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Effects of geminal and vicinal delocalization (hyperconjugative interactions) on the structures of disilyne
(HSitSiH) and its derivatives were investigated by deleting those hyperconjugative interactions in density
functional theory (DFT) calculations. It is concluded that the hyperconjugative interactions are effective for
the structural preference of disilyne, and that geminal delocalization are dominant. We found that two geminal
delocalizations affect the structural preference of disilyne and its derivatives. One gives trans bending structure
and the other gives single bond type structure. Although the status of natural bond orbitals (NBO) and the
NBO scheme used for the deletion of hyperconjugative interaction is unclear in general, our present conclusion
is true within the NBO method.

Introduction

In the chemistry of heavy group analogues of alkyne, the
success in the isolation of RPbPbR (R) C6H3-2,6-Trip2; Trip
) C6H2-2,4,6-iPr3) by Power and co-workers in 2000 represents
a breakthrough.1 The observed geometry has a rather long Pb-
Pb interatomic distance (3.188 Å) and a small C-Pb-Pb angle
(94.26°). The long Pb-Pb distance and approximately 90° C-
Pb-Pb angle is much different from a classical linear structure
and from a well-known trans bending structure.2 The observation
indicates that two nonclassical structures are possible for the
heavy group analogues of alkyne (Scheme 1). Power and co-
workers have proposed, using Pauling’s proposed correlation
between bond angle and hybridization,3 that the observed
structure of RPbPbR has only a Pb-Pb single bond.1 The
observed unusual geometry of RPbPbR has prompted theoretical
chemists to investigate the bonding nature.4

The silicon analogue of alkyne, disilyne (RSiSiR), has
recently become the focus of interest as targets of synthesis in
the silicon chemistry. Despite numerous attempts, methods for
obtaining stable disilynes have yet to be developed, with the
exception of transient capture.5 To clarify the interactions leading
the two nonclassical structures, trans-bent and single bond type,
would give a cue to getting over the difficulty in the synthesis
of stable silicon analogues of alkyne. Equilibrium structure of
nonsubstituted disilyne is trans bending,2 and single-bond
structure was not found as a minimum of disilyne and its
derivatives. A donor-acceptor bonding model has well ex-
plained the trans-bent structure same as disilene.6 The donor-
acceptor bonding model is that a triple bond weakened by
distortion from a classical linear structure is stabilized by the
delocalization of thenσ lone electron pair of one SiH into the
empty pπ* atomic orbital of its partner in a valence bond scheme
(Scheme 2). Explaining the donor-acceptor bonding model in
a molecular orbital scheme, the distorted structure is stabilized

by σ-π mixing, that is, geminal delocalization (Scheme 3).
Despite many examples of vicinal delocalization controlling the
preferred structure, examples of geminal delocalization affecting
the preferred structure are scarce.7

Three principal physical factorssexchange, electrostatic, and
hyperconjugative interactionssunderlie the structural preference.
Both hyperconjugation and exchange repulsion are quantum
mechanical effects arising from orbital overlap. Hyperconju-
gation involves electron transfer from an occupied to an
unoccupied orbital, leading to the delocalization of charge. In
this sense, in the present paper, we use geminal and vicinal
hyperconjugations as the synonyms of geminal and vicinal
delocalization. Exchange repulsion involves the Pauli exclusion
principle, which requires that pairs of electrons do not occupy
the same spatial region. In contrast to these two interactions,
electrostatic interaction involves classical 1/R repulsion between
charges.

In the course of our theoretical study on the structure and
stability of unsaturated silicon compounds,8 we report here the
role of geminal and vicinal delocalization (hyperconjugation)
in the structural preference of disilyne and its derivatives. In
this study, we find two geminal hyperconjugative interactions
affecting the structure of disilyne and its derivatives: one gives
a trans bending structure and the other gives a single bond type
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SCHEME 1. Possible Structures of Alkyne and Its
Analogues, REER (E) C, Si, Ge, Sn, Pb)

SCHEME 2. Valence Bond Scheme of Donor-Acceptor
Bonding Model for Disilyne
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structure (Scheme 1). The trans bending structure is well known
as an equilibrium structure of disilyne, but the single bond type
structure has not been previously reported for disilyne and its
derivatives.

