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The nature of the chemical bond is one of the most fundamental
concepts in organic chemistry. The so-called “non-classical”
structures, which do not follow the normal, classical presentation
of the chemical bond (from such viewpoints as valency, hybridiza-
tion, and geometry), are among the greatest challenges for both
experimental and theoretical chemists. One of the most fascinating
findings in the field of such unusual “non-classical” molecules was
the discovery of highly strained [1.1.1]propellanes (Chart 1,A).1

These compounds exhibited a very long C1-C3 bridging bond
distance with an inverted tetrahedral geometry of both bridgehead
carbon atoms, which was reasonably explained by the biradical
character of this bond.1 Bicyclo[1.1.1]pentanes (Chart 1,B) showed
a very short C1-C3 nonbonding distance, which was taken as
evidence for the existence of an interbridgehead 1,3-nonbonding
interaction.2,3 In sharp contrast to [1.1.1]propellanes, tricyclo-
[2.1.0.02.5]pentanes (Chart 1,C) are well-known to have a very
short C1-C5 bridge bond distance.4 In this work we report the
synthesis of a very unusual compound, 2,4-disila-1-germatricyclo-
[2.1.0.02,5]pentane; it formally has aC-type skeleton, but its
structural and chemical properties actually match the [1.1.1]-
propellane properties rather than the real tricyclo[2.1.0.02.5]pentane
ones.

We have found that thermolysis of the silole15 (50 mg) in a
sealed evacuated tube without solvent at 175°C for 10 min quickly,
cleanly, and quantitatively resulted in the formation of the
unexpected isomeric compound 1,2,3,4-tetrakis[di-tert-butyl(meth-
yl)silyl]-5-phenyl-2,4-disila-1-germatricyclo[2.1.0.02,5]pentane 2
(Scheme 1).6,7 Compound2, representing a new type of cage
compound of group 14 elements, was isolated by recrystallization
from hexane as very air-sensitive yellow plate crystals. In the29Si
NMR spectrum of2, four signals were observed in a ratio of 2:1:
2:1; -28.0 (endocylic Si atoms), 8.9 (Si-substituent connected to
C atom), 16.9 (Si-substituents connected to endocyclic Si atoms),
34.1 (Si-substituent connected to Ge atom). The most informative
for the characterization of the cage compound was the13C NMR
spectrum: the resonance of the bridgehead C atom is strongly
shifted downfield and appeared at+60.8 ppm,8 which is quite
unusual for the C atom in a three-membered ring system.

The crystal structure of compound2 was determined by X-ray
analysis, as shown in Figure 1.9 The tricyclic skeleton incorporates
the two fused three-membered rings comprising all different group
14 elements: C, Si, and Ge. Although the skeletal bond lengths
are somewhat elongated compared with the normal values, the most
unusual one is an extremely long Ge-C bridging bond of 2.242-
(3) Å, which greatly exceeds the normal value of 1.95 Å by
15%.10,11The second unusual structural peculiarity is the geometry
of the Ge atom, representing the first example of an inverted
tetrahedral geometry, which is also known as an “umbrella”-type
configuration.12 The geometry of C atom at the bridging position
is also largely distorted, and the four atoms (C1, Si1, Si2, and C3)
are arranged in the nearly same plane (a sum of the bond angle
around C1 atom: 356.8°). These surprising structural features, the
long Ge-C bridge bond and “umbrella” configuration of the Ge
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Figure 1. ORTEP drawing of2. Hydrogen atoms are omitted for clarity.
Selected bond lengths (Å): Ge1-C1 ) 2.242(3), Ge1-Si1 ) 2.3664(8),
Ge1-Si2 ) 2.3999(8), Si1-C1 ) 1.877(3), Si1-C2 ) 1.931(3), Si2-C2
) 1.928(3), Si2-C1 ) 1.873(3); Selected bond angles (deg): Si2-Ge1-
C1) 47.43(7), Ge1-C1-Si2) 70.71(9), C1-Si2-Ge1) 61.85(8), Ge1-
C1-Si1 ) 69.48(9), C1-Si1-Ge1) 62.54(8), Si1-Ge1-C1 ) 47.98(7),
Si1-C2-Si2 ) 83.03(10).
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atom, were perfectly reproduced by DFT calculations at the B3LYP/
6-31G(d) level on both H- and H3Si-substituted model cage
compounds. In sharp contrast, the same level calculations on the
parent tricyclo[2.1.0.02,5]pentane, containing only carbon skeletal
atoms, showed the typical skeleton for tricyclopentanes with the
normal tetrahedral geometry of the bridgehead carbon atoms and
with a very short C-C bridge bond length of 1.452 Å, comparable
with the experimental values of 1.41-1.51 Å.1c The most appropri-
ate interpretation of all the experimental data is that the Ge-C
bridge bond has a singlet biradical character with sp2-type
hybridization of both the Ge and C atoms. Such a suggestion can
explain the highly downfield-shifted resonance of the bridgehead
C atom and its almost planar geometry. Indeed, the NBO analysis
(B3LYP/6-31G(d)) showed a Ge-C bond order of 0.63 (Wiberg
bond index) with both of the Ge and C atoms having sp2.2

hybridization. On the other hand, NBO analysis clearly demon-
strated that the Ge-C bridgingσ-bond is formed by almost pure
p-orbitals (92% p-character and 8% s-character for Ge atom, 98%

p-character and 2% s-character for C atom), which is fully consistent
with our understanding of the biradical character of the Ge-C bond.
Indeed, an appreciable part of the electron density would be located
outside the Ge-C bond, as depicted in Figure 2.13

As one would expect,2 exhibited an enhanced reactivity. Thus,
it easily undergoes reaction with benzaldehyde at room temperature
to form a rather unusual product: norbornene with an endocyclic
GedC double bond (1.859(3) Å), 1,4,5,7-tetrakis(di-tert-butyl-
(methyl)silyl)-3,6-diphenyl-2-oxa-1,4-disila-5-germabicyclo[2.2.1]-
hept-5-ene3 in 73% yield (Scheme 2 and Figure 3).14,15

Supporting Information Available: Experimental procedure and
spectral data of3, tables of crystallographic data including atomic
positional and thermal parameters for2 and3 (PDF). This material is
available free of charge via the Internet at http://pubs.acs.org.
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Figure 2. HOMO (σ-orbital of Ge-C bridging bond) of the model
compound (H3Si-substituents on the C, Si, Ge atoms and H3C-substituent
on the bridgehead C atom).

Figure 3. ORTEP drawing of3. Hydrogen atoms are omitted for clarity.
Selected bond lengths (Å): Ge1-C2 ) 1.859(3), Ge1-Si2 ) 2.4212(9),
Si1-C2 ) 1.890(3), Si2-C1 ) 1.981(3), Si1-O1 ) 1.681(2), C1-O1 )
1.449(3), Si1-C3 ) 1.925(3), Si2-C3 ) 1.936(3).
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