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The molecular structures of four silylbenzenes (benzenes with H3Si-substituents), viz. silyl-
benzene, 1,2-, 1,3- and 1,4-disilylbenzene, were studied by electron diffraction in the gas phase
and by ab initio calculations. The structures of 1,2- and 1,4-disilylbenzene were also determined
by X-ray diffraction experiments on single crystals grown in situ. The results are compared
and discussed with the focus on the evaluation of the SARACEN method for the analysis of
gas-phase data, and particularly on its ability to deal with small structural distortions. Important
experimental structural parameters are the Si-C bond lengths [Å] and the ipso C-C-C angles
[deg], which are 1.863(3) / 118.2(2) for gaseous silylbenzene (rÿ), 1.875(2) / 119.9(2) for
gaseous and 1.870(2) / 118.7(av) for solid 1,2-disilylbenzene, 1.871(1) / 119.4(3) for gaseous
1,3-disilylbenzene, 1.870(2) / 119.0(2) for gaseous and 1.866(3) / 117.4(2) for solid 1,4-disi-
lylbenzene. The angle distortions in the benzene ring geometries are analysed and interpreted
in terms of an additivity rule of the distortion caused by each of the silyl substituents. This
additivity scheme predicts excellently the observed structures of the silylbenzenes and is in best
agreement with the structures calculated ab initio. The slight distortion of molecular symmetry
in the crystal structures makes a detailed comparison of the solid-state values impossible, but
on average they are in good agreement with theory and predictions of the additivity model.
The gas-phase values obtained by the SARACEN method show less pronounced distortions of
the benzene ring geometries than observed or predicted by the other methods, but the trends of
distortion are fully consistent.

Introduction

Hydrocarbons with highly hydrogenated silyl
functions (SiH3) have recently been the focus of
much interest as precursors to silicon and silicon
carbide thin films in chemical vapour deposition

Scheme 1.
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processes [1]. They have also attracted attention as
monomers for the production either of polysilanes
by dehydrogenative coupling of the Si-H functions
(loss of H2) [2] or of Si/C polymers by desilylative
coupling (loss of SiH4) [3]. Within the group of such
hydrocarbons the silylated arenes have a special
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position as their reactivity is quite different from
that of silylated alkanes [4]. Various substitution
patterns have been realised for silylated benzenes,
which are shown in Scheme 1.

Silylated benzenes have also been the subject of
structural investigations and have served as model
compounds for study of the deformation of a ben-
zene ring by electropositive substituents [11]. As
predicted by a simple version of the VSEPR model,
compression of the ring angle at the ipso carbon
atom is expected upon substitution of an arene
H atom by a silyl group. However, in the course
of these studies only trialkylsilyl substituents have
been involved so far. A systematic study of the struc-
tures of silylated arenes with the smallest possible
silyl groups has not yet been undertaken. For a study
of the undistorted geometry of a molecule, the de-
termination of its gas-phase structure is desirable,
but to date the only silylated arene compound stud-
ied in the gas phase is silylbenzene (phenylsilane).
The structure of this compound was determined by
Keidel and Bauer as early as 1956, by the visual
method of analysing gas-phase electron-diffraction
(GED) patterns [12], and redetermined recently by
Domenicano and Hargittai, by state of the art GED
techniques [13]. This latest work lead to a surpris-
ingly similar result and bears witness again to the
high standards of quality achieved in the early years
of electron diffraction.

In this contribution we present the determination
of the three possible isomers of disilylbenzene in
the gas phase and concurrently the structures of two
of these compounds determined in the solid state.
Furthermore we present a second redetermination of
the structure of gaseous silylbenzene based on more
information than was available in the two earlier
studies.

Results

In order to get detailed and accurate information
about the geometries of the three isomers of disi-
lylbenzene, we have studied these molecules in the
solid state, the gas phase and by means of ab initio
calculations. We were successful in growing sin-
gle crystals of 1,2-disilylbenzene (ODSB, ortho-di-
silylbenzene) and 1,4-disilylbenzene (PDSB, para-
disilylbenzene) by in situ methods, but we could
not obtain single crystalline material of 1,3-disi-
lylbenzene (MDSB, meta-disilylbenzene), even by
trying various conditions for crystallisation. Crys-

Table 1. Selected geometric parameters for silylbenzene,
SB, as determined in the gas phase (GED) and calculated
ab initio. As the ground state of SB is of Cs symmetry,
with the C6 ring lying in the mirror plane, there are slight
deviations of the bond lengths (max. 0.001 Å) and angles
(0.4ÿ for Si-C(1)-C(2) 120.8ÿ and Si-C(1)-C(6) 121.2ÿ,
otherwise max. 0.1ÿ) from C2v symmetry on which the
GED analyses are based because of the freely rotating
SiH3 group. The values given in the table are therefore
averaged.

Parameter GED r0
ÿ

MP2/6- GED ra
(this study) 311G(d,p) re [13]

C(1)-C(2) 1.403(3) 1.409 1.410(3)
C(2)-C(3) 1.396(2) 1.399 1.400a

C(3)-C(4) 1.397(3) 1.399 1.400a

Si(7)-C(1) 1.863(3) 1.876 1.870(4)
Si(7)-H 1.466(3) 1.478 1.497(7)
Si-C(1)-C(2) 120.9(2) 121.0 121.0
C(6)-C(1)-C(2) 118.2(2) 118.0 118.1(2)
C(1)-C(2)-C(3) 121.1(3) 121.1 121.1(1)
C(2)-C(3)-C(4) 119.7(4) 120.0 119.9(2)
C(3)-C(4)-C(5) 120.0(5) 119.8 120.0(3)

a The differences [C(1)-C(2)] – [C(2)-C(3)] and [C(2)-
C(3)] – [C(3)-C(4)] have been constrained from the ab
initio MO calculations.

tallisation experiments with silylbenzene were also
unsuccessful, although crystalline material could be
obtained, but it obviously undergoes a phase change
a few degrees below the melting point. Repeated at-
tempts to circumvent this by crystallising silylben-
zene from a pentane solution at lower temperatures,
lead to crystalline, but never to single crystalline,
material.

