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The potential energy surfaces (PESs) for internal rotation around the central single bond of nine silabutadienes,
which include all possible mono-, di-, tri-, and tetrasilabutadienes, are investigated computationally by using
DFT with the B3LYP functional and the 6-311+G(d,p) basis set. For 1-silabutadiene (3), 2-silabutadiene (4),
1,4-disilabutadiene (5), 2,3-disilabutadiene (6), and 1,3-disilabutadiene (7), the s-trans rotamer is the most
stable. For 1,2-disilabutadiene (8), 1,2,3-trisilabutadiene (9), and 1,2,4-trisilabutadiene (10), all having a trans-
bent SidSi double bond, the most stable conformers are those having an antiperiplanar (ap) structure. For
tetrasilabutadiene (11), the global minimum is the gauche rotamer. The internal rotation barriers (RB) (relative
to the global minimum) follow the order (kcal/mol) 5 (10.0) > 3 (7.4) > 1,3-butadiene (12, (6.6)) > 10 (4.9)
g 7 (4.4) g 4 (4.0) ≈ 8 (3.9) > 9 (2.7) ≈ 6 (2.6) > 11 (2.4). The barriers are slightly smaller at CCSD(T)/
cc-PVTZ, but the trend remains the same. The size of the rotation barrier is mainly dictated by the length of
the central single bond; that is, it is the largest for dienes with the shorter C-C central bond (5, 3, and 12),
and it is smaller for dienes with the longer Si-C and Si-Si central bonds. The strength of π-conjugation in
the s-trans conformers of silabutadienes was estimated by resonance stabilization energies (RE) calculated by
using the Natural Bond Orbital (NBO) and Block Localized Wave function (BLW) methods and bond separation
equations. A linear correlation is found between the barrier heights for internal rotation and π-conjugation
energies. The calculated RBs are significantly smaller than the corresponding REs, indicating that π-resonance
energies are not the only factor that dictate the RB, and therefore, RBs, although suitable for estimating
trends in π-conjugation in a series of compounds, cannot be used for estimating absolute resonance energies.

Introduction

Double bonds to silicon, such as CdSi and SidSi, are of
great contemporary interest because of their unique fundamental
properties and chemistry, as well as their role in polysilane
chemistry and material sciences. In the past three decades, the
study of compounds containing double bonds to silicon was
one of the fastest growing fields of organosilicon chemistry.1

Yet, this field of chemistry is still in its infancy, and much
remains to be learned. For example, little is known on the
synthesis and properties of silabutadienes which have two
conjugated double bonds. A landmark experimental break-
through in the field was the synthesis and characterization of
the first stable tetrasilabutadiene 1 by Weidenbruch and co-
workers in 1997.2 X-ray crystallography showed that 1 adopts
a gauche conformation (C2 symmetry) with a SiSiSiSi dihedral
angle of 51° and SidSi and Si-Si bond lengths of 2.175 and
2.321 Å, respectively. The authors suggested that conjugation
between the two double bonds of 1 exists both in solution and
in the solid state.2 In 2007, Ichinohe et al. isolated another
tetrasilabutadiene derivative 2a,3a which is also highly twisted
(with a SiSiSiSi torsion angle of 72°) and has SidSi and Si-Si
bond lengths of 2.200 and 2.338 Å, respectively, and Kira et
al. synthesized and isolated the third known tetrasilabutadiene
2b,3b which, in contrast to 1 and 2a, has an anticlinal conforma-
tion with a SiSiSiSi dihedral angle of 122.6°. These experimental

achievements are ground breaking, but yet the knowledge of
the fundamental properties of silabutadienes, for example, their
molecular structure, internal rotation barriers, and the extent of
conjugation between the double bonds, is very limited, especially
when compared to the wealth of experimental and theoretical
data available for 1,3-butadiene.

Most of the current knowledge on silabutadienes comes from
theory.4-11 There are only few computational studies of potential
energy surfaces (PESs) and properties of several mono-, di-,
and tetrasilabutadienes, but there are no previous studies of
trisilabutadiens. Trinquier and Malrieu4 studied the isomerization
of 1-silabutadiene (3) and of 2-silabutadiene (4) to their
corresponding silylenes. They found that 4 is more stable than
3 by 5.8 kcal/mol but that the resonance energy (RE) in 4
(calculated by isodesmic equations) is negligible and signifi-
cantly smaller than that in 3. Yoshizawa’s group investigated
the internal rotation around the central C-C single bond in 1,4-
disilabutadiene (5) by using the DFT B3LYP/6-31G(d,p) level
of theory. They found that the most stable conformer is s-trans,
the gauche conformer is less stable, and the s-cis conformer is
a transition state connecting the two equivalent gauche
conformations.6a Another study, that investigated electrocyclic
ring closure of 5 and 7 to the corresponding silacyclobutenes,
found that the gauche conformer of 1,3-disilabutadiene 7 is by
5.2 kcal/mol more stable than that of 1,4-disilabutadiene 5
(CASSCF/6-31G(d,p)).7 Müller8 explored in detail the structure
and relative energies of several Si4H6 isomers by using the DFT
B3LYP/6-311+G(d,p) level of theory and pointed out that the
Ci structure of the s-trans rotamer of tetrasilabutadiene (11) is
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the lowest-energy conformer, by 1.3 kcal/mol lower in energy
than the C2h planar structure. He suggested that π-conjugation
between the SidSi bonds dictates the barrier for the internal
rotation in 11, reporting internal barrier heights of 3.8, 2.6, and
10.1 kcal/mol for 11, 6, and 5, respectively. Only few studies
investigated the degree of π-conjugation in silabutadienes.
Müller8 reports that REs in 1,4 disilabutadiene (5), 2,3-
disilabutadiene (6), and tetrasilabutadiene (11), calculated by
isodesmic equations, follow the order 5 > 11 > 6. A more recent
study by Frenking et al.11 discusses the strength of π-conjugation
in s-trans planar conformers of seven silabutadienes (3-8 and
11) by using energy decomposition analysis (EDA). Their results
show that the extent of π-conjugation in monosilabutadienes
and disilabutadienes follow the trends 3 > 4 (one silicon atom)
and 5 > 7 > 8 > 6 (two silicon atoms). Most of the previous
theoretical studies on silabutadienes have been reviewed by
Apeloig and Karni.1g,i

Here, we report a systematic study of the structures and PESs
for the internal rotation around the central bonds of all possible
isomers of silabutadienes containing one to four silicon atoms,
that is, 3-11, and study the relation between the internal rotation
barrier heights and the degree of π-conjugation in these dienes.
For comparison, the PES for internal rotation in 1,3-butadiene
(12) was also studied. The strength of π-conjugation in the
s-trans conformers of these nine silabutadienes is estimated from
conjugative stabilization energies calculated by using the Natural
Bond Orbital (NBO) method,12,13 the recently developed Block
Localized Wave function (BLW) method,14 and bond-separation
energies. The factors that govern the extent of π-conjugation
and rotation barrier heights are analyzed, and the implication
of π-conjugation on the structures of the s-trans rotamers is
discussed.

Methods of Calculation

Most of the calculations were performed with DFT,15,16 by
using the B3LYP hybrid functional (Becke’s three-parameter
hybrid function17 with the nonlocal correlation of
Lee-Yang-Parr18a and VWN318b local correlation) with the
6-311+G (d,p)19 basis set.20 Several specific points on the PESs
were also optimized with the ab initio MP2 (the second-order
Møller-Plesset perturbation theory21,22) and CCSD (coupled
cluster theory including single and double excitations23) levels
of theory, using the same basis set. The barriers for internal
rotation were also calculated at CCSD(T)26b/cc-PVTZ26c,d//
B3LYP/6-311+G(d,p). The B3LYP results are used as the basis
for discussion, unless stated otherwise. All the calculations were
carried out by using the Gaussian 03 series of programs.27

The NBO 5.0 program12,13 was used to calculate atomic
charges and conjugation stabilization energies. REs were also
calculated by using the BLW14 approach, which is implemented
in GAMESS.28a For these calculations, we used B3LYP28b with
the 6-311G(d,p) basis set. In the BLW method, all electrons
and primitive basis functions are divided into several subgroups.
In the block localized wave function, each MO is restricted to
be expanded in a subgroup of the basis functions. The BLW is
subjected to the restriction that MO orbitals within each
subgroup are orthogonal, whereas those belonging to different
subgroups are nonorthogonal. The energy difference between
the Kohn-Sham (KS) wave function, in which the electrons
are allowed to delocalize over the whole system, and that of
the BLW, in which the π-electrons are confined to specific
zones, represents the RE. Two types of resonance energies (REs)
are calculated: the vertical RE (VRE), in which the geometry
of the hypothetical localized structure is the same as that of the

delocalized one, and an adiabatic RE (ARE), in which the
geometry of the localized structure is relaxed. The difference
between VRE and ARE reflects the compression energy of the
σ frame.14 To calculate VRE and ARE of the subject silabuta-
dienes, the electrons in each diene were divided into three
subgroups: two separate subgroups, each containing the π-elec-
trons of a single double bond (π-electrons are localized on the
double bond) and the third subgroup containing all the σ-elec-
trons. For each silicon atom, we included in the localized
π-electron subgroups, in addition to the valence π-electron, also
two 2p core electrons and their respective primitive basis
functions having the π-direction. A representative input example
is given in the Supporting Information.

The term internal rotation refers to internal rotation around
the central M2-M3 single bond in H2M1dM2H-M3HdM4H2

(Mi ) C, Si). The internal rotational angle, θ, is the M1M2M3M4

torsion angle. The PESs for internal rotation (E(θ) versuss θ)
were obtained by performing anticlockwise rotations around the
central M2-M3 single bond at a set of selected θ values ranging
from 180° to -180° with full geometry optimization at each
point. Frequency calculations were performed for the stationary
points along the PESs in order to confirm them as minima or
transition states and to evaluate zero-point energies (ZPEs).

