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Abstract: An experimental and theoretical charge density
study confirms the interpretation of (cAAC)2Si as a silylone to
be valid. Two separated VSCCs present in the non-bonding
region of the central silicon are indicative for two lone pairs. In
the experiment, both the two crystallographically independent
Si�C bond lengths and ellipticities vary notably. It is only the
cyclohexyl derivative that shows significant differences in these
values, both in the silylones and the germylones. Only by
calculating increasing spheres of surrounding point charges we
were able to recover the changes in the properties of the charge
density distribution caused by weak intermolecular interac-
tions. The nitrogen–carbene-carbon bond seems to have
a significant double-bond character, indicating a singlet state
for the carbene carbon, which is needed for donor acceptor
bonding. Thus the sum of bond angles at the nitrogen atoms
seems to be a reasonable estimate for singlet versus triplet state
of cAACs.

Although located in the same group in close proximity in the
periodic table, species of low-valent carbon and silicon show
colossal differences in their stability. Both are very interesting
compounds because of for example their ability to activate
small molecules, such as transition-metal complexes do.
Coined after their carbon analogues known as the carbones,
molecules containing a low-valent silicon atom in oxidation
state zero with formally two lone pairs at the central silicon
atom and stabilized by donor–acceptor bonds of, for example,
N-heterocyclic carbenes (NHCs), are called silylones.[1] The
term carbone was introduced by Frenking et al.[2] They
concluded by calculations on different allenes that the

deviation from the linear geometry could be rationalized by
donor–acceptor bonds in lieu of double bonds.[3] Experimen-
tal evidence for this was provided by Bertrand et al.[4] and
F�rstner et al.[5] Subsequently the bonding in these molecules
was vigorously discussed.[6] An allene congener of silicon was
long sought after. In 2003 Kira et al.[7] reported the first
silaallene with a Si=Si=Si angle of 136.498. Only one addi-
tional silaallene has been reported to date.[8] Calculations
suggest that Kira�s silaallene better should be described as
a silylone.[1] This interpretation was explained with the shape
of the HOMO and HOMO�1 and with extremely high first
and second proton affinities.[1] In contrast, further calculations
by Kosa et al. and Veszpr�mi et al. led to different conclu-
sions.[9] Thus the case remains open to experiment, as it is
obvious that various ligands attached to the central silicon
atom provide the ultimate impact on the bonding situation. In
2009, calculations on various NHC-stabilized compounds
(NHC)2Si showed that a silylone with two NHC ligands
should experimentally be feasible.[1, 6e] Recently we reported
the first silylone (cAAC)2Si (2) stabilized by two cyclic alkyl
amino carbenes (cAACs)[10] synthesized by reduction of the
singlet silicondichloride biradical[11] (1; analogous to
Scheme 1). The existence of a silicon(0) stabilized by two
donor–acceptor bonds of the cAACs was confirmed by

calculations[11a] and by the geometry of the cAACs from an
independent atom model (IAM) based on diffraction experi-
ments.[12] A second silylone was reported by Driess et al.
recently.[13] Even though there are some reports on exper-
imental charge density studies on low-valent silicon com-
pounds, no experimental charge density study on a silylone
has yet been reported.[14]

Herein, we present the analysis of the bonding situation in
2 using experimental charge-density investigations. Based on
a structure model refined against high-resolution data using

Scheme 1. Synthesis of silylone 2 from 1 upon KC8 reduction.
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the Hansen and Coppens multipole model,[15] the electron
density (ED) distribution 1(r) was analyzed by topological
analysis according to Bader�s quantum theory of atoms in
molecules (QTAIM).[16] This allows the characterization of
bonds as well as the determination of atomic charges. An
atomic basin is defined by the zero flux surfaces (51(r) n(r) =

0). Integration of the ED in this basin gives the Bader charge.
Bonds are characterized for example by looking at the
properties along the bond path and at the (3,�1) critical
points, the bond critical points (BCPs), where the ED along
the bond path between two bonded atoms locally reaches its
minimum.