Gas-phase structure determinations for all four
compounds were carried out by means of electron
diffraction. The limitations of structural analyses
on electron diffraction data can to some extent be
overcome by augmenting the data by restraints de-
rived from ab initio calculations of the molecular
geometries or vibrational amplitudes in a method,
called SARACEN (Structural Analysis Restrained
by ab initio Calculations for Electron diffractioN)
[14], a procedure combining and extending Bartell’s
approach of predicate values [15] and Schäfer’s
MOCED (Molecular Orbital Constrained Electron
Diffraction) method [16]. It should be an interest-
ing test of this method, to see whether it is able
to provide us with accurate geometries that even
reproduce small differences between bond lengths
or bond angles, such as we expect to be present in
the three disilylbenzenes. The ab initio calculations
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Table 2. Selected geometric parameters for 1,2-disilyl-
benzene, ODSB, as determined in the gas phase (GED),
the solid state (XRD) and calculated ab initio.

Parameter GED ra MP2/6- XRD
311G(d)

Si(7)-C(2) 1.875(2) 1.883 1.870(2), 1.870(2)
C(1)-C(2) 1.418(3) 1.423 1.410(2)
C(2)-C(3) 1.401(2) 1.409 1.395(3), 1.395(2)
C(3)-C(4) 1.394(2) 1.399 1.380(3), 1.385(3)
C(4)-C(5) 1.389(3) 1.396 1.372(3)
Si(7)-H 1.500(7) 1.483 1.42(3), 1.36(3),

1.35(3)
Si(7)-C(2)-C(1) 123.9(2) 123.5 122.8(1), 123.6(1)
Si(7)-C(2)-C(3) 116.2(2) 117.7 118.4(1), 117.8(1)
C(1)-C(2)-C(3) 119.9(2) 118.8 118.8(1), 118.6(1)
C(2)-C(3)-C(4) 120.0(3) 121.5 121.6(2), 121.3(2)
C(3)-C(4)-C(5) 120.1(3) 119.7 119.6(2), 120.1(2)

used to augment the GED data and to provide an
independent source of information for comparison
have been carried out at the MP2/6-311G(d) level
of theory, which has earlier been shown to produce
reliable geometries for arene systems.

We shall discuss the solid-state results first, then
turn to the gas-phase structure determinations and
ab initio calculations and finally compare all the
results with one another and with predictions from
a simple increment model based on the addition of
structural distortions in benzene rings.
Crystal structures. Both ODSB and PDSB crys-

tallise in the monoclinic space group P21/n. In the
case of ODSB the unit cell contains four molecules,
with one complete molecule comprising the asym-

Fig. 1. Packing of molecules of 1,2-disilylbenzene,
ODSB, as determined by low temperature crystallogra-
phy, showing crystallographic numbering.

Table 3. Selected geometric parameters for 1,3-disilyl-
benzene, MDSB, as determined in the gas phase (GED)
and calculated ab initio.

Parameter GED ra MP2/6-311G(d)

Si(7)-C(1) 1.871(1) 1.877
C(1)-C(2) 1.404(4) 1.408
C(1)-C(6) 1.404(4) 1.408
C(6)-C(5) 1.393(4) 1.398
Si(7)-H 1.488(6) 1.483
Si(7)-C(1)-C(2) 120.1(2) 120.9
Si(7)-C(1)-C(6) 120.5(2) 121.1
C(2)-C(1)-C(6) 119.4(3) 118.0
C(1)-C(2)-C(3) 120.4(4) 122.2
C(1)-C(6)-C(5) 120.2(3) 120.9
C(6)-C(5)-C(4) 120.4(5) 120.1

Table 4. Selected geometric parameters for 1,4-disilyl-
benzene, PDSB, as determined in the gas phase (GED),
the solid state (XRD) and calculated ab initio.

Parameter GED ra MP2/6- XRD
311G(d)

Si(7)-C(1) 1.870(2) 1.877 1.866(3)
C(1)-C(2) 1.405(2) 1.408 1.388(4), 1.386(4)
C(2)-C(3) 1.397(3) 1.398 1.378(3)
Si(7)-H 1.497(6) 1.483 1.33
Si(7)-C(1)-C(2) 120.5(1) 121.1 121.6(2), 121.0(2)
C(6)-C(1)-C(2) 119.0(2) 117.7 117.4(2)
C(1)-C(2)-C(3) 120.5(1) 121.1 121.8(2), 120.9(2)

metric unit, i.e. no crystallographic symmetry is im-
posed on the geometry of the molecule. PDSB has
only two molecules per unit cell and the asymmetric
unit contains only half a molecule, which therefore
has a centre of inversion.

The hydrogen positions for ODSB could be lo-
cated and refined isotropically, whereas in PDSB
the C-bound hydrogen atoms were found and

Fig. 2. Packing of molecules of 1,4-disilylbenzene, PDSB,
as determined by low temperature crystallography, show-
ing crystallographic numbering.



Fig. 3. Experimental and final difference molecular scattering intensity (MIC) curves, experimental and final difference
radial-distribution curves (RDC) and molecular structures (including numbering schemes) as obtained by electron
diffraction for silylbenzene, SB, 1,2-disilylbenzene, ODSB, 1,3-disilylbenzene, MDSB, and 1,4-disilylbenzene, PDSB.
Before Fourier inversion to give the RDC the data were multiplied by sÿexp[(–0.002 s2) / (ZSi – fSi)(ZC – fC)]. Vertical
lines in the RDC indicate atom pairs, with their heights being proportional to their contributions to the molecular
scattering.
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refined, but the silyl hydrogen atoms were found to
be disordered, and were modelled with six positions
about the silicon atom. This is not unexpected, as
silyl groups bound to arene rings are known to have
very low barriers to rotation (see theoretical section
below).

