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ABSTRACT: Tetrasilane-bridged bicyclo[4.1.0]heptasil-
1(6)-ene 1 was synthesized by the reduction of 1,1,2,2-
tetrachlorocyclohexasilane 2 in 12% yield as red-orange
crystals. The structure and properties of 1 were studied by
spectroscopy, X-ray crystallography, and theoretical
calculations. The linkage of the cyclotrisilene moiety
with two tetrasilane chains with tert-butyl groups
remarkably affects its structure and 29Si NMR spectrum.

Highly strained hydrocarbons have attracted much
attention from experimental and theoretical viewpoints.1

Bicyclo[n.1.0]alk-1(n+2)-enes Ia−d are fused compounds
consisting of cycloalkene and cyclopropene rings with a double
bond at the bridgehead position (Chart 1), and they are

intriguing because of their unusual bonding properties and
strain energies.2 Theoretical calculations on I show that the
structure around the CC bond is pyramidal rather than
planar.3 Although there are several reports on the generation of
bicyclo[4.1.0]hept-1(6)-ene [1(6)-norcarene, Id],4 its isolation
has not been reported because of its remarkably high
reactivity.5

The chemistry of disilenes is a still growing research area
since the first isolation of tetramesityldisilene in 1981.6,7 There
have been reported not only acyclic but also cyclic disilenes
such as cyclotrisilenes,8 cyclotetrasilenes,9 and a cyclopentasi-
lene.10 Especially, spiropentasiladiene,11 an isomer of hexasila-
benzene,12 and charge-separated cyclotetrasiladiene13 have
recently been reported. Although a variety of disilenes have
been known, disilenes with a fused SiSi double bond are
limited to bicyclo[3.3.0]octasil-1(5)-ene II14 and cyclopentasi-
lane-fused hexasilabenzvalene III (Chart 1).15 To date, silicon
analogues of I remain unknown. We report herein the first
synthesis of bicyclo[4.1.0]heptasil-1(6)-ene 1 by the reduction
of 1,1,2,2-tetrachlorocyclohexasilane 2.
The reduction of 2 with 4 equiv of sodium dispersion in

toluene under reflux for 4 h gave 1 in 12% yield as red-orange

crystals (Scheme 1). This compound is stable below 238 °C in
the solid state under an argon atmosphere in a sealed tube.

Apparently, 1 is the product of dimerization of 2, but it is quite
different from the expected cyclohexasilane-fused tetrasilate-
trahedrane16 and cyclotetrasiladiene.13 In addition, one silicon
atom is removed during the reduction of 2. Similar examples
have been reported in the formation of trisilaallene by the
reduction of 1,1,1,2-tetrachlorodisilane17 and the formation of
the Si11 cluster by dimerization of an isomer of hexasilaben-
zene.18

X-ray crystallographic analysis showed that 1 contains 11
silicon atoms and comprises bicyclo[4.1.0]heptasil-1(6)-ene
and cyclopentasilane rings that are connected at the spiro
silicon atom (Figure 1). Both the cyclohexasilene and
cyclopentasilane rings adopt the half-chair conformation. The
1,2-disilylcyclotrisilene moiety has a slightly trans-bent but
nearly planar structure. The structural parameters of the 1,2-
disilylcyclotrisilene moiety are comparable to those of the
previously reported tetrasilylcyclotrisilenes 3a−c (Chart 2 and
Table S2 in the Supporting Information).8b−d However, the
exocyclic SiSi−Si bond angles of 128.35(3)° (for Si3−Si2−
Si7) and 131.73(3)° (for Si2−Si7−Si6) are considerably
smaller than those in 3a−c [144.74(4)−147.34(6)°].8b−d
These small bond angles are due to the effect of the fused
cyclohexasilene ring. A small bond angle has also been reported
in the optimized structure of Id (127.4−129.5°)4g and is
considered to be the origin of the low stability of Id.4a

To investigate the intrinsic geometry around the SiSi bond
of bicyclo[4.1.0]heptasil-1(6)-ene, theoretical calculations on 1
(represented as 1calc) and model compounds 4a−c and 5a−d
were carried out (Chart 2 and Table S4). The optimized
structure of 1calc reproduces the X-ray structure well. Among
the optimized structures, only 4c and 5d have nearly planar
structures around the SiSi bond as in 1. On the other hand,
4a, 4b, and 5a−c have cis-bent geometries with cis-bent
angles19 of 8.3−37.2° (Table S4). Therefore, the planar
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Chart 1

Scheme 1. Synthesis of 1
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structure of 1 is due to steric repulsion between the tert-butyl
groups on the cyclohexasilene ring and the silyl groups on the
spiro silicon atom. The inversion energies of the folded
structures of 5a−c are estimated to be 0.7, 0.4, and 1.4 kcal
mol−1, respectively (Tables S3 and S4). The energy barriers are
similar to that of bicyclo[4.1.0]hept-1(6)-ene (∼1 kcal
mol−1).4g

