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Ab initio calculations show that electropositive substituents such as silyl groups have a remarkable effect on  the relief of 
strain f rom polycyclic silicon compounds, the same effects being predicted also for the still heavier polycycles. 

Polycyclic compounds such as tetrahedrane , prismane and 
cubane are highly strained and have long formed interesting 
synthetic targets. We have recently calculated that the strain 
energies decrease significantly when the skeletal carbons are 
replaced by heavier homologues (Si, Ge, Sn and Pb);l-3 this 

decrease in strain is progressively enhanced as the replace- 
ment atoms become heavier and the number of four-mem- 
bered rings increases.4 Thus, the heavier group 14 analogues 
of cubane5 and prismane6 as well as bicyclo[2.2 .O] hexane7 
have been synthesized which contain four-membered rings.8 
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Fig. 1 Two interaction modes of three silylene units 

In contrast, it is calculated that the heavier polycyclic 
compounds consisting of only three-membered rings still 
possess high strain and undergo bond-stretching or bond- 
breaking. For example, the heavier analogues of bi- 
cycle[ 1.1 .O]butaneg and [ 1.1. l]propellanelo undergo severe 
central bond-stretching, as verified by the X-ray study of a 
pentastanna[ 1.1. llpropellane derivative.11 The heavier ana- 
logues of tetrahedrane collapse almost without resistance by 
breaking the two skeletal bonds to form an isomer with one 
four-membered ring. 12 

In an attempt to remove the disadvantage and enrich further 
the chemistry of the heavier polycycles, we report the ab initio 
calculations of the substituent effects on the strain energies of 
three-membered as well as four-membered rings; Me and 
SiH3 groups were representatively investigated. All ge- 
ometries were fully optimized at the Hartree-Fock (HF) level 
with the split-valence d-polarized 6-31G* basis set13 using the 
GAUSSIAN 88 program.14 

Table 1 summarizes the strain energies of cyclotrisilanes 
(c-Si3R6) calculated from the homodesmotic reactions.15 For 
comparison, the strain energies of cyclopropane (c-C3R6) 
were calculated at the same level. The value of 28.7 kcal mol-1 
(1 cal = 4.184 J)  calculated for c-C3H6 agrees well with the 
experimental value of 27.5 kcal mol-1;16 comparable accuracy 
would be expected for silicon compounds where experimental 
data are not available, though the present interest is rather in 
the relative values. 

As has been well documented, the strain energy (38.9 
kcal mol-l) of c-Si3H6 is ca. 10 kcal mol-l larger than that of 
c-C3H6.1,17 Upon substitution by the Me group, it is decreased 
only by 1.3 kcal mol-1, though alkyl groups are usually 
employed as a representative substituent in silicon chemistry. 
In contrast, substitution by the SiH3 group has a remarkable 
effect on the strain energy, c-Si3(SiH3)6 becoming 10.8 kcal 
mol-1 less strained than the parent c-Si3H6. Consequently, the 
strain energy of 28.1 kcal mol-1 for c-Si3(SiH3)6 is almost 
equal to that of 28.7 kcal mol-1 for c-C3H6. In addition, it is 
7.4 and 6.7 kcal mol-* smaller than the strain energies of 
c-C3Me6 and c-C3( SiH3)6, respectively. These findings are 
noteworthy since three-membered silicon rings have been 
widely believed to be more strained than the corresponding 
carbon rings. 1-17-18 

It is interesting to view cyclotrisilanes as resulting from the 
interaction of three silylenes (SiR2) units. Two interaction 
modes (a and b) are shown in Fig. 1. As well-known, the 
parent SiH2 has a closed-shell singlet ground state which is ca. 
21 kcal mol-1 more stable than the open-shell triplet state, in 
contrast to the triplet ground state of CH2.18 Thus, mode a 
should be dominant in c-Si3H6 which leads to a closed-shell 
repulsion. The singlet-triplet energy difference is a little 
changed by the Me substitution. However, it becomes as small 
as ca. 4 kcal mol-1 in Si(SiH3)2.19 This marked singlet-triplet 
closeness is favourable for open-shell interaction mode b and 
should lead to the stabilization of c-Si3(SiH3)6. The energy 
closeness makes silicon atoms able to form hybrid orbitals with 
high p character; as pointed out, high p character is essential 
for a description of the bent bond orbitals in three-membered 
rings. 17e 

