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Significant interactions between the n orbitals of the oxygen lone pair electrons and the d-type polarization
functions of the silicon atoms in disiloxane (1), disilaoxirane (2), and 1,3-cyclodisiloxane (3) were demonstrated
by numerical evaluation of the bond interactions. The calculated Lewis index showed that the Si-O double
bond model contributes more than the single bond andπ-complex models. The oxygen atoms tend to form
dative π bonds to the silicon atoms or be tetravalent. In the ring systems2 and 3, the lone pair electrons
delocalize in a cyclic manner by the interaction of the p orbital of the oxygen lone pair and the d functions
of the Si atoms. The cyclic delocalization is responsible for the short Si-Si bond in2 and the short nonbonded
Si‚‚‚Si distance of3. The elongation of the distance between the silicon atoms in the protonated and cation
radical species of2 and3 was predicted from the cyclic delocalization and confirmed by ab initio molecular
orbital calculations.

1. Introduction

Some compounds containing silicon-oxygen bonds, such as
1-3, have unusual geometry.1-5 In disiloxane (1; R ) H), the
Si-O bond is short, and the Si-O-Si bond angle (144.1°)3 is
much wider than that in dimethyl ether4 (111.5°).6 The most
striking feature of a three-membered ring (3MR) molecule,
disilaoxirane2 (R ) H), is the extremely short Si-Si bond
length. For example, the X-ray structure of 1,1,2,2-tetramesi-
tyldisilaoxirane (2; R ) mesityl) exhibits a short Si-Si bond
of 2.227 Å, which is much closer to that of a typical double
bond length (ca. 2.16 Å) than to a normal Si-Si single bond
(ca. 2.38 Å).4 The strain energy was calculated to be very high,
being almost 2.5 times higher than that of its carbon counterpart
5.7 The X-ray structure of a four-membered ring (4MR)
molecule, 1,3-cyclodisiloxane3 (R ) mesityl) showed a
remarkably short nonbonded Si‚‚‚Si distance (2.31 Å),5a even
shorter than the normal Si-Si single bond length. The Si‚‚‚Si
separation is also shorter than the nonbonded O‚‚‚O distance
(2.47 Å), although the van der Waals radius of Si atom is larger
than that of O atom.

The unusual structures have raised some intriguing bonding
models for such compounds containing silicon-oxygen bond.8-20

The oldest chemical bonding model is the well-known but
disputed (d-p) π-bonding, which still appears in some textbooks
recently published by Cotton, Wilkinson, and Gaus.21 Janes and
Oldfield concluded, based on the analysis of oxygen-17 quad-
rupole coupling constants, that (d-p) π-bonding is important
in silicates.22 Grev and Schaefer applied the Dewar-Chatt-
Duncanson model11 for metal-olefin complexes to explain the
structure of disilaoxirane (2).12 They proposed that an elec-

tronegative atom X should shorten the basal Y-Y bond in the
three-membered rings due to the decrease in theπ back-donation
from X to the YdY component. This explanation is, however,
not necessarily convincing. The electronegative atom enhances
the σ-donation, which is accompanied with the loss of the
electron density from theπ bonding orbital or with the
elongation of the basal bond. Liang and Allen13 employed the
σ-bridged-π bonding model to draw a similar conclusion about
the electronegative atom effects. The a1σ molecular orbital (MO)
is identified as theσ-bridged-π orbital in the 3MRs. They
concluded that an electronegative atom at the apex position of
a triangle favors theσ-bridged-π bonding, leading to the short
distance between the basal atoms and the relief in its strain
energy. There is, however, a question about the preference of
the a1σ MO to the b2π* MO counterpart which exhibits the
opposite effects.

There has long been controversy about the unusual Si‚‚‚Si
distance shorter than the normal single bond and the nonbonded
O‚‚‚O distance in 1,3-cyclodisiloxane (3). West, Michl, and co-
workers5a proposed severe lone-pair-lone-pair repulsion be-
tween the oxygen atoms forcing contracted Si-O-Si bond
angle, or a Si-Si bond with cyclic four-center six-electron
delocalized bonding about the periphery. The deformation
density map by O’Keeffe and Gibbs,15 however, showed that
there is no silicon-silicon σ bonding. By analogy with the
analysis of the substituted 3MRs, based on the Dewar-Chatt-
Duncanson model, Grev and Schaefer12 proposed the “dibridged
π-complex” model or the “unsupportedπ-bond” model where
theπ bonding between the silicon atoms in the molecular plane
is not supported by aσ-bond. Liang and Allen13 applied their
own concept of theσ-bridged-π bonding to obtain similar
conclusions. The electronegative atom, O makes the unsupported
π-bond orσ-bridged-π bonding (Chart 1) more effective and
brings the diagonal silicons closer in the 4MR3. Unfortunately,
we cannot find any appreciable sign of the unsupportedπ-bond
or σ-bridged-π bond in the deformation density on the molecular
plane reported by O’Keeffe and Gibbs.15 Kudo and Nagase17

suggested that the short Si‚‚‚Si distance is the result of very
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strong attraction between the silicon and oxygen atoms. Jemmis
et al.18 similarly concluded that the distance is predominantly
determined by the short Si-O bond length.