The results of these structure determinations are
shown in the plots in Figs. 1 and 2, and the geomet-
ric parameters are listed in Tables 3 and 4, together
with results from the other methods for compari-
son. The molecules of ODSB and PDSB pack in
the crystal structure in such a way that no signif-
icant close contacts between individual atoms of
different molecules are observed, which means that
the attractive forces that are responsible for forming
a solid are van der Waals interactions. Significant
contributions of ÿ-stacking can be excluded, as the
molecules do not arrange with their rings parallel to
those of their neighbours in the structure.
Gas-phase structures. Silylbenzene, SB. As a ba-

sis for a systematic investigation of the structures
of polysilylbenzenes we undertook a redetermina-
tion of the molecular geometry of gaseous silyl-
benzene. In contrast to the earlier studies, which
were based on gas-phase electron-diffraction data
and molecular mechanics and ab initio constraints,
we used a combination of different sources of in-
formation, which were gas-phase electron-diffrac-
tion intensities, rotational constants from a litera-
ture microwave spectroscopy study [17], infrared
spectroscopy [18], and ab initio calculations. As
this combination of techniques undoubtedly leads
to improved structural parameters, we shall present
the results of this investigation first.

The parameters used to describe the molecular
structure of silylbenzene are listed in Table 1 and
the final structure and the atom labelling scheme
are shown in Fig. 3. All ab initio calculations [up
to MP2/6-311G(d,p)] predict the global minimum
to have Cs symmetry with one silyl hydrogen atom
lying in the plane of the benzene ring. The barrier
to rotation of the silyl group about the Si-C axis
was found in a microwave study to be extremely
low [17]. The value that has been given in this con-
tribution is 74 J molÿ1. Theoretical calculations of
the transition state corresponding to this rotational
barrier predict an even smaller value of 11 J molÿ1

at the MP2/6-31G(d) level (taking zero-point en-
ergy into consideration), but the reliability of such
calculations is certainly not good enough to com-

Table 5. Independent geometric parameters (r0
ÿ

) for the
GED refinements of silylbenzene, SB, and geometric re-
straints used in the refinement.

No. Description r0
ÿ

/Å, 6 /ÿ Restraints

p1 rC(2)-C(3) 1.396(2)
p2 rC(1)-C(2) – rC(2)-C(3) 0.007(5) 0.010(5)
p3 rC(3)-C(4) – rC(1)-C(2) 0.001(5) 0.0(5)
p4 rC(1)-Si(7) 1.863(3)
p5 6 [C(1)-Si(7)-H(13)] 111.7(14)
p6 r (Si-H) 1.466(3) 1.466(3)
p7 6 [C(1)-C(2)-H(8)] 120.2(13) 119.9(15)
p8 r (C-H) 1.094(4)
p9 6 [C(1)-C(2)-C(3)] 121.1(3)
p10 6 [C(2)-C(3)-H(9)] 121.4(12) 119.9(15)
p11 6 [C(6)-C(1)-C(2)] 118.2(2) p7 – p11 =

–3.1(5)

pete with the experimental value here. As both ex-
periment and theory predict the silyl group to be
more or less freely rotating at room temperature,
at which the electron diffraction experiment was
undertaken, our model for silylbenzene contains a
freely rotating silyl group described approximately
by nine hydrogen positions equally distributed at
angle increments of 40þ. It should be noted that a
structure of silylbenzene with one silyl hydrogen
atom oriented so that it has a torsional angle C-C-
Si-H of 90.0þ (plane H-Si-C perpendicular to the
benzene ring plane) has been found to be preferred
in a proton magnetic resonance study of a silylben-
zene solution in a nematic phase solvent [19].

The geometry of SB was defined by eleven inde-
pendent parameters (Table 5). The ipsoC-C-C angle
in SB is 118.2(2)þ , which is the same as was found
by the earlier GED investigation [118.1(2)þ] [13].
This value compares fairly well with the one in
(trimethylsilyl)benzene [117.2(2)þ] [11], but is also
similar to that in toluene [118.7(4)þ] [20].
1,2-Disilylbenzene, ODSB. The high volatility of

the disilylbenzenes allowed the determination of the
geometries of the free molecules by means of gas-
phase electron diffraction. For these molecules, ro-
tational constants are not available, nor are stretch-
ing frequencies for isolated Si-H bonds known, i. e.
in SiHD2 groups. In the case of silyl benzene, the
observed infrared absorption for the SiH3 stretch-
ing is close to that of the Si-H bond in C6H5SiHD2.
Making the assumption that a similar equivalence is
valid for the disilylbenzenes and applying restraints
to the Si-H bond distances resulted in changes of
the C-C distances of about 0.002 Å, i. e. about one
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Table 6. Independent geometric parameters (ra) for the
GED refinements of 1,2-disilylbenzene, ODSB.

No. Description ra/Å, 6 /ÿ

1 1/6[rC(1)-C(2) + 2rC(2)-C(3) 1.400(2)
+ 2rC(3)-C(4) + rC(4)-C(5)]

2 rSi-C 1.875(2)
3 rC(1)-C(2) – 1/5[2rC(2)-C(3) 0.023(3)

+ 2rC(3)-C(4) + rC(4)-C(5)]
4 rC(2)-C(3) 0.009(2)

– 1/3[2rC(3)-C(4) + rC(4)-C(5)]
5 rC(3)-C(4) – rC(4)-C(5) 0.005(3)
6 rC-H 1.111(6)
7 rSi-H 1.500(7)
8 6 SiH3 tilt –1.1(1)
9 6 SiH3 wag –2.0(2)

10 6 Si-C-C(3) 116.2(2)
11 6 H-Si-C3 axis 110.2(12)
12 6 SiH3 torsion 16.5(19)
13 6 C(1)-C(2)-C(3) 119.9(2)
14 6 C(3)-C(4)-C(5) 120.1(3)
15 6 C(2)-C(3)-H(3) 119.0(10)
16 6 C(3)-C(4)-H(4) 120.3(10)

standard deviation. We chose not to continue to ap-
ply such restraints based on assumptions that could
not be easily tested.

The model for ODSB was defined in overall C2
symmetry. The ring geometry was restricted to C2v,
except in one refinement described below. The SiH3
groups were allowed to adopt different C-Si-H an-
gles by using SiH3 wag/tilt parameters, whereby the
SiH3 wag parameter moves the local C3 axis in the
plane of the ring and the SiH3 tilt parameter moves
the C3 axis in the plane perpendicular to that of the
ring. The total geometry was defined by 16 indepen-
dent geometrical parameters. Their definitions and
values are given in Table 2. The structure was refined
using 47 restraints which are explained in Tables 6,
the most important being restraints of the C-C-H
angles (p15, p16), the differences between the C-C
distances (p3,p4, p5) and the differences between
the C-Si-H angles. The amplitude u(SiÿÿÿSi) was re-
strained, as it tended to obtain physically insensible
values if refined freely. The refinement converged
at a final value of RG = 5.1% (RD = 3.4%).