A negative Laplacian521(rBCP) shows local concentration
of the ED. A negative Laplacian at the BCP accompanied by
a high ED indicates the covalent character of a bond. On the
other hand, a distinct positive Laplacian and low ED at the
BCP are associated with closed-shell interactions. However,
for very polar bonds, this categorization cannot be applied
strictly, but remains a feasible way to compare bonds. Further
information can be received from the eigenvalues (li) of the
Hessian matrix. The ellipticity eBCP = l1/l2�1 quantifies the
deviation from a cylindrical shape, indicating for example
a higher p-contribution. An additional indicator for the bond
type is given by h = j l1 j /l3. The value of hBCP is less than unity
for closed shell interactions and increases with increasing
covalent character. It is also possible to obtain information
about lone pairs by analyzing the Laplacian. (3,�3) critical
points in the second derivative, so-called valence-shell charge
concentrations (VSCCs) indicate bonding or non-bonding
electrons, although they should not be taken as a one-to-one
representation of a Lewis lone pair.[17] Additionally to the
QTAIM analysis of the experimental electron distribution we
did an analysis of the electron density gained from calcu-
lations. These values are given in each case in squared
brackets (see Table 2).

Compound 2 crystallizes in the triclinic space group P1̄
containing one molecule of 2 and half of a hexane molecule as
co-crystallized solvent molecule in the asymmetric unit. The
molecular graph of 2 shows the central silicon atom solely
connected to two cAACs. The C1-Si1-C24 angle of 119.10(1)8
confirms that the molecule is by no means linear. We found
two distinct VSCCs of �2.82 and �2.80 e��5 in the non-
bonding region of the central silicon atom in the position
where one would expect the lone pairs of a potential silicon(0)
atom (Figure 1 and Figure 2).[18] That they are not involved in
any chemical bonding renders them potential lone-pair
indicators.[19]

The integrated Bader charges are 1.44 [1.27] for Si1,�0.51
[�0.31] for C1, and �0.37 [�0.26 ]e for C24, respectively. In
an earlier NBO analysis[11a] of a similar compound, we
suggested one of the lone pairs at the silicon atom to be
delocalized over a three-center p-bond with probability
distributions of 40 % at the silicon atom and 30 % at each
carbene carbon atom. This would lead to an expected Bader
charge of 1.2e for silicon and �0.6e for each carbene carbon
atom, matching reasonably with the experimental values.

As we showed recently, the geometry at the nitrogen
atoms in the cAAC is an indicator for the bonding situation in
(cAAC)2X (X = SiCl2, Si, BH) species.[12] A deviation from

the planar geometry at the nitrogen atom such as in the free
carbene should be observed if the bond between the central
atom and the carbene carbon is an electron-sharing bond.
However, molecules with a cAAC-X donor–acceptor bond do
not show any deviation from a planar N environment. This
could be explained by the different electronic nature of the
carbenes. To provide a donor–acceptor bond situation the
carbene carbon atom needs to be in the singlet state, thus the
carbene p orbital is vacant. This enables the lone pair of the
nitrogen to donate electron density into this vacant orbital
and the C�N bond shows more p-character. A delocalization
into the vacant p-orbital is hampered if the carbene is in the
triplet state. Thus the lone pair orbital of the nitrogen atom
acquires higher s character and the geometry tends to be
more pyramidal. Therefore, the sum of bond angles at the
nitrogen atom can be taken as a rough measure to distinguish
a singlet from a triplet state even in IAM structures.

In 2 we found an almost ideally C3h symmetric Laplacian
distribution around both nitrogen atoms (Figure 3). The ED
and the Laplacian at the BCP in the bonds between the
nitrogen atoms (N1, N2) and the carbene atoms (C1, C24) in
both are higher in absolute value than at the other BCPs and
only they show significant ellipticities e (Table 1).[20] Thus the

Figure 2. Laplacian distribution orthogonal to the C1–C24 vector (left)
and in the C1-Si1-C24 plane (right). Contour lines are drawn at �0.5,
1.0, 1.5, … e ��5 (left) and �2, 4, 6, … e��5 (right) interval level. Solid
line: charge concentration, dashed line: charge depletion; the BCPs
are depicted as black crosses.