Methods and Calculations

Ab initio MO calculations9a were performed using the
Gaussian 98 software package.9b Geometry optimizations were
carried out at the B3LYP/6-311++G(3df,3pd) level. In our
preceding report on Si-Si double-bond systems,10 excellent
results were obtained using both MP2 and B3LYP.11 For the
calculations of second-row species, the use of basis sets
including high-exponent d and f functions was recommended
to obtain a reliable geometry,12 and thus we used 6-311++G-
(3df,3pd) basis sets. Effects of hyperconjugative interactions
were investigated using calculations with and without selected
antibonds in the natural bond orbitals (NBOs).13

Results and Discussion

We investigate first whether hyperconjugative interaction
controls the structural preference of disilyne. The destabilization
energies upon removing the hyperconjugative interactions are
given in Table 1. Although hyperconjugative interactions
contribute to the stability in any case, we are interested in the
effects on the structural preference among linear, trans-bent,
and single bond type structures. Pophristic and Goodman have
reported that hyperconjugation is dominant in the structural
preference of ethane14 but is not in the structural preference of
the silicon analogue, disilane,15 based on the precise investiga-
tion of hyperconjugative, exchange, and electrostatic interac-
tions. Whether hyperconjugative interaction is dominant or not
in structural preferences can be monitored by the deletion of
all hyperconjugative interactions: the conformation of ethane
changes from staggered to eclipsed upon the deletion of all
hyperconjugative interactions,14 while conformational change
does not occur upon deleting all hyperconjugative interactions
of disilane.15 In Table 2, the optimized structure of disilyne with
deleting all hyperconjugative interactions is shown. For com-

parison, the results for disilene, ethylene, and acetylene are listed
in the table. With full optimization (no deletion), ethylene and
acetylene adopt a planar and a linear structure, respectively,
whereas disilene and disilyne take trans-bent ones. Structural
change occurs for disilene and disilyne upon the deletion of all
hyperconjugative interactions: deletion of all hyperconjugative
interactions leads to a planar structure of disilene and a linear
structure of disilyne. In contrast, the planar structure of ethylene
and the linear structure of acetylene are retained after the
deletion of all hyperconjugative interactions. It is concluded that
hyperconjugative interactions play a dominant role for the
nonclassical trans bending structures of disilene and disilyne,
in contrast to those of ethylene and acetylene.

Recently, Pophristic and Goodman have reported that hy-
perconjugation is dominant in the structural preference of
ethane14 by deleting hyperconjugative interactions. This view
is against the generally accepted picture of steric hindrance
between vicinal C-H bonds in the eclipsed conformation.
Bickelhaupt and Baerends criticized the work of Pophristic and
Goodman and have concluded that it is perfectly valid for
organic chemists to adhere to the explanation by steric hindrance
(exchange interaction).16 The main reason causing the contro-
versy lies in the fact that both exchange and hyperconjugative
interactions prefer the staggered conformation of ethane and
make barriers at the eclipsed conformation. To solve the cause
of the barrier in ethane is to clarify the degree of dominance
between hyperconjugative and exchange interactions. In case
of the molecule of our present chemical interest, disilyne, the
effect of steric repulsion is expected to be similar in three
structures (linear, trans-bent, and single bond type) because the
two hydrogen atoms of HSiSiH are located so that the repulsion
between SiH bonds is avoided. Therefore, the degree of dom-
inance between hyperconjugative and exchange interactions

SCHEME 3. Molecular Orbital Scheme of Donor-Acceptor Bonding Model for Disilyne

TABLE 1: Destabilization Energy ∆E upon Removing the
Hyperconjugative Interactionsa

compound
deletion of

hyperconjugation ∆Eb/kcal mol-1

disilyne all 89.7
vicinal 4.9
geminal 96.5

disilene all 53.6
vicinal 8.9
geminal 49.6

ethylene all 67.3
vicinal 56.0
geminal 24.3

acetylene all 50.5
vicinal 38.7
geminal 23.8

a Energies were obtained for the structures optimized at the B3LYP/
6-311++G(3df,3pd) without deleting any hyperconjugative interactions.
b ∆E ) (total energy with the deletion of hyperconjugative interactions)
- (total energy without the deletion).

