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The similarities and differences between carbon and its
heavier congener silicon generate challenging synthetic
targets, especially when multiply bonded systems are con-
cerned. The first stable compound with a Si=Si bond goes
back to West et al. in 1981, and conjugated systems with Si=
Si double bonds were pioneered in 1997 by Weidenbruch
etal.’)’. Whether silicon analogues of benzene can show
aromatic character is still a point of constant debate.”! The
aromatic nature of silabenzenes has been predicted theoret-
ically, but the synthesis of a stable silabenzene was not
accomplished until Tokitoh etal. reported the sterically
encumbered 2.4,6-tris[bis(trimethylsilyl)methyl]phenyl-sub-
stituted monosila derivative.’! At the same time, Ando et al.
independently reported the synthesis of 1,4-disila Dewar
benzene.! Only two years later, Sekiguchi et al. accomplished
the synthesis of 1,2-disilabenzene by reacting RSi=SiR (R =
Si(CH(SiMe;),iPr) with PAC=CH in a formal [24+2+42] cyclo-
addition reaction.” Recently, in a cooperative effort with the
Roesky group, we reported the synthesis of a 1,4-disilaben-
zene by reacting [{PhC(N7Bu),}Si], with diphenyl alkyne.®!
With regards to homonuclear systems, the Scheschkewitz
group recently made groundbreaking progress with the
isolation of ring!” and cagel'”! isomers of hexasilabenzene
(Scheme 1), which prompted the present experimental
charge-density study.

The dark-green-colored six-membered ring system 1 rear-
ranges upon heating or UV irradiation to the red silicon cage
compound 2 with a bridged propellane structure.'”’ An
analogous transformation for fully saturated silicon com-
pounds under irradiative conditions has been described by
Kira and co-workers.''l We propose a transition of 1 to 2 by
the reaction pathway in Scheme 1 (bottom). The transforma-
tion proceeds by the breaking of the Sil—Si3 and Si2—Si4
bonds in 1, followed by a twist of the four-membered silicon
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Scheme 1. The two hexasilabenzene isomers (R=Tip, 2,4,6-triisopro-
pylphenyl) and the proposed transformation.

ring and the formation of the new Si1—Si2 and Si3—Si4 bonds
(see Scheme 1 and video in the Supporting Information).

In the following, we analyze the bonding situation in the
ring (1) and cage (2) isomer of hexasilabenzene (TipSi)s on
the basis of experimental charge-density investigations
(Figure 1). High-resolution X-ray data with (sin/1),,,=

Figure 1. Static deformation density contour plot of 1 (left) and 2
(right). Contour lines are drawn at +0.015, 0.03, ... e A~ interval
levels. Blue: positive; red: negative.

1.11 for 1 and 1.16 A~! for 2 were collected on a rotating
anode diffractometer at 100 K, and the structures were
refined using the Hansen and Coppens multipole model.[*?!
Subsequently, the resulting experimental charge-density
(CD) distribution p(r) was analyzed by topological analysis
according to Bader’s quantum theory of atoms in molecules
(QTAIM).™ Within this formalism, the topological proper-
ties of the density at a (3, —1) critical point, that is, a bond
critical point (BCP), in the electron density distribution p(r)
between a pair of atoms describe character and strength of
a chemical bond. Localization of p(r) in the bonding region
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between the nuclei reaches a local minimum along the bond
path at p(rpcp) (Figure 5). When the Laplacian V2o(rgcp) =
L(r) is negative, the electron density is locally concentrated at
the BCP, which in turn exerts a net attractive force on the
nuclei of the bonded atoms (Figure 2). This can be used to
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Figure 2. L(r) along selected bond paths in 1.

distinguish between various types of interactions. Negative
values of L(r) are accompanied by high electron density at the
BCP, which are commonly associated with a covalent char-
acter of the bond (shared interaction), while distinct positive
values of L(r) in connection with low electron density at the
BCP are attributed to closed-shell interactions (for example,
ionic, coordinative, metal-metal bonds).'"! However, it is
well-known that this strict classification does not hold for very
polar bonds but is well established to compare similar bonds
among each other.”! Additional information can be gained
by the value of the bond ellipticity,' e(rpcp) = (A1/2,—1),
where the two A4 values are the eigenvalues of the Hessian
matrix perpendicular to the bond vector; ¢ quantifies the
deviation from rotational symmetry for a given bond density
distribution. Such a deviation would, for instance, be expected
for an aromatic m-bond. Another topological parameter to
classify the type of a bond is #(rgcp) =| 4, | /A3. The value of
7(rgcp) is less than unity for closed-shell (ionic) interactions,
and increases with bond strength and decreases with the ionic
contribution in shared (covalent) interactions. Apart from
performing a topological analysis we compared the electron
density after multipole refinement to theoretical values [in
squared brackets]. The latter values result from multipole
refinement of calculated structure factors obtained from
Fourier transform with the program TONTO!” from a pre-
viously calculated single-point wave function (Gaussian™® at
the wB97XD/6-311G(d,p) level).’*') From this, multipole
refinements against the theoretical data a local scattering
factor database was generated with the program Invariom-
Tool™ (see the Experimental Section).