The calculations have shown that the SiCCSi di-
hedral angle was 3.1þ, and in the crystal this angle
was 0.8þ. In a refinement (ra) in which the C6H4Si2
fragment had C2 symmetry, the dihedral angle re-
fined to 3.9(40)þ , corresponding to a lengthening
of Si: : : Si by 0.009 Å. The esd of this distance is

Table 7. Independent geometric parameters (ra) for the
GED refinements of 1,3-disilylbenzene, MDSB.

No. Description ra/Å, 6 /ÿ

1 1/3[rC(1)-C(2) 1.400(1)
+ rC(3)-C(4) + rC(4)-C(5)]

2 rSi-C 1.871(2)
3 1/2[rC(1)-C(2) + rC(3)-C(4)] 0.011(1)

– rC(4)-C(5)
4 rC(1)-C(2) - rC(3)-C(4) 0.0002(1)
5 rC-H 1.092(7)
6 rSi-H 1.488(6)
7 6 C(6)-C(1)-Si(7) 120.5(2)
8 6 H-Si-C 108.4(8)
9 6 C(1)-C(2)-C(3) 120.4(4)

10 6 C(2)-C(1)-C(6) 119.4(3)
11 6 C(1)-C(6)-H(6) 121.7(15)

0.015 Å, so the deviation from planarity is not sig-
nificant, and in the final refinement the out-of-plane
parameter was not included.
1,3-Disilylbenzene, MDSB. The model for

MDSB was defined assuming C2v symmetry over-
all. The SiH3 groups, for which local C3v symme-
try was assumed, were modelled as freely rotating
by introduction of 12 equally-weighted conformer
positions. The total geometry was defined by 11 in-
dependent geometrical parameters. Their definition
and values are given in Table 3. The structure was
refined using 17 restraints, which are explained in
Table 7, the most important being restraints on the
C-Si-H angles and on the differences between the C-
C distances (p3 and p4). The refinement converged
at a final value of RG = 6.3% (RD = 4.5%).

The Si-C bond length in MDSB is 1.871(1) Å,
which is very close to that in the analogous 1,3-
bis(trimethylsilyl)benzene, 1.864(4) Å [21]. How-
ever, due to the presence of other Si-C bonds in this
compound, this distance is not as independently de-
termined as in our case. The ipso-C-C-C angles in
MDSB are 119.4(3)þ, corresponding to less pro-
nounced benzene ring deformation than in 1,3-bis-
(trimethylsilyl)benzene, where this angle is smaller,
at 116.2(4)þ [21].
1,4-Disilylbenzene, PDSB. The model for PDSB

was defined assuming overall C2v symmetry. As for
MDSB, the SiH3 groups were modelled as freely ro-
tating by introduction of 12 equally-weighted con-
former positions. The total geometry was defined
by eight independent geometrical parameters. Their
definitions and values are given in Table 4. The
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Table 8. Independent geometric parameters (ra) for the
GED refinements of 1,4-disilylbenzene, MDSB.

No. Description ra/Å, 6 /ÿ

1 1/3[rC(1)-C(2) 1.403(1)
+ rC(2)-C(3) + rC(3)-C(4)]

2 rSi-C 1.870(2)
3 rC(1)-C(2) - rC(2)-C(3) 0.009(5)
4 rC-H 1.104(6)
5 rSi-H 1.497(6)
6 6 C(6)-C(1)-C(2) 119.0(2)
7 6 H-Si-C 108.9(9)
8 6 C(1)-C(2)-H(2) 117.9(12)

structure was refined using 11 restraints, which are
explained in Table 8, the most important being a re-
straint on the differences between the C-C distances
(p3). The refinement converged at a final value of
RG = 5.4% (RD = 3.6%).

The Si-C bond length in PDSB is 1.870(2) Å (ra),
which is slightly longer than that in the analogous
1,4-bis(trimethylsilyl)benzene [1.854(4) Å, ra] [22].
However, the problem mentioned for 1,3-bis(trime-
thylsilyl)benzene regarding the correlation of this
parameter with the other Si-C bond lengths in the
molecule also applies here. The ipso-C-C-C angles
in PDSB are 119.0(2)þ which corresponds to a much
less pronounced benzene ring deformation than in
1,4-bis(trimethylsilyl)benzene, where this angle is
smaller at 115.7(4)þ [22], although steric arguments
can hardly be used to rationalise this.
Ab initio calculations. The lowest energy con-

formers of the potential energy hypersurfaces for
ODSB, MDSB and PDSB were found to be of C2,
C2 andD2 symmetry, respectively. The highest level
for geometry optimisations was MP2/6-311G(d).
Harmonic frequency calculations on the RHF/6-
31G(d) level showed these to be minima and gave
low frequencies for MDSB and PDSB at 13 cmÿ1,
which are related to the rotations of the SiH3 groups
about the Si-C axes. Barriers to rotation were calcu-
lated for all three compounds, revealing ODBS to
be the only one having a slight barrier of 2 kJ molÿ1

[MP2/6-31G(d)], which is reasonable, as the two
SiH3 groups are close together and hinder one an-
other in their rotations. The barriers for MDSB and
PDSB were found to be negligible compared to the
zero-point energies, thus indicating free rotation of
these groups. This was taken into consideration in
the refinements of the GED data (see above). The
force fields computed at the RHF/6-31G(d) level

were used to calculate vibrational amplitudes (us-
ing the program ASYM40 [23]) for the purpose of
applying them as restraints in the GED refinements
in some cases as described above.

Discussion

Our new parameter values characterising the
molecular structure of silylbenzene are listed in Ta-
ble 1, together with purely theoretical data and the
results of the earlier study based solely on GED
data [13]. In general we find a reasonable agree-
ment between the structure determinations in the
gas phase, the solid state (for ODSB and PDSB) and
the ab initio calculations. The bond lengths deter-
mined by crystallography are generally shorter than
those obtained from the GED refinements, while the
theoretically calculated ones are almost always the
longest. The usual overestimation of bond lengths
between second and third row atoms (C-Si) at the
MP2 level is also observed in the present investiga-
tion. Considering only bond lengths, the agreement
between GED parameter values and ab initio values
is better than any of these with the crystallographic
values. The reverse is observed for the bond angles,
as the agreement between ab initio values and solid-
state values is markedly better than between either
of them and the gas-phase data.