Stereochemical notations of the various rotational conformers
are as follows: conformers with M1M2M3M4 dihedral angles of
0 and 180° are called s-cis and s-trans, respectively. Stationary
points with M1M2M3M4 torsional angle in the range between
+30 and +90° and between -30 and -90° are termed gauche,
and those which are rotated slightly from s-cis (with torsion
angles in the range between 0 and (30°) and from s-trans (in
the range between (180 and (150°) are notated synperiplanar
(sp) and antiperiplanar (ap), respectively. Conformers with
torsion angles in the range between +90 and +150° are termed
anticlinal (ac).29

The atom numbering in silabutadienes 3-12 used in the
discussions are shown in Scheme 1.

SCHEME 1
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Results and Discussion

The discussion is divided into two parts: (1) discussion of
the PESs for internal rotation and the optimized geometries of
the stationary points along the PESs and (2) discussion of the
strength of π-conjugation in the s-trans conformers and the
correlation between π-conjugation and the barrier height for
internal rotation.

I. PESs for Internal Rotation in Silabutadienes. The
relative energies of the stationary points on the rotational PESs
of silabutadienes 3-11 and of 1,3-butadiene (12) are given in
Table 1. Their geometries are presented in Table 2 (for 3-7
and 12) and Table 3 (for 8-11). The Cartesian coordinates of
all structures and a schematic ball-and-stick presentation of the
structures are provided in the Supporting Information.

Genaral features. The external double bonds (CH2dCH-,
SiH2dCH-, and CH2dSiH-) in silabutadienes 3-7 and in 1,3-
butadiene (12) remain planar throughout the rotation process.
The structures of 3-7 at a specific dihedral angle θ are identical
to those of their mirror rotamers (i.e., at -θ). Accordingly, their
PESs possess a mirror symmetry; that is, the PES for θ ) 0 to
180° is a symmetric mirror image of the PES for θ ) 0 to -180°.
In contrast, the SidSi double bonds of 1,2-disilabutadiene (8), 1,2,3-
trisilabutadiene (9), and 1,2,4-trisilabutadiene (10) have a trans-
bent geometry of C1 symmetry along the entire rotation path. For
1,4-disilabutadiene (5), 2,3-disilabutadiene (6), and 1,3-butadiene
(12), C2 symmetry is kept throughout the rotation.

For tetrasilabutadiene (11), we examined three s-trans struc-
tures, planar C2h (13), C2 (14), and Ci (15). We could not locate
the C2 conformation at B3LYP because it collapsed upon
geometry optimization to the planar C2h, but it was located at
MP2 and CCSD. However, the C2h and C2 conformations are
both not minima on the PES. The planar C2h structure has at
B3LYP two imaginary frequencies (-240.9 and -110.1 cm-1),
reflecting a propensity for bending to the trans-bent C2 or Ci

structures, and a small imaginary frequency (-36.1 cm-1) is
found at MP2 for the C2 structure (Table 3). Thus, the most
stable s-trans structure, and the only minimum at B3LYP and
MP2, has a trans-bent Ci conformation (15). However, the
energy difference between conformations 13-15 is small:
∆E(C2h - Ci) ) 1.4 kcal/mol at both B3LYP (as also reported
in ref 8) and CCSD(T)/cc-PVTZ, and ∆E(C2 - Ci) ) 2.2 and

2.6 kcal/mol at MP2 and CCSD, respectively and 1.4 kcal/mol
at CCSD(T)/cc-PVTZ.30

a. PESs of Mono- and Disilabutadienes, 3-7. This group
of silabutadienes has one or two CdSi bonds,but no SidSi bond.
The PESs for internal rotation of the mono- and disilabutadienes
3-7 and for 1,3-butadiene (12) are shown in Figures 1 and 2.
As the PESs for θ ) 180 to 0° are mirror images of those for
θ ) 0 to -180°, we will discuss here only one half of the PES.
For silabutadienes 3-7, the s-trans conformer is the global
minimum, and the gauche conformer (for 3 and 5), sp (or
gauche, see below) conformers for 4 and 7 and s-cis conformer
for 6 are higher energy minima on the rotational PESs (Figures
1 and 2).

The PESs for 1-silabutadiene (3), 1,4-disilabutadiene (5), and
1,3-butadiene (12) have similar general features. Along the PESs
(θ ) 180-0°), we located two conformers that are minima:
s-trans at θ ) 180° and gauche at θ ) 31.6, 35.2, and 32.5°,
respectively, which are higher in energy by 3.2, 3.9, and 3.5
kcal/mol, respectively. Two transition states were located, TS(t-
g) at θ ) 101.5, 100.4, and 100.5° which connects the s-trans
and gauche minima and TS(g-g) that has a s-cis conformation
(θ ) 0°) and connects the two mirror image gauche minima
(Figures 1 and 2, Table 2). TS(t-g) is significantly higher in
energy than TS(g-g) (Table 1). Similar PESs for 1,4-disilab-
utadiene (5) and 1,3-butadiene (at B3LYP/6-31G(d,p)) were
reported previously by Yoshizawa et al.6a

On the PES of 2,3-disilabutadiene (6), we located two planar
minima having s-trans and s-cis conformations and a transition

TABLE 1: Relative Energies (kcal/mol) of Stationary Points along the Internal Rotation Paths of Silabutadienes 3-11 and
1,3-butadiene 12a,b

dienes s-trans ap TS(t-g) gauche s-cis gauchec
TS(g-t) or
TS(c-t)c

CH2dSiHCHdCH2 (4) 0.0 (0.0), [0.00]d 4.22 (4.02) 3.55e 1.77 (1.67) 1.78 (1.56) 1.77 (1.67) 4.22 (4.02)
SiH2dCHCHdCH2 (3) 0.0 (0.0), [1.58]d 7.92 (7.42) 6.65e 3.16 (3.07) 3.46 (3.27) 3.16 (3.07) 7.92 (7.42)

SiH2dSiHCHdCH2 (8) 0.0 (0.0), [0.00]d -0.49 (-0.37, -0.53f) 3.63 (3.52) 2.91e 1.40 (1.29) 0.75 (0.82) 3.24 (3.09)
SiH2dCHSiHdCH2 (7) 0.0 (0.0), [6.29]d 4.62 (4.37) 3.70e 1.46 (1.33) 1.46 (1.26) 1.46 (1.33) 4.62 (4.37)
CH2dSiHSiHdCH2 (6) 0.0 (0.0), [9.42]d 2.61 (2.59) 2.12e 1.13 (1.08) 2.61 (2.59)
SiH2dCHCHdSiH2 (5) 0.0 (0.0), [12.95]d 10.45 (10.01) 8.66e 3.87 (3.80) 4.17 (4.00) 3.87 (3.80) 10.45 (10.01)

SiH2dSiHCHdSiH2 (10) 0.0 (0.0), [0.00]d -0.67 (-0.55, -0.80f) 4.53 (4.39) 3.28e 1.73 (1.59) 1.03 (1.09) 4.90 (4.67)
SiH2dSiHSiHdCH2 (9) 0.0 (0.0), [0.32]d -0.21 (-0.15, -0.27f) 2.58 (2.55) 1.81e 1.00 (0.91) 0.64 (0.78) 2.22 (2.17)

SiH2dSiHSiHdSiH2 (11) 0.0 (0.0)g -0.78 (-0.51,-1.32f) 1.51 (1.84) 0.84e 0.09 (0.40) -0.84 (-0.51) 2.03 (2.08)
CH2dCHCHdCH2 (12) 0.0 (0.0)h 7.03 (6.56) 6.13e 3.52 (3.45) 3.97 (3.79) 3.52 (3.45) 7.03 (6.56)

a At B3LYP/6-311+G(d,p); values in parentheses are the relative energies corrected with ZPEs. b The M1M2M3M4 dihedral angles of all
stationary points are given in Tables 2 and 3. c For θ ) 0 to -180° d Values in square brackets are the relative energies (including ZPE
corrections) of the s-trans conformers in each of the silabutadiene families. The total energies of CH2dSiHCHdCH2 (4), SiH2dSiHCHdCH2

(8), and SiH2dSiHCHdSiH2 (10) are -407.337186, -658.736404, and -910.126595 au, respectively. e At CCSD(T)/cc-
PVTZ//B3LYP/6-311+G(d,p). f At MP2/6-311+G(d,p). g In the planar C2h geometry. The total energy (including ZPE correction) of planar C2h

11 is -1161.528432 au. It is by 1.36 kcal/mol less stable than the nonplanar Ci 11, which is the most stable conformer. h Total energy
(including ZPE correction) of 12 is -155.950046 au.
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state (TS(t-c)) at θ ) 97.6° connecting them (Table 2); no
gauche minimum was located (Figure 2). On the PESs of 4 and
7, we located in addition to the s-trans minimum also sp
conformers (θ ) 12.5 and 13.3°, respectively) which lie in a
very shallow minimum (Figures 1and 2), being 1.77 and 1.46
kcal/mol, respectively, higher in energy than the s-trans
conformer. The s-cis conformers which are not minima are less
stable than the s-trans by 1.78 and 1.46 kcal/mol, respectively.
We reoptimized the geometries of the stationary points of
silabutadienes 4 and 7 by using also B3LYP/6-311++G(3df,3pd),
MP2/6-311+G(d,p), and CCSD/6-311+G(d,p) methods. At
B3LYP, increasing the basis set to 6-311++G(3df,3pd) has a

negligible effect on the structures or energies of the stationary
points. However, for the sp conformer of 7, we find that θ
increases significantly from 13.3° at B3LYP to 37.3 and 36.3°
at MP2 and CCSD, respectively (24.3° at CASSCF7). These
structures are by 0.28 and 0.52 kcal/mol, respectively, lower in
energy than those of the s-cis structures. A similar increase in
θ to 32.3 and 31.7° is found at MP2 and CCSD, respectively,
for the sp rotamer of 2-silabutadiene (4). However, the rotational
PES is very flat, and rotation of, for example, 4 from θ )32.3°
to θ )12.5° requires only 0.05 kcal/mol (MP2, 0.18 kcal/mol
at B3LYP). Thus, we conclude that the PESs of 2-silabutadiene
(4) and of 1,3 disilabutadiene (7) have a shape similar to that