The isomer 1 crystallizes in the monoclinic space group
P2,/n with the midpoint of the central silicon ring residing on
an inversion center (Scheme 1). The asymmetric unit contains
half a molecule and one benzene molecule as lattice solvent.
The central motif of 1 consists of a tricyclic arrangement of
silicon atoms in a chair conformation similar to the fully
saturated compound previously reported by Kira et al.™ Two
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of them are substituted by two Tip ligands, two by only one
and two by none, only bound to three neighboring silicon
atoms. At the latter we found a distinct valence shell charge
concentration (VSCC) of —2.08 [—1.39] e A~ in the position
where the lone pair of the silicon(0) atom would be expected
(Si3; Figure 3) in the Lewis diagram. Formally one could

Figure 3. Laplacian distribution around the silicon atoms of 1 at an
isosurface level of —1.9 eA~*. Si3—Si3’ distance: 2.70638(16) A.

assign the oxidation state + II to Sil, + 1 to Si2 and zero to Si3.
We found a similar pattern of +1.6e [+1.4e], +0.6¢
[+0.6 e],—0.3 e[—0.1 e], respectively from the Bader charges
obtained by integration of the atomic basins. This documents
a good agreement of experiment and theory. The different
charges indicate that polarization in the silicon ring occurs:
the higher electronegativities of the adjacent carbon atoms
suggest a polarization especially of the Si—C bonds. The
values of p(r) at the BCP of the Si1—Si2 and Si1—Si3 bonds are
similar with 0.537(5) [0.524] and 0.545(6) [0.518] e A3,
respectively, whereas the transannular Si2—Si3 bond however
accumulates only 0.466(7) [0.484] e A~>. The highest value of
p(rgep) is found between the Si2-Si3’ silicon atoms with
0.595(11) [0.537] e A=. The same is valid for the L(r) values.
Between Sil—Si2 and Si1—Si3 L(r) is similar with —1.645(8)
[-1.798] eA~° and —1.628(8) [—1.616] e A5, respectively,
while the transannular Si2—Si3 bond shows a much higher
L(r) value of —1.164(9) [—0.940] e A~5. The most negative
L(r) for a Si—Si bond in 1 was found for the Si2—Si3’ bond,
with —2.285(12) [—1.798] e A~*. The qualitative comparability
of the L(r) distribution is remarkably good, except for Si1—Si3
(Figure 2; Supporting Information, Figure SI16). In any case,
the weakest interaction is the transannular bond between Si2
and Si3, the strongest is at the outside of the four-membered
ring between Si2’ and Si3 accommodating the m-bond in the
Lewis diagram, and the Sil—Si3 single bond in the three-
membered ring lies half-way in between.

Importantly, no BCP was found for a possible through-
space interaction between Si3 and Si3’. The triangle formed
by Sil-Si2-Si3 (Figure 1) is a typical example of strained ring
systems with bent bonds."*?! The maxima in the deformation
density are clearly outside of the line directly connecting the
atoms and the bond paths are extremely curved (Figure 5). In
contrast to the covalent silicon-silicon bonds, the silicon—
carbon bonds are much more polar (Supporting Information,
Figure SI15). Close to the silicon atom, L(r) reaches a high
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maximum around + 600 e A~* and decreases to almost zero at
the BCP with a plateau of slightly negative values and reaches
a minimum close to the carbon atoms. This distribution can be
attributed to the strongly polar character of these bonds. The
distribution of L(r) also explains the differences of the value
at the BCP between experiment and theory.

The ionic character of the Si—C bonds is also obvious for
the 7(rgcp) value at the BCPs (Supporting Information,
Table SI8). While #(rgcp) is around one or higher for the Si—Si
bonds, thus indicating their covalent character, #7(rgcp) is
below 0.5 for the Si—C bonds, demonstrating their high ionic
character. The Si—C bonds in 1 exhibit similar properties to
Si—C, Si—N, and Si—O bonds previously analyzed.['>*?!]

