESR Spectra and Asymmetrically Distorted
Structure. A. Assignment of Hyperfine Splittings. Figure 1
shows the ESR spectra of (a)cSiC5+, (b) 1,1-Me2-cSiC5+, (c)
4,4-Me2-cSiC5+, (d) cSiC5-2,2,6,6-d4+, and (e) 1-Me-cSiC5-
2,2-d2+ in the CF3-cC6F11 matrix recorded at 4.2 K. The
experimental hf splittings of the silacyclohexane radical cations
are summarized in Table 1. The two selectively deuterated
compounds were used to unambiguously assign the experimental
hf splittings: 2D hf splittings reduce the corresponding1H ones
by a factor ofca.6.5, because of the magnetic moment ratio of
1H to 2D. The 4.2 K ESR spectrum ofcSiC5+ apparently
consists of a doublet of triplets withca.10 mT (1H) and 3 mT
(2H). When two methyl groups were substituted for the

Figure 1. ESR spectra ofcSiC5 radical cations observed in the CF3-
cC6F11 matrix at 4.2 K: (a)cSiC5+, (b) 1,1-Me2-cSiC5+, (c) 4,4-Me2-
cSiC5+, (d) cSiC5-2,2,6,6-d4+, (e) 1-Me-cSiC5-2,2-d2+.

TABLE 1: Experimental Isotropic 1H hf Splittings of the
Radical Cations of cSiC5 and Its Methyl-Derivatives in the
CF3-cC6F11 Matrix

radical cation 1H hf/mT T/K

cSiC5+ 7.55 (1H), 2.85 (1H), 3.45 (1H), 2.60 (1H) 4.2
1-Me-cSiC5+ 7.30 (1H), 2.4 (1H), 3.0 (1H), 2.0 (1H) 4.2
1,1-Me2-cSiC5+ a 4.46 (2H), 2.27 (2H) 130
4,4-Me2-cSiC5+ a 5.06 (2H), 3.20 (2H) 4.2

a The averaged1H hf splittings for two pairs of protons, (H3e and
H5e) and (H2e and H6e), were observed.
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hydrogens at the Si atom, the spectrum is changed into a poorly
resolved doublet ofca. 10 mT (1H) as shown in the spectrum
of 1,1-Me2-cSiC5+. The line shape can be simulated with
slightly smaller hf splittings than those ofcSiC5+, but with a
wider line width. The result suggests that a small amount of
spin density is populated on the hydrogens of the methyl groups.
Similarly a substitution of two methyl groups at the C(4) position
does not largely change the hf pattern of the originalcSiC5+

except for poorer resolution at the central band, as shown in
the spectrum of 4,4-Me2-cSiC5+. This means the hydrogens
at the Si and C(4) positions contributed only to the line width.
On the other hand, the 4.2 K spectrum ofcSiC5-2,2,6,6-d4+

consists of a doublet of doublets with hf splittings of 7.55 mT
(1H) and 2.85 mT (1H), as shown in Figure 1d. Furthermore
the spectrum of 1-Me-cSiC5-2,2-d2+ consists of a doublet of
ca. 3 mT in addition to the hf pattern ofcSiC5-2,2,6,6-d4+, as
shown in Figure 1e. These findings suggest that the triplet
splitting ofca. 3 mT observed forcSiC5+ is attributable to two
equatorial hydrogens, H2e and H6e, attached to C(2) and C(6).
It is well-known that, in both linear and cyclic alkane radical
cations, large1H hf splittings are generally observed for the
hydrogens located at the “trans” position to theσ(C-C) bond-
(s) with higher spin densities, due to a hyperconjugative
mechanism.5-10,13-16,25-29 On the basis of the assumption of
theσ(Si-C) bonds with higher spin densities than C-C bonds,
we can reasonably attribute the observed hf splittings of 7.55
and 2.85 mT to the two equatorial hydrogens, H3e and H5e, at
the C(3) and C(5) positions. If the unpaired electron were
populated equally on the both Si-C bonds incSiC5+, two pairs
of hydrogens, (H2e, H6e) and (H3e, H5e), should give the same
hf splitting. To be consistent with the experimental results,
therefore, the unpaired electron is suggested to reside prefer-
entially on one of two Si-C bonds. Here we can assume that
the Si-C(2) bond has higher spin density than the other one,
Si-C(6), i.e., F(Si-C(2))> F(Si-C(6)). Then, the hf splittings
of H3e and H6e become larger than those of H5e and H2e,
respectively, i.e., a(H3e) > a(H5e) and a(H6e) > a(H2e).
Moreover, taking into account that the Si-C bond length is
longer byca. 20% than the C-C bond (see the section of MO
calculations), one can easily recognize thata(H6e) should
become smaller thana(H3e), even though the two equatorial
hydrogens are located in the trans position to the Si-C(2) bond,
i.e., a(H3e) > a(H6e). Similarly, a relation ofa(H5e) > a(H2e)
can be obtained for the other pair of hydrogen splittings at C(5)
and C(2). Finally the double-doublet splittings of 7.55 and 2.85
mT observed forcSiC5-2,2,6,6,-d4+ can be successfully at-
tributed to H3e and H5e, respectively.