For ODSB the VSEPR model predicts a com-
pression of the angles at both carbon atoms bearing
the silyl groups and a widening of the adjacent C-C
distances, which should be most pronounced for the
distance C(1)-C(2). In fact this distance is consider-
ably longer (ED 1.418(3) Å, XRD 1.410(2) Å) than
the average C-C distance in silylbenzenes or than
that in benzene [r0

ÿ
1.3970(3) Å] [24]. The variation

of the C-C distances shows the same pattern for
all three methods. However, it has to be noted that
the information in the GED structure stems almost
completely from the restraints on the differences
between the C-C distances taken from the ab initio
calculations.

The contraction of the ipso-C-C-C angles in
ODSB is observed in the crystal structure (118.7þ

on average) and calculated to be almost the same
value, whereas the GED refinement shows only a
slight, insignificant contraction. The same applies
for the consequent widening of the ring angle at
C(3) and the slight contraction of that at C(4).

A simple way of predicting the distortions of the
benzene ring geometry upon substitution with two
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Scheme 2.

silyl groups is to treat the effect of each silyl group
independently, i. e. to add the angle distortions ob-
served in monosilylbenzene in two different orienta-
tions as is depicted in Scheme 2. Our new gas-phase
structure for silylbenzene was used as the basis ge-
ometry for these predictions, as we can expect this
structure to be very reliable because it is based on
so many different pieces of experimental and theo-
retical information.

Comparing the resulting prediction with the ac-
tual structures derived by the three methods de-
scribed above, we see that the predicted structure
of ODSB is very well represented by the crystal
structure and the ab initio calculation, whereas the
GED geometry shows less pronounced distortion of
the benzene ring geometry as defined in terms of
ring angles.

The most pronounced ring distortion is predicted
for MDSB, with the C-C-C angle at the atom be-
tween the two ipso-C-atoms being widened by 2.2þ.
This is exactly the value calculated ab initio for this
compound, but the distortion found in the SARA-
CEN refinement is much less [C-C-C 120.4(4)þ]
and not significantly different from an undistorted
benzene ring.

It seems unnecessary to repeat this discussion
for every detail of the other two disilylbenzenes,
MDSB and PDSB, as the results are analogous in
their trends and the accuracy of the methods in-
volved. Scheme 2 in itself can be used for a more

in-depth comparison of all parameters. It should,
however, be mentioned that the incremental system
(see Scheme 2) works well if compared to the ab ini-
tio values, whereas the relatively small distortions
are not so well represented by the GED data, in par-
ticular the ring angle distortions. The XRD values
show some deviation in themselves, as the maxi-
mum possible molecular symmetry is not realised
in the crystal structures. The variations in angles re-
lated by molecular, but not crystal symmetry shows
that distortions of up to at least 1þ may be due to
packing reasons.

A similar comparison using the distortion of the
C-C distances is more complicated, because the dis-
tances in the three different methods are physically
not the same and thus can not be compared directly.

The repulsion between the silyl groups in ODSB
leads to pronounced structure distortions and largely
different Si-C-C angles. The differences between
the angles Si(7)-C(2)-C(1) and Si(7)-C(2)-C(3) fall
over a range of 4 - 6þ in the solid state and are almost
8þ in the gas phase. In MDSB and PDSB, where no
such silyl group repulsions occur, the Si-C-C angles
on both sides of a Si-C bond are almost equal.

Furthermore, the (Si)C-C(Si) bond in ODSB
is markedly lengthened [GED 1.418(3), XRD
1.410(2) Å] with respect to all other C-C bonds
in the four silylbenzene derivatives presented in
this contribution. This lengthening is probably also
caused by silyl group repulsion and the electronic
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Table 9. Experimental conditions (camera distances, nozzle and sample temperatures), data intervals, data ranges and
trapezoidal weighting function points, correlation parameters, scale factors, electron wavelengths and final R factors
for the GED experiments and refinements of the compounds 1,2-disilylbenzene (ODSB), 1,3-disilylbenzene (MDSB)
and 1,4-disilylbenzene (PDSB).

Compd Camera T samp T nozz ÿs Weighting function [Åþ1] Corrn. Scale Wavelength R Factor
dist. [mm] [ÿC] [ÿC] [Åþ1] smin sw1 sw2 smax par. factor [Å] [%]

SB 285.39 20 20 0.2 2.0 4.0 12.2 14.4 –0.007 0.809(6) 0.05691 4.7
128.36 20 20 0.4 10.4 11.2 30.4 34.4 0.226 0.504(15) 0.05694

ODSB 746.92 35 52 0.2 2.0 4.0 13.8 16.2 0.427 1.217(13) 0.04866 5.4
300.63 52 67 0.4 8.0 10.0 30.4 35.6 0.421 0.785(15) 0.04866

MDSB 746.93 29 52 0.2 2.0 4.0 13.8 16.2 0.485 1.120(9) 0.04866 6.2
300.63 56 73 0.4 8.0 10.0 30.4 35.6 0.317 0.768(13) 0.04866

PDSB 746.96 40 53 0.2 2.0 4.0 13.8 16.2 0.422 1.264(10) 0.04866 5.1
300.63 51 69 0.4 8.0 10.0 30.4 35.6 0.343 0.875(15) 0.04866

effect of the electropositive Si substituents and is
consistently observed by all methods applied.

Conclusion

Our theoretical results on the geometries of the
disilylbenzenes are consistent with the predictions
of a simple increment model that predicts the ben-
zene ring distortions as an additive effect of the
influence that is exerted independently by the two
silyl groups. Some deviations from these geometries
are observed in our crystallographic results, which
are mainly associated with reduced molecular sym-
metry in the crystal structures, leading to additional
small distortions of the molecules. On average these
values are close to those from the increment model
and those calculated ab initio.

