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Quantum mechanical calculations at the ab initio (MP2, CCSD(T)) and the hybrid density
functional levels with an array of basis sets (6-31G*, 6-31G**, cc-pVDZ, 6-311+G**) were
performed on 15 (CH)sSiH structures. Of the 15 structures considered on the (CH)sSiH
potential energy surface, 12 structures were characterized as local minima. Two new valence
isomeric forms of silabenzene, Vl1a, and V1b,, have been identified, which lie only about
20 kcal/mol higher than silabenzene (B1). PY, where Si is hexacoordinated, has been
characterized as a stationary point, which lies only around 56 kcal/mol higher in energy
than silabenzene. The relative energies are contrasted with those of the valence isomers of
benzene. The lower magnitudes of the vibrational frequencies corresponding to the skeletal
movements support the facile rearrangements witnessed in these compounds. The chemical
hardness values were measured, and no direct correlation was obtained between the relative
energy ordering and the chemical hardness values.

Introduction

Heteroanalogues of benzene are subjects of numerous
experimental and theoretical studies and remain focal
points in the molecular and electronic structural theory
inthe contemporary maingrouporganometallicchemistry 1>
Although, the analogy between the carbon and silicon
is obvious, the skeletal replacement by group V atoms
leads to more stable heterobenzenes than silabenzene.5”
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The concept of silaaromaticity is vividly debated and
stimulated synthetic attempts toward silabenzenes.5-10
The synthesis and characterization of substituted sila-
benzene was unambiguously achieved only recently,
while the data on the other valence isomeric forms are
scarce.'® However, the infrared, electronic, and photo-
electronic spectroscopic characterization of silabenzene
and 1-methylsilabenzene in argon matrixes was re-
ported quite a while ago.'! The strategy of employing
bulky substituents resulted in a flurry of synthetic
accomplishments in the silaaromatics, which are oth-
erwise elusive in their pristine form.11.12 Maier and co-
workers reported the photochemical isomerizations of
silabenzene to Dewar silabenzene, in a matrix isolation
study.'® Ando and co-workers have reported intriguing
isomerization reactions among the disilabenzene iso-
mers.1415 In contrast to silabenzene, the chemistry of
phosphinine isomers is very rich, and virtually all the
valence isomers of phosphinine were synthesized and
are found to display exciting isomerization reactions and
novel binding modes to the transition metal frag-
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ments.1617 While the silabenzene was unambiguously
characterized, the characterization of the isomerization
product, benzvalene, was based only on the NMR data,
which was not definitive, as acknowledged by the
authors themselves, and this class of compounds is too
reactive for elaborate experimental investigation using
the conventional techniques such as X-ray diffraction.10a

The silicon—organic compounds have been favorite
hunting grounds for theoretical and computational
chemistry for more than three decades. Incredible
contrasts have been observed between the silicon and
the corresponding carbon compounds.® Chandresekhar
and Schleyer have done calculations on B1, D1, and
three other isomers of silabenzene.l® Recent studies
indicate that silabenzene is only slightly less aromatic
than benzene.®12 Wakita et al. along with their experi-
mental investigation on the isomerization of silabenzene
to silabenzvalene reported B3LYP/6-31G™* energetics on
the five (B1, V2, V3, D1, D2) valence isomeric forms.102
It is surprising to note that to date there is no system-
atic theoretical study on the valence isomers of silaben-
zene despite considerable interest in this compound and
its isomerization. A systematic computational study that
identifies all the potential valence isomers of silaben-
zene and the characterization of all the minimum
energy structures, assessing their relative stabilities
and vibrational spectra, throws light on the chemistry
of silabenzene and its potential skeletal rearrange-
ments. Standard ab initio and DFT methods were used
to obtain the equilibrium geometries, relative energies,
harmonic frequencies, frontier orbital energies, and
chemical hardness for all the isomers considered in the
study. Comparison is made with the corresponding
benzene isomers to ascertain the perturbation caused
by Si substitution in the benzene skeleton.