TABLE 2: Calculated Important Geometry Parameters for the s-trans, TS (t-g), Gauche (or sp), And s-cis Stationary Points on
the PESs for Internal Rotation of Silabutadienes 3-7 and of 1,3-Butadiene (12)a

parameter s-trans TS(t-g) gauche or sp s-cis

CH2dCHCHdCH2 (12) (C2h)b

θ(D(C1C2C3C4)) 180.0 100.5 32.5 (40.1c, 40.5d) 0.0
r(C1C2)e 1.338 1.332 1.336 (1.346c, 1.344d) 1.337
r(C2C3)f 1.456 1.486 1.469 (1.472c, 1.481d) 1.470
r(H11H21) 3.109 2.861 2.461 (2.539c, 2.532d) 2.386
D(H11C2C3H21) 180.0 98.1 29.4 (37.1c, 37.3d) 0.0
imaginary freqencyg -h -185.7 -h -137.9

SiH2dCHCHdCH2 (3) (Cs)b

θ (D(SiC1C2C3)) 180.0 101.5 31.6 (42.4c) 0.0
r(SiC1)e 1.728 1.717 1.726 (1.728c) 1.728
r(C1C2)f 1.445 1.482 1.456 (1.465c) 1.454
r(C2C3)e 1.345 1.334 1.343 (1.350c) 1.344
r(H11H21) 3.106 2.870 2.433 (2.530c) 2.366
D(H11C1C2H21) 180.0 99.9 25.9 (36.5c) 0.0
imaginary freqencyg -h -190.4 -h -105.7

CH2dSiHCHdCH2 (4) (Cs)b

θ (D(C1SiC2C3)) 180.0 98.4 12.5 (32.0c, 31.7d) 0.0
r(C1Si)e 1.710 1.708 1.711 (1.713c, 1.713d) 1.711
r(SiC2)f 1.845 1.867 1.854 (1.851c, 1.857d) 1.854
r(C2C3)e 1.340 1.337 1.339 (1.350c, 1.348d) 1.339
r(H11H21) 3.748 3.462 2.959 (3.101c, 3.082d) 2.943
D(H11SiC2H21) 180.0 95.8 11.7 (32.30c, 31.6d) 0.0
imaginary freqencyg -h -185.7 -h -40.4

SiH2dCHCHdSiH2 (5) (C2h)b

θ (D(Si1C1C2Si2)) 180.0 100.4 35.2 (46.9c,45.0f) 0.0
r(Si1C1)e 1.742 1.722 1.739 (1.735c, 1.734d) 1.740
r(C1C2)f 1.428 1.475 1.437 (1.457c, 1.463d) 1.435
r(H11H21) 3.103 2.877 2.415 (2.536c, 2.493d) 2.338
D(H11C1C2H21) 180.0 99.8 22.0 (35.8c,32.0d) 0.0
imaginary freqencyg -h -211.8 -h -90.8

CH2dSiHSiHdCH2 (6) (C2h)b

θ (D(C1Si1Si2C2)) 180.0 97.6 0.0
r(C1Si1)e 1.718 1.716 1.718
r(Si1Si2)f 2.299 2.321 2.307
r(H11H21) 4.491 4.165 3.588
D(H11Si1Si2H21) 180.0 93.3 0.0
imaginary freqencyg -h -74.2 –h

SiH2dCHSiHdCH2 (7) (Cs)b

θ (D(C1Si1Si2C2)) 180.0 99.6 13.3 (37.3c, 36.3d) 0.0
r(Si1C1)e 1.719 1.712 1.718 (1.719c, 1.717d) 1.718
r(C1Si2)f 1.818 1.842 1.825 (1.827c, 1.832d) 1.824
r(Si2C2)e 1.713 1.710 1.713 (1.715c, 1.714d) 1.713
r(H11H21) 3.721 3.475 2.907 (3.098c, 3.069d) 2.886
D(H11C1Si2H21) 180.0 100.8 12.1 (38.0c, 36.2d) 0.0
imaginary freqencyg -h -115.2 -h -28.9

a At B3LYP/6-311+G(d,p), unless otherwise stated. For atom numbering, see Introduction. For streochemical notations, see the Methods of
Calculation and Figures 1 and 2. Bond distances (r) in Å and dihedral angles (D) in degrees. r(C-H) ranges from 1.083 to 1.091 Å, and
r(Si-H) ranges from 1.473 to 1.479 Å. All bond angles are within the range of 121.5-134.0°. b Symmetry of the s-trans rotamers. c At MP2/
6-311+G(d,p); other parameters are close to the values at B3LYP. d At CCSD/6-311+G(d,p); the CCSD calculation of 3 did not converge. All
other parameters are similar to those calculated at B3LYP. e CdC, CdSi, and SidSi bond lengths in CH2dCH2, CH2dSiH2, and SiH2dSiH2

are 1.329, 1.708, and 2.173 Å, respectively (at B3LYP/6-311+G(d,p)). f C-C, C-Si, and Si-Si bond lengths in CH3-CH3, CH3-SiH3, and
SiH3-SiH3 are 1.531, 1.885, and 2.354 Å, respectively (at B3LYP/6-311+G(d,p)). g In cm-1. h Minimum.
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of 1-silabutadiene (3) and of 1,4-disilabutadiene (5), whereas
the PES of 2,3-disilabutadiene 6 is slightly different. The
transition states (TS(t-g)) of 4 and 7 are located at θ ) 101.5
and 99.6°, respectively (see Table 2).

The lowering of the relative energies of the s-cis conform-
ers of 4 and 7 and the disappearance of the gauche conformer
in 6 are attributed to the relatively long Si-Si and Si-C
central single bonds, which decrease the steric hindrance for
rotation around these bonds. The smaller steric hindrance in
the s-cis conformers of 4, 6, and 7 is also indicated by their

significantly longer r(H11H21) distances (Table 2). Thus, the
PESs of 4 and 7 in the vicinity of the s-cis conformer are
flatter than those of 3, 5, and 12, having the shorter C-C
bond, and the s-cis conformer of 2,3-disilabutadiene (6)
changes from a TS to a minimum, whereas no gauche
conformer is located.

For silabutadienes 3-7 and for 1,3-butadiene, the rotation
barriers for the s-trans f gauche processes follow the order
(kcal/mol, in brackets at CCSD(T)/cc-PVTZ//B3LYP/6-
311+G(d,p)): 10.0 [8.7] (5) > 7.4 [6.7] (3) > 6.6 [6.1] (12) >

TABLE 3: Calculated Important Geometry Parameters of the s-trans, ap, TS(t-g), Gauche, and TS(g-t) Stationary Points on
the PESs for Internal Rotation of Silabutadienes 8-11a

parameter s-trans ap TS(t-g)b s-cis gauche TS(g-t)c

SiH2dSiHCHdCH2 (8) (C1)d

θ (D(Si1Si2C1C2)) 180.0 159.4 (154.2)e 78.8 0.0 -48.1 -125.5
r(Si1Si2) 2.170 2.182 2.173 2.180 2.185 2.177
r(Si2C1) 1.850 1.852 1.877 1.859 1.862 1.875
r(C1C2) 1.341 1.341 1.336 1.339 1.339 1.337
r(H11H21) 3.734 (3.732)e 3.730 (3.732)e 3.730 2.945 2.944 3.417
A(Si1Si2C1) 122.8 122.3 122.3 125.5 122.9 122.1
A(Si2C1C2) 124.2 124.0 125.2 127.1 124.6 123.9
D(H11Si2C1H21) 195.9 (197.9)e 186.1 (183.5)e 109.8 28.1 -13.0 -91.8
D(H11Si2Si1H12) -31.3 (33.5)e -38.2 (-38.6)e -35.8 -34.1 -42.8 -37.2
D(H11Si2Si1H13) 186.0 (184.3)e 184.9 (182.2)e 183.3 188.0 181.5 183.0
∑Rf 349.6 345.9 348.7 346.6 345.1 348.0
imaginary freqencyg -h -h -121.8 -33.4 -h -109.4

SiH2dSiHSiHdCH2 (9) (C1)d

θ (D(Si1Si2Si3C)) 180.0 162.9 (155.9)e 78.7 0.0 -45.6 -123.1
r(Si1Si2) 2.167 2.174 2.166 2.167 2.175 2.170
r(Si2Si3) 2.293 2.295 2.321 2.301 2.304 2.319
r(Si3C) 1.719 1.719 1.717 1.718 1.719 1.717
r(H11H21) 4.460 (4.428)e 4.458 (4.435)e 4.246 3.614 3.586 4.119
A(Si1Si2Si3) 120.5 119.8 119.4 123.2 120.9 119.2
A(Si2Si3C) 123.5 123.5 124.4 125.5 123.2 121.6
D(H11Si2Si3H21) 195.6 (199.7)e 188.0 (185.2)e 110.6 30.5 -4.4 1.3
D(H11Si2Si1H12) -25.3 (-29.7)e -31.3 (-33.2)e -28.9 -24.5 -34.5 -30.8
D(H11Si2Si1H13) 181.0 (179.3)e 181.2 (178.0)e 179.2 182.0 178.2 178.8
∑Rf 355.1 353.0 354.5 355.2 352.5 353.9
imaginary freqencyg -h -h -74.2 -13.3 -h -67.5