The GED/SARACEN structures of the disilyl-
benzenes show consistently smaller distortions than
observed in the other methods, but reflect the same
trend for angle widenings and compressions. Either
the distortions in the gas phase are smaller than pre-
dicted (and smaller than found experimentally in
the crystalline phase), or there are systematic vibra-
tional effects that have not been taken into account
in the present analysis. It is noteworthy that the ex-
perimental distortion in 1,3,5-trisilylbenzenes [25]
is smaller than calculated ab initio, and in this case
the high molecular symmetry rules out the possibil-
ity of substantial non-systematic error.

However, the results presented in this contribu-
tion show again that using one method alone to
determine the structure of a molecule might be mis-
leading even if the distortions are comparably small,
but significant in terms of standard deviations. The

Table 10. Selected distances, amplitudes and restraints for
the GED refinement of silylbenzene, SB.

No. Atom pair Distance Amplitude Restraint

1 C2þþþH8 1.105(4) 0.075(7)
2 C1þþþC2 1.404(3) 0.056(6)
3 C2þþþC3 1.399(2) 0.055 tied to u2
4 C3þþþC4 1.399(3) 0.055 tied to u2
5 Si7þþþH13 1.477(3) 0.089(7) u5 = 0.087 ý 0.009
6 C1þþþSi7 1.865(3) 0.072(5)
7 C2þþþH9 2.184(13) 0.095(10) u7 = 0.095 ý 0.010
8 C1þþþC3 2.440(3) 0.061(3)
9 C2þþþC4 2.419(5) 0.061(3) u9/u8 = 0.988 ý 0.050

10 C3þþþC5 2.421(6) 0.061(4) u10/u8 = 0.888 ý 0.044
11 C2þþþSi7 2.849(4) 0.087(6)
12 C2þþþC6 2.408(6) 0.062(4) u12/u8 = 1.008 ý 0.050
13 C1þþþC4 2.818(5) 0.070(9)
14 C2þþþC5 2.789(2) 0.071(9) u14/u13 = 1.002 ý 0.050
15 C3þþþSi7 4.157(3) 0.104(5)
16 C4þþþSi7 4.676(5) 0.085(11) u16 = 0.130 ý 0.013
17 C1þþþH9 3.441(9) 0.097(9) u17 = 0.091 ý 0.009
18 Si7þþþH8 2.981(23) 0.156(14) u18 = 0.148 ý 0.015
19 C1þþþH13 2.771(21) 0.130(13) u98 = 0.126 ý 0.013

results for ODSB lead also to the conclusion that the
repulsion between the two SiH3 groups has no in-
fluence on the distortion of the ring geometry. This
becomes even more obvious by the fact that the in-
crement model does not take SiH3 group repulsion
into account but predicts the structure distortion of
ODSB correctly.

Experimental

The preparation of the compounds was described else-
where: 1,2-disilylbenzene (ODSB) [6], 1,3-disilylbenz-
ene (MDSB) [7], 1,4-disilylbenzene (PDSB) [8].
Crystal structure determinations of ODSB and PDSB:

Single crystals of ODSB and PDSB were grown in situ
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Table 11. Selected distances, amplitudes and restraints for
the GED refinement of 1,2-disilylbenzene, ODSB.

No. Atom pair Distance Amplitude Restraint

1 C-H 1.111(6) 0.066(9)
2 C(4)-C(5) 1.389(3) 0.051(2)
3 C(3)-C(4) 1.394(2) 0.051 (tied to u2)
4 C(2)-C(3) 1.401(2) 0.051 (tied to u2)
5 C(1)-C(2) 1.418(3) 0.051 (tied to u2)
6 Si-H 1.500(7) 0.085(7)
7 Si-C 1.875(2) 0.058(2)
8 C(1)þþþC(5) 2.420(5) 0.060(2)
9 C(3)þþþC(5) 2.437(6) 0.060 (tied to u8)

10 C(1)þþþC(3) 2.441(4) 0.060 (tied to u8)
11 C(3)þþþSi(7) 2.793(3) 0.077(4)
12 C(1)þþþC(4) 2.805(4) 0.069(4) u8/u12 = 0.887 ý 0.044
13 C(3)þþþC(6) 2.817(10) 0.068(4) u8/u13 = 0.888 ý 0.044
14 H(3)þþþSi(7) 2.857(17) 0.150(15) u14 = 0.147 ý 0.015
15 C(1)þþþSi(7) 2.914(3) 0.077(4)
16 SiþþþSi 3.507(10) 0.164(8) u16 = 0.130 ý 0.013
17 C(4)þþþSi(7) 4.119(4) 0.077(4)
18 C(6)þþþSi(7) 4.204(4) 0.075(4) u17/u18 = 1.015 ý 0.051
19 C(5)þþþSi(7) 4.678(3) 0.081(4)

Table 12. Selected distances, amplitudes and restraints for
the GED refinement of 1,3-disilylbenzene, MDSB.

No. Atom pair Distance Amplitude Restraint

1 C-H 1.092(7) 0.073(10)
2 C(4)-C(5) 1.394(1) 0.045(2)
3 C(3)-C(4) 1.404(1) 0.045 (tied to u2)
4 C(1)-C(2) 1.404(1) 0.045 (tied to u2)
5 Si-H 1.488(6) 0.080(6)
6 Si-C 1.871(2) 0.053(2)
7 C(4)þþþC(6) 2.418(6) 0.058(2)
8 C(1)þþþC(5) 2.424(4) 0.058 (tied to u7)
9 C(2)þþþC(4) 2.425(5) 0.058 (tied to u7)

