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Abstract

The heptasilane Me(SiMe3)2SiSiH2SiMe(SiMe3)2 was synthesized from Me(SiMe3)2SiK and H2Si(OSO2CF3)2. Crystals suitable for a
X-ray single crystal analysis could be grown, with the somewhat surprising result that the two dihedral angles (H3)CSiSi(H2)Si are dif-
ferent in the crystal (24.58(10)� and 31.67(11)�). SiSiSi-bonds angles are widened, with values up to 117�. Ab initio calculations at the
density functional B3LYP level employing 6-311G(d) basis sets predict minima for five conformers 1–5 with relative energies 0.0, 3.1,
8.2, 10.8 and 18.1 kJ/mol, respectively. Moreover, SiSiSiSi dihedral angles spanning the range 43.5–172.3� are predicted, reflecting the
small forces which are required for distorting these angles.

In the Raman spectrum of a solution in toluene, three lines at 350, 340 and 330 cm�1 are observed in a wavenumber range which is
typical for the SiSi-pulsation of methylated oligosilanes. The relative intensity ratio of the bands is temperature dependent, reflecting the
changes in conformer concentrations that occur according to Boltzman’s law. Supported by the ab initio calculations, the Raman band at
350 cm�1 is assigned to an ‘averaged’ conformer 1 and 2, because a rapid interconversion between 1 and 2 has to be assumed due to a
small barrier separating them. The bands with wavenumbers 340 and 330 cm�1 originate from conformers 3 and 4. From the Raman
spectra, relative energies 0.0 (1 + 2), 2.2 (3) and 6.3 (4) kJ/mol are deduced, the presence of 5 is not observed. Caused by solvent effects,
these values differ somewhat from the ab initio results.
� 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Understanding the conformational behaviour of longer
flexible linear chains certainly is crucial for determining or
predicting the behaviour of organic molecules. However,
conformational properties are also important for chains
composed of heavier backbone atoms such as silicon, ger-
manium or tin. Research in the last 20 years focused primar-
ily on oligo- and polysilanes which show interesting
physical properties such as strong absorbance in the near
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UV which is commonly believed to be due to a rSiSi
! r*SiSi transition [1]. Semiempirical [2] and ab initio cal-
culations [3] suggest that these rr* excitation energies are
strongly dependent on the backbone conformation of the
chain. For example, the thermochromism of polysilane
solutions has been attributed to the change of the relative
population of all-trans segments with temperature. Usually,
a bathochromic shift of the absorption in the near UV
occurs upon cooling [4]. Further thermal studies of polysil-
anes revealed that polysilane conformational equilibria are
rather complicated, providing evidence for a large number
of phases, for instance for [n-octyl2Si]n and [n-decyl2Si]n [5].

The nature of the various phases of polysilanes was
gradually revealed by the pioneering work of Michl and
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coworkers who studied tetrasilanes which are the simplest
oligosilanes that offer backbone conformations. They
reached the conclusion that in n-Si4H10 [6] and n-Si4Me10

[7] it is not the transition energy but the intensity of the
transition to the four lowest excited states that is highly
sensitive to the backbone conformation. Moreover, the
ab initio calculations predicted the existence of three non-
equivalent backbone conformers for the n-Si4Me10 chain
[7,8] with dihedral angles x � 60� (gauche), x � 90�
(termed ortho) and x � 165� (called anti at that time). Cal-
culations also suggested the existence of a third (ortho)
backbone conformer for the n-C4F10 chain, for which the
three nonequivalent conformers have been identified by
direct observation of their mid-IR matrix-isolation spectra
[9,10]. Similarly, three backbone conformers were pre-
dicted for CF3SiMe2SiMe2CF3 [11], SnMe3SiMe2Si-
Me2SnMe3 [12] and the chains SiMe3SiX2SiX2SiMe3 with
X = H, F, Cl, Br and I [13]. In a Raman matrix-isolation
study of SiCl3SiCl2SiCl2SiCl3 all three backbone conform-
ers could be identified experimentally [14], and also in an
electron diffraction study of n-Si4Me10 [15].