Table 1 Strain energies, HOMO-LUMO levels, bond lengths between 
skeletal atoms, charge densities on skeletal atoms and total energies at 
the HF/6-31G* level 

Strain HOMO LUMO Length Total energy 
R lkcalmol-l l e v  l e v  18, Charge tau 

Cyclopropane (c-C3R6; D 3 h )  

H 28.7 -11.4 6.7 
Me 35.5 -9.9 5.8 
SiH3 34.8 -10.5 2.9 

Cyclotrisilane (c-Si3R6; D3h) 
H 38.9 ' -9.0 2.7 
Me 37.6 -7.9 3.3 
SiH3 28.1 -8.6 2.3 

Tetrasilatetrahedranes (Si4R4; Td)  
H 140.9 -7.0 2.2 
Me 134.6 -6.0 2.4 
SiH3 114.5 -6.8 2.2 

Octasilacubanes (Si,R,; O,,) 
H 93.5 -8.1 1.5 
Me 88.9 -7.0 1.8 
SiH3 77.9 -8.2 1.2 

1.498 
1.519 
1.545 

2.341 
2.357 
2.359 

2.314 
2.324 
2.319 

2.396 
2.404 
2.402 

-0.358 -117.05887 
-0.009 -351.25867 
-0.530 -1857.47991 

0.188 -870.18218 
0.476 -1104.45059 

-0.24 1 -2610.69921 

0.034 -1157.82123 
0.157 - 1314.00156 

-0.174 -2318.19917 

0.072 -23 15.94264 
0.215 -2628.29048 

-0.157 -4636.63919 

To confirm the remarkable substituent effects, the tetra- 
hedrane system was investigated which consist of four 
three-membered rings. Tetrasilatetrahedrane (140.9 
kcal mol-l) is as highly strained as tetrahedrane (141.4 
kcal mol-1).1 As Table 1 shows, substitution by the Me group 
decreases the strain energy by 6.3 kcal mol-1, the effect being 
relatively small. On the other hand, the relief of strain 
becomes as large as 26.4 kcal mol-1 upon SiH3 substitution. 
This might suggest that the long-sought tetrasilatetrahedrane 
frameworks can be an interesting synthetic target with proper 
substituents. 

Also shown in Table 1 are the strain energies of the cubane 
system. The strain energy (93.5 kcal mol-1) of octasilacubane 
consisting of only four-membered rings is already 65 
kcal mol-1 smaller than that (158.6 kcal mol-1) of cubane.1 
Upon substitution by the Me and SiH3 groups, the strain 
energy is further decreased to 88.9 and 77.9 kcal mol-1, 
respectively, the effect of the SiH3 group being again larger. 
This reflects the fact that the strain energy (14.7 kcal mol-1) of 
the silyl-substituted cyclotetrasilane [c-Si4(SiH3)8] is smaller 
than that (16.7 kcal mol-1) of the parent c-Si4H8; in fact, the 
strain energy of c-Si4(SiH3)8 differs little from the strain 
energy per four-membered ring (13.0 kcal mol-1) of 
Si8(SiH3)8. The advantage of SiH3 over Me substitution is true 
also for the prismane (Si6R6) system which contains both 
three-membered and four-membered rings: the strain ener- 
gies decrease in the order 113.8 (R = H) > 105.6 (R = Me) > 
95.7 (R = SiH3) in kcal mol-1. 