Computational Details

All the geometries were fully optimized within the symmetry
constraints at the B3LYP level?® of theory with the 6-31G*
basis set initially. The stationary points thus obtained were
characterized on the basis of the frequency calculations. The
geometries were further refined with the cc-pvDZ and
6-311+G** basis sets at the B3LYP level. The geometries were
also evaluated at the MP2/6-31G** level. These were fol-
lowed by single-point calculations at the MP2/6-311+G** and
CCSD(T)/6-31G* levels on the MP2/6-31G** optimized geom-
etries. However, the 6-31G* basis set is probably not adequate
at the CCSD(T) level, and therefore we have considered a
bigger basis set at the MP2 level. This scheme (eq 1) was quite
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impressive in giving good fits with the higher level calcula-
tions.?1:22

AE = AEccspr t AEMmpas-311+6%+ — Mp2is—316++ T AH 1)

AH is the enthalpy correction factor obtained by frequency cal-
culations at the B3LYP/6-311+G** method. Harmonic fre-
quencies were computed using 6-31G*, cc-pVDZ, and 6-311+G**
basis sets at the B3LYP level and are listed in the Supporting
Information. The differences in the computed harmonic fre-
quencies obtained using various basis sets were very small.
Thus the basis set employed to obtain the harmonic frequen-
cies is adequate. Most of the B3LYP optimizations were carried
out using the Jaguar 4.1 program package initially.?® However,
for the sake of uniformity all the reported calculations were
done using the Gaussian 94 suite of programs.?*

Results and Discussion

All the valence isomeric forms of silabenzene given
in Scheme 1 were fully optimized within the symmetry
constraints initially at the B3LYP level with the 6-31G*
basis set. All the structures were characterized as
minima, showing all real frequencies except for the
benzvalene isomer, V1. Attempts to locate V1 lead to
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one or the other stationary point, V1a and V1b, and
both of them turned out to be first-order saddle points
(Scheme 2). The normal modes corresponding to the
imaginary frequencies are followed, and minimum
energy structures, V1an, and V1by, were obtained. The
two new structures Vla, and V1by, are distinctly
distorted when compared to benzvalene and correspond
to bicyclic structures. Energetically, these two isomers
lie closer to the benzenoid compound, B1, compared to
the other isomers (vide infra). This prompted us to
investigate the aesthetically appealing Cs, pyramidal
structure, PY, where the Si is bound to all five carbons
and a stationary point was located. The frequency
calculation characterizes this as a second-order saddle
point. Following one of the two imaginary frequencies
led to the first-order saddle point, V1a and V1b, which
further led to minima (V1am, and V1by,). Although, it
is necessary to have two electrons less to stabilize such
a nido system, the relatively low energy of PY and its
connectivity to the novel minimum energy structures,
Vlanm and V1by, prompted us to explore this part of
the potential energy hypersurface in detail. The cyclo-
pentadienyl moiety is virtually flat in all the cases, PY,
Vla, V1b, Vlan, and Vl1by, depicted in Scheme 2.
While SiH is bound in z°fashion in PY, it is in
n3-fashion in V1a and V1b and »?-fashion in V1a, and
V1bn. Similarly, a closer examination of the optimized
structure of C2 reveals that the C—Si single bond was
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Scheme 3
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broken in the Si-containing three-membered ring, lead-
ing to an open structure, trans-C2, with a divalent Si
(Scheme 3). The corresponding cis isomer, cis-C2, was
located and characterized as a minimum on the poten-
tial energy surface. Several attempts to locate a station-
ary point corresponding to T1 failed at both the B3LYP
and MP2 levels, and the putative structures collapsed
to D1 upon optimization. Attempts were made to locate
T1 at the HF, B3LYP, and MP2 levels, and in each case
all the putative structures converged to the cis-Dewar
benzene, thus indicating that the T1 structure does not
correspond to a stationary point on the potential energy
surface of (CH)sSiH. Thus the present study identifies
15 important stationary points on the potential energy
surface of silabenzene, where 12 are minima, two are
transition states, and one structure is a second-order
saddle point. All 15 structures were then reoptimized
and recharacterized by frequency calculations at the
B3LYP level using the cc-pVDZ and 6-311+G** basis
sets. The geometry optimization was also carried out
at the MP2/6-31G** level. The assignment of the
stationary points with higher basis sets was found to
be identical with the 6-31G* basis set. The equilibrium
geometries are discussed first and then the relative
energies, vibrational spectra, and the reactivity.