In this paper, we investigated the interactions of the bonds
including lone pairs and vacant atomic orbitals, and the relative
weight of various bonding models, to give new insight into the
unusual properties of1-3. A comprehensive understanding was
obtained. The p-d bonding is important between the Si and O
atoms. Numerical evaluation of the weight of the single bond,
double bond, andπ-complex models showed that double bond
model contributes most, in agreement with the important p-d
bonding. In the ring systems2 and 3, the lone pair electrons
delocalize in a cyclic manner by the interaction of the p orbital
of the oxygen lone pair and the d-type polarization functions
on the silicon atoms. The cyclic (n, d, d) delocalization model
was shown to be useful enough to predict the geometrical
changes of disilaoxirane and 1,3-cyclodisiloxane with one
electron removal and their protonated ions (8-12). The high
ring strain of2 was discussed in terms of the geminal bond
interaction25 as well as the n-d interaction.

2. Method of Calculations

We proposed and applied a bond model to analyze the
electronic structures of molecules24-28 and transition states.26

The single Slater determinant of the Hartree-Fock wave
function (Ψ) for the electronic structure of the molecule or the
transition state is expanded into electron configurations:27

In the ground configuration (ΦG), a pair of electrons occupies
each bonding orbital of the bonds. A ground configuration
corresponds to a Lewis structure for an electronic formula of
molecules used to show the location of the valence electrons.
The interactions between the bond orbitals are accompanied by
electron delocalization and polarization. The delocalization is
expressed by mixing an electron-transferred configuration (ΦT),
where an electron shifts from the bonding orbital of a bond to
the antibonding orbital of another. The polarization is expressed
by mixing a locally excited configuration (ΦE) where an electron
is promoted from the bonding orbital to the antibonding orbital
of bond.

A set of bond orbitals, i.e., hybrid orbitals and bond polarities
give the coefficients of the configurations,CG, CT, andCE. The
bonding and antibonding orbitalsφi andφi* of the ith bond are
expressed by a linear combination of hybrid atomic orbitalsøia

andøib on the bonded atoms a and b:

The bond (bonding and antibonding) orbitals of each bond are
obtained by the diagonalization of the 2× 2 Fock matrix on

the basis of the hybrid orbitals.26a A set of bond orbitals are
optimized to give the maximum value of the coefficient of the
ground configuration.

A number of Lewis structures are generally conceivable for
a molecule or a transition state. Which Lewis structure best
represents the electron states is determined by the Lewis index24

CG, a measure of the contribution from the Lewis structure to
the total electronic structure.

In order to estimate the interaction of the bond orbitals,φi

andφj, we calculate the interbond energy IBEij
28

wherePij, Fij, and Hij are the elements of the density, Fock,
and core Hamiltonians, respectively.

The geometry optimization of molecules1-5 and8-12 has
been carried out by the Hartree-Fock (HF) theory at the 6-31G*
basis set, MP2/6-311G**, and B3LYP/6-311G** using Gaussian
98 program.29 The 6-31G* basis set was used for the analysis
of the bond interactions.

3. Results and Discussion

We employed the method introduced above to investigate the
bond interactions in1-3. The Si-O-Si bond angle in1 was
shown to be widened by the significant interaction between the
lone pairs on the oxygen atom and the vacant d-type polarization
function on the silicon atoms, especially the in-plane (nO)-
(dSi) interaction. On going to the ring systems2 and3, the lone
pair of oxygen was demonstrated to delocalize in a cyclic
manner by the interaction of the p orbital of the oxygen lone
pair and the d functions of the Si atoms. The cyclic (n, d, d)
interactions in2 and3 accounted well for their unusually short
distances between the Si atoms.

