
3680 

(21) For what appears to be an episulfone which gives anamolous behavior 
see D. C. Dittmer, G. C. Levy, and G. E. Kuhlmann, J. Am. Chem. Soc, 
91, 2097 (1969); also see T. Nagai, M. Tanaka, and N. Tokura, Tetrahe­
dron Lett., 6293 (1968); J. B. Stothers, L. J. Danks, and J. F. King, ibid., 
2551 (1971). 

(22) G. Hartzell and J. N. Paige, J. Org. Chem., 32, 459 (1967); J. E. Baldwin, 
G. Hofle, and S. C. Choi, J. Am. Chem. Soc, 93, 2810 (1971); K. 
Kondo, M. Matsumoto, and A. Negishi, Tetrahedron Lett., 2131 (1972). 

(23) Sulfur monoxide adds to dienes and trienes in a manner analogous to 
sulfur dioxide, but in such cases it appears to do so with sequential bond 
formation: R. M. Dodson and R. F. Sauers, Chem. Commun., 1189 
(1967); R. M. Dodson and J. P. Nelson, ibid., 1159 (1969); P. Chao and 
D. M. Lemal, J. Am. Chem. Soc, 95, 920, 922 (1973). 

(24) A persuasive case against concerted reactions in general has recently 
been presented; F. G. Bordwell, Ace. Chem. Res., 3, 281 (1970); . 5, 
374(1972). 

(25) The facile fragmentation of W-nitrosoaziridines has recently been as­
cribed to rehybridization effects associated with small rings: W. L. Mock 
and P. A. H. Isaac, J. Am. Chem. Soc, 94, 2749 (1972). 

(26) T. D. Goldfarb and L. Lindqvist, J. Am. Chem. Soc, 89, 4588 (1967); E. 
N. Marvell and J. Seubert, ibid., 89, 3377 (1967); R. Huisgen, A. Dah-
men, and H. Huber, ibid., 89, 7130 (1967), Tetrahedron Lett., 1461 
(1969); A. Dahmen and R. Huisgen, ibid., 1465 (1969); S. W. Staley and 
T. J. Henry, J. Am. Chem. Soc, 92, 7613 (1970); D. S. Glass, J. Zirner, 
and S. Winstein, Proc Chem. Soc, London, 276 (1963); W. R. Roth, Ju­
stus Liebigs Ann. Chem., 671, 25 (1964). 

(27) We must acknowledge that the estimated two orders of magnitude dif­
ferential actually observed (extrapolated, 310°) corresponds to ca. 5 
kcal/mol (AAG-), which quantitatively is half the differential between 1 
and 3. 

(28) It is well to bear in mind the premises underlying this conclusion: that 1, 

Ando et al., have recently claimed the formation of 1,1-
dimethyl-2-phenylsilacyclopropane, which rearranges to 
form a benzosilacyclopentene2 (thus adding one more chap­
ter to the continuing account of unsuccessful attempts to 
synthesize stable silacyclopropanes).3 To date, three deriva­
tives of 7-siladispiro[2.0.2.1]heptane (1) are the only stable, 
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isolable silacyclopropanes to have been reported.4 This 
suggests that there may be some special stability associated 
with these spirocyclopropyl compounds.5-6 In particular, we 
will consider here the possibility of augmented silicon-car­
bon bond strengths via d-o- hyperconjugation. 
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on silicon has been adduced to explain numerous observa­
tions in organosilicon chemistry.7 The identity of the accep­
tor orbitals is not altogether well defined; they are most 
generally considered to be the Si 3d orbitals, but they may 
be the hyperconjugating <r* orbitals of the Si-R bonds. Part 
of the difficulty in distinguishing between the extremes of 
hyperconjugation and d-orbital participation is that both 
orbital sets present ^-conjugating orbitals of the same local 
symmetry. The work presented here assumes a set of low-
lying silicon 3d orbitals8 and traces its consequences. 