The second isomer of hexasilabenzene 2 crystallizes in the
space group C2/c with Sil and Si4 on a twofold rotational axis
(Scheme 1). The asymmetric unit contains half a molecule
and 1.5 THF molecules. The bridged propellane-like 2 adopts
a cage structure consisting of six silicon atoms. As in 1, two
vertices are substituted by two Tip ligands, two by one and
two by none, but bound to just three silicon atoms. In contrast
to the carbon-based [1.1.1]propellane, there is no accumu-
lation of electron density (Figure 1, right) and no indication of
a Si—Si bond path between the bridgehead atoms Si3--Si3" at
the hub of the silapropellane moiety.”? As in 1, there is
a distinct VSCC in the non-bonding region of Si3 (—4.00
[-1.15] e A=) pointing away from the inner silicon cage, in
line with the expectation derived from the simple Lewis
formalism and an alternative description as a charge shift
bond (Figure 4).%*! The non-existence of a bridgehead bond

Figure 4. Laplacian distribution around the silicon atoms of 2 at an
isosurface level of —1.9 eA~. Si3—Si3’ distance: 2.64173(12) A.

path confirms the substantial biradical character, but the
closeness of the ring critical point to the potential bond
critical point also confirms that even only slight differences in
the density of these systems can create or prevent a bridge-
head bond path.*!

As the conformational change 1—2 would not require any
ligand scrambling in the cage structure 2, the expected
oxidation states of the silicon atoms are + II for Sil and Si4,
+1 for Si2, and zero for Si3, as in 1. We retrieved the pattern
in the experimental Bader charges but found a slight differ-
ence in the theoretical data. Sil and Si4 differ clearly in their
experimentally derived value of 1.06 [1.45] e (Sil) and 1.55

www.angewandte.org

© 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

[1.41] e (Si4). In fact, the differing charges are in better
agreement with experiment than the theory. Atoms Sil and
Si4 show different reactivity in 2, which was recently
reported.”™ We currently cannot explain this discrepancy.
However the high integrated charge of Si4 also fits the
unusual downfield resonance of 6=174.6ppm in the
»Si NMR spectrum of 2 described earlier, which can be
rationalized by invoking magnetically induced cluster cur-
rents."”) Atoms Si2 and Si3 show much lower Bader charges
(+0.73 [+0.64] and —0.30 [—0.15]). The electron density
values at the BCP of the Si1—Si2 bond are, upon conversion
from 1 to 2, the highest values in 2, with 0.580 [0.575] e A3,
followed by Si2—Si3’ and Si2—Si3, with 0.555 [0.538] and 0.512
[0.532] e A=, respectively. The Si3—Si4 bond lies in between,
with 0.527[0.519] e A=, In terms of bond strength, this picture
is consistent with L(r) at the BCP. Si1—Si2 has the strongest
shared interaction with —2.942 [—2.580] e A~* and the other
BCPs show a much lower level of around —1.8 ¢ A%, with the
weakest interaction being the Si2—Si3 bond (Figure 5).

Figure 5. Curved bond paths with bond critical points and ring critical
points for 1 (left) and 2 (right).

The qualitative shapes of the L(r) curves in 2 are
comparable to 1, but look more alike among each other.
The silicon—carbon bonds in 2 also show the strong polar-
ization towards the carbon atoms (Supporting Information,
Figure S19) with a low # value and thus high ionic contribu-
tion.!’¢2"®! The ¢ values along the BP in 2 have a similar
distribution as in 1 along the Si—C bonds while Si2—C16 and
Si4—C31 differ most prominently from the theoretical values
(see the Supporting Information). This is consistent with the
deviation of ¢ in the Si2—Si3 and the Si3—Si4 bond where the
deviation is also most prominent. The overall qualitative
comparability of ¢ in 2 is much better than in 1 and the
ellipticities are higher. The ellipticity of the Sil—Si2 bond is
remarkably low while the bonds of the silapropellane residue
are distinctly higher. This fits the observation that the
silapropellane part of 2 also shows bent bonds as can be
seen in Figure 1, right. The remaining silapropellane wings
and the bridging bonds to Sil are depicted in the Supporting
Information, Figure S27.