As the charges on the skeletal atoms in Table 1 show, the 
SiH3 group is a good electropositive substituent while the Me 
group is electronegative in silicon compounds. The Me group 
raises the HOMO level more highly than the SiH3 group. It is 
interesting that the skeletal rings undergo little geometrical 
change upon substitution. 

In summary, silyl groups are much more effective for the 
relief of strain than alkyl groups. 'Strain' and 'aromaticity' are 
two important concepts in chemistry. In this context, it should 
be mentioned that the aromaticity of hexasilabenzene is highly 
increased by the silyl substitution while it is rather decreased 
by the alkyl substitution.20 The choice of substitution is also 
important for the stabilization of the still heavier Ge, Sn and 
Pb skeletons. According to the preliminary calculations at the 
HF/DZ level, the strain energies of octastannacubanes 
(Sn8R8) are 77.0 (R = H), 75.7 (R = Me), 65.0 (R = SiH3), 
62.0 (R = GeH3) and 58.4 (R = SnH3) kcal mol-1. Although 
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these values tend to be overestimated by ca. 6 kcal mol-1 
because of the omission of d polarization functions, it appears 
that the effects of substituents are remarkable also for the tin 
skeleton; the more electropositive the substituents, the larger 
the effects. This was true also for the silicon skeleton: on going 
from Sig(SiH3)g to Sig(SnH3)g the strain energy is decreased by 
5.2 kcal mol-1 at the HF/DZ level. 

Received, 19th May 1992; Corn. 2102623F 

References 
S.  Nagase, M. Nakano and T. Kudo, J .  Chem. SOC., Chem. 
Commun., 1987, 60. 
S .  Nagase, Angew. Chem., Int.  Ed. Engl., 1989, 28, 329. 
For a review, see: S. Nagase, Polyhedron, 1991, 10, 1299. 
For bicyclics, see: S. Nagase and T. Kudo, J .  Chem. SOC., Chem. 
Commun., 1988, 54; S. Nagase and M. Nakano, J .  Chem. SOC., 
Chem. Commun., 1988, 1077; S.  Nagase and T. Kudo, J .  Chem. 
SOC., Chem. Commun., 1990, 630. 
For Si, see: H .  Matsumoto, K. Higuchi, Y. Hoshino, H. Koike, Y. 
Naoi and Y. Nagai, J .  Chem. SOC., Chem. Commun., 1988, 1083, 
for Sn, see: L. R. Sita and I .  Kinoshita, Orgunometullics, 1990,9, 
2865; J .  A m .  Chem. SOC., 1991, 113, 1856. 
For Ge,  see: A.  Sekiguchi, C. Kabuto and H .  Sakurai, Angew. 
Chem., Int. Ed. Engl., 1989, 28, 55. 
For Si, see: H. Matsumoto, H. Miyamoto, N. Kojima and Y. 
Nagai, J .  Chem. SOC., Chem. Commun., 1987, 1316; H .  Matsu- 
moto, H .  Miyamoto, N. Kojima, Y.  Nagai and M. Goto, Chem. 
Lett., 1988, 629, for Sn, see: L. R. Sita and R. D .  Bickerstaff, 
J .  A m .  Chem. SOC., 1989, 111, 3769. 
For a review of experiments, see: T. Tsumuraya, S. A. Batcheller 
and S .  Masamune, Angew. Chem., Int. Ed. Engl., 1991, 30, 902. 
For Si, see: P. von R. Schleyer, A .  F. Sax, J .  Kalcher and R. 
Janoschek, Angew. Chern., Int. Ed. Engl., 1987, 26, 364; T. 
Dabisch and W.  W. Schoeller, J .  Chem. SOC., Chem. Commun., 
1986, 896; W.  W. Schoeller, T .  Dabisch and T.Busch, Inorg. 
Chem., 1987, 26, 4383; J .  A .  Boatz and M. S. Gordon, J .  Phys. 
Chem., 1989,93,2888; ref. 3, for Si, Ge, Sn, and Pb, see: T. Kudo 
and S.  Nagase, J .  Phys. Chem., in the press; for the normal 
structure of a bicyclo[ 1.1 .O]tetrasilane derivative synthesized with 