A general analysis of linear n-A4X10 chains predicted
that for substituents X whose van der Waals radius is
0.8–1.0 times the AA bond length three rotamers will
appear on the potential energy surface and that the split-
ting of the familiar gauche minimum into two is primarily
due to 1,4-substituent van der Waals interactions [16]. The
splitting of the anti minimum (backbone dihedral angle x
exactly 180�) into two around ±165� (called transoid) has
been attributed to 1,3-steric interactions. Most recently,
computational examination of n-Si4Et10, n-Si4Me8Et2 and
n-Si4Me6Et4 suggested that for longer alkyl chain substitu-
ents there will be five backbone conformers with the back-
bone dihedral angles x around 40�, 60�, 90�, 145� and 165�
[17]. Consequently, the authors propose a new nomencla-
ture for linear backbone conformations: anti (x = 180�),
transoid (x � 165�), deviant (x � 145�), ortho (x � 90�),
gauche (x � 60�), cisoid (x � 40�) and syn (x = 0�). A
recent minireview summarizes these findings [18].

These results would seem to suggest that a Si4 chain can
adopt any pre-chosen dihedral angle x as a local minimum
on the potential energy surface provided that the substitu-
ents are selected in an appropriate way. A prerequisite
probably is that not all 10 substituents should have the
same size and electronegativity, though this might not be
a strict condition. For instance, ab initio calculations for
n-Si4F10 predict a backbone conformer with x � 120�
(MP2/6-31G*), [16] a dihedral angle which is not predicted
for any other n-tetrasilane with 10 identical substituents. It
is of some note that a related conformer with x � 115� is
predicted for SiMe3SiF2SiF2SiMe3 [13].

To corroborate this hypothesis we have set out to pre-
pare some oligosilanes with tetrasilane-substructures that
possess at least three different types of substituents which
in addition should be of vastly differing size and electroneg-
ativity and to examine their conformational properties by
ab initio calculations, Raman spectroscopy and possibly
X-ray diffraction. The substituents from which the tetrasil-
anes were composed comprise SiMe3, Me, H, F, Cl, Br and
I, and the substitution pattern is presented below.

X = H, F, Cl, Br, I, Ph ;
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possess a threefold rotation axis, excluding rotational iso-
mers which differ by torsional angles of bonds within the
substituents. Calculations on Si4Et10 showed that substitu-
ent conformations also influence the torsion angles of the
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In this paper, we report on the title compound with
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Raman vibrational spectroscopy was chosen as an
experimental method for probing molecular conformations
because of its short time scale of the order �10�13 s. For
compounds containing bonds between third row elements,
it is superior to NMR spectroscopy so powerful in organic
chemistry. Most barriers hindering internal rotations of
SiSi-bonds are so small that NMR spectroscopy, even at
temperatures below �100 �C, simply is too slow for moni-
toring the process. For instance, the barrier for ring inver-
sion of Si6Me12 is so small that the splitting of the 13C
resonances due to axial and equatorial positions of the
methyl groups can barely be observed at �165 �C [19]. A
further difficulty is that at such low temperatures the solu-
bilities of many silanes are too low for performing NMR
spectroscopy.
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2. X-ray diffraction

The molecular structure of the title compound is shown
in Fig. 1, and selected molecular parameters are presented
in Table 1. As expected, all SiSi bond lengths are in the nor-
mal range which is 232–236 pm. Some of the SiSiSi bond
angles deviate strongly from the tetrahedral angle
(109.5�), for instance the angle at the central atom Si(3)
which is 116.9�. This is as large as the angles at the central
Si-atom of HSi[Si(SiMe3)2Me]3 which are 115.5�, 116.0�
and 115.8�, respectively [20]. The angles within the two
Si(SiMe3)2Me groups (Si1Si2Si6 and Si5Si4Si7) are opened
up also with values of 112.97� and 112.40� respectively,
reflecting the strong van der Waal’s interactions between
the groups.