SiH2dSiHCHdSiH2 (10) (C1)d

θ (D(Si1Si2CSi3)) 180.0 157.5 (150.9)e 77.4 0.0 -45.7 -122.3
r(Si1Si2) 2.197 2.205 2.180 2.200 2.204 2.176
r(Si2C) 1.820 1.822 1.850 1.828 1.830 1.849
r(CSi3) 1.724 1.723 1.713 1.721 1.721 1.714
r(H11H21) 3.700 (3.707)e 3.698 (3.704)e 4.246 3.522 2.880 2.890
A(Si1Si2C) 124.4 124.3 123.4 127.1 125.2 123.3
A(Si2CSi3) 126.5 125.7 127.0 130.6 126.7 126.4
D(H11Si2CH21) 191.4 (191.3)e 183.2 (180.0)e 110.5 26.7 -9.8 -93.4
D(H11Si2Si1H12) -39.1 (-38.0)e -43.5 (-43.2)e -37.6 -38.1 -48.1 -34.3
D(H11Si2Si1H13) 191.9 (188.3)e 189.8 (185.9)e 184.4 193.7 184.8 185.3
∑Rf 338.9 337.0 346.8 338.5 337.4 348.4
imaginary freqencyg -h -h -119.1 -32.2 -h -113.7

SiH2dSiHSiHdSiH2 (11) (C2h)d,i

θ (D(Si1Si2Si3Si4)) 180.0 142.8 (131.4)j 65.4 0.00 -65.6 -144.8
r(Si1Si2) 2.155 (2.158j, 2.167k, 2.187l) 2.175 2.171 2.178 2.187 2.161
r(Si2Si3) 2.274 (2.282j, 2.302k, 2.296l) 2.285 2.321 2.307 2.302 2.310
r(H11H21) 4.478 (4.392j, 4.3440k,4.416l) 4.437 (4.415)j 3.863 3.846 3.512 4.176
A(Si1Si2Si3) 123.8 (121.2j, 121.2k, 119.6l) 122.8 121.6 121.0 120.3 119.9
D(H11Si2Si3H21) 180.0 (-142.2j, -132.6k,180.0l) 189.8 (189.9)j 47.0 71.2 -11.0 -92.6
D(H11Si2Si1H12) 0.00 (-23.3j, -28.7k, -35.9l) -30.4 (-33.1)j -31.0 -28.8 -38.7 -22.5
D(H11Si2Si1H13) 180.0 (182.7j, 183.0k, 181.3l) 182.8 (180.4)j 178.9 184.4 178.6 180.6
∑Rf 360.0 (355.1j, 352.3k, 350.0l) 352.0 353.7 352.2 349.9 356.3
imaginary freqencyg -204.9, -110.1 (-36.1)j -h -61.5 -22.8 -h -108.6

a At B3LYP/6-311+G(d,p), unless otherwise stated. For atom numbering, see Introduction. For streochemical notations, see the Methods of
Calculation and Figures 1 and 2. Bond distances (r) in Å, bond angles (A), and dihedral angles (D) in degrees. r(C-H) bondlengths ranges
from 1.084 to 1.090 Å; r(Si-H) ranges from 1.471 to 1.491 Å. b For θ ) 180 to 0°. c For θ ) 0 to -180° d Symmetry of the s-trans
rotamers. e At MP2/6-311+G(d,p). Other parameters are similar to those at B3LYP and are not given here. f The sum of A(H12Si1Si2),
A(H13Si1Si2), and A(H12Si1H13) bond angle. g In cm-1. h Minimum. i The geometry parameters of the s-trans at B3LYP/6-311+G(d,p) are for the
planar C2h symmetry or as indicated otherwise. All other stationary points on the PES are at C2 symmetry. Details of the geometric parameters
of the s-trans rotamer at C2h, C2, and Ci symmetry at B3LYP, MP2, and CCSD are given in the Supporting Information. j At MP2/
6-311+G(d,p), C2 symmetry. k At CCSD/6-311+G(d,p), C2 symmetry. l At B3LYP/6-311+G(d,p), Ci symmetry.
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4.4 [3.7] (7) > 4.0 [3.6] (4) > 2.6 [2.1] (6) (s-trans f s-cis).
The barriers at CCSD(T)/cc-PVTZ are somewhat smaller than
those at B3LYP/6-311+G(d,p), but the trends in both levels of
calculations are the same, and the higher level calculations do
not change our analysis or discussion. Because the differences
between the B3LYP results and those at CCSD(T) are small,
the B3LYP results are used as the basis for discussion. When
larger systems are to be studied in the future, CCSD(T)
calculations will not be possible, and comparisons with B3LYP
will be the most relevant. The barriers for internal rotation in
dienes having a C-C central bond (3, 5, and 12) are higher
than those for dienes with a central Si-C bond (4, 7). The
smallest barrier is found in 6 with the long Si-Si central bond.
It is interesting to note that silabutadienes 5 and 3 have a rotation
barrier higher than that of 1,3-butadiene. The barrier heights
for the backwards rotations (gauche f s-trans) are (kcal/mol)
6.2 (5), 4.3 (3), 3.1 (12), 3.1 (7), 2.3 (4), and 1.5 (6) (s-cis f
s-trans). The relatively small barriers for the gauche f s-trans
rotational processes for 4 and 6 imply that their gauche
conformers are kinetically unstable with regard to rotation.

b. PESs of Di-, Tri-, and Tetrasilabutadienes, 8-11. This
group of silabutadienes have either one or two SidSi double
bonds. The PESs (at B3LYP/6-311+G(d,p)) for internal rotation

of silabutadienes 8-11 are shown in Figure 3. The PESs of
8-11 have the same general shape, but this shape is different
from that calculated for silabutadienes 3-7 and that of 1,3-
butadiene. The most pronounced difference is that the PESs of
8 -11 are not the same between θ ) 180 to 0° and between θ
) 0 to -180°. On these PESs, we located ap (ac for 11) and
gauche conformers as minima, as well as two different transition
states. The s-cis conformers (θ ) 0°) are not minima on these
PESs. The global minimum for 8-10 is the ap rotamer, whereas
for tetrasilabutadiene (11), it is the gauche conformer, but the
ac rotamer is only slightly higher in energy. The energies of
the ap (ac for 11) structures are slightly lower than those of the
s-trans (θ ) 180°) minima; their geometries are almost the same
as those of the s-trans conformers, except for the SiSiM1M2

(M ) C, Si) dihedral angles which are 159.4, 162.9, 157.5, and
142.8°, (154.2, 155.9, 150.9, and 131.4° at MP2) for 8-11,
respectively (Table 3). The gauche conformers are located at θ
) -48.1, -45.6, -45.7, and -65.6°, respectively (Table 3).
The transition states which lead from the ap to the gauche
conformers (TS(t-g)) are located at θ ) 78.8, 78.7, 77.4, and
65.4° for 8-11, respectively. The second TS, TS(g-t), is located
between the gauche and s-trans rotamers (Figure 3) at θ values
of -125.5, -123.1, -122.°, and -144.8°, respectively (Table
3).

For 8-11, the rotation barriers, TS(t-g), relative to the ap
rotamers follow the trend (kcal/mol, in brackets relative to
s-trans, in italics at CCSD(T)/cc-PVTZ//B3LYP/6-311+G(d,p))
4.9 [4.4, 3.3] (10) > 3.9 [3.5, 2.9] (8) > 2.7 [2.6, 1.8] (9) >
2.4 [1.8, 0.84] (11). As for 3-7, also for 8-11, the differences
between the CCSD(T) and B3LYP rotaion barriers are small.
Because the PES is not symmetric around θ ) 0°, the TS(g-t)
barriers, leading from s-trans at θ ) -180° to gauche, have to
be considered; these barriers (relative to s-trans) are (kcal/mol)
4.7 (10), 3.1 (8), 2.2 (9), and 2.1 (11). The barrier heights for
the gauche f TS(t-g) f ap rotations are of 3.3 (10), 2.7 (8),
2.4 (11), and 1.8 (9) kcal/mol, respectively, and those for the
gauchef TS(g-t)f s-trans (θ ) -180°) rotations of 3.6 (10),
2.6 (11), 2.3 (8), and1.4 (9) imply that the gauche conformers
of 8-10 are kinetically less stable than the ap or s-trans
conformers. In contrast, for 11, the gauche conformer is
kinetically more stable than the ap or s-trans conformers.

In summary, the highest barriers for internal rotation occur
in silabutadienes possessing a central C-C bond (kcal/mol),
that is, 5 (10.0) > 3 (7.4) g 12 (7.0); the rotation barriers are

Figure 1. PESs for internal rotation of 1-silabutadiene (3), 2-silab-
utadiene (4), and 1,3-butadiene (12). The energies (without ZPEs, kcal/
mol) are relative to the s-trans rotamer.

Figure 2. PESs for internal rotation of 1,4-disilabutadiene (5), 2,3-
disilabutadiene (6), and 1,3-disilabutadiene (7). The energies (without
ZPEs, kcal/mol) are relative to the s-trans rotamer.