TABLE 2: Optimized Geometries with Deleting All
Hyperconjugative Interactionsa

compound
deletion of

hyperconjugation r(E-E) θb structure

disilyne no 2.100 55.1 trans-bent
all 2.012 0.0 linear

disilene no 2.161 17.5 trans-bent
all 2.127 0.0 planar

ethylene no 1.324 0.0 planar
all 1.433 0.0 planar

acetylene no 1.196 0.0 linear
all 1.289 0.0 linear

a Results obtained at the B3LYP/6-311++G(3df,3pd) with tight
option. Bond lengthr(E-E) and deformation angleθ are given in Å
and in degrees, respectively. E) C, Si. b Deformation angleθ is a
half of H-E-E-H dihedral angle for double-bond compounds. For
triple-bond compounds,θ is subtraction of H-E-E bond angle from
180°. See Scheme 4 of text.

SCHEME 4. Deformation Angle, θ, of Double (left) and
Triple (right) Bond Compounds (E ) C, Si)
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for the structural preference of disilyne is not the question of
the present paper. Bickelhaupt and Baerends did not deny the
method used by Pophristic and Goodman to investigate the
effects of hyperconjugative interactions on the structural prefer-
ence, and they mentioned that hyperconjugation is the cause of
the barrier in ethane being “true” within the NBO method of
electronic-structure analysis.16 Accordingly, our conclusion
obtained for the present unsaturated silicon compounds is also
“true” within the NBO method.

There are two types of hyperconjugative interactions: vicinal
and geminal. Individual hyperconjugative interactions, which
can influence structural preferences, are defined as charge
(electron) transfers between selected bonding and antibonding
orbitals. The geminal hyperconjugative interactions of disilene
(disilyne) are charge transfers within single SiH2 (SiH) groups
and within Si-Si bonds. The vicinal hyperconjugative interac-
tions of disilene (disilyne) are charge transfer between two SiH2

(SiH) groups.
Which hyperconjugative interaction mainly affects the struc-

tural preference of disilene and disilyne, geminal or vicinal?
Energetically, geminal hyperconjugative interactions stabilize
the structures at the B3LYP/6-311++G(3df,3pd) geometry in
both disilene and disilyne much more than vicinal ones (Table
1). Geometry optimization was performed both by deleting all
vicinal hyperconjugative interactions and by deleting all geminal
hyperconjugative interactions. The result is summarized in Table
3. Since NBO changes during optimization, it is not adequate
to perform the optimization with the deletion of selected
delocalization. However, any orbital change during optimization
does not affect the classification of geminal and vicinal
delocalization. Therefore, the optimization procedure of the
deletion with all geminal (or vicinal) delocalization is reliable.
The optimization of disilene with the deletion of all geminal
hyperconjugations resulted in a planar structure with a shortened
Si-Si bond (2.078 Å), whereas the structure with the deletion
of all vicinal hyperconjugations is trans bending, which is the
same as the structure of no deletion of hyperconjugative
interactions. For disilyne, the deletion of all geminal hypercon-
jugations resulted in a linear geometry with a shortened Si-Si
bond (1.976 Å), whereas the deletion of all vicinal hypercon-
jugations gives the trans bending structure, the same as the
structure of no deletion of hyperconjugative interactions. It is
concluded from the present calculations with deleting geminal
and vicinal hyperconjugative interactions separately that, both
in disilene and disilyne, geminal delocalization leads to the trans-
bent structures. It was found from natural bond orbital analysis
that geminal delocalization that resulted in the highest stabiliza-
tion in the trans-bent disilene and disilyne are theσSiSi-π*SiSi

andπSiSi-σ*SiSi delocalizations, which contribute to the donor-
acceptor bonding, as proposed by Carter, Goddard, Malrieu, and
Trinquier.6 The fact that the geminal delocalization ofσSiSi-

