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Abstract: Density functional theory (B3LYP) calculations
were performed to examine the effect of Si substitution on
the aromaticity of some polycyclic hydrocarbons using
geometric criterion (HOMA), isodesmic isomerization reac-
tions, homodesmotic equations, NICS values, chemical hard-
ness, and out-of-plane distortive tendencies. The HOMA
values are lower and the NICS values are higher in the Si-
substituted rings compared to those in the hydrocarbon
counterpart, whereas the homodesmotic equations predict
little loss of aromaticity upon Si replacement in polycylic
systems. The chemical hardness values decrease and the out-
of-plane distortive tendency increases upon silicon substitu-
tion. The relative energies of the positional isomers and the
causative factors are analyzed. The high reactivity of some
silaaromatics toward dimerization is explained based on
local softness indices.

While significant theoretical evidence accumulated on
the aromatic character of silole anions and dianions, and
of diamino silylenes, simple silaaromatic compounds,
namely Si-containing (4n + 2)x ring systems, were found
to be elusive for experimental maneuverings until
recently.’™ Utilizing the bulky group protection strategy,
the synthesis and unambiguous characterization of sila-
benzene (B1), disilabenzene, silanaphthalenes (N2, N3),
and silaanthracene (A1) were accomplished in the past
few years.5~® Considering the intense experimental and
theoretical interest in understanding the concept of
silaaromaticity,>1° we ventured to explore how a Si atom
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affects the structure, thermodynamics, and magnetic
properties of polycyclic aromatic hydrocarbons. Several
criteria such as structural, magnetic, and energetic were
used to gauge the aromaticity in silaaromatic compounds.
The geometric criterion, harmonic oscillator model of
aromaticity (HOMA),!* and the magnetic criterion, nucleus
independent chemical shifts (NICS),%'213 which have
been widely used to evaluate aromaticity are employed
in the present study. Importantly, we focused on compar-
ing the aromatic nature of the silaaromatics by taking
the corresponding hydrocarbons as reference compounds.
Five representative hydrocarbons (B, N, A, P, and C)
were considered to study the effect of Si substitution
(Figure 1). This resulted in a total of 24 Si-containing
(4n + 2) aromatic compounds, which includes one ben-
zene, three naphthalene, four anthracene, seven phenan-
threne, and nine chrysene isomers. The hybrid density
functional theory method, B3LYP using the 6-31G* basis
set, was employed for geometry optimization and fre-
quency calculations, using the Jaguar 4.1 program pack-
age.'* The calculation of nucleus-independent chemical
shifts (NICS) was done by using the gauge invariant
atomic orbital (GIAO) approach at the HF/6-31G* level
implemented in the Gaussian 98 program.*®

All the planar forms were computed to be minima
except C2 and C3, which were found to be transition
states. The corresponding minimum energy structures,
C2m and C3m, were obtained by following the direction
of the imaginary frequency normal modes. These mini-
mum energy structures are slightly twisted and lie only
0.1 and 0.2 kcal/mol lower than the planar structures
indicating that loss of planarity has no significant effect
on the energy. The C—C bond lengths in all the silicon-
substituted compounds are virtually identical with the
corresponding bond lengths in the parent hydrocarbons
in most of the cases. The HOMA values obtained with

(9) Baldridge, K. K.; Uzan, O.; Martin, J. M. L. Organometallics
2000, 19, 1477.

(10) (a) Priyakumar, U. D.; Sastry, G. N. Organometallics 2002, 21,
1493. (b) Priyakumar, U. D.; Saravanan, D.; Sastry, G. N. Organome-
tallics 2002, 21, 4823. (c) Dhevi, D. M.; Priyakumar, U. D.; Sastry, G.
N. J. Mol. Struct. (THEOCHEM) 2002, 618, 173.

(11) (a) Krygrowski, T. M.; Cyranski, M. K. Chem. Rev. 2001, 101,
1385—-1419. (b) Kruszewski, J.; Krygowski, T. M. Tetrahedron Lett.
1972, 3839. (c) Krygowski, T. M. J. Chem. Inf. Comput. Sci. 1993, 33,
70. (d) Howard, S. T.; Krygowski, T. M. Can. J. Chem. 1997, 75, 1174.