Figure 3. PESs for internal rotation of 1,2-disilabutadiene (8), 1,2,3-
trisilabutadiene (9), 1,2,4-trisilabutadiene (10), and tetrasilabutadiene
(11). The energies (without ZPEs, kcal/mol) are relative to the s-trans
rotamer.
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smaller for silabutadienes with the longer Si-C bond, that is,
10 (4.4) ≈ 7 (4.4) g 8 (3.5). Silabutadienes that have a central
Si-Si bond (which is longer than a C-Si or a C-C bond) have
the smallest internal rotation barriers, that is, 6 (2.6) ≈ 9(2.6)
> 11 (1.8). The C-C, C-Si and Si-Si bond lengths in
CH3-CH3, CH3-SiH3, and SiH3-SiH3 are 1.531, 1.885, and
2.354 Å, respectively (B3LYP/6-311+G(d,p)). Thus, a major
factor controlling the height of the barrier for internal rotation
in silabutadienes is the central M2-M3 single bond length. A
shorter central bond increases the π-π overlap and the degree
of π-conjugation in the diene and thus also the rotation barrier.31

A detailed discussion of the degree of π-conjugation and its
relation to the internal rotation barrier is given below.

II. Geometries. The main geometric parameters (optimized
at B3LYP and in some cases also at MP2, CCSD) of the
stationary points on the PESs of silabutadienes 3-7 and of 1,3-
butadiene are given in Table 2, and those of silabutadienes 8-11
are given in Table 3.

In general, the variations in the bond lengths upon rotation
(changing θ) have similar trends in all dienes. Upon rotation
from s-trans to the TS, the double bonds shorten, whereas the
central single bonds lengthen. In the gauche rotamers, the bond
lengths return nearly to the values of the s-trans rotamers (Table
2). For example, in 1,4-disilabutadiene (5), r(SidC) shortens
from 1.742 Å (s-trans) to 1.722 Å in TS (t-g), and it increases
to 1.739 Å in the gauche conformer (1.740 Å in s-cis);
concurrently, r(C-C) elongates from 1.428 Å (s-trans) to 1.475
Å (TS) and is finally shortened to 1.435 Å in s-cis (Table 2).
The central single bonds are the shortest in the s-trans
conformers.

In the s-trans minima of silabutadienes 3-7 and in the gauche
(3), sp (4 and 7), and s-cis (6) rotamers, the doubly bonded
fragments (CH2dCH-, SiH2dCH-, and CH2dSiH-) are
planar. In the s-trans and gauche rotamers of 8-11, the SidC
double bonds are planar, but the external SidSi double bonds
are pyramidal around the silicon atoms (Table 3). The sum of
the angles around the terminal Si1 atoms (denoted as ∑R) in
the s-trans rotamers of 8, 9, 10, and 11 are 345.9, 353.0, 337.0,
and 352.0°, respectively (Table 3).

The SidC bond lengths in the s-trans conformers of 3-7, 9,
and 10 range from 1.742 to 1.710 Å, and the CdC bond lengths
in 3 and 4 are 1.345 and 1.340 Å, respectively (Table 2). These
bonds are longer than those in silene and ethylene (1.708 and
1.329 Å) respectively. The lengths of the central C-C bond in
the s-trans conformers of 3 and 5 are 1.445 and 1.428 Å,
respectively (Table 2), considerably shorter than that in ethane
(1.531 Å) and slightly shorter than that in 1,3-butadiene (1.456
Å). The central Si-C bond lengths in 4, 7, 8, and 10 of 1.845,
1.818, 1.850, and 1.820 Å, respectively (Table 2), are shorter
than that in methylsilane (1.885 Å).32a The central Si-Si bond
in the s-trans, ap, and gauche minima of 6, 9, and 11 is shorter
than that in H3Si-SiH3 (Tables 2 and 3), and r(SidSi) in these
rotamers is longer than that of SiH2dSiH2 (Tables 2 and 3).

The lengthening of the double bonds and shortening of the
single bonds in the dienes relative to the corresponding
monoenes and the corresponding singly bonded analogues
implies the existence of π-conjugation in the studied silabuta-
dienes. The degree of π-conjugation in silabutadienes is
discussed in Section III.

The calculated Si1Si2Si3Si4 angle of the gauche rotamer of
11 of -65.6° is between the angles found experimentally for 1
(51°)2a and for 2a (72°).3a The calculated r(SidSi) in 11 (2.187
Å) is between the experimentally determined values for 1 (2.175
Å),2a 2a (2.200 and 2.198 Å)3a and 2b (2.198 and 2.217 Å).3b

r(Si-Si) of 11 (2.302 Å) is slightly shorter than that measured
for 1, 2a, and 2b (2.321,2a 2.338,3a and 2.340 Å,3b

respectively).32b The small differences between theory and
experiment may result from the bulky substituents present in
the experimental systems.

III. π-Conjugation in s-trans Conformers. An important
property of polyenes is the existence of π-conjugation between
their vicinal multiple bonds.33 A significant outcome of π-con-
jugation is that the reactivity of each of the double bonds in
the π-network depends on changes throughout the conjugated
system exhibiting remote chemical control. Evidence for its
existence can be found by its manifestations in molecular
structure.33,34 In the following sections, we study the extent of
π-conjugation in the studied silabutadienes and correlate
π-conjugation with s-trans f gauche internal rotation barriers.

The extent of π-conjugation in the s-trans silabutadienes will
be estimated by using the following criteria: (a) REs calculated
by using the NBO12,13 and BLW methods14 as well as from the
degree of electron delocalization, (b) bond separation energies,
and (c) molecular structures.

a. NBO and BLW Estimates of π-Conjugation. π-Conjuga-
tion stabilization energies (also being referred to as quantum-
mechanical RE, QMRE)13 were evaluated by calculating the
NBO donor-acceptor stabilizing interactions between the
conjugated πa and πb double bonds (see 16).

The ideal localized Lewis structure in which exactly two
π-electrons reside in each of the π-bonds is distorted because
of π-conjugation by donor-acceptor interactions of the type
πa f πb* and πb f πa*. These interactions lead to πa f πb*
and πb f πa* charge delocalization and to a perturbative
correction to the zero-order natural Lewis-structure wave
functions. According to perturbation theory the stabilization due
to πaf πb* interaction is given by eq 1, where ∆ε is the energy
difference between the interacting π and π* orbitals and
〈πa|F̂ |πb*〉 is the Fock matrix element between these orbitals.
The size of 〈πa|F̂ |πb*〉 and its variation with distance and spatial
orientation can be visualized in terms of the overlap between
πa and πb*.13

∆E(πafπb
*))-2

〈πa|F̂|πb
*〉2

∆ε
(1)

In NBO terms, the strength of π-conjugation is described by
the sum of the stabilization energies ∆E(πa f πb*) + ∆E(πb

f πa*) (≡ A for the s-trans conformers and B for the TSs) and
by the charge transfer from πa to πb*.13 The conjugative
stabilization energies ∆E(πa f πb*) and ∆E(πb f πa*), ∆ε,
〈πa|F̂|πb*〉 (≡ Fab*) and 〈πb|F̂|πa*〉 (≡ Fba*) values for dienes
3-12, as well as the destabilization energies caused by deleting
Fab* and Fba* from the Fock matrix, are given in Table 4, and
the occupancies of the πa, πb, πa*, and πb* NBOs are given in
Table 5.

For dienes 3-12, the conjugative stabilization energies A
range from 10.1 to 49.6 kcal/mol. The sum of the conjugative
stabilization energies in the transition states for internal rotation
(B) are considerably smaller, ranging from 0.06 to 3.64 kcal/
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mol. The large difference between A and B indicates the
disruption of π-conjugation upon rotation to the TSs in which
the mutual orientation of the π and π* orbitals prevents effective
π-overlap.

According to the degree of π-conjugation, the studied
silabutadienes can be divided into three groups: (a) dienes with
a central C-C bond have the largest degree of π-conjugation
(kcal/mol), 5 (49.6) > 3 (37.7) > 12 (30.1); (b) silabutadienes
with a Si-C central bond have a smaller, yet large, degree of
π-conjugation, 10 (20.7) > 7 (18.6) > 8 (15.0) > 4 (13.9); and
(c) silabutadienes with a central Si-Si bond have the smallest
degree of π-conjugation 11 (14.9) > 9 (11.9) > 6 (10.1).
Deletion of Fab* and Fba* leads to somewhat smaller stabilization
energies, but the trends discussed above remain the same (Table
4). The trends in π-conjugation listed above are caused mainly
by the decrease in the overlap between πa and πb* and between
πb and πa* NBOs when the central single bond becomes
longer31,35 (e.g., representative bond lengths in the localized
structures (Table 6) are C-C, (1.542 Å (5)) < Si-C (1.866 Å
(10)) <Si-Si (2.356 Å (11)). The trend within each of the three
groups is affected by a combination of the energy difference
between the π and π* orbitals (∆ε), the polarities of the
individual π and π* orbitals and small differences in the central
single bond length which affect the orbitals’ overlap. For
example, the overlap (S) between the preorthogonal π and π*
NBOs (PNBO) in 1,3-butadiene is larger than that in 5 (0.222
vs 0.208, respectively), but ∆ε in 5 is significantly smaller than
that of 1,3-butadiene (0.20 vs 0.31 hartree, respectively, Table
4), resulting in a stronger π-conjugation in 5. The large
difference in conjugative stabilization energy between the two
isomeric disilabutadienes 5 (49.6 kcal/mol) and 6 (10.1 kcal/
mol) is a good example of the factors which determine
conjugative stabilization. Both have two CdSi bonds, but, in
5, the two CdSi bonds are interconnected by a C-C bond,
whereas in 6, they are interconnected by the longer Si-Si bond,
resulting in a smaller overlap (S) between the π and π* PNBOs
of 6 relative to that of 5 (0.178 and 0.208, respectively), as
shown schematically in Figure 4a,b. The differences in the
overlap of the orbitals is also manifested in the much larger
Fab* and Fba* of 5 relative to 6 (Table 4).35 In addition, ∆ε of
5 is smaller than that of 6. Thus, the larger overlap and Fock
marix elements and a smaller energy difference between the π
and π* orbitals in 5 lead, according to eq 1, to its significantly
larger degree of π-conjugation. Note that the strength of
π-conjugation in 1,3-disilabutadienes 5 and in 1-silabutadiene
3 is larger than that in 1,3-butadiene, suggesting a more effective
remote chemical control and possible transfer of chemical and
electronic information in specifically designed silapolyenes
relative to polyacetylene. This interesting possibility will be
explored in future studies.