Disiloxane (1). In order to understand why the disiloxane1
prefers the large Si-O-Si bond angle in contrast with its carbon
counterpart, H3C-O-CH3, 4, we investigated the bond interac-
tions at the geometries optimized for the fixed bond angles
ranging from 110° to 170°. Outstanding stabilization with the
widening of the bond angle was found in the interaction between
the lone pairs on the oxygen atom and the vacant d-type
polarization function on the silicon atoms, as is illustrated in
Figure 1, where the sum of the IBE values for all lone pairs
and d-type polarization functions, (nO)-(dSi) is shown. Among
all the bond interactions, the (nO)-(dSi) interaction changed most
dramatically in the range of 110°-170°. The lack of such n-d

CHART 1

Figure 1. Variations in bond interactions: (A) (Si-O)-(Si-O); (B)
n-(Si-O); (C) n-(Si-H); (D) (Si-O)-(Si-H); (E) (Si-H)-(Si-H);
(F) n-d with the different Si-O-Si bond angles in molecule1.

IBEij ) Pij(Fij + Hij)

Ψ ) CGΦG + ∑CTΦT + ∑CEΦE + ...

φi ) ciaøia + cibøib

φi* ) cia*øia + cib*øib
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interaction in the carbon counterpart4 also implied that the
(nO)-(dSi) interaction is one of the dominant factors of the
special structure of1. In addition, the steric repulsion between
the SiH3 groups, reflected by the (Si-H)-(Si-H) interaction,
decreases more than that between the CH3 group in H3C-O-
CH3 (Figure 2), especially at the narrow angles. This may be
another factor favoring the wide bond angle in molecule1. This
agrees with the experimental facts that the strictly linear SiOSi
skeletons are observed in the disilyl ethers, (R3Si)2O with the
bulky substituents, e.g., O(SiCHdCH2)2, O(SiPh3)2, and O[Si-
(CH2Ph)3]2.1 The geminal interactions of the Si-O bonds with
the lone pairs and the Si-H bonds also favor the wide Si-O-
Si bond angle. However, the corresponding (nO)-(C-O) and
(C-O)-(C-H) interactions in4 also prefer the linear geometry
(Figure 2). So these interactions are not characteristic features
of 1 responsible for the unusual geometry of disiloxane (1).

(nO)-(dSi) Interactions.The interaction between the non-
bonding orbitals of the oxygen lone pair and the d-type
polarization functions on the silicon atoms is the strongest one
among various bond interactions. This suggests a dativeπ bond.
It is interesting to see which Lewis structure (Chart 2) is more
important, the single bond or double bond model. The calculated
Lewis indices showed that the double bond model (1.154) should
be a little more favorable than the single bond model (1.042).
Figure 3 shows the contour map of the dativeπ bond. The
π-bonding occurs between the p oxygen lone pair orbital and
the d-type polarization basis of silicon, in agreement with the
significant (nO)-(dSi) interaction.

The in-plane (nσ) and out-of-plane (nπ) lone pairs of the
oxygen atoms behave differently with the variations in the Si-
O-Si bond angles. The bonding properties of the nσ-d
interactions increase dramatically from IBE) -0.4430 au at
the bond angle of 110° to IBE ) -0.9904 au at 170°, so that
the in-plane n interaction favor the linear structure. On the other
hand, the bonding properties of the nπ-d interactions increase
much less (IBE) -0.9761 au at 110°; -1.0358 au at 170°).

Our conclusion that the short Si-O bond length and the wide
Si-O-Si bond angle should be due to the nσ-d interaction
and the steric repulsion agrees with the statement in the recent
textbook.21 The agreement strongly encouraged us to apply our
method to the other molecules containing the Si-O bonds.

Disilaoxirane (2). The electronic structure of the three-
membered ring molecule is usually represented by the single
bond model (a in Chart 3). However, the extremely short Si-
Si bond length close to that of a double bond suggests the
π-complex model.12 The significance of the n-d interaction
disclosed in disiloxane leads to the double bond model. Here
we show which bond model or Lewis structure better represents
the electronic structure. We propose that the cyclic interaction
of the oxygen lone pair orbitals and the d-type polarization
function on the silicon atoms should contribute to the short Si-
Si bond. The high strain is discussed in terms of the geminal
bond interaction as well as the n-d interaction.

Lewis Structures.We calculated the Lewis indices of three
bond models. The double bond model (1.327) was found to
contribute the most, while theπ-complex model is the least
weighted (0.911). It is not surprising because the n-d interaction
is still strongly bonding (the total IBE((nO)-(dSi)) ) -1.3963
au), the largest n-d interaction (-0.3984 au) occurs out of the
molecular plane (Figure 4). The total in-plane nσ-d interaction
decreases dramatically from-0.9904 au in the open chain1 to
-0.1666 au in the 3MR2. The weakening of the nσ-d interaction
is in agreement with the longer Si-O bond in2.