This attribution of the experimental1H hf splittings leads us
to an asymmetrically distortedC1 structure of thecSiC5 radical
cations in static structure, in which the unpaired electron
predominately is present in one of two Si-C bonds, Si-C(2).
The Si-C bond with higher spin density is expected to be
weaker and elongated. The asymmetrically distortedC1 struc-
ture derived from the present experimental results was theoreti-
cally supported, as mentioned in the next section.
B. Origin of the Structural Distortion. The structural

distortion can be explained by using second-order Jahn-Teller

theory (pseudo-Jahn-Teller effect).30,31 The theory predicts that
the vibronic-electronic coupling, which is inversely propor-
tional to the energy difference between the ground and electronic
excited states, can induce the structural distortion of molecules.
Based on the second-order perturbation theory, the energy

of the radical cation in the ground electronic state is given by
a following equation (1).

whereE0 is the energy without distortion,Q is the displacement
of the normal coordinate from the original position,U is the
nuclear-nuclear and nuclear-electronic potential energy, and
ψ0 andψk are the wave functions for the ground electronic state
and an electronic excited state, respectively. For an asymmetric
displacement the second term in the equation is zero because
of being an odd function, while the third and the fourth terms
are always positive and negative, respectively. Therefore,
whether the asymmetrically distorted structure is preferable or
not is determined by a sum of the two terms; that is, when the
sum is positive or negative, the symmetrical or the asymmetrical
structure is energetically preferable, respectively. The absolute
value of the fourth term is inversely proportional to the energy
difference between the electronic ground state and the lower
lying electronic excited states. In case where the energy
difference is smaller than several electronvolts (eV), as for the
present radical cations, the fourth term predominates over the
third term so as to make the asymmetricalC1 structure more
stable than the symmetrical structure.
In a variety of allyl type radicals, for example, the structural

distortion has been discussed in terms of the second-order Jahn-
Teller effect.30-32 Recently, a structural distortion similar to
the present one has been reported for theσ type radical cations
of n-propane,n-pentane, their methyl-substitutions withCs

symmetry, and norbornane by Toriyama and Okazaki.13-16 They
have claimed that the distorted structure due to the second-order
Jahn-Teller effect is stabilized by the matrix used, so that the
distortion becomes larger in the matrix with the larger dipole
moment. Furthermore, M. J. Shephard and M. N. Paddon-Row
have reported the MO calculations on norbornane+ to support
that the structural distortion is caused by the matrix used.33

However, in the present study, almost the same structural
distortion was observed for thecSiC5+ system when the matrix
was changed fromcC6F12 to CFCl2CFCl2, CF2ClCFCl2, CF3-
CCl3, CF2ClCF2Cl, and CF3-cC6F11. This observation can
originate from the intrinsic nature ofcSiC5+; the matrix can
only play a role of perturbation. Furthermore, we add to note
that, in our previous studies7-10,25,26on cyclohexane methyl-
derivatives+ and 1-methylsilacyclohexane+, similar structural
distortions have been clearly observed in thecC6F12 matrix
which have been expected not to affect the structure of solute
radical cation rather than in the other halocarbone matrix because
of its soft spongy structure with large vacancies. The details
of the vacancies in the solidcC6F12 have been recently studied
using the positron annihilation method by one of the present
authors.34

C. MO Calculations. Geometry optimization ofcSiC5+ was
performed for two different structures,C1 andCs, using theab-
initio MO method (Gaussian 90/STO-3G basis set). The