The occupancies of the πa* and πb* NBO orbitals of
silabutadienes 3-11 (s-trans rotamers) range from 0.041 to
0.166 electrons; occupancies of the π* NBOs of the TSs are
much smaller, between 0.001 to 0.038 electrons. The trend in
the occupancies of the π* orbitals, which give the degree of
electron delocalization, parallels the conjugative stabilization
energies. Accordingly, the largest electron delocalization is
found in 1,4 disilabutadiene 5 (0.17 electron in πa* and πb*),
which also exhibits the largest conjugative stabilization energy
A (49.6 kcal/mol, Tables 4 and 5), whereas the smallest electron
delocalization is calculated for 2,3-disilabutadiene 6 (0.042 el.;
A ) 10.1 kcal/mol).

The degree of π-conjugation was also calculated by using
the BLW method (for details, see the Methods of CalculationT
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section).14 By using this method, which localizes two π-electrons
on each of the individual double bonds, we have calculated the
AREs (the geometry of the localized state is also optimized)
and VREs (by using the geometry of the delocalized structure)
which are presented in Table 6.

The VRE follow the trend (kcal/mol) 5 (26.3) > 3 (18.9) >
12 (14.4) > 10 (12.7) > 7 (11.0) > 8 (8.6) g 11 (8.4) > 4
(7.6) > 9 (6.7) > 6 (5.2). These REs are significantly smaller
than the NBO π-conjugation stabilization energies36a (Table 4),
but the trend with both methods is the same,36b lending
additional confidence in our conclusions regarding the relative
degree of π-conjugation in these molecules.

c. Bond Separation Energies. Bond separation reactions in
which the conjugated π-bonds are separated from each other,
thus disrupting conjugation, are a common tool for estimating

the degree of resonance interactions in conjugated systems.37A
variety of reaction types, for example, isodesmic (eq 2),
homodesmotic, and hypohomodesmotic, were used for estimat-
ing REs of conjugative systems resulting in a widespread of
energies (see ref 38 and references cited therein for a critical
evaluation of the various types of bond-separation energies).
The main difficulty with such reactions is that they depend on
reference compounds and that they suffer from imbalance in
the bond environment and bond types on the two sides of the
equations.

For estimating the π-REs of silabutadienes and 1,3-butadiene,
we use isodesmic eq 2 (suggested in ref 38) and 3.

H2M
1)M2H-HM3)M4H2+M2H4+M3H4f

H2M
1)M2H2+H2M

3)M4H2+H3M
2-M3H3 (2)

H2M
1)M2H-HM3)M4H2+1 ⁄ 2H3M

1-M2H3+

1 ⁄ 2H3M
3-M4H3f 1 ⁄ 2H3M

1-M2H2-HM3)M4H2+

1 ⁄ 2H2M
1)M2H-M3H2-M4H3+1 ⁄ 2H2M

1)M2H2+

1 ⁄ 2H2M
3)M4H2 (3)

In eq 2, the diene is separated into the three fragments from
which it is composed, two double bonds and a single bond that
connects them. The main difficulty with eq 2 is that the
hybridization on both sides of the equation is imbalanced; for
example, a M(sp2)-M(sp2) single bond on the left side of the
equation is compared to a M(sp3)-M(sp3) single bond on the
right side of the equation (for a more detailed discussion of
this problem, see ref 38). In eq 3, we compare the hydrogenation
energy of each of the double bonds in the conjugated molecules
to the hydrogenation of the same double bond in the noncon-
jugated ethene or sila-ethene. This equation suffers from
unbalanced hybridization on both sides and also from an
imbalance due to stabilization of the right side of the equation
by hyperconjugative interactions, for example, between the
M1dM2 π-bond with the σ*(M3-M4) orbital in H2M1dM2H-
M3H2-M4H3. To overcome the later problem, we calculated
eq 3 by using H2M1dM2H-M3H2-M4H3 and H3M1-M2H-
M3HdM4H2, in which the ∠ M1M2M3M4 dihedral angle is
constrained to 180° (which is not a minimum), thus deactivating
hyperconjugation (which is effective when the M1M2M3M4

dihedral angle is 60-120°). The energies of eqs 2 and 3 for
silabutadienes 3-11 and for 1,3-butadiene are given in Table
6 (for eq 3, we also give the reaction energies obtained by using
the optimal structures of the butenes).

The REs calculated by eqs 2 and 3 are somewhat smaller
than those calculated by using the BLW method and significantly
smaller than the NBO REs. However, the energies calculated

TABLE 5: Electron Occupancy (Electrons) of the πa, πb, πa*, and πb* NBOs of the s-trans Rotamer and of the TSs for
Internal Rotation of Dienes 3-12

occupancy in s-trans NBOs occupancy in TS NBOs

diene πa π b πa* πb* πa π b πa* πb*

H2CdCH-HCdCH2 (12) 1.925 1.925 0.073 0.073 1.981 1.981 0.020 0.020
H2SidCH-HCdCH2 (3) 1.876 1.906 0.091 0.120 1.967 1.976 0.025 0.034
H2CdSiH-HCdCH2 (4) 1.958 1.949 0.046 0.041 1.990 1.976 0.008 0.008
H2SidCH-HCdSiH2 (5) 1.829 1.829 0.166 0.166 1.960 1.960 0.038 0.038
H2CdSiH-HSidCH2 (6) 1.955 1.955 0.042 0.042 1.978 1.978 0.005 0.005
H2SidCH-HSidCH2 (7) 1.913 1.942 0.057 0.080 1.961 1.986 0.009 0.015
H2SidSiH-HCdCH2 (8) 1.927 1.945 0.066 0.055 1.966 1.974 0.026 0.010
H2SidSiH-HSidCH2 (9) 1.925 1.950 0.058 0.063 1.958 1.975 0.019 0.007
H2SidSiH-HCdSiH2 (10) 1.892 1.885 0.130 0.076 1.955 1.955 0.033 0.012
H2SidSiH-HSidSiH2 (11) 1.922 1.922 0.075 0.075 1.949 1.949 0.024 0.024

TABLE 6: REs Calculated by BLW and Bond Separation
Reactions and Internal Rotation Barriers (All in kcal/mol)

BLWa,b
bond separation

energiesc

diene ARE VRE eq 2 eq 3e
rotation
barrierc,d

H2CdCH-HCdCH2 (12) 12.4 14.4 14.5 9.2 (7.4) 6.6
H2SidCH-HCdCH2 (3) 15.9 18.9 14.0 11.7 (9.1) 7.4
H2CdSiH-HCdCH2 (4) 7.1 7.6 5.0 4.7 (3.8) 4.0
H2SidCH-HCdSiH2 (5) 21.3 26.7 15.0 15.5 (12.2) 10.0
H2CdSiH-HSidCH2 (6) 4.8 5.2 6.0 4.5 (4.2) 2.6
H2SidCH-HSidCH2 (7) 10.1 11.0 11.1 7.7 (6.4) 4.4
H2SidSiH-HCdCH2 (8) 7.9 8.6 3.5 4.7 (3.1) 3.5
H2SidSiH-HSidCH2 (9) 6.1 6.7 7.9 5.1 (4.2) 2.6
H2SidSiH-HCdSiH2 (10) 11.5 12.7 10.2 8.2 (6.2) 4.4
H2SidSiH-HSidSiH2 (11) 7.5 8.4 9.4 5.3 (4.1) 1.8

a For planar s-trans conformation. b Obtained by using
GAMESS, at B3LYP/6-311G(d,p), B3LYP uses VWN5. c At
B3LYP/6-311+G(d,p). d About the central single bond, relative to
the s-trans structure. e The M1M2M3M4 dihedral angles in
H2M1dM2H-M3H2-M4H3 and H3M1-M2H2-M3HdM4H2 are
constrained to 180.0°; energies in parenthesis use the energies of the
fully optimized butenes.

Figure 4. Preorthogonal NBOs (PNBO) contours drawn 0.8 Å above
the molecular plane showing the πa-πb* overlap in the s-trans
conformers of (a) 5 and (b) 6.
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by eq 3 follow a trend similar to that of the energies calculated
by using BLW, NBO, or EDA,11,36b that is, 5 > 3 > 12 > 10
> 7 > 11 ≈ 9 > 8 ) 4 ≈ 6. On the other hand, the energies
of eq 2 follow a somewhat different trend, that is, 5 > 3 ≈ 12
> 7 > 10 > 11 > 9 > 6 > 4 > 8, indicating that eq 3 is
probably a better choice for calculating REs in heterodienes.

The discussion above shows that isodesmic equations are not
an ideal tool for calculating REs, because they are based on
the choice of reference compounds and comparisons between
unbalanced bonding environments. In BLW and NBO calcula-
tions, there is no use of reference compounds, and the RE is
calculated by freezing the electron delocalization; therefore,
these methods seem to provide a more reliable estimate of REs.
However, the π-conjugation energies calculated by the later two
methods are also significantly different from each other.

It is important to note that conjugation, although an important
concept for understanding reactivity and structure, is a virtual
property that cannot be measured experimentally. Kistia-
kowsky39 has suggested that conjugation energy can be mea-
sured from experimental reaction energies, for example, heats
of hydrogenation.40 But this method of evaluation depends on
a reference system and is not on an absolute scale. Furthermore,
one needs to have reliable experimental reaction energies, which
for silabutadienes are not available.