Equilibrium Geometries. Figure 1 depicts the
principal optimized geometric parameters of all the
structures considered in the study at the B3LYP/6-31G*,
B3LYP/cc-pVDZ, B3LYP/6-311+G**, and MP2/6-31G**
levels of theory. In general, the geometries obtained at
the B3LYP and MP2 levels are in good agreement with
each other. However, the B3LYP method consistently
overestimates the C—Si single bond lengths with all
the basis sets compared to the MP2 level. The geo-
metric parameters obtained using the 6-31G* and the
6-311+G** basis sets are essentially identical, and
therefore, 6-31G* quality basis set may be assumed to
be quite adequate for the geometries. The discussion on
the equilibrium geometries from here throughout the
rest of the text will be based on those obtained at the
MP2/6-31G** level.

The C—C bond lengths in silabenzene B1 are equal,
and the C—Si bond length is found to lie between the
C—Si single and double bond lengths, which is in
agreement with the previous studies.??810 |In VV1a and
V1b, the five-membered ring formed by the carbon
atoms is found to be virtually planar. All the C—C bond
lengths are closer to the aromatic bond lengths, whereas
the C—Si bonds are substantially elongated. It occurred
to us that the situation might correspond to the one
where a cyclopentadienyl anion is coordinated in a 7°-
fashion with a SiH™ cap. Indeed, the natural population
analysis at the HF/6-31G*//MP2/6-31G** indicates that
there is a charge polarization of +0.4546 in Vl1a and
+0.4678 in V1b on the SiH group, indicating that the
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Figure 1. Principal geometric parameters in the valence isomers of silabenzene obtained at the B3LYP level using 6-31G*
(normal), cc-pVDZ (underlined), and 6-311+G** (italics) basis sets and the MP2/6-31G** level (bold). All values are given
in A. The number of imaginary frequencies is given in parentheses; the point group is also given.

five-membered ring has substantial aromatic stabiliza-
tion. However, among the benzvalene isomers, only V2
and V3 retain the skeleton, and V1 does not correspond
to a stationary point and spontaneously collapses to V1a
and V1b. This is in contrast with the valence isomers
of pyridine, phosphinine, and arsabenzene, where all
three benzvalene isomerswere characterized as minima.?!
These two structures are transition states; the five-
membered ring formed by the carbon atoms in the
corresponding minimum energy structures, Vla, and
V1bn, exhibits similar properties. It is interesting to
note that the SiH unit is coordinated to only two carbon
atoms. The bridging C—C bond of the bicyclobutane
moiety in V2 is 1.523 A, which is elongated compared

to 1.453 A in the pristine compound at the same level
of theory. This may be due to the release of strain caused
by the presence of Si in the bicyclobutane moiety in V2.
The comparable bond length in V3 with the correspond-
ing C—C bond length in pristine benzvalene confirms
this.

In C1, trans-C2, and cis-C2, the bond lengths in the
three-membered rings are shorter when compared to the
corresponding standard bond lengths. The bridging C—C
bond in T2 is substantially shrunk compared to the C—C
bond in the cis isomer, D2, whereas all other bonds are
elongated.