(12) (a) Schleyer, P. v. R.; Jiao, H.; Hommes, N. J. R. v. E.; Malkin,
V. G.; Malkina, O. L. J. Am. Chem. Soc. 1997, 119, 12669. (b) Schleyer,
P.v. R.; Freeman, P. K.; Jiao, H.; Goldfuss, B. Angew. Chem., Int. Ed.
Engl. 1995, 34, 337. (c) Goldfuss, B.; Schleyer, P. v. R.; Hampel, F.
Organometallics 1996, 15, 1755.

(13) Cyranski, M. K.; Krygowski, T. M.; Katritzky, A. R.; Schleyer,
P. v. R. J. Org. Chem. 2002, 67, 1333.

(14) Jaguar 4.1; Schrodinger, Inc.: Portland, OR, 2000.

(15) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.;
Robb, M. A.; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A,
Jr.; Stratmann, R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M.;
Daniels, A. D.; Kudin, K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.;
Barone, V.; Cossi, M.; Cammi, R.; Mennucci, B.; Pomelli, C.; Adamo,
C.; Clifford, S.; Ochterski, J.; Petersson, G. A.; Ayala, P. Y.; Cui, Q;
Morokuma, K.; Malick, D. K.; Rabuck, A. D.; Raghavachari, K
Foresman, J. B.; Cioslowski, J.; Ortiz, J. V.; Stefanov, B. B.; Liu, G.;
Liashenko, A.; Piskorz, P.; Komaromi, I.; Gomperts, R.; Martin, R. L.;
Fox, D. J.; Keith, T.; Al-Laham, M. A_; Peng, C. Y.; Nanayakkara, A.;
Gonzalez, C.; Challacombe, M.; Gill, P. M. W.; Johnson, B. G.; Chen,
W.; Wong, M. W.; Andres, J. L.; Head-Gordon, M.; Replogle, E. S.;
Pople, J. A. Gaussian 98; Gaussian, Inc.: Pittsburgh, PA, 1998.

10.1021/j00263972 CCC: $25.00 © 2003 American Chemical Society
Published on Web 01/03/2003



N1, C,, 3.9 (0)

N2, Cy, 0.5 (0)

N3, Cy, 0.0 (0)

P4, C,, 2.1 (0)

Si
P7, C,, 4.5 (0)

P6, C,, 4.4 (0)

JOCNote

0741 Si” 0,659

Al, Gy, 2.0 (0) A2,C,, 5.3 (0)

C3m, C,5.9(0)

€6, C,, 2.2 (0) C7.C, 1.0 (0)

C8,C,, 0.0 (0)

€9, C,, 4.4 (0)

FIGURE 1. The HOMA values of the aromatic hydrocarbons and their corresponding silaaromatic compounds obtained using
the B3LYP/6-31G* equilibrium geometries and the NICS(0) (underlined) and NICS(1) (bold) values (ppm), computed using the
GIAO approach at the HF/6-31G* level. The point group, relative energies (kcal/mol), and the number of imaginary frequencies

(in parentheses) are also given.

use of the B3LYP/6-31G* optimized geometries are given
in Figure 1.1 The HOMA values in the Si-substituted
rings are slightly reduced compared to that in the parent
hydrocarbons. However, in cases where three C—Si bonds
are involved, the HOMA value is enhanced in the
Si-containing rings except in one of the rings of C1. Thus,
insignificant deviation of the HOMA values upon Si
substitution indicates that the aromaticity of all the
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silaaromatic compounds is comparable to that of the
hydrocarbons. The principal geometric parameters of all
the compounds are given as a figure in the Supporting
Information.