Molecular symmetries which are possible for
Me(SiMe3)2SiSiH2SiMe(SiMe3)2Me are C2v, C2, or C1.
C2v and C2 demand identity of the two dihedral angles
C4Si2Si3Si4 and C5Si4Si3Si2. This is not found in the crys-
tal, as these two angles are �31.7� and �24.6� (see Table 1).
They differ by about 7�. They are however reasonably close
to the values of 44 and 26–28� predicted by the ab initio
calculations for the two low energy conformers 1 and 2,
indicating a small barrier between them. One should keep
Fig. 1. ORTEP drawing of the molecular structure of Me(SiMe3)2

Table 1
Important bond lenghts (pm), bond angles (�) and dihedral angles (�) for Me(

Bond length Bond angle

Si2Si3 234.11(12) Si2Si3Si4
Si3Si4 234.74(12) Si6Si2Si3
Si1Si2 234.69(10) Si1Si2Si3
Si6Si2 234.19(13) Si1Si2Si6
Si5Si4 234.04(14) Si5Si4Si3
Si7Si4 233.96(10) Si7Si4Si3

Si5Si4Si7
in mind, however, that conformations in the solid state
may not correspond to a local energy minimum of the
undisturbed isolated molecule, especially if the related
energy barriers of conformational changes are low and
the space group of the crystalline phase is of low symmetry.

3. Ab initio calculations

Geometry optimizations were performed at the density
functional B3LYP level with 6-311G(d) basis sets using
GAUSSIAN03 [21]. Analytical frequency calculations ensured
that the stationary points are actually minima on the
potential energy surface (PES). A complete scan of the
PES was performed at the restricted HF level using STO-
3G basis sets keeping both Me–Si–Si–Si angles fixed in
20� steps.

The title compound can be looked upon as a substituted
trisilane (SiMe3)2MeSiSiH2SiMe(SiMe3)2 whose conforma-
tion can be characterized by two dihedral angles CSiSiSi.
Its potential energy surface therefore may be compared
with 1,3-disubstituted propanes and trisilanes. If the sub-
stituents X are halogen atoms, propanes as well as trisil-
anes show classical conformational minima with XCCC
or XSiSiSi dihedral angles x 1/x2 of �±60� and
SiSiH2Si(SiMe3)2Me with hydrogen atoms omitted for clarity.

SiMe3)2SiSiH2Si(SiMe3)2Me

Dihedral angle

116.91(4) C4Si2Si3Si4 �31.67(11)
106.41(4) Si1Si2Si3Si4 89.90(5)
108.28(4) Si6Si2Si3Si4 �148.49(4)
112.97(4) C5Si4Si3Si2 �24.58(10)
106.28(5) Si5Si4Si3Si2 �144.45(4)
105.45(4) Si7Si4Si3Si2 96.04(5)
112.40(4)



X

X

X

X

X

X X

X

anti/anti anti/gauche gauche(+)/gauche(+) gauche(+)/gauche(-)

Fig. 2. Drawings of the conformers of 1,3-dihalopropanes and 1,3-dihalotrisilanes.
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�±180�. Four spectroscopically different conformers, anti/
anti (x1 = x2 = 180�), anti/gauche (x1 = 180�, x2 = 60�),
gauche(+)/gauche(+) (x1 = x2 = 60�), and gauche(+)/
gauche(�) (x1 = 60�, x2 = �60�), are expected to repre-
sent minima on the PES if optical isomerism is neglected.
These are shown in Fig. 2 as parts of a cyclohexane ring
for better visualization.