Relative Energies. Table 1 gives the relative ener-
gies obtained at various levels of theory, including the



Downloaded by CARLI CONSORTIUM on June 29, 2009
Published on March 1, 2002 on http://pubs.acs.org | doi: 10.1021/om011001i

Theoretical Study of Silabenzene

Organometallics, Vol. 21, No. 7, 2002 1497

Table 1. Relative Energies Obtained at Various Levels of Theory and the Best Estimates of the Relative
Energies of the Valence Isomers of Silabenzene; All Values Are Given in kcal/mol

B3LYP/ B3LYP/ B3LYP/ MP2/ MP2/ CCSD(T)/ best
structure 6-31G* cc-pvDZ 6-311+G** 6-31G** 6-311+G**a 6-31G*2 estimate®c
Bl 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Vila 25.2 24.0 26.8 20.5 20.2 22.2 21.0
V1b 30.5 29.0 315 28.0 27.5 28.9 27.5
Vilam 23.4 22.2 25.0 20.1 19.9 21.2 20.5
V1ibm 27.6 26.5 29.1 24.4 24.2 254 249
V2 48.0 49.6 49.0 41.9 40.4 43.2 40.4
V3 78.0 78.4 79.3 69.5 68.9 71.1 68.8
D1 42.7 44.9 43.4 39.2 38.5 37.5 35.5
D2 72.1 72.9 72.9 65.9 64.9 64.8 62.4
P1 89.1 90.2 91.3 83.1 81.5 84.8 81.3
C1 85.4 87.9 84.0 84.2 82.9 82.2 78.2
trans-C2 85.1 84.6 85.1 89.0 89.6 83.4 82.1
cis-C2 88.0 87.4 88.0 91.9 92.4 86.0 84.6
T2 132.3 131.8 132.3 128.0 125.3 124.8 120.3
PY 61.2 59.0 61.9 59.4 56.3 61.7 55.8

a Single-point calculations on MP2/6-31G** optimized geometries. P The best estimates are calculated using eq 1. ¢ The enthalpy correction

obtained at the B3LYP/6-311+G** level, scaled with a factor of 0.98.

trans-Dewar benzene
———

140 ~
3,3"-bicyclopropenyt
——

1204 Prismane
100
Dewar
P1 i
cis-C2
80 Benzvalene benzene & trans.c2

AE (kcal/mol)

Structure

Figure 2. Correlation of the best estimates of relative
energies of the valence isomers of silabenzene. The relative
energies of corresponding benzene valence isomers are
given for comparison.

best estimates calculated using eq 1. The trends ob-
tained at various levels of theory are essentially identi-
cal with minor quantitative differences. The pure and
hybrid density functional methods, including B3LYP,
have inherent tendencies to overestimate the stabiliza-
tion due to m-electron delocalization, and there are
limitations in comparing the energies of localized and
m-delocalized structures. This tendency is reflected in
the present case also.2> The discussion on the relative
energies will be based on the best estimates throughout
the paper unless otherwise specified. The scheme of best
estimates employed in the paper, which includes CCSD-
(T)/6-31G* single-point calculation with basis set cor-
rection, was shown to be in good agreement with ex-
perimental and high-level theory on the valence isomers
of benzene.?!

Figure 2 illustrates the variation of the relative
energies of the various isomers considered in the study.
The best estimates of the relative energies for the
corresponding valence isomers of benzene were also
given in the same figure for comparison. The two
transition states (Vl1a and V1b) and the pyramidal
structure (PY) are excluded, as they do not correspond
to minima on the potential energy surface. However, all

(25) Choi, C. H.; Kertesz, M.; Karpfen, A. P. Chem. Phys. Lett. 1997,
276, 266.