The 29Si NMR spectrum of 1 exhibits six signals at −85.4,
−41.1, −31.5, −11.9, 15.0, and 147.1 ppm (Figure S3 in the
Supporting Information). The signals at −85.4 and 147.1 ppm
are assigned to the spiro silicon atom (Si1) and the SiSi
atoms (Si2 and Si7), respectively, which are considerably
downfield relative to those of 3a−c (−127.3 to −115.1 ppm
and 81.9−99.8 ppm, respectively (Table S5).8a,b,d,20 There are a
few reports on unusually downfield 29Si chemical shifts
observed in silicon clusters.15,18,21 A possible explanation of
the unusual downfield shifts may be given by the large
paramagnetic term (σp) of Si1, Si2, and Si7. According to
Ramsey’s equation, σp is inversely proportional to the average
of the transition energies between occupied and unoccupied
molecular orbitals.22,23 Although the HOMOs and LUMOs of
3d, 5d, and 1calc are comparable to each other, the energies of
the LUMO+1 and the LUMO+2 decrease considerably in the
order of 3d, 5d, and 1calc as a result of the extension of the Si−
Si σ* orbitals of the cyclotrisilene ring by the cyclotetrasilane
chain(s) (Figures S20 and S21). Therefore, the characteristic
downfield shifts of 1 are caused by the linkage of the
cyclotrisilene moiety with two tetrasilane chains.

The UV−vis spectrum of 1 shows complicated absorption
tailing to ca. 550 nm (Figure 2). Two absorption maxima are

observed at 468 nm (ε = 2200 M−1 cm−1) and 297 nm (ε = 36
000 M−1 cm−1) together with two shoulders at 328 and 249
nm. The lowest-energy absorption maximum of 1 is
comparable to those of 3a−c (λmax = 466−482 nm)8a,b,d and
II (λmax = 468 nm).14 It is mainly due to the transition from the
HOMO (SiSi π) to the LUMO (SiSi π*) on the basis of
time-dependent density functional theory (TD-DFT) calcu-
lations (λcalcd = 468.1 nm, f = 0.0271; Table S7).24
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(b) Closs, G. L.; Böll, W. A.; Heyn, H.; Dev, V. J. Am. Chem. Soc. 1968,
90, 173. (c) Gassman, P. G.; Valcho, J. J.; Proehl, G. S. J. Am. Chem.
Soc. 1979, 101, 231. (d) Gassman, P. G.; Valcho, J. J.; Proehl, G. S.;
Cooper, C. F. J. Am. Chem. Soc. 1980, 102, 6519. (e) Wiberg, K. B.;
Bonneville, G. Tetrahedron Lett. 1982, 23, 5385. (f) Wiberg, K. B.;
Artis, D. R.; Bonneville, G. J. Am. Chem. Soc. 1991, 113, 7969.
(g) Billups, W. E.; Luo, W.; Lee, G.-A.; Chee, J.; Arney, B. E., Jr.;
Wiberg, K. B.; Artis, D. R. J. Org. Chem. 1996, 61, 764.
(5) 3,4-Diazabicyclo[4.1.0]hept-1(6)-ene was isolated and its
structure was determined by X-ray crystallography. See: Ando, W.;
Hanyu, Y.; Takata, T.; Ueno, K. J. Am. Chem. Soc. 1984, 106, 2216.
(6) West, R.; Fink, M. J.; Michl, J. Science 1981, 214, 1343.
(7) For reviews of disilenes, see: (a) Raabe, G.; Michl, J. In The
Chemistry of Organic Silicon Compounds; Patai, S., Rappoport, Z., Eds.;
Wiley: Chichester, U.K., 1989; Chapter 17. (b) Okazaki, R.; West, R.
Adv. Organomet. Chem. 1996, 39, 231. (c) Kira, M.; Iwamoto, T. Adv.
Organomet. Chem. 2006, 54, 73. (d) Lee, V. Ya.; Sekiguchi, A.
Organometallic Compounds of Low-Coordinate Si, Ge, Sn and Pb: From
Phantom Species to Stable Compounds; Wiley: Chichester, U.K., 2010;
Chapter 5. (e) Fischer, R. C.; Power, P. P. Chem. Rev. 2010, 110, 3877.
(f) Scheschkewitz, D. Chem. Lett. 2011, 40, 2.
(8) (a) Iwamoto, T.; Kabuto, C.; Kira, M. J. Am. Chem. Soc. 1999,
121, 886. (b) Ichinohe, M.; Matsuno, T.; Sekiguchi, A. Angew. Chem.,
Int. Ed. 1999, 38, 2194. (c) Iwamoto, T.; Tamura, M.; Kabuto, C.;
Kira, M. Organometallics 2003, 22, 2342. (d) Ichinohe, M.; Igarashi,
M.; Sanuki, K.; Sekiguchi, A. J. Am. Chem. Soc. 2005, 127, 9978.
(e) Lee, V. Ya.; Yasuda, H.; Sekiguchi, A. J. Am. Chem. Soc. 2007, 129,
2436. (f) Uchiyama, K.; Nagendran, S.; Ishida, S.; Iwamoto, T.; Kira,
M. J. Am. Chem. Soc. 2007, 129, 10638. (g) Leszczyn ́ska, K.;
Abersfelder, K.; Mix, A.; Neumann, B.; Stammler, H.-G.; Cowley, M.
J.; Jutzi, P.; Scheschkewitz, D. Angew. Chem., Int. Ed. 2012, 51, 6785.
(9) (a) Kira, M.; Iwamoto, T.; Kabuto, C. J. Am. Chem. Soc. 1996,
118, 10303. (b) Wiberg, N.; Auer, H.; Nöth, H.; Knizek, J.; Polborn, K.
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