To gain some qualitative insight into the effects tri-
methylsilyl-substitution has on the two-dimensional
potential energy surface of trisilanes, we performed calcula-
tions for I2HSiSiH2SiHI2 and the title compound
(SiMe3)2MeSiSiH2SiMe(SiMe3)2. A 20� grid was used for
the point-wise calculation of the PES for both compounds,
allowing relaxation of all internal coordinates except the
torsion angles HSiSiSi or (H3)CSiSiSi which were fixed at
pre-chosen values. A double Fourier series calculated by
a least square method was then used to approximate the
resulting surfaces and to represent them mathematically.
Details are described in Section 5. Fig. 3 presents the result
for I2HSiSiH2SiHI2 (left) and the title compound
(SiMe3)2MeSiSiH2SiMe(SiMe3)2 (right). The difference
between the two PES’s is striking. Tetraiodotrisilane exhib-
its classical behaviour with the four conformations anti/
anti, anti/gauche, gauche(+)/gauche(+) and gauche(+)/
gauche(�) representing the minima. Moreover, the surface
appears very smooth. The PES of the title compound dis-
plays a much more rugged shape with a much larger num-
ber of minima, though many of them seem to be shallow.

So far, we were able to locate five minimum structures
on the PES of the title compound, which are presented in
Fig. 4 together with the relative energies and the CSiSiSi
torsion angles x1 and x2. There surely are more, as the
representation of the PES employing a Fourier series sug-
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Fig. 3. PES of internal rotation of I2HSiSiH2SiHI2 (left) and of the title comp
CSiSiSi vary between �180� and +180�.
gests. Stationary points can be found by calculating the
partial derivatives, and geometry optimizations can then
be carried out using the particular set of geometrical
parameters as input. It turned out that many minima are
very shallow and that we were unable to locate them on
the level of theory we used. Due to restrictions of available
disk space and computer time, MP2 calculations were out
of range.

The calculated torsion angles for the two low-energy
conformers (26�/26� and 28�/41�) agree quite well with
the results of the X-ray experiments, which gave angles of
24.6� and 31.7� (Table 1). As the calculated values differ
by mere 15�, the barrier separating the two conformers
must be small and is easily overcome by the packing forces
in the crystal.

In Fig. 5, the abundance of the calculated SiSiSiSi-
torsion angles in the range 0� 6 |x| 6 180� is illustrated
with the help of a histogram. Numerical values for the
angles are summarized in Table 2.

Maxima occur around 60� (gauche), 80–100� (ortho) and
140� (deviant) as predicted also for linear chains with alkyl
substituents. However, additional minima on the PES exist,
for instance, between 110–130 � and 70–80�. The only range
for which no torsion angles could be found is 0–40�. The
histogram thus supports the hypothesis that by suitable
choice of substituents minima for SiSiSiSi torsion angles
spanning almost the whole range 0–180� can be introduced
into an oligosilane. This is easily understood in terms of
non-bonded interactions between the substituents. As the
forces which are required to distort SiSiSiSi dihedral angles
are very small, the combined energies of the substituent
interactions determine the conformations of the Si-
backbone.
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Fig. 4. Ball/stick models for the conformers 1–5 (numbered by increasing relative energies) of the title compound.
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Fig. 5. Distribution of the calculated SiSiSiSi-torsion angles |x| in the range 0� 6 |x| 6 180� for the conformers 1–5 of the title compound.

Table 2
Predicted CSiSiSi and SiSiSiSi dihedral angles (�) for the conformers 1–5 of Me(SiMe3)2SiSiH2Si(SiMe3)2Me

No. C4Si2Si3Si4 C5Si4Si3Si2 Si1Si2Si3Si4 Si6Si2Si3Si4 Si5Si4Si3Si2 Si7Si4Si3Si2

1 26.3 26.3 144.5 �93.8 144.5 �93.8
2 27.6 41.3 145.6 �92.8 158.3 �79.0
3 175.0 �9.0 60.0 �69.9 111.4 �127.7
4 157.8 �56.9 43.5 �89.0 65.7 �172.3
5 164.7 164.7 50.6 �83.2 50.6 �83.2
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4. Raman spectra and rotational isomerism