Cyclic (n, d, d) Interaction.The considerable n-d interactions
suggest the significance of the cyclic interaction among the
nonbonding orbital on the oxygen and the two d-type polariza-
tion functions on the different silicon atoms (Figure 4). The
cyclic orbital interactions are under the control of the orbital
phase continuity-discontinuity properties.30 The nonbonding
orbital of the oxygen is a donating orbital, and the vacant d-type
polarization functions of silicon atoms are accepting orbitals.
The phase continuity requires that the n, d, and d orbitals should
be in phase with one another. In fact, these requirements are
satisfied in2 (Figure 4). This implies that the cyclic electron

Figure 2. Variations in bond interactions: (A) (C-O)-(C-O); (B)
n-(C-O); (C) n-(C-H); (D) (C-O)-(C-H); (E) (C-H)-(C-H) with
the different C-O-C bond angles in molecule4.

CHART 2

Figure 3. Contour map of the dativeπSiO bond orbital in1.

CHART 3
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delocalization of the lone pair through the d-type polarization
functions contributes to shortening the bond length of Si-Si.

The bond interactions at the different Si-Si bond distance
were studied (Figure 5). The stabilizing nO-dSi and dSi-dSi

interactions increase as the Si-Si bond lengths decrease. The
d-d interaction (IBE) -0.0408 au) is 16 times greater than
that in the open chain molecule SiH3SiH2OH (7) (IBE )
-0.0024 au). These results supported the important role of the
cyclic delocalization of n electrons accompanied by the d-d
bonding in2.

From the significant contribution of the d-d bonding by the
cyclic delocalization of n electrons to the Si-Si bond shortening,
we predicted that loss of the n electron delocalization should
elongate the Si-Si distance. In fact, the calculated Si-Si bond
lengths in the protonated disilaoxirane (8) and disilaoxirane
radical cation (9)31 are longer than that in2 (Chart 4). These
results argue against the predictions based on theπ-complex
model by Schaefer12 and theσ-bridged-π bonding model13 by
Allen that the electronegative atom should shorten the Si-Si
distance. The protonated oxygen and the oxygen atom in the
cation radical are unequivocally more electronegative.

Ring Strain. The geminal bond interactions have been
proposed to play an important role in the ring strains.32 The
geminal interaction between the Si-Si bond and the Si-O bond
becomes about 1.4326 au more repulsive on going from the
open chain reference molecule, SiH3SiH2OH (0.2026 au) to the
three-membered ring2 (1.6352 au). However, the C-O and

C-C bond repulsion in oxirane5 (1.0811 au) is only 0.7147
au greater than that in the open chain CH3CH2OH (8) (0.3664
au). That is why the calculated strain energy of disilaoxirane is
56.4 kcal/mol, almost 29 kcal/mol larger than that of the carbon
counterpart. The geminal interaction between the Si-O and
Si-O bonds does not change significantly from the open chain
molecule1 (0.5015 au) to the three-membered ring2 (0.8051
au). Similarly, the bond interaction between the C-O and C-O
bonds changes a little from 0.5460 au in dimethyl ether (4) to
0.7190 au in the oxirane (5). Therefore, the extremely large
repulsion between the geminal Si-Si and Si-O bonds is an
important factor of the high strain energy in the disilaoxirane
(2). On the other hand, the large loss of the in-plane n-d, i.e.,
nσ-d bonding interactions from the open chain molecule1
(-0.9904 au) to the cyclic 3MR2 (-0.1666 au) also increases
the strain energy.

1,3-Cyclodisiloxane (3).The unusual structures of the open
chain molecule1 and the three-membered ring molecule2 have
been shown to result from the nσ-d interaction and the cyclic
(n, d, d) interactions, respectively. We will show their impor-
tance in the four-membered ring molecule3 by studying the
Lewis structures and the bond interactions.

Lewis Structures.We calculated the Lewis indices of the
single bond model, the double bond model, and the dibridged
π-complex model (Chart 5). The double bond model was again
found to have the largest Lewis index (1.3274). The Lewis index
of the dibridgedπ-complex model (0.9108) is of the smallest
weight. This shows the strong nO-dSi interaction in this
molecule.