E) E0 + Q〈ψ0|∂U
∂Q|ψ0〉 +

Q2

2 〈ψ0|∂2U
∂Q2|ψ0〉 +

∑
k

[Q〈ψ0|∂U
∂Q|ψk〉]2

(E0 - Ek)
(1)
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optimized bond lengths are summarized in Figure 2a,b for the
C1 and Cs structures, respectively. Consistently with the
experiments the calculations resulted in theC1 structure, which
is more stable by 0.33 eV thanCs in total energy.
For theC1 structure a longer Si-C bond is calculated to be

2.108 Å, 13% elongated with respect to the “normal” Si-C
bond, 1.867 Å, of the neutral molecule. The calculations show
that all the bond lengths including the other Si-C bond remain
almost unchanged after one-electron oxidation. This means that
only the position of the Si atom is selectively shifted by changing
from the originalCs structure toC1.
The1H hf splittings were evaluated by the INDO-MOmethod

for the optimizedC1 structure (in parentheses in Figure 2a).
The calculated hf splittings for the four equatorial hydrogens,
H3e, H5e, H2e, and H6e, are compared with the experimental ones
as follows: 7.34 mT (calc)Vs7.55 mT for H3e, 1.47 mT (calc)
Vs 2.85 mT for H5e, 3.66 mT (calc)Vs 3.45 mT for H6e, and
1.75 mT (calc)Vs2.60 mT for H2e. The rather good agreement
was obtained between the calculated hf splittings for the
distorted geometry and the experimentally observed ones. It is
known that UHF calculations, especially with small basis sets,
sometimes predict artificial symmetry breaking also in cases
which from high-level calculations and experiment are known
to have a higher symmetry.35 However, the present calculations
give strong support for the experimental results. Thus, an
asymmetrically distortedC1 structure ofcSiC5+ was concluded
both experimentally and theoretically.
It is interesting to see how the degree of distortion is affected

by introducing one or two methyl groups to the Si atom. The
optimized geometrical structures for 1-Me-cSiC5+ with C1 and
Cs symmetry are shown in Figure 2c,d, respectively. For the
distortedC1 structure, the two Si-C bond lengths were evaluated
to be 2.175 and 1.862 Å; note that the bond lengths are 2.108
and 1.874 Å for nonmethylatedcSiC5+ with the same symmetry.
Thus, the distortion becomes slightly larger by introducing one
methyl group to the Si atom. The calculations are consistent
with the experimental results: taking the ratio of hf splittings
of a(H3e) to a(H5e) as an experimental measure of the distortion,
we have a slightly smaller value of 2.6 ()7.55/2.85) for the
cSiC5+ than that for the 1-Me-cSiC5+, 3.0 ()7.3/2.4).

2. Temperature Dependent ESR Spectra and the Line
Shape Analysis. A. Experimental Spectra. Figure 3 shows
the temperature dependent ESR line shapes of 1-Me-cSiC5-
2,2,6,6-d4+ in the CF3-cC6F11 matrix. The spectra were
observed in a wide temperature range from 4.2 to 140 K. The
4.2 K spectrum consisted of double doublets with hf splittings
of 7.3 and 2.4 mT. The inner doublet was less intense than the
outer one and almost disappeared at 77 K. Upon further
increasing temperature, a singlet newly appeared at the central
position and its intensity increased with temperature. At 140
K the spectrum became a triplet ofca. 4.9 mT with the relative
intensity close to a binomial one (1:2:1). This suggests that
the two hydrogens, H3e and H5e, attached at C(3) and C(5)
become magnetically equivalent at higher temperature. The
spectral change was reversible with temperature, and the total
hf splitting remained constant below 140 K. A similar tem-
perature dependency of the ESR spectra was observed forcSiC5-
2,2,6,6-d4+ in the cC6F12 matrix.

Figure 2. OptimizedC1 andC2 geometrical structures ofcSiC5+ and 1-Me-cSiC5+, a and b, c, and d, respectively, calculated by using the
ab-initioMO method at the UHF/STO-3G level of Gaussian 90. The values in parentheses are the isotropic1H hf splittings evaluated by the INDO
MO method for each structure. The bond lengths are in angstroms.