The Raman spectrum of the title compound in the wave-
number range 100–900 cm�1 is presented in Fig. 6. This
range comprises the CSiSi and CSiC deformations
6250 cm�1, which do not allow to distinguish individual
conformers. Due to their large number, massive band over-
laps occur The same argument applies to the region 600–
900 cm�1, where SiC-stretching modes and methyl rocking
modes are expected. The vibrations which are most sensi-
tive to molecular conformations are the SiSi stretching
modes which fall into the wavenumber range 300–500
cm�1. In particular, it is the SiSi-stretch with the smallest
wavenumber which possesses the highest Raman intensity
that can be used for probing molecular conformations. It
can be described as a ‘symmetric’ pulsation of the Si7-skel-
eton in which all SiSi-bonds are involved, which is also the
reason it possesses a high Raman intensity. For the title
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Fig. 6. Raman spectrum of the title compound in the range 100–900 cm�1. (A) crystalline solid, RT; (B) melt at 100 �C; (C) solution in toluene, RT.

Fig. 7. Appearance and deconvolution of the ‘symmetric’ SiSi-pulsation
mode of the title compound (solution in toluene, room temperature).

Table 3
Calculated wavenumbers (cm�1) and Raman scattering activities (Å4/
AMU) in parentheses for the SiSi-stretching vibrations of conformers 1–5

1 2 3 4 5

339(41) 336(27) 317(32) 313(30) 307(28)
341(0) 339(13) 350(4) 343(1) 337(0)
420(3) 418(3) 426(6) 421(6) 427(8)
435(10) 439(9) 432(8) 445(4) 441(4)
459(5) 453(7) 467(0) 456(5) 465(1)
468(4) 469(4) 476(7) 481(8) 485(3)
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compound, this mode is located at roughly 330–350 cm�1,
depending on the conformations. The remaining SiSi-
modes which appear in the range 400–500 cm�1 have only
small intensities and are of little value for probing molecu-
lar conformations. qSiH2 vibrations, which appear in the
wavenumber range 350–500 cm�1, usually have very low
Raman intensities and are also not suitable for investigat-
ing molecular conformations with Raman spectroscopy.
Moreover, the ab initio calculations for the conformers
1–5 predict qSiH2-frequencies which are all in the narrow
range 379–392 cm�1. It is impossible to resolve them in
the Raman spectrum.

In the crystalline solid (spectrum A), the ‘symmetric’ SiSi-
pulsation appears as a sharp symmetric line located at
350 cm�1, which of course means that a single conformer
is present in the crystal. In the molten state (spectrum B), a
shoulder at longer wavelength appears, whose intensity
increases with temperature. In solution (spectrum C, in tol-
uene) the overall shape of the band is similar. Upon closer
inspection, it turns out to be split into three components with
wavenumbers 350, 340 and 330 cm�1, as illustrated in Fig. 7.

The relative intensities of the components in the band
vary with temperature T, a sure sign that they originate
from different conformers whose concentrations in the
equilibrium mixture change with temperature according
to Boltzmann’s law.

The assignment of the observed Raman lines to SiSi
stretching vibrations of individual conformers 1–5 relies
on the results of the ab initio calculations. Table 3 summa-
rizes the calculated wavenumbers and absolute Raman
intensities for 1–5. There are six SiSi-bonds in the molecule
and consequently, six SiSi vibrations are calculated for
each conformer.

Table 3 clearly demonstrates that for each conformer
the SiSi vibration with the lowest wavenumber is predicted
to possess the highest Raman intensitiy, which is corrobo-
rated by the Raman spectra (Fig. 6).