Figure 1. Laplacian distribution at the silicon atom in 2 at an isosur-
face level of �2.5 e ��5.
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electron density at the heteroatoms couples to the donating
carbon atoms and the charge distribution at the carbon atoms
mirrors predominantly that of a singlet carbene, substantiated
by X-band EPR experiments.[11a]

The Laplacians along the Si1�C1 and Si1�C24 bond paths
feature a very similar shape. At the BCP they have a slightly
positive value and reach their minimum at about �30 e��5,
close to the carbene carbon atoms (Figure 4). The rather low
ED at the BCP and the charge concentration and depletion
along the different directions at the Si1�C1 and Si1�C24
BCPs support the very polar character of both Si�C bonds. In
both cases h is less than unity and even smaller than in other
previously reported cases for various analyzed Si�C, Si�O,
Si�N,[21,14c] and S�N bonds[22] (Table 2). From this data, both
Si�C bonds have to be regarded as very polar bonds with
a slight covalent contribution. However, by analyzing the
ellipticity 2 along the bond paths, a significant difference in
the Si1�C1 and Si1�C24 bonds is recognized, possibly
indicating different p-contributions (Figure 4).

As shown by Scherer et al. ,[21a] a shoulder in the gradient
of e close to the BCP can be related to a pronounced degree of
p-contribution in the bonding. This is the case for both bonds.
In the Si1�C1 bond, the maximum close to the BCP is even
higher than the ellipticity close to the carbon atom. The Si1�
C1 profile resembles almost perfectly that calculated for the
model compound H2Si=CH2, while Si1�C24 shows admixing
of [H3Si�CH2]

� bonding.
The differences between the two bonds are also apparent

in their other properties. There are small but significant
differences in the bond lengths of Si1�C1 (1.8454(2) �
[1.824 �]) and Si1�C24 (1.8615(2) � [1.839 �]), in the torsion
angle between the five-membered ring and the silicon (C5-
N1-C1-Si1 18.7(1)8[18.28], C28-N2-C24-Si1 11.5(1)8 [12.2]) in
1(rBCP) of 0.726 [0.742] for the Si1�C1 and 0.741 [0.762] e��3

for the Si1�C24 bond and the Bader charges of �0.51 [�0.31]
for C1 and �0.37 [�0.26]e for C24 (Table 2 and Figure 5).
Differences in the bond lengths and in the torsion angles were
also reported for a similar germylone.[23] However, com-
pounds with dimethyl groups instead of the cyclohexyl group
do not show significant differences in these values, both in the
silylone and the germylone.[23,12] Thus this might be attributed
to packing effects. To elucidate them, we carried out periodic
solid-state calculations. As shown recently by Mata et al. ,[24]

these calculations are vital to model weak intermolecular
structure determining factors. By
calculating increasing spheres of
surrounding point charges repre-
senting the crystal packing, they
were able to recover the changes
in the properties of the charge
density distribution caused by
weak intermolecular interactions.
However, modeling the crystal
packing for such a big molecule as
the present silylone is ambitious
and almost inevitably leads to dif-
ferences between the values
obtained from experimental data.
Nevertheless, the calculated values
gained from the periodic solid-state
calculation show the same trends as

Figure 3. Laplacian distribution at N1 (top left) and N2 (top right)
atoms of 2 at an isosurface level of �30 e��5 and at C1 (bottom left)
and C24 (bottom right) atoms at an isosurface level of �15 e ��5.

Table 1: ED and Laplacian at the N�C BCPs.

N1�C1 N1�C4 N1�C5 N2�C24 N2�C27 N2�C28

1 [e ��3] 1.981 1.682 1.794 1.986 1.643 1.815
521 [e ��5] �13.156 �10.602 �10.520 �13.287 �12.004 �12.003
2 0.16 0.05 0.03 0.13 0.08 0.04

Table 2: Properties at the Si�C BCPs. Calculated values are given in squared brackets.