π*SiSi andπSiSi-σ*SiSi is dominant in the structural preference
of the trans bending structure is not a new finding in the present
study, but we could confirm that the B3LYP deletion calcula-
tions analyzes the molecule of our interest in a satisfactory
fashion. Since NBO changes during optimization, it is not
adequate to perform the optimization with the deletion ofse-
lected, for example,σSiSi-π*SiSi and πSiSi-σ*SiSi, geminal
delocalization. What we obtained in the present calculations is
that main interactions to stabilize the trans-bent structure of
nonsubstituted disilyne areσSiSi-π*SiSi andπSiSi-σ*SiSi delo-
calization, and nonsubstituted disilyne does not taketrans-bent
structure without geminal delocalization.

During the search of minima by deleting all vicinal hyper-
conjugations in disilyne, we found a twisted structure different
from trans-bent (Figure 1). This suggests that two geminal
hyperconjugative interactions affect the structure of disilyne
when there is no vicinal hyperconjugative interaction. The
twisted structure is less stable by 13.2 kcal/mol than the trans-
bent structure. Therefore, the twisted structure itself does not
exist as an equilibrium structure of nonsubstituted disilyne
(HSiSiH). The twisted structure of disilyne obtained by deleting
all vicinal hyperconjugations has significantly stretched Si-Si
(2.722 Å) and Si-H (1.546 Å) bonds, and twisted H-Si-Si-H
dihedral (52.6°) and strongly bent Si-Si-H bond (90.9°) angles.
A Si-Si-H bond angle of approximately 90° is the other
characteristic of this new structure, in addition to the twisting.
This structure is regarded as single-bond type from the elongated
Si-Si distance and the 90° Si-Si-H bond angle. Recently, a
structure with a 90° bending angle was theoretically4a and
experimentally1 reported for a lead analogue, RPbPbR, but has
not been reported for silicon analogues, RSiSiR. From the
natural orbital analysis, the structure is mainly stabilized by a
geminal delocalization betweenσ*SiH and the almost pure
p-character of the orbitals at silicon (2p(Si) and Si-Si p(σ)).
The existence of two geminal hyperconjugative interactions
affecting the structure of disilyne suggests that vicinalσSiH-
σ*SiH delocalization may contribute the preference for a trans-
bent structure rather than a twisted structure. The twisted
structure has approximately 90° Si-Si-H angle and thus vicinal
σSiH-σ*SiH delocalization is expected to be less at the twisted
structure than at the trans-bent structure because of small orbital
overlap betweenσSiH andσ*SiH. In addition, to obtain the linear
structure of disilyne derivatives, it seems that substituents at
silicon are required to have strong vicinal hyperconjugative
interactions exceeding stabilization by two geminal hypercon-
jugative interactions.

Although the B3LYP deletion calculation works well in our
system, to confirm the effects of newly found geminal delo-
calization on the structural preference of disilyne derivatives,
we have searched for the disilyne derivatives having ap-
proximately 90° bending angle with the normal optimization
method. Several derivatives withπ-accepting andπ-donating

TABLE 3: Structural Dependence on Hyperconjugative
Interactions of Disilene and Disilynea

compound
deleted

hyperconjugation r(Si-Si) θb structure

disilene vicinal 2.279 22.4 trans-bent
geminal 2.078 0.0 planar

disilyne vicinal 2.172 58.1 trans-bent
vicinal 2.722 89.1 twisted
geminal 1.976 0.0 linear

a Results at the B3LYP/6-311++G(3df,3pd) with tight option. Bond
length r(Si-Si) and deformation angleθ are given in Å and in degrees,
respectively.b Deformation angleθ is a half of H-Si-Si-H dihedral
angle for disilene. For disilyne,θ is subtraction of H-Si-Si bond angle
from 180°. See Scheme 4 of text.