Figure 3. Temperature dependent ESR spectra of 1-Me-cSiC5-2,2,6,6-
d4+ observed in CF3-cC6F11 matrix: (a) 4.2 K, (b) 77 K, (c) 110 K, (d)
130 K, (e) 140 K. The dotted lines in the right column are the simulated
spectra together with the exchange rate constant,k (in 107 s-1),
employed in the calculations.
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B. SelectiVe Bond Length Alternation between Two Adjacent
Si-C Bonds. The ESR spectral line shape change as shown in
Figure 3 is characteristic of a hf averaging process due to an
interchange of two hydrogens with 7.3 and 2.4 mT. The
following dynamic model is proposed to explain the observed
temperature dependent ESR line shapes. As mentioned in the
previous section, 1-Me-cSiC5+ takes an asymmetrically distorted
structure with one Si-C bond elongated. Then, 1-Me-cSiC5+

has two energetically equivalent mirror image structures, one
with the Si-C(2) bond elongated and the other with the Si-
C(6) bond elongated. Here we can assume an intramolecular
hydrogen exchange between the two structures. It is schemati-
cally presented how1H hf splittings of 7.3 and 2.4 mT are
averaged out by such an intramolecular exchange process below.

The lower diagram shows how the ESR line shapes depend on
exchange rate,k (s-1). The 4.2 K spectrum of 1-Me-cSiC5-
2,2,6,6-d4+ shows the weaker inner doublet compared to the
outer, as mentioned already. This observation is reasonably
explained by assuming that the hf splittings of H3eand H5ehave
been already partially averaged by the intramolecular exchange
process with a slightly smaller rate constant,k (s-1), than the
hf splitting difference in the two hydrogens,a(H3e) - a(H5e) )
1.3× 10 7 (s-1). With ak value nearly equal to the difference
of two hf splittings, the inner doublet should disappear, as
observed around 77 K. On further increasing temperature, a
new singlet appears at the central position and its intensity
grows, suggesting further increase in rate constant.
C. Spectral Line Shape Analysis. The temperature dependent

ESR spectral line shapes observed for a series of silacyclohexane
radical cations in the CF3-cC6F11 matrix were simulated on the
basis of the intramolecular exchange model. The simulated
spectra best fitted to the experimental ones are shown with
dotted lines in Figures 3, 4, and 5. The rate constants,k (s-1),
employed for the simulation are given on the shoulder of each
calculated spectrum.
For simplicity we start with the 1-Me-cSiC5-2,2,6,6-d4 radical

cation. Interestingly the 4.2 K spectrum was simulated with a
rate constant ofk) 1.2× 107 s-1, but not with the assumption
of rigid limit. The simulations successfully reproduce the
disappearing of the inner doublet and the increasing of the
central singlet as observed in the course of warming the sample.
Thus we could demonstrate that the spectral change is associated
with averaging of two hf splittings,a(H3e) anda(H5e). Note
that the values of 1.1 and 0.8 mT were used as the line width,
∆Hmsl, for simulating the experimental spectra recorded at 4.2-
60 K and above 60 K, respectively. Similarly the temperature

dependent spectra of the radical cation observed in thecC6F12
matrix were also successfully simulated.
Now we move on to the simulation ofcSiC5+ (Figure 4).

In order to simulate the associated temperature dependent
spectra, we have to know the hf splittings ofa(H2e) anda(H6e)
in the rigid state in addition to thea(H3e) anda(H5e) derived
from the 4.2 K spectrum ofcSiC5-2,2,6,6-d4+. Experimentally,
however, only the averaged value ofa(H2e) anda(H6e) can be
known. Therefore we carried out the simulations usinga(H2e)
anda(H6e) as variable parameters. After many trial calculations
we found thata(H2e) ) 2.60 mT anda(H6e) ) 3.45 mT gave
the best fit simulation spectra over the temperature range studied.
As shown in Figure 5 (lower), the 1-Me-cSiC5-2,2-d2 radical

cation gave similar temperature dependent ESR spectra, which
could be also successfully analyzed by using the same intramo-
lecular dynamic model.
D. Arrhenius Plot. Arrhenius plots of the rate constants,k

(s-1), for the intramolecular dynamics are shown in Figure 6.
The rate constants were evaluated by simulations of the
temperature dependent spectral line shapes ofcSiC5+ and 1-Me-
cSiC5+ and their selectively deuterated cations in the CF3-cC6F11
matrix. The plots show a nonlinear relationship over the
temperature range 4.2-130 K for all silacyclohexane radical
cations studied. Assuming a linear relationship in the higher
temperature region between 60 and 130 K, an activation energy