silabenzene isomers lie closer to the reference com-
pound, silabenzene indicating that the substitution
reduces the energy gap among the various valence
isomers. Thus, the transition state structures VV1a and
V1b lie just 21.0 and 27.5 kcal/mol high energetically
above the most stable silabenzene, B1. It is to be noted
that the corresponding energy difference between ben-
zene and benzvalene is as high as 71.7 kcal/mol.2! The
two corresponding nonclassical valence isomeric mini-
mum energy structures, V1a, and V1b,, are less stable
than silabenzene only by around 20 and 25 kcal/mol,
respectively. The nonclassical nature of V1a, and V1b,
coupled with their proximity to the silabenzene war-
rants experimental attempts toward them. V3 is found
to be thermodynamically less stable than the other
benzvalene isomers, the reason being the weak z-bond-
ing ability of Si with C.26 The framework seems to
broadly decide the relative energies to a greater extent
compared to the substitution pattern. Thus the relative
energy ordering is quite similar to those observed in the
valence isomers of benzene. There is a striking dif-
ferentiation in the stabilization of the positional isomer,
depending on the nature of the replacement site; thus
replacement by Si at the saturated site is overwhelm-
ingly preferred compared to the unsaturated sites. Thus,
although the skeletal replacement by Si causes sub-
stantial stabilization among the valence isomers of
silabenzene in general, the stabilization is marginal in
the isomers containing C=Si. Similarly the weak C=Si
bond in D2 makes it energetically above D1. C1, which
has two strained three-membered rings, is expected to
be less stable than trans-C2 and cis-C2, both having
only one three-membered ring. But, C1 is observed to
lie below both the C2 isomers, which may be due to the
presence of divalent silicon in the latter. The C=Si
present in the trans-Dewar benzene isomer, T2, renders
it as a least stable isomer and is computed to lie about
120 kcal/mol with respect to silabenzene. Interestingly,
PY, which is a higher order saddle point, was computed
to lie only 55.8 kcal/mol higher and becomes more stable
than many other valence isomers of silabenzene. This
adds to the amazing list of contrasts that were wit-

(26) (a) Kutzelnigg, W. Angew. Chem., Int. Ed. Engl. 1984, 23, 272.
(b) Schmidt, M. W.; Truong, P. N.; Gordon, M. S. 3. Am. Chem. Soc.
1987, 109, 5217. (c) Schleyer, P. v. R.; Kost, D. 3. Am. Chem. Soc. 1988,
110, 2105.
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Table 2. Frontier Orbital Energies along with the
Mulliken Symbols and the Absolute Chemical
Hardness () of the Valence Isomers of
Silabenzene Obtained at the B3LYP/6-311+G**
Level; All Values Are Given in eV

structure €HOMO €LUMO 1 = (eLumo — €Homo)/2
B1 —6.02(B1) —1.14 (By) 2.44
Viam —6.24 (A —2.16 (A") 2.04
V1bm ~5.70 (A)  —2.36 (A") 167
V2 —6.58 (A")  —0.75 (A") 2.01
V3 —523(A") —1.10 (A") 2.07
D1 ~6.80 (A) —132 (A) 2.74
D2 ~581(A) —1.35(A) 2.23
P1 —5.87 (A") —0.30 (A) 2.78
c1 —678(A)  —0.78 (A") 3.00
trans-C2 —588(A) —2.62 (A") 1.63
cis-C2 ~5.81 (A)  —2.74 (A") 154
T2 —-5.32 (A) —1.83 (A) 1.75

nessed in the chemistries of organic and silaorganic
compounds. In all cases, there is a significant destabi-
lization in the isomers where the C=Si exists, a result
in agreement with the classical double bond rule.

Vibrational Frequencies. In most of the rearrange-
ment reactions it will be possible to obtain only some
spectroscopic data, and these data do not facilitate
unambiguous assignment. Thus computations have an
important role in assisting the characterization of the
short-lived intermediates. The vibrational data obtained
at the B3LYP level with the 6-31G*, 6-311+G**, and
cc-pVDZ basis sets are provided in the Supporting
Information. The magnitudes and intensities are very
similar at these three levels, and therefore the vibra-
tional data provided in the table is expected to provide
reliable reference data. Our study reveals that Vl1an
and V1b, are only about 20 and 25 kcal/mol higher in
energy than the global minima, respectively. Interest-
ingly, these structures are very stable compared to the
Dewar benzene and other valence isomeric forms. List-
ing of the computed vibrational frequencies would
enable the experimentalists to assign the stable species
as well as reactive intermediates on the potential energy
hypersurface of silabenzene. The magnitudes of the
frequency corresponding to the first few normal modes,
which correspond to skeletal rearrangement, are sub-
stantially lower when compared to benzene isomers.
Thus, the skeletal rearrangements are expected to be
more facile among the silabenzene isomers compared
to the benzene valence isomers.