10 C(1)þþþC(3) 2.437(5) 0.058 (tied to u7)
11 C(1)þþþH(71) 2.733(13) 0.138(12) u11 = 0.131 ý 0.013
12 C(2)þþþC(5) 2.794(9) 0.066(4) u7/u12 = 0.893 ý 0.045
13 C(1)þþþC(4) 2.804(4) 0.066 (tied to u12)
14 C(2)þþþSi(7) 2.848(2) 0.076(2)
15 C(6)þþþSi(7) 2.852(3) 0.076 (tied to u14)
16 H(2)þþþSi(7) 2.963(4) 0.164(15) u16 = 0.154 ý 0.015
17 H(6)þþþSi(7) 3.004(26) 0.090(9) u17 = 0.088 ý 0.009
18 C(5)þþþSi(7) 4.153(4) 0.075(2)
19 C(3)þþþSi(7) 4.163(3) 0.075 (tied to u18)
20 C(4)þþþSi(7) 4.675(3) 0.073(4)
21 SiþþþSi 5.675(5) 0.109(5)

by slowly cooling the melt in a sealed capillary below
the melting point of 204(3) and 278(3) K after genera-
tion of a suitable seed crystal. Crystal data for ODSB,
C6H10Si2,Mr = 138.32, crystal system monoclinic, space
group P21/n, Z = 4, a = 8.3960(9), b = 8.1127(8), c =
12.3291(15) Å, þ = 95.130(14), V = 836.42(16) Å3 at
135(2) K, ý = 0.332 mmþ1. 2ümax: = 60ÿ, !/2ü-scan,
2830 indep. reflections [Rint: = 0.088]. Extinction correc-

Table 13. Selected distances, amplitudes and restraints for
the GED refinement of 1,4-disilylbenzene, PDSB.

No. Atom pair Distance Amplitude Restraint

1 C-H 1.104(6) 0.085(9)
2 C(2)-C(3) 1.397(3) 0.048(2)
3 C(1)-C(2) 1.405(2) 0.048 (tied to u2)
4 Si-H 1.497(6) 0.083(5)
5 Si-C 1.870(2) 0.056(2)
6 C(2)þþþC(6) 2.422(3) 0.061(3) u7/u6 = 0.989 ý 0.050
7 C(1)þþþC(3) 2.433(2) 0.061(2)
8 C(1)þþþH(71) 2.748(15) 0.168(14) u8 = 0.158 ý 0.016
9 C(2)þþþC(5) 2.796(3) 0.071(4) u7/u9 = 0.896 ý 0.045

10 C(1)þþþC(4) 2.824(4) 0.069(4) u7/u10 = 0.892 ý 0.045
11 C(2)þþþSi(7) 2.853(2) 0.084(2)
12 H(2)þþþSi(7) 3.009(23) 0.192(16) u12 = 0.189 ý 0.019
13 C(3)þþþSi(7) 4.160(2) 0.075(2)
14 C(1)þþþSi(8) 4.694(3) 0.078(4)
15 SiþþþSi 6.564(2) 0.084(4)

Table 14. Rotational constants for silylbenzene applied as
restraints in the GED refinement.

Description Restraint Uncertainty Refined value Difference

A 5702.960 100.0 5361.932 341.027
B 1499.234 0.034 1499.234 0.000
C 1187.058 0.007 1187.058 0.000

Table 15. Further restraints applied in the GED refinement
of the structures of 1,2-disilylbenzene, ODSB, 1,3-disilyl-
benzene, MDSB and 1,4-disilylbenzene, PDSB.

Description Re- Uncer- Refined Differ-
straint tainty value ence

1,2-Disilylbenzene, ODSB:

u(C1þþþH6) 0.0966 0.0097 0.0974 –0.0008
u(C1þþþH6)/u(C3þþþH4) 0.9938 0.0497 0.9813 0.0125
u(C1þþþH6)/u(C4þþþH3) 1.000 0.050 0.9882 0.0118
u(C1þþþH6)/u(C4þþþH5) 0.999 0.0499 0.9869 0.0121
u(C1þþþH6)/u(C1þþþH3) 1.0354 0.0518 1.038 –0.0026
u(C1þþþH6)/u(C1þþþH5) 1.0321 0.0516 1.0356 –0.0035
u(C1þþþH6)/u(C3þþþH5) 1.0398 0.052 1.0426 –0.0028
u(C1þþþH6)/u(C4þþþH6) 1.0376 0.0519 1.0396 –0.002
u(C1þþþH6)/u(C1þþþH4) 1.0376 0.0519 1.0567 –0.0191
u(C1þþþH6)/u(C3þþþH6) 1.0365 0.0518 1.0537 –0.0172
u(H4þþþSi7) 0.1188 0.0118 0.1143 0.0045
u(H6þþþSi7) 0.1137 0.0114 0.1105 0.0032
u(H5þþþSi7) 0.0998 0.0099 0.1008 –0.001
u(C2þþþH71) 0.1311 0.0131 0.1353 –0.0042
u(C2þþþH72) 0.1716 0.0171 0.1745 –0.0029
u(C2þþþH73) 0.1716 0.0172 0.1746 –0.003
u(C2þþþH81) 0.2142 0.0214 0.2054 0.0088
u(C2þþþH83) 0.1273 0.0127 0.1263 0.001
u(C2þþþH82) 0.1273 0.0127 0.1343 –0.007

tion [ext. coefficient 0.015(4)], no absorption correction.
114 parameters, R1 = 0.0454 for 2441 reflections with Fo
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Table 15 (continued).

Description Re- Uncer- Refined Differ-
straint tainty value ence

u(C3þþþH71) 0.1625 0.0162 0.163 –0.0005
u(C3þþþH72) 0.1938 0.0193 0.1733 0.0205
u(C3þþþH73) 0.1938 0.0194 0.1939 –0.0001
u(Si7þþþH81) 0.3555 0.0355 0.3515 0.004
u(Si7þþþH83) 0.1637 0.0164 0.1658 –0.0021
u(Si7þþþH82) 0.250 0.025 0.200 0.050
u(C3þþþH81) 0.1991 0.0199 0.1976 0.0015
u(C3þþþH83) 0.1409 0.014 0.1426 –0.0017
u(C3þþþH82) 0.1409 0.0141 0.1402 0.0007
u(C4þþþH71) 0.1673 0.0167 0.172 –0.0047
u(C4þþþH72) 0.1971 0.0197 0.1942 0.0029
u(C4þþþH73) 0.1971 0.0197 0.1939 0.0032
u(C4þþþH81) 0.1693 0.0169 0.1709 –0.0016
u(C4þþþH83) 0.1701 0.017 0.1702 –0.0001
u(C4þþþH82) 0.1701 0.017 0.1704 –0.0003
p3 0.0238 0.0031 0.0227 0.0011
p4 0.0094 0.0017 0.0092 0.0002
p5 0.0056 0.0027 0.0051 0.0005
p16 120.0 1.00 120.2693 –0.2693
p15 119.7 1.00 118.9878 0.7122
6 CSiH71 – 1/2[ 6 CSiH72 –3.22 0.23 –3.2968 0.0768