Bond 1(rBCP)
[e ��3]

521(rBCP)
[e ��5]

dBP [�] d1BP [�] d2BP [�] l1 l2 l3 2 h

Si1–C1 0.726 6.901 1.8460 0.7256 1.1203 �4.09 �2.62 13.62 0.56 0.30
[0.742] [10.838] [�3.69] [�2.87] [17.47] [0.29] [0.21]

Si1–C24 0.741 5.095 1.8629 0.7292 1.1336 �3.95 �3.50 12.54 0.13 0.31
[0.762] [10.301] [�3.55] [�2.94] [16.72] [0.21] [0.21]

Figure 4. 521 (r) along the Si1�C1 (black) and Si1�C24 (gray) bond
paths (left). Ellipticity (2 ) along the Si1�C1 (black) and Si1�C24
(gray) bond (right). Values of the experimental analysis are shown as
solid lines; values of the theoretical analysis are shown as dashed
lines.
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the experimental values (Table 2). A QTAIM analysis of
a calculated electron density distribution of the fixed exper-
imental geometry is given in the Supporting Information.

In conclusion, we have shown by an experimental and
theoretical charge density study that the interpretation of 2 as
a silylone is valid. We were able to find two separated VSCCs
present in the non-bonding region of the central silicon atom.
The nitrogen–carbene-carbon bond seems to have a signifi-
cant double bond character, indicating a singlet state for the
carbene carbon, which is needed for donor–acceptor bonding.
Thus the sum of bond angles at the nitrogen atoms seems to
be a reasonable estimate for singlet versus triplet state of
cAACs. The Bader charges correlate well with the values
expected from NBO analysis.[11a] Furthermore, we were able
to show that there are significant differences in the bonding
situation of the two silicon carbon bonds, indicating a different
amount of p-contribution. From periodic solid-state calcu-
lations, we were able to show that this is due to the different
geometry of the two cAACs caused by weak intermolecular
interactions.

Experimental Section
A high-resolution dataset of 2 was collected on a Bruker Smart
APEX II Ultra with D8 three-circle goniometer, equipped with an
APEX II CCD and a TXS Mo rotating anode and Incoatec Helios
mirror optics. The single crystal was mounted from inert oil at low
temperature and under nitrogen atmosphere using the X-Temp2
device.[25] Crystal data for 2 : C46H70N2Si·0.5(C6H14), M =
722.21 gmol�1, triclinic space group P1̄, a = 9.303(7), b = 12.054(8),
c = 19.881(2) �, a = 95.53(3), b = 98.26(3), g = 97.27(3)8, V=
173.6(3) �3, Z = 2, 2Vmax. = 104.48, completeness = 98%, 1calcd =
1.107 Mgm�3, m = 0.089 mm�1, 663790 reflections measured, 49177
unique, R1(I>1s(I)) = 0.0249, wR2(I>1s(I)) = 0.0452, GoF = 2.6984
wGoF = 0.9930 after multipole refinement.

The structure was solved by direct methods (SHELXT-2013).[26]

An IAM was refined with SHELXL-2013.[26] The multipole refine-
ment with XD2006[27] was carried out against F 2 with a sigma cutoff of
1 (see the Supporting Information) using 10 resolution dependent
scale factors. Some of the atoms showed anharmonic motion.[28] and
were refined using the Gram–Charlier coefficients up to third order.
Anisotropic displacement parameters for the hydrogen atoms were
calculated with SHADE[29] using a riding model with neutron
diffraction standard bond distances to the carbon atoms. The
weighting scheme was chosen using normal probability plots.[30]

XD2006[27] was used for the multipole refinement. CCDC-962955
(2) contains 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.

We optimized the system with periodic boundary conditions using
the X-ray structure and the VASP program package in the version
5.2.12.[31] For the calculations, the PBE functional[32] together with the
projector-augmented wave method (PAW)[33] was used. The cutoff
value for the kinetic energy of the plane-wave basis set was set to
350 eV. The Brillouin zone was sampled by a G-centered k-point
mesh generated by the Monkhorst–Pack method using a 3 � 3 � 3 k
mesh. The structure gained through this optimization was used to
generate a wfx file with the Gaussian09 (Rev C.01) program
package[34] at the BP86/def2-TZVPP level of theory. The same
method was used to generate a wfx file of the X-ray structure by
a single-point calculation. The wfx files were used together with the
program AIMAll[35] to perform a QTAIM analysis.[16]
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