The cyclopropane unit has proved itself as an excellent, 
conformationally specific donating group relative to vicinal 
electron-deficient centers.9 The theoretical basis of this con­
jugative behavior is well understood.10 The highest occupied 
molecular orbitals of cyclopropane are a degenerate set, the 
Walsh orbitals. Composed almost entirely of peripheral C 
2p orbitals, this set endows cyclopropane with good conju­
gative properties. 

Preparatory to a consideration of the siladispiroheptanes, 
we wish to compare the cyclopropane <r (Walsh) orbitals 
with the ethylene tr orbital in terms of their respective po­
tentials for conjugative interaction with the vacant 3d orbit­
als of silicon. Any interaction will be governed by symme-
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Figure 1. The highest occupied orbitals of ethylene and cyclopropane; 
properties influencing conjugative potential. 

try, overlap, and energy factors. A comparison of these fac­
tors for the case of 2 and 3 is outlined in Figure 1. In the 

P TT d-o-

orientations shown, one of the Walsh orbitals has the same 
x-type nodal property as the ethylenic x orbital. The energy 
of the ring a orbital is slightly lower than that of the ethyl­
enic x orbital, as determined from their photoelectron spec­
t ra . " But on the other hand, the larger ring orbital coeffi­
cient at the site of interaction should provide better overlap 
with the silicon d orbitals in the case of the cyclopropyl sub-
stituent. 

Compound 1 belongs to the symmetry point group Civ 
Linear combinations of the cyclopropane orbitals of interest 
generate semidelocalized orbitals transforming as bi and a2, 
respectively. In turn, each of these interacts with a d orbital 
of appropriate symmetry, as shown in 4 and 5. '2 

(b, ) ( Q 2 ) 

Figure 2 presents a comparison of Mulliken overlap pop­
ulations in a set of model compounds, calculated by the ex­
tended Hiickel method.8 Note that, while the C-C overlap 
population in silacyclopropane is greater than that in the 
hydrocarbon, the Si-C population is considerably smaller 
(6 and 7). The incorporation of the spirocyclopropyl groups 
results in the slight diminishing of the C-C overlap popula­
tion in the heterocycle 1. By contrast, however, the Si-C 
overlap population is enhanced by 15-16% over its original 
value and now even exceeds that of the analogous homonu-
clear bond in the carbocycle 10. This special enhancement 
of the overlap population suggests expectations of augment­
ed silicon-carbon bond strength in this compound. It is due 
to the derealization of cr-bonding electrons from the spiro­
cyclopropyl units into the d orbitals of the adjacent silicon 
atom, as reflected in the overlap populations of the respec­
tive substituent rings. (It was also manifested as increased d 
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7 

Figure 2. Comparison of overlap populations calculated for cyclopro-
panes and silacyclopropanes. 

1.303 
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Figure 3. Comparison of overlap populations calculated for olefins and 
alkylidenesilanes. 

orbital occupation relative to that in the unsubstituted sila­
cyclopropane.) Similar, though attenuated, effects are 
found in a comparison of the two tetramethyl derivatives 8 
and 9.5 

Exclusion of silicon d orbitals from the basis set did not 
obliterate the Si-C bond-strengthening effects; the Si-C 
overlap populations in 1 were still enhanced by 5-6% over 
those in 7. This residual effect can be ascribed to the accep­
tor capacity of the Si-H antibonding orbitals. Likewise, cal­
culations on model 7,7-difluoro-7-siladispiro[2.0.2.1]hep-
tane (with or without d orbitals on silicon) indicated consid­
erable involvement of the Si-F antibonding orbitals as ac­
ceptor orbitals capable of hyperconjugating with the high-
lying Walsh orbitals of the spirocyclopropyl substituents. 