+ 6 CSiH73]
6 CSiH72 – 6 CSiH73 –0.78 0.18 –0.7754 –0.0046

1,3-Disilylbenzene, MDSB:

p8 110.145 1.000 108.3716 1.7734
u(C1þþþH2)/u(C4þþþH5) 0.995 0.0497 1.0036 –0.0086
u(C1þþþH2)/u(C1þþþH6) 0.745 0.0372 0.7508 –0.0058
u(C1þþþH2) 0.0964 0.0096 0.0855 0.0109
u(C4þþþH2)/u(C1þþþH5) 0.9979 0.0499 1.0029 –0.005
u(C2þþþH4)/u(C4þþþH6) 0.8912 0.0446 0.8876 0.0036
u(C4þþþH2)/u(C2þþþH4) 0.5986 0.0299 0.5919 0.0067
u(C4þþþH2) 0.0932 0.0093 0.0937 –0.0005
u(Si7þþþH5) 0.1197 0.0119 0.1161 0.0036
u(C1þþþH4) 0.1688 0.0168 0.1475 0.0213
u(Si7þþþH4) 0.1881 0.0188 0.1772 0.0109
p3 0.0114 0.0012 0.0112 0.0002
p4 0.0003 0.0001 0.0002 0.0001

1,4-Disilylbenzene, PDSB:

u(C1þþþH2) 0.0966 0.0096 0.0999 –0.0033
u(Si7þþþH3) 0.1321 0.0123 0.1314 0.0007
u(C5þþþH2) 0.0735 0.0073 0.0736 –0.0001
u(H71þþþH75) 0.150 0.015 0.147 0.003
u(C1þþþH2)/u(C1þþþH3) 1.035 0.0517 1.0243 0.0107
u(C1þþþH2)/u(C2þþþH6) 1.048 0.0524 1.0339 0.0141

> 4 û(Fo) and wR2 = 0.1127 for all 2656 data. Crystal
data for PDSB, C6H10Si2, Mr = 138.32, crystal system
monoclinic, space group P21/n, Z = 4, a = 9.0646(11),
b = 7.4787(12), c = 6.2845(10) Å, þ = 95.904(16), V =
423.78(11) Å3 at 205(2) K, ý = 0.338 mmþ1. 2ümax: =
60ÿ,!/2ü-scan, 1750 indep. reflections [Rint: = 0.046]. No
extinction or absorption correction. 49 parameters, R1 =
0.0541 for 1235 reflections with Fo > 4 û(Fo) and wR2 =
0.1368 for all 1638 data. Solution (direct methods) and

Table 16. Correlation matrix elements (þ100) with abso-
lute values > 50 for the least squares refinements of SB.
k1 and k2 denote scaling factors.

p2 p3 p5 p8 u10 u14 u15 k1 k2

–71 –72 p1
–57 p4

–59 p7
–55 p11

58 u1
–64 –64 u7

58 u12
59 u13

100 92 u14

Table 17. Correlation matrix elements (þ100) with ab-
solute values > 50 for the least squares refinements of
ODSB. The Table is split in two parts. k1 and k2 denote
scaling factors.

p7 p13 p14 p10 k1 k2

–61 73 p1
61 p2

–66 p13
51 u(Si-H)

62 k1

refinement were performed using the program SHELXTL
5.01 [26].
Gas-phase electron diffraction. Electron scattering in-

tensity data for SB were recorded on Kodak Electron
Image plates using the Edinburgh diffraction apparatus
[27] operating at 40 kV acceleration voltage. Two data
sets at different camera distances were recorded for each
compound from three exposures at each camera distance.
Diffraction patterns of benzene were recorded concur-
rently for the purpose of calibration of wavelengths.

Electron scattering intensity data for ODSB, MDSB
and PDSB were recorded on Kodak Electron Image film
using the Oregon State University diffraction appara-
tus operating at 60 kV acceleration voltage. Two data
sets at different camera distances were recorded for each
compound from three exposures. Diffraction patterns of
CO2 were recorded concurrently for the purpose of wave-
length-calibration.

The least-squares refinements were carried out using
the program ED96 [28] using the scattering factors estab-
lished by Fink and co-workers [29]. The refined molecu-
lar parameters, their definition and the applied restraints,
a list with selected interatomic distances including vi-
brational amplitudes and applied restraints are listed in
Tables 10 - 19.
Ab initio calculations. Ab initio molecular orbital cal-

culations were carried out using the Gaussian 98 pro-
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Table 17 (continued).

U U u u u u u u u u u u u
(C1-C2) (C3þþH4) (C4þþH3) (C4þþH5) (C4þþSi7) (C6þþSi7) (C1þþH3) (C1þþH5) (C3þþH5) (C4þþH6) (C1þþH4) (C3þþH6) (Si-H)

79 p1
–55 p7

–55 –53 71 p14
74 74 74 76 76 76 76 77 77 u(C1þþþH6)

55 54 56 56 56 56 57 57 u(C3þþþH4)
55 57 57 57 57 57 57 u(C4þþþH3)

56 56 56 56 57 57 u(C4þþþH5)
58 u(C4þþþSi7)

57 57 57 58 58 u(C1þþþH3)
57 57 58 58 u(C1þþþH5)

57 58 58 u(C3þþþH5)
58 58 u(C4þþþH6)

59 u(C1þþþH4)

Table 18. Correlation matrix elements (þ100) with ab-
solute values > 50 for the least squares refinements of
MDSB.

p9 p7 p10 u u u u u

(C1þþH6)(C4þþH5)(C2þþH4)(C4þþH6)(Si-H)

–57 57 58 p1
–65 p2

52–93 p9
–62 p7

85 85 u(C1þþH2)
73 u(C1þþH6)

81 u(C4þþH2)
55 u(C1þþH5)

gram [30]. Geometryoptimisations and vibrational fre-
quency calculations were performed from analytic first
and second derivatives at the SCF and MP2 levels of the-
ory. Calculations were undertaken at the SCF level using
the standard 3-21G [31] and 6-31G(d) [32] 6-311G(d)
[33] basis sets, while the larger was used for calculations
at the MP2 level of theory.
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