Cyclic (n, d, d) Interaction.Overlapping between the d-type
polarization functions of the silicon atoms can be expected to
take place to an appreciable degree even if there is no bond
between the silicon atoms. The argument of the cyclic (n, d, d)
interaction in the three-membered ring, disilaoxirane (2) can
be reasonably extended to the four-membered ring system, 1,3-
cyclodisiloxane (3). The cyclic orbital interactions (Figure 4b)
are favored by the phase continuity. The d-d δ interaction
involved contributes to the unusually short nonbonded Si‚‚‚Si
distance in3. In fact, the biggest n-d interaction was found to
occur between the out-of-plane lone pair orbital of oxygen and

Figure 4. Cyclic (n, d, d) orbital interactions in (a) disilaoxirane and
(b) 1,3-cyclodisiloxane.

Figure 5. Variations in bond interactions: (A) (Si-Si)-(Si-O); (B)
(Si-O)-(Si-O); (C) n-(Si-H); (D) n-d; (E) d-d with the different
Si-Si bond lengths in molecule2.

CHART 4: Calculated Bond Lengths (Å) of the Si-Si
Bond at Various Levels

CHART 5
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the d polarization function of the silicon atoms. The d-d δ-type
interaction (-0.0600 au) is 24 times greater than that of the
open chain molecule7. The variations in the bond interactions
with the different nonbonded Si‚‚‚Si distances (Figure 6) shows
that the nO-dSi and dSi-dSi interactions changed significantly
with the nonbonded Si‚‚‚Si distance. The closer the two silicon
atoms approach each other, the larger the nO-dSi and dSi-dSi

bonding interactions become. These results are convincing
evidence for the significance of the cyclic delocalization of the
n electrons involving d-d interactions in the unusual shortening
of the nonbonded Si‚‚‚Si distance of3. The n-d interaction
and the d-d interaction promote each other since both interac-
tions are involved in the cyclic orbital interaction favored by
the phase continuity. In fact, the Si-O bond distance decreases
from 1.725 to 1.631 Å as the nonbonded Si‚‚‚Si distance
decreases from 2.594 to 2.194 Å. This is in agreement with the
ideas of Nagase17 and Jemmis18 described in the Introduction.
The cyclic (n, d, d) interaction plays an important role in the
ring system2 and3, where the silicons are close to each other
under the constraints of the 3MR or 4MRσ-framework.

The finding of the cyclic (n, d, d) interaction leads to the
prediction of the geometrical changes of3 accompanied by one-
electron oxidation and the protonation on the oxygen atoms.
The cyclic delocalization of the n electrons is weakened. The
nonbonded Si‚‚‚Si distances were predicted to be longer. This
was confirmed by the calculated 1,3-nonbonded Si‚‚‚Si distances
of the protonated species10 (2.594 Å) and11 (2.809 Å), and
the cation radical12 (2.750 Å) (Chart 6). The agreement of the
calculated results with the predictions strongly supported the
significance of the cyclic (n, d, d) interaction. The lengthening
of the Si‚‚‚Si distance argues against the conclusion based on
the unsupportedπ bond model by Schaefer12 and theσ-bridged-π
bonding model by Allen13 that electronegative atoms should
shorten the distance. The oxygen atom in the protonated species

and the cation radical is more electronegative. On the other hand,
the lone pair-lone pair repulsion or the nO-nO interaction
changes much less than the n-d interaction and even less than
the d-d interaction. Furthermore, repulsion between the lone
pairs is comparable to that between the nonbonded SiH2 groups
(cf. Figure 6). The present study produced no evidence for the
predominance of the O‚‚‚O repulsion over the short Si‚‚‚Si
distance.

4. Conclusions

The interactions of bonds including lone pairs and vacant
atomic orbitals, and the relative weights of various bonding
models, have been investigated to shed light on the unusual
structures of disiloxane (1), disilaoxirane (2), and 1,3-cyclo-
disiloxane (3). A unified way of understanding has been
established. The interaction between the p oxygen lone pair and
the d-type polarization basis of silicon atom is important between
the Si and O atoms. The calculations of the Lewis index showed
that the Si-O double bond model contributes more than the
single bond andπ-complex models, supporting the important
nO-dSi interactions in1-3. The oxygen atoms bonded to the
silicon atoms show the tendency toward tetravalency in a sense.
The cyclic delocalization of the n electrons involving the d-d
bonding was shown to contribute to the unusually short distance
between the silicon atoms in the ring systems2 and 3. The
significance of the cyclic delocalization was substantiated by
the geometries of the protonated and cation radical species of
2 and3. The optimized Si-Si bond or the nonbonded Si‚‚‚Si
distances in molecules8-12are elongated. In addition, the high
strain of2 results from both the repulsion between the geminal
Si-Si and Si-O bonds and the loss of the in-plane n-d
interactions.
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