Figure 4. Temperature dependent ESR spectra ofcSiC5-2,2,6,6-d4+

(upper) andcSiC5+ (lower) observed in the CF3-cC6F11 matrix: (a)
4.2 K, (b) 40 K, (c) 77 K, (d) 110 K, (e) 130 K. The dotted lines in the
right column are the simulated spectra together with the rate constant
k (in 107 s-1) employed.
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of ca. 0.3 kcal/mol was evaluated. Below 40 K, the rate
constants were almost independent of temperature:k ) 3.6×
107 s-1 for the cSiC5+ system andk ) 1.2× 107 s-1 for the
1-Me-cSiC5+ system. Introducing one methyl group to the Si
atom, the rate constant was reduced to one third of the original
value. No appreciable deuterium effect on the rate constant
was observed forcSiC5-2,2,6,6-d4+ or 1-Me-cSiC5-2,2,6,6-d4+.
The nonlinear Arrhenius plots are characteristic of a quantum

mechanical tunneling effect.36 In the present case the dynamics
is characterized by a symmetric double-well potential surface
and can be explained by assuming that the state is settled at the

zero-vibrational level of one of the two wells and the heavy
atom of Si moves to the another side through the barrier, for
example, with a rate constant ofca.36 MHz forcSiC5-2,2,6,6-
d4+ at 4.2 K. Thus, we propose that the dynamics might take
place preferably via the quantum mechanical tunneling effect
and not thermodynamically, especially in the low-temperature
region. Here we note several references36-40 suggesting the
spectroscopic evidence of heavy particle tunneling concerned
with the intramolecular rearrangements in organic molecules,
which include the automerization of cyclobutadiene.37-39 Fur-
ther theoretical investigations are called for predicting the
potential surface and tunneling probabilities for the intramo-
lecular dynamics ofcSiC5+.
3. Thermal Reaction. The cSiC5 radical cations were

converted into neutral radicals by a site selective deprotonation
at elevated temperature. The site preference was found to
depend on the number of methyl groups at the Si atom and the
matrix used. The observed neutral radicals and hf splittings
are summarized in Table 2.
The ESR spectrum ofcSiC5+ in the CF2ClCFCl2 matrix was

irreversibly changed into a quintet of doublets with hf splittings
of 3.60 mT (4H) and 2.20 mT (1H) upon warming above 120
K. The ESR spectrum can be assigned to a neutral radical
(speciesA orB) having a radical center at C(3) or C(4) position,
respectively.

On the other hand, in thecC6F12 matrix, cSiC5+ was
irreversibly changed into the radical with 12 lines consisting of
a doublet of triple-triplets with hf splittings of 1.93 mT (1H),
1.70 mT (2H), and 0.58 mT (2H) at 162 K. The 1.70 mT
splitting is close to theR-hydrogen (1.9 mT) of (CH3)2HSi•

reported by Krucicet al.41 Thus, the observed spectrum is
attributed to the neutral radical with a radical center at the Si
atom. We conclude that in thecC6F12matrix the deprotonation
occurred preferentially from thedSiH2 to give speciesC. The
site selectivity for the radical formation is almost 100% since

Figure 5. Temperature dependent ESR spectra of 1-Me-cSiC5+ (upper)
and 1-Me-cSiC5-2,2-d2+ (lower) observed in the CF3-cC6F11 matrix:
(a) 4.2 K, (b) 77 K, (c) 110 K, (d) 130 K, (e) 140 K. The dotted lines
in the right column are the simulated spectra together with the rate
constantk (in 107 s-1) employed.

Figure 6. Arrhenius plots of the rate constantk evaluated by the
simulation of the temperature dependent ESR spectra observed for
cSiC5 radical cations in the CF3-cC6F11 matrix: (O) cSiC5-2,2,6,6-
d4+, (b) cSiC5+, (4) 1-Me-cSiC5-2,2,6,6-d4+, (2) 1-Me-cSiC5+.