Figure 1. Optimized structures of disilyne obtained by the deletion
of all vicinal delocalization at the B3LYP/6-311++G(3df,3pd) level.
Bond lengths are given in Å. Bond and dihedral angles are given in
degrees.
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substituents,1-4, were investigated (1:(H2BSi)2; 2: (H2AlSi)2;
3: (H2NSi)2; 4: (H2PSi)2). Geometry was fully optimized and
no deletion of hyperconjugative interactions was performed.
Optimized structures were confirmed to have no negative
frequency modes by harmonic vibration frequency calculations.
The obtained structures have approximately 90° bending angles
for these derivatives and are classified into single bond type
structures. As structures with 90° bending angles, two types
are possible, trans (type A) and twisted (type B) as shown in
Scheme 5. Experimentally, the structure of RPbPbR was found
to be type A (trans) in Scheme 5, while theoretically, both types
A and B were found to be equilibrium structures of RPbPbR
depending on the substituents at lead. The optimized structure
of the amino-substituted disilyne,3, is type A, and those of1,
2, and4 are type B (Figure 2). Silicon-silicon bond distances
are elongated in all derivatives compared with that of HSit
SiH. R-Si-Si (RdBH2, AlH2, NH2, PH2) bond angles are
approximately 90°. It is well known that in disilene,π-donating
substituents such as NH2 lead to strongly bent structures and
π-accepting substituents such as BH2 induce planar structures.6l,8b

However, in disilyne, bothπ-donating (NH2- and PH2-
substituted disilynes) andπ-accepting (BH2- and Al2-substituted
disilynes) substituents lead to the single bond type structure with
90° bending angles.

From the natural bond orbital analysis, stabilization by the
geminal delocalization betweenσ*SiR and Si-Si p(σ) was found
in 2 and3 (2 and 4 kcal/mol for2 and3, respectively). In other
derivatives,1 and4, the geminal delocalization betweenσ*SiR

and the almost pure p-character of the orbital at silicon gives
less contribution (less than 1 kcal/mol) to the stability. In
compound1, major hyperconjugative interactions to stabilize
the structure are vicinal interaction between Si-Si p(σ) and
empty pπ* of B, and remote interaction between partially
occupied pπ* of Si and B. The stabilization energies are 15 and
30 kcal/mol, respectively. In compound4, major hyperconju-
gative interactions to stabilize the structure are vicinal interac-
tions betweenσSiP and empty pπ* of Si, and remote interactions
betweenσPH and empty pπ* of Si. The stabilization energies
are 32 and 28 kcal/mol, respectively. Although in compounds
2 and 3, stabilization by the geminal delocalization between
σ*SiR and Si-Si p(σ) was found, vicinal and remote interactions
also stabilize the system. In2, stabilization by the vicinal
interactions betweenσSiAl and empty pπ* of Si is the largest.
The stabilization energy is 43 kcal/mol. Interactions with empty
pπ* of Si prefers the twisted structures with 90° R-Si-Si-R
dihedral angles of1, 2, and4. However, in3, the interaction
betweenσNH and empty pπ* of Si as in 4 seems to be small
because of small N-H distance and thus large Si-H distance.
In 3, the contribution by vicinal interactions to the stabilization
is comparable to geminal interactions. The stabilization energy
of vicinal hyperconjugative interactions between Si-Si p(σ) and

σ*NH is 5 kcal/mol and that between a silicon lone pair with s
character andσ*NH is 5 kcal/mol. The vicinal interaction
between a silicon lone pair andσ*NH prefers the planar structure.
It would be informative to find the structures with the XH2

groups (X ) B, Al, N) rotated by 90° from the optimized
structures, since major vicinal and remote interactions in the
optimized structures of1-3, which affect the preference of
twisted and planar structures, are reduced by the rotation.
However, we could not obtain any equilibrium structures with
the XH2 groups rotated by 90° from the optimized structures.
When the XH2 groups are kept frozen at the rotated structure
and other geometric parameters are optimized, although obtained
structures are not minimum, the derivatives with BH2 and NH2

give usual trans-bent structures and that with AlH2 gives double
bridged structure.