Thus, in view of the lack of direct experimental measurements
of the absolute degree of π-conjugation, it will not be wise to
conclude which of the theoretical methods provides a more
accurate assessment of the absolute degree of π-conjugation.
What is important is the trends in the strength of π-conjugation,
because these trends provide guidance for predicting chemical
and physical properties. As pointed out above, these trends are
essentially the same with all computational methods.

It is worth noting that the relative thermodynamic stability
(E + ZPE) of the s-trans disilabutadiene isomers follow the
order 8 (0.0 kcal/mol) > 7 (6.29 kcal/mol) > 6 (9.42 kcal/mol)
> 5 (12.95 kcal/mol), see Table 1. This trend is different from
the trend in π-conjugation stabilization (BLW and NBO) which
follows the order 5 > 7 > 8 > 6, see Table 6. Therefore 5,
which has the highest degree of π-conjugation stabilization, is
the least stable disilabutadiene isomer! This demonstrates that
stabilization by π-conjugation is only a minor factor in
determining the overall thermodynamic stability of the isomeric
silabutadienes. The relative energy of these silabutadienes is
determined primarily by the relative thermodynamic stability
of the bonds that compose them, that is, following the trend
CdC > SidC > SidSi and C-C > Si-C > Si-Si (the
strongest are the CdC and C-C bonds).1g This basic pattern
of stability is then attenuated by resonance, but this is only a
perturbation on the main trend.

The relative stabilities of 6 versus 8, 7 versus 8, and 5 versuss
8 (excluding REs) can be estimated from the relative stabilities
of their fragments as calculated by eqs 4-6, respectively.41

H2Si)SiH2+H2C)CH2+H3Si-CH3+SiH4f

2H2Si)CH2+H3Si-SiH3+CH4 (4)

H2Si)SiH2+H2C)CH2+H3Si-CH3f

2H2Si)CH2+H3Si-CH3 (5)

H2Si)SiH2+H2C)CH2+H3Si-CH3+CH4f

2H2Si)CH2+H3C-CH3+SiH4 (6)

Equation 4 compares the bond energies of the fragments of
1,2-disilabutadiene 8 (H2SidSiH-HCdCH2) to those of 2,3-
disilabutadiene 6 (H2CdSiH-HSidCH2) and also reflects the

strength of one additional Si-H bond in 8 (having three Si-H
bonds) relative to 6 (having two Si-H bonds) and an additional
C-H bond in 6 (having four C-H bonds) relative to 8 (having
three C-H bonds); equation 5 compares the bond energies of
the fragments of 8 to those of 7 (H2SidCH-HSidCH2), and
eq 6 compares the bond energies of the fragments of 8 to those
of 5 (H2SidCH-HCdSiH2) and also reflects the larger number
of Si-H bonds and smaller number of C-H bonds in 5
compared to 8. Note that, bond hybridization in disilabutadienes
5-8 and in their fragments, used in equations 4-6, are not
balanced.

According to eq 4, the sum of the energies of the SidSi +
CdC + Si-C bonds and the extra Si-H bond (which compose
8) is lower (more negative, that is, more stable) than the sum
of the stabilities of two SidC + Si-Si bonds and the extra
C-H bond (which compose 6) by 11.9 kcal/mol; equation 5
gives a similar picture, showing that the SidSi + CdC + Si-C
bonds which compose 8 are thermodynamically more stable than
two SidC + Si-C bonds (which compose 7) by 13.9 kcal/
mol. Similarly, according to eq 6, the sum of the energies of
the SidSi + CdC + Si-C bonds + an extra C-H bond is
lower (i.e., more stable) than the sum of the energies of two
SidC + C-C bonds + an extra Si-H bond (which compose
5) by 24.5 kcal/mol. If equations 4-6 reflect the differences in
the bond energies in the isomeric disilabutadienes 5-841 (with
no other factors coming into play), one would conclude that
the relative thermodynamic stabilities should follow the order
8 > 6 g 7 > 5. However, the actual relative stability order of
these disilabutadienes is 8 (most stable) > 7 > 6 > 5 (Table
1). The reversed order of the relative energies of 6 and 7,
calculated from their total energies compared to that estimated
from their bond energies as estimated by eqs 4-6, results from
the greater resonance stabilization of 7 relative to that of 6,
which overcomes the slightly higher stability of the fragments
(or the bond energies) of 6 relative to 7 (eqs 4 and 5).

c. Structures. π-Conjugation (πa f πb* interaction) can be
represented by an admixture of several resonance structures,
some of which are shown in Scheme 2. The delocalized
wave function is a superposition of all resonance structures.42

The biradical resonance structure II and the ionic structure III
are high in energy, making structure I the main contributor to
the delocalized ground state. However, it is the contribution of
resonance structures such as II and III which is responsible for
the elongation of the double bonds and for the shortening of
the central single bond in comparison to corresponding bonds
in nonconjugated compounds. Such structural changes are an
expression of π-conjugation,34 and their size can serve as an
indication of its strength.

An estimate of the elongation of the double bonds and
shortening of the single bond in the dienes is done by comparing
the optimal delocalized bond lengths in the s-trans conformation
with those in the transition state for rotation (TS), where the
delocalization is minimal, and by comparing the delocalized
and virtual fully localized s-trans structures, which correspond
to resonance structure I (as calculated by the BLW method14).
Note that the BLW calculations were performed for the planar
s-trans structures also for 8, 9, 10, and 11, for which, in the
fully optimized structures, the silicon atoms of the SidSi double
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bonds are pyramidal (the planarization energy is however small,
e.g., in 11, it is only 1.4 kcal/mol). The results of these
comparisons are presented in Table 7.

The data in Table 7 show that, in the delocalized s-trans
conformers the shortening of the single bonds is larger than
the lengthening of the double bonds by a factor of 4-5. The
largest shortening and elongation occur in 1,4-disilabitadiene 5
(C-C (-8%) and SidC (2%)). We also observe that the
changes in the bond lengths in the TS versus the s-trans structure
are smaller than the corresponding differences between the
localized and delocalized structures (e.g., in the case of 5, C-C
(-3%), SidC (1%)). This results from the contributions of
hyperconjugative interactions which are present in the transition
states but not in the s-trans conformer (see section III.d) and
from residual π-delocalization. We therefore conclude that the
effect of π-conjugation on structure is better estimated by a
direct comparison of the calculated structures of strictly localized
and delocalized dienes rather than from comparison of structures
along the internal rotation coordinate.

Examination of Table 7 shows that the degree of shortening
of the central M2-M3 single bond follows the order 5 > 3 g
12> 10 g 4 ≈ 7 ≈ 8 ≈ 9 ≈ 11 > 6.43a The structure of 1,4-
disilabutadiene 5 is the most affected by delocalization, and that
of 2,3-disilabutadiene 6 is the least affected. This trend in the
M2-M3 bond length shortening is very similar to the trend in
rotation barriers which is (kcal/mol) 5 (10.0) > 3 (7.4) > 12
(6.6) > 10 ≈ 7 (4.4) g 4 (4.0) g 8 (3.5) > 9 ≈ 6 (2.6) > 11
(2.4),43b indicating that π-conjugation is a major contributor to
both the changes in bond lengths and the height of the barriers
for internal rotation. As pointed above, both trends are controlled
by the length of the M2-M3 central bond, conjugation being
the largest for a central C-C bond (5) and the smallest for a
central Si-Si bond (6).31

d. Strength of π-Conjugation and Rotation Barriers. Figure
5 presents the correlation found between π-conjugation
energies, calculated by using the various methods discussed
above, and the barriers for internal rotation around the central
M2-M3 bond in all silabutadienes. There is a fairly good
linear correlation between REs and the internal rotation
barriers,44,45 indicating that internal rotation barriers in dienes
are determined by the strength of π-conjugation. However,
the slopes of the correlation lines show that VREs and AREs
are more than twice larger than the internal rotation barriers,
those calculated by using NBO are ca. 4-5 times larger, and
REs calculated by eq 3 are ca. 1.5 times larger than the

internal rotation barriers. Thus, barriers for internal rotation
do not reflect the full π-RE. Although the stabilization by
π-conjugation is essentially deactivated in the transition state
because of the lack of π-π* overlap, other stabilizing
interactions which do not exist in the conjugated s-trans
dienes come into effect in the TS and partly compensate for
the loss of π-conjugation. For example, in the TS for internal
rotation in 5, four significant stabilizing interactions, which
do not occur in the s-trans conformer, are present: π(Si1dC2)
f σ* (C3-H6), σ(C3-H6) f π*(Si1dC2), π(C3dSi4) f σ*
(C2-H5), and σ(C2-H5) f π*(C3dSi4) (these interactions
are depicted schematically in 17). The sum of second-order
perturbation stabilization energies of these four interactions
is 21.4 kcal/mol, almost half of the value of the π-π*
conjugative interaction in the s-trans rotamer (42.9 kcal/mol,
Table 4). There are also other less significant stabilizing
conjugation interactions which come into effect in the TS
and do not occur in the s-trans conformer, for example,
π(Si1dC2) f σ*(C3-Si4) and π(Si3dC4) f σ*(C1-Si2),
which only contribute 1.28 kcal/mol each to the stabilization
of the TS, stabilizing the TS even more and leading to an
internal rotation barrier that is less than half of the RE, in
agreement with the slopes of VRE and ARE versus rotation
barrier curves shown in Figure 5. To test the total difference
in the conjugative stabilization between the s-trans and TS
conformers of 5, we have also performed for both a
NOSTAR12 NBO calculation in which all the non-Lewis,
Rydberg, and antibond NBOs are deleted, resulting in an
idealized NBO Lewis structure, with all Lewis NBOs doubly