Frontier Orbital Energies and Chemical Hard-
ness. Absolute chemical hardness (1) has been used as
a measure of kinetic stability or the reactivity of organic
compounds.?’” Within Koopman’s approximation, hard-
ness (») is defined as half of the magnitude of the energy
difference between the HOMO and the LUMO.?8

1 = (€Lumo ~ €Homo)/2

The frontier orbital energies and the chemical hardness
computed at the B3LYP/6-311+G** level are given in
Table 2. While the thermodynamic stabilities of the
compounds under study are controlled by the skeleton

(27) (a) Pearson, R. G. J. Org. Chem. 1989, 54, 1423. (b) Zhou, Z.;
Parr, R. G. Tetrahedron Lett. 1988, 29, 4843. (c) Zhou, Z.; Parr, R. G.
J. Am. Chem. Soc. 1989, 111, 7371. (d) Minsky, A.; Meyer, A. Y.;
Rabinovitz, M. Tetrahedron 1985, 41, 785. (e) Pearson, R. G. J. Am.
Chem. Soc. 1988, 110, 2092.

(28) Pearson, R. G. Inorg. Chem. 1988, 27, 734.
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of their structure, the kinetic stability seems to be
dictated by the bonding type of the Si atom. C1, V2,
P1, and D1, where the Si occupies the sp® center, are
kinetically more stable than the other isomers. Whereas
B1, D2, V3, Vlan, T2, and V2by, are more reactive, in
all these cases Si is tricoordinated. Compounds contain-
ing divalent Si, trans-C2 and cis-C2, are found to be
the least stable. So the Kinetic stability exactly follows
the following order: isomers containing tetracoordinated
Si > isomers containing tricoordinated Si > isomers
containing dicoordinated Si. The relative stabilities and
the hardness values do not have a linear relationship.
Thus, quite a few valence isomers (V2, D1, P1, and C1)
have much higher hardness values than the benzvalene
isomers, Vl1an, and V1by, which are very stable ener-
getically, according to the hardness criteria correspond
to least stable compounds.

Conclusions

The present study provides equilibrium geometries,
relative stabilities, and vibrational spectra of all the
possible valence isomeric forms of silabenzene using the
standard post SCF ab initio and the hybrid density
functional methodologies. Out of the 15 isomers consid-
ered, 12 of them were characterized as minima on the
potential energy surface, two of them were transition
states, and one as a second-order saddle point. The
spread of the relative energies of various silabenzene
isomers is substantially smaller compared to the cor-
responding benzene valence isomers. Interestingly,
while benzene is more stable than any other isomer by
about 70 kcal/mol, Vl1an is only about 20 kcal/mol
higher in energy than the most stable silabenzene (B1).
However, the relative energy ordering in silabenzene
valence isomers is very similar to that in benzene
valence isomers in general, barring some exception such
as one of the bicyclopropenyl isomers, C1, is more stable
than the prismane isomer, P1. The smaller magnitudes
for the harmonic frequencies corresponding to skeletal
reorganizations, compared to benzene, indicate that
skeletal rearrangements among the valence isomers of
silabenzene are more facile compared to the parent
benzene. Thus, the energy gaps between the various
valence isomers of silabenzene are smaller compared to
the benzene valence isomers, indicating the smoother
rearrangements. This smaller energy difference and
lowering also account for the higher reactivity of sila-
benzene valence isomers toward isomerization reactions.
The hardness (1) values taken as a measure of reactivity
indicate that compounds having sp® Si atoms are less
reactive compared to those having tri- and dicoordinated
Si. The apparent disparity in energetic and hardness
criteria in determining the stability and the high
reactivity of this class of compounds is indicative of
intricacies involved in making predictions. We feel that
the present study and the recent advances in synthesis
of bulky group protected silaaromatics should enthuse
the experimentalists to explore the rich potential of the
rearrangement reactions of silabenzene.
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energies obtained at various levels, and the computed har-
monic frequencies along with the intensities obtained at the
B3LYP/6-31G*, B3LYP/cc-pVDZ, and B3LYP/6-311+G** levels
of all the compounds considered in the study. The structure
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of PY is also given. This material is available free of charge
via the Internet at http://pubs.acs.org.
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