Comparing 1 and 2, both cores can be imagined as
positively charged metal cages of silicon atoms that are not
strongly polarized in themselves and are coordinated by
negatively charged carbon atoms. The Si—Si bonds are quite
similar in strength, except for the considerably weaker
transannular Si2—Si3 bond in 1, lending further support to
the delocalized nature according to the simple resonance
structures of Scheme 1. The Sil—Si2 bond is stronger and less
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elliptic; it accommodates less delocalized electron density
than the others. The distribution of L(r) along the Si—Si BPs
does not differ much in absolute value but the experimental
values have a tendency to polarize in the direction of Si3. The
theoretical distribution is more symmetric. Even though the
absolute values are different in theory and experiment, the
qualitative ¢ values of the Si—Si bonds suggest a more
delocalized electron density distribution in 2, although the
bond lengths are in the range of single bonds in the propellane
part of the molecule and the bridging Sil being more sigma
bonded to its adjacent silicon atoms (Supporting Information,
Figure S17).

In conclusion, our experimental charge density investiga-
tion shows that the assumption of aromaticity in the ring
isomer of hexasilabenzene 1 is valid. Clearly there is a VSCC
present in the non-bonding region in the apical position of Si’.
Furthermore, the transannular VSCCs of opposite silicon
atoms indicate the presence of two transannular bonds. A
discussion of bond distances from independent atom model
refinement alone is insufficient, because all Si—Si distances
are similar. An interstitial bond between both Si’ bridgehead
atoms in the cage silapropellane conformer 2 was not found,
although it is present in the similarly arranged carbon
propellane. It is interesting to note that the Bader charges
correlate well with the three different oxidation states of the
silicon atoms and even respond to the chemically different
environment in 2.

Experimental Section

The high-resolution X-ray data for the multipole refinements were
collected from oil-coated shock-cooled crystals selected using the X-
Temp2 device® on a BRUKER Smart APEX II Ultra with
INCOATEC mirror optics (Mo-Ko radiation, A=0.71073 A)
equipped with a Bruker liquid nitrogen cooling device.

Crystal data for 1: C,;,H,5,Sisz, M =1544.76 gmol~!, monoclinic
space group P2,/n, a=12.644(2), b=26.368(5), c=15.206(3) A, =
107.183(3)°, V=48433(16) A%, Z=2, Peyea=1.059Mgm™, u=
0.129 mm™', 731646 reflections measured, 55651 unique, RI-
(I>20(1)) =0.0299, wR2(I>20(I)) =0.0643 GoF=2.226 after multi-
pole refinement. Crystal data for 2: C,,H;,0:S, M=
1604.86 gmol~', monoclinic space group C2/c, a=21.505(6), b=
17.375(5), ¢=25.979(7) A, B=94.554(10)°, V=9676.3(5) A%, Z=2,
Peaica=1.102Mgm™>, u=0.134 mm ', 618471 reflections measured,
55022 unique, R1(I>20(1))=0.022, wR2(I>20(I)) =0.056, GoF=
2.63 after multipole refinement. The data collection strategy for
1 and 2 was calculated with COSMO to ensure high redundancy and
completeness up to full resolution. Data reduction was performed
with SAINT and absorption correction with SADABS. The promo-
lecule was refined with SHELXL97? and ShelXle.”®! Multipole
refinement was completed with XD2006*! and MolecoolQT."
CCDC915313 (1) and 915312 (2) contain the supplementary
crystallographic data for this paper. These data can be obtained
free of charge from The Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/data_request/cif

Before the properties of 1 and 2 could be analyzed, some inherent
structural problems had to be overcome. Large molecules in the solid
state are nearly always disordered,*!) which reduces the scattering
power of X-ray radiation and thus the resolution of the measurement
drastically.m] Furthermore, the treatment of disordered structures in
experimental X-ray charge density analysis is not a common task.
Luckily the crystals of 1 and 2 showed enough scattering power for
charge density analysis with in-house measured data despite the
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disorder of the solvent molecules and parts of the ligand sphere of
1 and 2. The multipole model, used for refinement of both structures,
was not designed to model the charge density of disordered
structures.”® Nevertheless, a good approximation of the electron
density in these disordered regions was achieved by using theoret-
ically derived scattering factors from a tailor-made database of those
chemical environments that occur in the two structures with the
program InvariomTool.'”! This procedure is related to the invariom
approach.”) We still claim to have performed an experimental charge
density study, because the multipole parameters describing the
molecular core were freely refined and only those for the disordered
outer sphere were held fixed (see also the Supporting Information).
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