TABLE 7: Bond Lengths in Delocalized and Localized Silabutadienes (3-11) and in 1,3-butadiene (12) and the Relative
Change in the Bond Lengths of Delocalized versus Localized Structures (BLW) and in the TSs versus those in the s-trans
Rotamera

delocalizedb,c localizedb,d
∆r(delocalized - localized)/

r(delocalized)b,d,e
∆r(s-trans - TS)/

r(s-trans)e,f

H2M1dHM2-M3HdM4H2 M1dM2 M2-M3 M3dM4 M1-M2 M2-M3 M3dM4 M1dM2 M2-M3 M3dM4 M1dM2 M2-M3 M3dM4

H2CdCH-HCdCH2 (12) 1.338 1.457 1.338 1.326 1.527 1.326 0. 9 -5 0.9 0.4 -2 0. 4
H2SidCH-HCdCH2 (3) 1.730 1.447 1.344 1.713 1.534 1.326 1 -6 1 0.6 -3 0.8
H2CdSiH-HCdCH2 (4) 1.709 1.848 1.338 1.704 1.895 1.330 0.3 -3 0.6 0.1 -1 0.2
H2SidCH-HCdSiH2 (5) 1.744 1.427 1.744 1.714 1.542 1.714 2 -8 2 1 -3 1
H2CdSiH-HSidCH2 (6) 1.719 2.302 1.719 1.713 2.357 1.713 0.4 -2 0.4 0.1 -1 0.1
H2SidCH-HSidCH2 (7) 1.721 1.822 1.713 1.710 1.878 1.703 0.6 -3 0.6 0.4 -1 0.2
H2SidSiH-HCdCH2 (8) 2.149 1.848 1.340 2.140 1.904 1.330 0.4 -3 0.7 -0.1 -2 0.4
H2SidSiH-HSidCH2 (9) 2.155 2.290 1.717 2.145 2.354 1.710 0.5 -3 0.4 0 -1 0.1
H2SidSiH-HCdSiH2 (10) 2.156 1.817 1.725 2.140 1.886 1.709 0.7 -4 0.9 0.8 -2 0.6
H2SidSiH-HSidSiH2 (11) 2.157 2.279 2.157 2.144 2.356 2.144 -0.6 -3 0.6 0.7g -2 0.7g

a Bond length in Å. b Calculated for planar structures by using B3LYP (VWN5)/6-311G(d,p). c The bond lengths for 3-7, 11, and 12 are
very similar to those given in Tables 2 and 3. The M1dM2 bond length of 8-10 are shorter than those calculated for the non-planar structures
(see Table 3). d Optimized by using the block localized wave function (BLW). e In %. f Calculated by using the bond lengths given in Tables 2
and 3. g s-trans and TS in C2 symmetry.

Figure 5. Correlation between the calculated REs of 3-11 and the
internal rotation barrier (relative to the s-trans rotamer). Tetrasilabuta-
diene 11 is not included in the correlation.
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occupied. In other words, this deletion deactivates all
conjugative stabilizations. The deletion energy is the energy
difference between an electronic structure in which electron
delocalization exists and the fully localized ideal Lewis
structure, that is, the total stabilization energy due to both
π-conjugation and hyperconjugation. The NOSTAR deletion
energies show that the s-trans conformer of 5 is stabilized
by conjugation by 23.1 kcal/mol more than its TS. The
absence of π-π* conjugation in the TS should have led to
a difference of 42.9 kcal/mol (Table 4). The much smaller
difference of 23.1 kcal/mol calculated with the NOSTAR
deletion procedure results from stabilizing hyperconjugation
interactions that are absent in s-trans conformer but exist in
the TS because of proper orientation of, for example, the
π(SidC)-σ*(C-H) orbitals (see 17) and other smaller
contributions. In conclusion, new hyperconjugative interac-
tions which arise upon rotation to the TS stabilize the TS
and lower the internal rotation barrier relative to the value
expected from the disruption of the π-π* conjugation. A
question that arises is why the NBO REs are four times larger
than the internal rotation barriers, when, on the basis of
conjugation and hyperconjugation alone (e.g., for 5), it should
be only twice as large. Are steric effects responsible? Are
other effects involved?46 These questions remain to be
answered in future research.

An important conclusion from this analysis is that rotation
barriers are not an accurate tool for approximating π-REs,47

because factors such as differences between rotamers in hyper-
conjugation, steric congestion, and so forth, can reduce (or
increase) the barrier significantly and complicate the interpreta-
tion. The ongoing vivid controversy regarding the origin of the
rotation barrier in ethane demonstrates nicely the difficulty to
relate the internal rotation barrier to a specific electronic and
steric property.48-53 The barriers for internal rotation, however,
do provide the correct trends in REs when comparing a series
of compounds, such as the silabutadienes studied here.

Conclusions

The PESs of all possible silabutadienes (total of nine) were
studied by using a variety of theoretical methods. The studied
silabutadienes are 1-silabutadiene (3), 2-silabutadiene (4), 1,4-
disilabutadiene (5), 2,3-disilabutadiene (6), 1,3-disilabutadiene
(7), 1,2-disilabutadiene (8), 1,2,3-trisilabutadiene (9), 1,2,4-
trisilabutadiene (10), and tetrasilabutadiene (11). The prototype
1,3-butadiene (12) was also studied for comparison. The main
issues of interest are the barriers which separate the various
rotamers on the PES and the degree of π-conjugation present
in the s-trans conformers of each of the silabutadienes.

The PESs for internal rotation in silabutadienes 3, 4, 5, and
7 and in 1,3-butadiene have a similar shape. The PES between
θ ) 180 to 0° is a mirror image of the PES from θ ) 0 to
-180°. Along these PESs, s-trans and gauche (or sp) minima
exsist, and two transition states, TS(t-g) and the s-cis conformer
(TS(g-g)), connect these minima. In 2,3-disilabutadiene (6), the
relatively long Si-Si central bond removes the steric congestion

that causes the other silabutadienes to distort from the s-cis
conformer to gauche, so that 6 has two planar geometry minima,
that is, s-trans and s-cis. For these five silabutadienes (3-7)
and 1,3-butadiene, the s-trans conformers are the most stable
rotamers.

The PESs for internal rotation of 1,2-disilabutadiene (8),
1,2,3-trisilabutadiene (9), 1,2,4-trisilabutadiene (10), and tet-
rasilabutadiene (11) are more complex than those of 3-7. Their
SidSi double bonds are pyramidal around silicon throughout
the entire course of internal rotation. For these silabutadienes,
rotation from θ ) 180 to 0° and from θ ) -180 to 0° are not
mirror images. Along these PESs, we find ap and gauche minima
and two different transition states, TS(t-c) and TS(g-t). The most
stable conformers are the ap conformers (8-10, with
M1M2M3M4 dihedral angles of 157-163°), and for tetrasilab-
utadiene 11, it is the gauche rotamer (∠ Si1Si2Si3Si4 ) -45.7°).
The optimized structure of the gauche minima of tetrasilabuta-
diene 11 is in good agreement with the experimental structures
of 12a and 2a.3a

The internal rotation barriers around the central M2-M3 bond
in H2M1dM2H-HM3dM4H2 depend primarily on the M2-M3

bond length.31,35 The barrier is the highest when the central bond
is a C-C bond and the lowest when it is a Si-Si bond, and it
follows the order (kcal/mol) 5 (10.0) > 3 (7.4) g 12 (7.0)
(C-C), 10 (4.4) ≈ 7 (4.4) g 8 (3.5) (Si-C), and 6 (2.6) ≈
9(2.6) > 11 (1.8) (Si-Si).

π-Conjugative stabilization energies were calculated by using
NBO and BLW methods as well as by bond-separation energies.
The strength of π-conjugation is larger as the central single bond
length is shorter because of better overlap of the π-conjugating
orbitals. The trend in the degree of π-conjugation is similar with
all methods, and it correlates linearly with the calculated internal
rotation barriers. An interesting unexpected observation is that
π-conjugation is larger in 1-silabutadienes (3) and in 1,4-
silabutadiene (5) than in 1,3-butadiene 12. The implications of
this observation on their physical properties and chemistry
remains to be explored.

NBO REs are in average twice larger than those calculated
by using BLW or bond-separation energies, and they are in
average 4.5 times larger than the internal rotation barriers.
However, the important point is that the trends in the degree of
π-conjugation, those that provide insight into and understanding
of the differences in structural and chemical properties in a series
of compounds, are very similar with all methods used.

A reasonably good linear correlation is observed between the
internal rotation barriers and the degree of π-conjugation
showing that π-conjugation plays an important role in determin-
ing the internal rotation barrier heights. However, the calculated
π-REs are 2-4 times larger than the internal rotation barriers,
implying that internal rotation barriers are a proper tool for
estimating trends in REs but are not to be used for estimating
absolute REs.

Future studies will investigate extended silapolyenes examin-
ing how extension of the polyenic chain affects their structures
and electronic properties. Will such silapolyenes have similar
properties or even superior ones to polyacetylenes?
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Cartesian coordinates (B3LYP/6-311+G(d,p)), schematic ball-
and-stick drawings of the stationary points on the PESs for
internal rotation of silabutadiences 3-11 and their total energies.
(2) Table S2: geometric parameters and total energies of
tetrasilabutadiene 11 at the C2h, C2, and Ci symmetries calculated
at B3LYP, MP2, and CCSD with the 6-311+G(d,p) basis set.
(3) Figure S1: preorthogonal NBO (PNBO) contours drawn 0.8
Å above the molecular plane showing the πa f πb* overlap in
the s-trans conformer of 3-11. (4) Input file for BLW
calculation of the s-trans conformer of 5. This material is
available free of charge via the Internet at http://pubs.acs.org.
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