Power and co-workers proposed, using Pauling’s proposed
correlation between bond angle and hybridization,3 that the
observed structure of RPbPbR has only a Pb-Pb single bond,
that the 6p (π) atomic orbitals at the lead atoms are empty, and
that the Pb-Pb and Pb-C bonds are formed from the remaining
two valence p(σ) orbitals of each Pb atom without significant
hybridization with the 6s orbital. The latter orbital accom-
modates a lone pair of electrons found at each Pb. Frenking
and co-workers have theoretically confirmed the proposal of
Power and co-workers for the bonding nature of RPbPbR.4a The
proposal can be extended to disilyne derivatives. Actually, from
the natural bond orbital analysis, it is valid for disilyne
derivatives that the 3p(π) orbital of silicon is empty. As a result,
the amino-substituted disilyne is a four-center 4π-system where
four lone-pair electrons delocalize in four orbitals. The four-
center 4π-system prefers the trans configuration (type A of
Scheme 5).17 Although the phosphino group has lone-pair
electrons, compound4 has a type B structure. This seems to be
due to the weak interaction between silicon and phosphorus as
in diphosphinodisilene.8b This is the other explanation for the
trans-bent planar structure of3.

Both vicinal hyperconjugative interaction and orbital-phase
symmetry of the four-center 4π-system of3 do not make the
bond angle of Si-Si-N 90°. Since several interactions including
both geminal and vicinal delocalization affect the structures of
molecules, present results are not enough to explain the structural

SCHEME 5. Two Types of Structures with 90° Bond
Angles

Figure 2. Optimized structures of several disilyne derivatives, RSiSiR
at the B3LYP/6-311++G(3df,3pd) level: (a)1: R ) BH2, (b) 2: R
) AlH2, (c) 3: R ) NH2, and (d)4: R ) PH2. Bond lengths are given
in Å. Bond and dihedral angles are given in degrees.
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preference of new structures in these disilyne derivatives by
newly found geminal delocalization betweenσ*SiR and the
almost pure p-character of the orbital at silicon. However, it is
suggested that the geminal delocalization betweenσ*SiR and
the almost p-character of the orbitals at silicon can be one
candidate to affect the structural preference of disilyne.

Conclusions

It is concluded that the hyperconjugative interactions are
effective for the structural preference of disilene and disilyne,
and that geminal delocalization are dominant. We found that
two geminal delocalizations affect the structures of disilyne and
its derivatives. One is theσSiSi-π*SiSi and πSiSi-σ*SiSi delo-
calization, corresponding to the Carter-Goddard-Malrieu-
Trinquier model and leading to the trans-bent structures of
disilene and disilyne. The other is the geminal delocalization
betweenσ*SiH and the almost pure p-character of the orbitals
at silicon, leading to a new structure of disilyne derivatives,
wherein the R-Si-Si angle is approximately 90°. Although
the status of natural bond orbitals (NBO) and the NBO scheme
used for the deletion of hyperconjugative interaction is unclear
in general, our present conclusion is true within the NBO
method.

The new structure with an approximately 90° R-Si-Si angle
was found for the derivatives with bothπ-donating and
π-accepting substituents. To obtain a linear structure of disilyne
derivatives, substituents at silicon are required to have strong
vicinal hyperconjugative interactions exceeding stabilization by
two geminal hyperconjugative interactions. Synthesis of the
silicon analogue of alkyne, disilyne, is one of the most
challenging targets in silicon chemistry. Our calculations would
give a hint for the synthesis of stable disilyne derivatives.
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