TABLE 2: Experimental Isotropic 1H hf Splittings of the
Neutral Radicals Generated by the Deprotonation from
cSiC5 Radical Cations at Elevated Temperatures

radical matrix 1H hf/mT T/K

Si
H

H

• or Si
H

H

•

A B

CF2ClCFCl2 2.20 (1HR), 3.60 (4Hâ) 120

Si
H

•

C

cC6F12 1.93 (1HR), 1.70 (2Hâ),
0.58 (2Hâ)

162

CF3-cC6F11 1.9 (1HR) 160

Si
Me

Me

•

D

CF2ClCFCl2 2.08 (1HR), 4.64 (1Hâ),
1.59 (1Hâ)

120
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other radical species were not detected. Note that a similar ESR
spectrum, but with poor resolution, was observed in the CF3-
cC6F11 matrix above 140 K.
1,1-Me2-cSiC5+ was changed into a six-line spectrum with

hf splittings of 2.08 mT (1H), 4.64 mT (1H), and 1.59 mT (1H)
in CF2ClCFCl2 at 120 K (Figure 7). The ESR spectrum can be
assigned to speciesD, which was formed by the site selective
deprotonation at the methylene groups next to the Si atom.
Several mechanisms have been proposed to explain the

deprotonation reaction for the radical cation of saturated
hydrocarbons formed in solid solutions at low temperatures:
ion-molecule reaction, charge neutralization reaction, and so
on.20 For example, it has been reported that the deprotonation
occurs predominately at the hydrogen with highest spin density
for some alkane radical cations.42 However, we have already
pointed out that the deprotonation from alkane radical cations
cannot be fully explained by such a mechanism, as exemplified
by the radical cations of cyclohexanes+.43 In the case ofcSiC5
and 1,1-Me2-cSiC5 radical cations we cannot find any correla-
tion between the site at which the deprotonation occurs and the
hf splitting of the hydrogen. The dissociation energy of H from
SiH2 in a sila-alkane is smaller by a few kcal mol-1 than that
from CH2 in an alkane. This suggests that formation of the
silyl radical might be energetically more favorable. The
solvating energy and the orientation of the radical molecule in
the matrix can also be important factors to explain the observed
high geoselective reaction.

Concluding Remarks

We presented experimental ESR evidence showing the
asymmetrically distortedC1 structure ofcSiC5+ in CF3-cC6F11
and cC6F12 matrices, in which the unpaired electron resides
preferentially on a particular Si-C bond. The structural
distortion can be caused by the pseudo-Jahn-Teller effect,
which is in agreement with Toriyama.16 However, the present
results show that the matrix does not play a critical role for the

structural distortion ofcSiC5+. In fact the structural distortion
similar to that of silacyclohexanes+ has been observed not only
for Me-cC6+ and 1,1-Me2-cC6+ 7-10 but also for 1,c2,c3-Me3-
cC6+, 1,t2,c3-Me3-cC6+,27 cSiC4+, 1-Me-cSiC4+, 1,1-Me2-
cSiC4+, Me-cC5+, 1,1-Me2-cC5+, Et2Si+, Et2SiMe+, Et2SiMe2+,
and Et4Si+ 44-47 in our group. Thus, we believe the decrease
in symmetry with one-electron oxidation is an intrinsic nature
of alkane radical cations whose parent molecules have some
symmetrical elements such asCs,C2, andC2V in the geometrical
structure, even though they are not Jahn-Teller active. Note
that the above arguments do not completely rule out any
possibility of structural distortion induced by the matrix. As
expected for some alkane radical cations with a rather weak
pseudo-Jahn-Teller effect, the matrix might play some role to
stabilize the structural distortion.
The temperature dependent ESR spectra were observed for

the silacyclohexane radical cations in the temperature range
between 4 and 130 K. The ESR spectral line shapes were
successfully analyzed by assuming intramolecular dynamics,i.e.,
the selective Si-C bond length alternation between two
magnetically equivalent distortedC1 structures. Furthermore,
Arrhenius plots of the rate constants were found to be nonlinear
over the temperature range. It was found that, especially below
40 K, the rates were almost independent of temperature. The
results strongly suggest that the dynamics can take place due
to the quantum mechanical tunneling effect.
Upon increasing temperature above 140 K, thecSiC5 radical

cations were converted into the neutral radicals via geoselective
deprotonations. The sites at which the deprotonation prefer-
entially occurs depended on not only the matrices used but also
the position and number of methyl groups introduced.
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