Moreover, the ab initio calculations predict that con-
formers 1 and 2 propably cannot be resolved with vibra-
tional spectroscopy as the SiSi wavenumbers are too
close. More importantly, the barrier separating them on
the PES cannot be large because all the torsion angles of
1 and 2 differ by not more than 15� (Table 2). Therefore,
a rapid interconversion of the two conformers is likely to
occur, resulting in an averaged spectrum analoguous to
averaging of NMR signals in the region of fast exchange.
This follows from the theory of the activated complex (Eyr-
ing equation) which gives a pre-exponential factor vTkBh�1

of the order of 1010 depending on the value of v (v: trans-
mission factor, T: temperature, kB: Boltzmann constant, h:
Planck constant). For a barrier of �2.5 kJ/mol (which is
RT for 298 K), a lifetime of �10�11 s is expected. A sup-
posed wavenumber difference of 10 cm�1 corresponds to
a frequency difference Dm = 3 · 1011 Hz. On the time scale
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Fig. 8. Van’t Hoff plots for the line pairs 350/340 cm�1 (left), 350/330 cm�1 (middle), and 340/330 cm�1 (right) for the temperature range 210–300 K.
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of vibrational spectroscopy, the interconversion of the two
conformers 1 and 2 thus is not a slow process.

If the barrier separating conformers is considerably lar-
ger than �2.5 kJ/mol, the interconversion is slow and each
conformer will give its own vibrational spectrum. In this
case, the enthalpy difference between conformers can be
obtained from temperature dependent Raman spectra,
because the intensity ratio of two bands belonging to differ-
ent conformers varies with temperature according to the
van’t Hoff equation

lnðIa=IbÞ ¼ �DH=RT þ const:

Here, Ia and Ib are the intensities of bands belonging to
conformer a and b, respectively. The van’t Hoff equation
in the form given above is derived under the assumption
that DH(= Ha � Hb) and the Raman scattering coefficients
for conformers a and b are independent of temperature.

Based on the ab initio calculations, the Raman lines at
340 and 330 cm�1 are assigned to rotamers 3 and 4, respec-
tively. The rotameric state 5 probably is not populated
noticeably at ambient temperatures due to its high energy.
Fig. 8 presents van’t Hoff plots for the band pairs 350/
340 cm�1 (left), 350/330 cm�1 (middle) and 340/330 cm�1

(right). Band areas obtained from deconvolutions using
Lorentzian band shapes as shown in Fig. 7 were employed
for the calculation of ln(Ia/Ib). The use of band heights
gave essentially the same results. From the slopes of the
least square fits, DH-values of �2.23 ± 0.62, �6.33 ±
1.47, and �4.10 ± 1.30 kJ/mol are obtained, which seem
to be consistent as the difference between the first two gives
the third one. They can be compared with the ab initio DE-
values of ��7, ��9 and ��2.5 kJ/mol, respectively. Here,
the energy of the averaged conformer 1 + 2 was assumed as
�1.5 kJ/mol.

The agreement between experiment and ab initio calcu-
lations is not staggering, which may be attributed to several
causes. First of all, the ab initio results refer to the gaseous
state, whereas the Raman spectra come from the liquid
state. Relative energies of conformers usually are solvent
dependent, and is often observed that a more polar con-
former is stabilized and a less polar conformer is destabi-
lized in polar solvents, an effect which can even change
the sign of DH. The calculated dipole moments of conform-
ers 1–5 are 0.80, 0.93, 0.80, 1.16 and 1.0 Debye, respec-
tively. They can differ by as much as 0.36 Debye, which
means that solvent effects may not be negligible.

Second, the accuracy of the method depends on several
premises. For instance, the bands attributed to the various
conformers should be ‘pure’ bands which means that there
is no overlap with bands from other conformers, be that
fundamentals or overtones. If there is Fermi resonance
between an overtone and a fundamental for a conformer,
the intensity of the overtone is greatly enhanced and exper-
imental DH-values will be influenced. As spectra for single
conformers normally are not available, such effects cannot
be accounted for. Moreover, the presence of an as yet
unknown conformer might also obscure the spectra, an
occurrence which we cannot rule out for the present hept-
asilane (see Section 3). As the statistical error limits which
result from the least square fits of the data do not take into
account these effects, the actual errors can be much larger.