10 

11 

12 

13 

14 

15 

16 
17 

18 

19 

20 

bulky groups at the bridgehead positions, see: S.Masamune, Y. 
Kabe, S.  Collins, D.  J.  Williams and R. Jones, J .  A m .  Chem. Soc., 
1985, 107, 5552; R. Jones, D .  J .  Williams, Y. Kabe and S. 
Masamune, Angew. Chem., lnt. Ed. Engl., 1989, 25, 173. 
For Si, see: S. Nagase and T. Kudo, Orgunometullics, 1987, 6, 
2456; P. von R. Schleyer and R. Janoschek, Angew. Chem., tnt. 
Ed. Engl., 1987, 26, 1267, for Ge, S .  Nagase and T. Kudo, 
Organometallics, 1988,7,2534, for Si, Ge  and Sn, see: ref. 3; M. S.  
Gordon, K. A.Nguyen, and M.  T. Carroll, Polyhedron, 1991, 10, 
1247. 
L. R. Sita and R. D .  Bickerstaff, J .  Am. Chem. Soc., 1989. 111, 
6454. 
S .  Nagase and M.Nakano, Angew. Chem., Int. Ed. Engl.. 1988, 
27, 1081. 
M. M. Francl, W. J .  Pietro, W. J. Hehre, J .  S.  Binkley, M. S.  
Gordon, D .  J. DeFrees and J .  A .  Pople, J .  Chem. Phys., 1982,77, 
3654. 
M. J. Frish, M. Head-Gordon, H. B. Schlegel. K. Raghavachari, 
J .  S.  Binkley, G .  Gonzale. D. J.  DeFrees, D. J .  Fox, R. A. 
Whiteside, R. Seeger, C. F. Melius, J .  Baker, R. L. Martin, L. R. 
Kahn, J .  J .  P. Stewart, E. M. Fluder, S.  Topiol and J .  A. Pople, 
GAUSSIAN 88, Gaussian, Inc., Pittsburgh, USA. 
P .  George, M. Trachtman, C. W. Bock and A. M. Brett, 
Tetrahedron, 1976, 32, 317. 
K. B.  Wiberg, Angew. Chem., Int. Ed. Engl., 1986, 25, 312. 
( a )  P. von R. Schleyer, in Suhstituent Effects in Rudicul Chemistry, 
ed. H. G .  Viehe, R. Janoschek and R. Merenyi, Reidel. 
Dordrecht, 1986, pp. 69; ( b )  A .  F. Sax, Chem. Phys. Lett.. 1986. 
129,66; ( c )  W. W. Schoeller and T. Dabisch, Inorg. Chem., 1987. 
26, 1081; (d )  R. S .  Grev and H. F. Schaefer 111, J. A m .  Chem. 
SOC., 1987, 109, 6569; ( e )  D .  Cremer, J .  Gauss and E. Cremer, 
J. Mol. Struct. (Theochem), 1988, 169, 531; cf, J .  A. Boatz and 
M.  S.  Gordon, J .  Phys. Chem., 1989,93, 3025; 0’) D .  B. Kitchen, 
J .  E. Jackson and L. C. Allen, J .  A m .  Chem. Soc., 1990.112.3408. 
Y. Apeloig, in The Chemistry of Organic Silicon Compounds, ed. 
S .  Patai and Z .  Rappoport, Willey, New York, 1989, pp. 57. 
R. S.  Grev, H. F. Schaefer I11 and P. P. Gaspar, J .  A m .  Chem. 
Soc., 1991,113,5638; M. S .  Gordon and D .  Bartol, J .  A m .  Chem. 
SOC., 1987, 109, 5948. 
For the aromatic stabilization by o donor and x acceptor 
substituents, see: S.  Nasgase and T.  Naito, Organometullic News 
(Japanese), 1992, 76. 