The relative energies of the positional isomers of the
silanaphthalenes (N1—N3), silaanthracenes (Al1—A4),
silaphenanthrenes (P1—P7), and silachrysenes (C1—C9)
obtained at the B3LYP/6-31G* level are given in Table
1. Among the three silanaphthalenes, N2 and N3 are of
comparable stability; N1 is less stable than N3 by about
4 kcal/mol. This can be explained based on the fact that
N1 has three weak C—Si bonds compared to only two in
N2 and N3.'718 A and P are CyjsHjo isomers; P is
computed to be more stable than A by 5.0 kcal/mol. Also,
most of the silicon analogues of P are more stable than
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TABLE 1. The Relative Energies, AE (kcal/mol), of the
Positional Isomers, the Chemical Hardness, 5 (eV), and
Lower Vibrational Frequency, v (cm™1), Corresponding to
the Out-of-Plane Distortion Obtained at the B3LYP/
6-31G* Level

structure AE (kcal/mol) 7 (eV) v(cm™1)
B 3.40 416.3
Bl 2.52 272.1
N 2.42 178.6
N1 3.9 2.13 124.8
N2 0.5 1.97 143.7
N3 0.0 2.11 140.7
A —(5.0)2 1.80 98.6
Al 2.0 (6.4)° 1.48 735
A2 5.3 (9.7)° 1.68 75.1
A3 0.5 (4.9)° 157 80.0
A4 0.0 (4.4)° 1.66 76.8
P 2.37 103.9
P1 2.9 2.01 71.5
P2 0.0 2.03 79.2
P3 1.0 2.05 69.0
P4 2.1 2.16 56.7
P5 1.7 2.01 62.3
P6 4.4 2.00 79.5
P7 4.5 1.95 12.5
C 2.13 60.9
C1 3.2 1.82 43.3
Cc2 4.3 1.90 40.1i
C2m 4.2 1.89 36.1
C3 6.1 1.80 42.6i
C3m 5.9 1.79 33.7
C4 6.8 1.94 13.0
C5 2.0 1.88 27.7
C6 2.2 2.00 215
C7 1.0 1.95 32.4
C8 0.0 1.90 42.8
C9 4.4 1.88 349

a Relative to P.  Relative to P2.

those of A. Similar to silanaphthalenes, those isomers
with three unfavorable C=Si bonds are the less stable
ones among the silaanthracenes (A1—A4), silaphenan-
threnes (P1—P7), and silachrysenes (C1—C9). In addi-
tion, isomers where Si is present in the central ring(s)
are found to be less stable. Among the positional isomers
of the polycyclic silaaromatic compounds, the most stable
isomer has Si substituted in the outer rings. A recent
study on the polycyclic aromatic hydrocarbons identifies
that some regions of the compound behave more like
benzene and others behave more like olefins, which is in
conformity with Clar’'s aromatic sextet theory.*® In P, A,
and C, the C—C bonds in the central ring(s) have
enhanced olefinic character and the outer rings behave
like benzene. Hence, those compounds with Si substitu-
tion in the central ring(s) are less stable due to the
presence of an unfavorable C=Si bond. It is to be noted
that the planar forms of C2 and C3 correspond to
transition state structures. Thus, the placement of Si in
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the hydrocarbon skeleton has only a minor effect (within
5—7 kcal/mol) on the relative energies of the positional
isomers.

The magnetic properties have played a pivotal role in
gauging the aromaticity in hydrocarbons and heteroaro-
matics.%1213 Figure 1 gives the NICS(0) and NICS(1)
(underlined and bold face, respectively) values obtained
for each of the rings of all the isomers considered in this
study. All the rings possess negative NICS values indi-
cating aromatic character. In silabenzene, the NICS(1)
value increases by 2.7 ppm upon Si substitution, whereas
NICS(0) increases only by 1 ppm. Similarly in naphtha-
lene, silicon substitution leads to an increase in the NICS
up to 3.1 ppm in N2. In anthracene (A), the central ring
possesses a lower NICS value compared to the outer rings
and even to benzene; in contrast, in P and A, the outer
rings have lower NICS values. The maximum difference
in the NICS values between the unsubstituted and the
Si-substituted polycyclic aromatic carbons in A, P, and
Cis 3.6, 3.2, and 3.2 ppm, respectively. The NICS values
are consistently increased in the Si-containing rings
compared to their hydrocarbon counterparts. NICS(1)
values uniformly show higher deviation compared to
NICS(0) values in all cases. When the Si atom is a part
of two rings, the NICS values in both rings are increased
compared to the unsubstituted ones. In the absence of
an Si atom in the ring the values are very similar to the
corresponding rings in hydrocarbons. The variation of the
NICS values upon Si substitution in the polycyclic
aromatic hydrocarbons indicates that the aromaticity in
these compounds is only slightly affected.
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Two complementary energetic criteria were employed
to assess the aromaticity: (a) the energy required for
disrupting s-delocalization (eqs 1—5) both in silaaromat-
ics (bold) and in hydrocarbons (normal) and (b) a com-
parison of the stability of the silaaromatic compounds
with reference to the corresponding hydrocarbons (eqs
6—9). The most stable isomers are considered in each of
the positional isomers. The reaction energies of the
isodesmic isomerization reactions (eqs 1-5) of both
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hydrocarbons and silaaromatic compounds are very
similar with a maximum difference of 1.5 kcal/mol. The
reaction energies of the homodesmotic eqs 6—9 are less
than 1 kcal/mol in all cases, indicating that the polycyclic
silaaromatics are of comparable stability to the hydro-
carbons. These results substantiate that aromaticity of
polycyclic aromatic hydrocarbons remains unaffected
upon Si substitution according to the energetic criteria.