It is of some note that in the molten state between 40
and 100 �C, the conformational behaviour of the title com-
pound is quite different. This we attribute to the much
stronger intermolecular forces, which of course are also
responsible for the high viscosity of the melt. Besides a
small wavenumber shift, the shape of the band located at
�350 cm�1 is very similar to the band-shape in solution.
Interestingly, it is the effects of temperature on relative
intensities which are completely different. In the melt, three
bands at 340, 332 and 323 cm�1 appear. With increasing
temperature, the intensity ratio I340/I332 increases, just
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opposite to what is observed in solution. The experimental
DH-value is +7.9 kJ/mol (solution: �2.2). The values for
the pairs 340/323 and 332/323 are also different (�3.7
and �11.7 kJ/mol, respectively), but there is no change of
sign. Evidently, the conformers (and their relative energies)
present in the melt differ quite distinctly from the conform-
ers found in solution. Unfortunately, these problems can-
not be addressed with the help of ab initio calculations.

5. Experimental part

5.1. General remarks

All manipulations and reactions were carried out under
anaerobic conditions using Schlenk techniques. Solvents
were dried over Al2O3 using a column purification system
of Innovative Technology.

1H (299.95, 500.62 MHz), 13C (75.43, 125.89 MHz) and
29Si (59.59 MHz) NMR spectra were recorded on a VAR-
IAN INOVA 300 and/or INOVA 500 spectrometer. Shifts
are referenced against TMS (tetramethylsilane).

The mass spectrum was obtained with a HP 5971A cou-
pled to a HP 5890 series II gas chromatograph.

Raman spectra were recorded with a JOBIN-YVON
spectrometer equipped with a triple monochromator, a fre-
quency doubled Nd:YAG laser (10 mW, 532 nm) and a
CCD detector. Samples were distilled into 1 mm capillaries
and then sealed under N2. For recording the spectra at low
and high temperatures the capillary was mounted on a cop-
per block that could be cooled with liquid nitrogen and
heated resistively. The temperature was monitored with a
thermocouple. To avoid any deposition of ice, the copper
block was placed inside an evacuable cryostat.

X-ray data were obtained with a BRUKER SMART
Apex diffractometer. The structure was solved by direct
methods (SHELTEX97) and refined by using full-martrix
least-squares techniques based on F2.

Elemental analyses were carried out with a VARIO EL
by HERAEUS.
5.2. Synthesis

To a solution of 2.02 g (11 mmol) diphenylsilane in
25 mL of toluene 1.95 g (22 mmol) of trifluoromethanesulf-
onic acid CF3SO3H was added dropwise at 0 �C. The reac-
tion mixture was then allowed to warm to room
temperature and was stirred overnight to complete the
reaction. The solution of bis(trifluoromethanesulfonyl-
oxy)silane was then added to a toluene solution of 5.00 g
(22 mmol) of methylbis(trimethylsilyl)potassium (prepared
from MeSi(SiMe3)3 and tertBuOK [22]) at �78 �C over a
period of one hour. The reaction mixture was then allowed
to come to room temperature and was stirred for 48 h to
complete the reaction. After filtration from the salts and
removal of the solvent i.v., the bright yellow, oily residue
was purified by fractionation in vacuo. The colorless oil
solidified upon standing at room temperature, and the
quality of the crystals was sufficient for a X-ray analysis.
The yield was 2.00 g (44%).

B.p.: 110 �C/1 mmHg.
Elemental analysis C14H44Si7 (409.11), calc./exp.: C,

41.10/41.25%; H, 10.84/10.88%.
29Si NMR: d(SiH2) = �108.3, 1JSiH = 169 Hz, d(SiMe) =

�85.4, d(SiMe3) = �12.2.
13C NMR: d(SiMe3) = 0.1; d(SiMe) = �10.7.
1H NMR: d(SiH2) = 3.0 (s, 2H), d(SiMe) = 0.18 (s, 6H),

d(SiMe3) = 0.16 (s, 36H).
MS (70 eV), m/e (%): 408 (1) [M+�H], 334 (10)

[M+�SiMe3�H], 319 (3) [M+�SiMe3�Me�H], 260 (100)
[M+�2SiMe3�H], 245 (18) [M+�SiMe3�Me�H], 189
(12) [Si(SiMe3)Me+], 73 (69) ½SiMeþ3 �.

Crystal data: C14H44Si7, triclinic, space group P 1,

a = 9.808(2) Å, b = 12.410(3) Å, c = 12.454(3) Å, a =
86.28(3)�, b = 67.62(3)�, c = 80.70(3)�, V = 1383.2 (5) Å3,
dcalc. = 0.982 g/cm3, T = 100(2) K, final R indices
[I > 2r(I)]: R1 = 0.0429, wR2 = 0.1080, GOF = 1.164.
5.3. Two-dimensional discrete approximation of the PES by

trigonometric functions

In this subsection, we briefly describe the approximation
of the PES whose values are only known at a finite set of
points. We assume that this set forms an equidistant qua-
dratic lattice (x1i, x2j) with 1 6 i,j 6 L, and we denote by
PES(x1i,x2j) the value of the PES at the point (x1i, x2j).
Since the PES is periodic in x1 and x2 we use trigonometric
functions for approximation, and we impose the condition
that the square mean becomes minimal (least squares
approximation). The PES in the domain �p 6 x1 6 p,
�p 6 x2 6 p is thus approximated by a double Fourier ser-
ies of the form

f ¼
X2Nþ1

l;m¼1

clmglm;

subject to the condition

XL

i;j¼1

½f ðx1i;x2jÞ � PESðx1i;x2jÞ�2 ¼ minimal:

Here glm(x1,x2) :¼ u l(x1)um(x2), where u1(x) = 1,
u2j(x) = cos(jx) and u2j+1(x) = sin(jx) for all x, �p 6
x 6 p. The real coefficients clm then are determined by a
system of (2N + 1)2 linear equations. By a detailed analysis
it can be shown that this system of equations has a unique
solution only if L > 2N + 1. It is plausible that such a con-
dition must hold: In the extreme case when L is very small
and N is large, we will find, in general, many different func-
tions f approximating the PES exactly, i.e., functions f such
that f(x1i,x2j) = PES(x1i,x2j) for all i, j.

Our computations were performed on a personal com-
puter using the MATLAB� software package. After having
obtained the smooth proximum f, we determined its local



3370 A. Dzambaski et al. / Journal of Organometallic Chemistry 691 (2006) 3362–3370
minima and maxima. In order to do this, we computed the
partial derivatives of/ox1 and of/ox2, and depicted the
function

gðx1;x2Þ ¼ ðof ðx1;x2Þ=ox1Þ2 þ ðof ðx1;x2Þ=ox2Þ2:
Note that the zeros of g correspond exactly to the points
where of/ox1 and of/ox2 both vanish, that is, to the extre-
mal points of f. From the graphical output we could then
easily read off the local minima and local maxima of f,
which were then used as starting points for geometry
optimizations.

6. Supplementary data

The structure has been deposited with the Cambridge
Crystallographic Center under the deposition number
CCD 298667. Copies of this information may be
obtained free of charge from The Director, CCDC, 12
Union Road, Cambridge CB2 1EZ, UK or e-mail:
deposit@ccdc.cam.ac.uk or www: http://www.ccdc.cam.
ac.uk.
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