Chemical hardness (), defined as half of the energy
difference between the HOMO and LUMO (7 = (eLumo —
€Homo)/2), was proved to be a useful measure for aroma-
ticity.?° The # values for all the structures considered are
given in Table 1. B is found to be the most aromatic and
A is found to be the least aromatic among the hydrocar-
bons. On Si substitution, the hardness values decrease
in all cases. However, hardness values of the positional
isomers of a given skeleton do not vary much with a
maximum difference of 0.21 eV. The difference between
the hardness values of the benzene (B) and silabenzene
(B1) is 0.88 eV. In contrast, the differences in the
polycyclic compounds are low (0.45, 0.32, 0.42, and 0.34
eV for N, A, P, and C, respectively). We have used the
out-of-plane distortive tendency as a measure to evaluate
the kinetic stability of 6z-heteroaromtic compounds in
our previous studies.’” The lower vibrational frequency
corresponding to the out-of-plane distortion mode of the
molecules considered in the study is given in Table 1. In
all cases, Si substitution leads to lowering of the fre-
guency corresponding to the out-of-plane distortion. For
C2 and C3, the first out-of-plane mode corresponds to
an imaginary frequency. This lowering of hardness values
and the high propensity toward out-of-plane distortion
explains the high reactivity of the silaaromatic com-
pounds. Recently, Tokitoh and co-workers have synthe-
sized bulky group substituted B1, N2, N3, and A1.578
The main difference between the hydrocarbon and silicon
counterparts is the latter’'s high reactivity. N2 is found
to undergo dimerization and B1 is found to equilibrate
between two monomers and the corresponding dimer via

(20) (a) Zhou, Z.; Parr, R. G. 3. Am. Chem. Soc. 1989, 111, 7371. (b)
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1,4-addition. Al is also found to be reactive and under-
goes 1,4-addition; in contrast, N3 is stable as a monomer.
This can be explained based on the local softness values
obtained at the B3LYP/6-31G* level (sx* and s~ values
are given in ordinary and bold face, respectively).??2 In
all cases, the Si atom is the softest; also, C4, Cs, and Cg
in B1, N2, and Al, respectively, are the softest among
the carbon atoms, indicating the preference of 1,4-
addition. In contrast, C;s (the 1,4-addition site) in N3 is
not softer and hence does not undergo 1,4-addition.
Similarly, the reactivity toward 1,4-additions of this class
of compounds may be derived from the local softness
values.?t
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This note presents a detailed analysis of geometric,
magnetic, and energetic criteria, hardness, and the
tendency for out-of-plane distortion for a series of si-
laaromatic compounds. The geometric and energetic
criteria indicate that the silaaromatics are nearly as
aromatic as hydrocarbons. The negative and comparable
NICS values to the aromatic compounds are obtained for
all the isomers studied here. The reactivity measures,
the hardness, and out-of-plane tendencies of the silaaro-
matic compounds point to the high reactivity compared
to the hydrocarbons. The local softness values success-
fully explain the preference for 1,4-addition in some
silaaromatics. Therefore, polycyclic silaaromatics are
viable targets for experimental studies and synthetic
efforts in this direction should be rewarding.
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