Another class of elusive compounds which has command­
ed much interest consists of the silicon analogs of olefins. 
Here, too, d-<r hyperconjugation may afford a mechanism 
for augmenting the total silicon-carbon bond strength. 
Whereas a comparison of ethylene (11) with methylenecy-
clopropane (13) reveals essentially no difference in the total 
overlap population between the doubly bonded carbons, the 
silicon-carbon overlap population in cyclopropylidenesilane 
(14) is 11-12% greater than that in methylenesilane (12) 
(Figure 3). A similar effect has been predicted for cyclopro-
pylidenephosphorane.13 

In conclusion, it may be worthwhile to note one further 
result from the calculations; the contribution of the spirocy­
clopropyl units to the total energy of 1 appears to exceed 
their contribution to the total energy of 10 by approximate­
ly 17 kcal/mol. The enhancement of their stabilizing effect 
can again be interpreted in terms of hyperconjugation be­
tween occupied levels in the substituent rings with low-lying 
vacant orbitals associated with silicon. Although total ener-
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gics calculated by the extended Hiickel method are not par­
ticularly reliable, the qualitative argument which emerges 
could possibly be invoked to explain why alkyl substitution 
appears to impart special thermodynamic stability to many 
small ring systems (e.g., thiiranes,14 ethylenehalonium 
ions,15 diaziridinones,16 and a-lactones17), all of which pos­
sess potential acceptor orbitals positioned for hyperconjuga-
tion with the alkyl substituents. Further investigation of the 
generality of this effect is planned, using more appropriate 
semiempirical molecular orbital methods. 

Acknowledgment. The authors gratefully acknowledge 
the partial support of this work by the National Science 
Foundation (GP 28137). 

References and Notes 

(1) Presented in part at the 8th Annual Organosilicon Award Symposium, 
St. Louis, Mo., March 31, 1974. 

(2) W. Ando, A. Sekeiguchi, T. Hagiwara, and T. Migita, J. Chem. Soc, 
Chem. Commun., 372 (1974). 

(3) See, for example, J. D. Roberts and S. Dev, J. Am. Chem. Soc, 73, 
1879 (1951); P. S. Skell and E. J. Goldstein, ibid., 86, 1442 (1964); J. C. 
Thompson, J. L. Margrave, and P. U. Timms, Chem. Commun., 566 
(1966); O. M. Nefedov and M. M. Manakov, Angew. Chem., 78, 1039 
(1966); J. W. Connolly, J. Organomet. Chem. 11, 429 (1968). 

(4) R. L. Lambert, Jr., and D. Seyferth, J. Am. Chem. Soc, 94, 9246 
(1972). 

(5) The Seyferth group has also prepared hexamethylsilacyclopropane and 
found it to be much less stable than the dispiro compounds: D. Seyferth 
and D. C. Annarelli, J. Am. Chem. Soc, 97, 2273 (1975). 

(6) At least one other group has obtained spectroscopic evidence of a sta­
ble silacyclopropane in solution, but attempts at isolation have not been 

fruitful: P. R. Jones, private communication, North Texas State Universi­
ty. 

(7) See, for example, C. J. Attridge, Organomet. Chem. Rev., Sect. A, S, 
323 (1970); C. G. Pitt, J. Organomet. Chem., 61, 49 (1973); E. Ebsworth 
in "Organometallic Compounds of the Group IV Metals: The Bond to 
Carbon", Vol. I, Part 1, A. G. MacDiarmid, Ed., Marcel Dekker, New 
York, N.Y., 1968, p 1; B. G. Ramsey, "Electronic Transitions in Orga-
nometalloids", Academic Press, New York, N. Y., 1969, p 65. 

(8) R. Hoffmann, J. Chem. Phys., 39, 1397 (1963); R. Hoffmann and W. N. 
Lipscomb, ibid., 36, 2179, 3489 (1962); 37, 2872 (1962). The following 
Si parameters were used (orbital, Coulomb integral in eV, Slater expo­
nent): 3s, -17.30, 1.383; 3p, -9.20, 1.383; 3d, -6.00, 1.383. 

(9) See chapters by H. G. Richey and by K. B. Wilberg, B. A. Hess, Jr., and 
A. J. Ashe, III, in "Carbonium Ions", Vol. Ill, G. A. Olah and P. v. R. 
Schleyer, Ed., Wiley-lnterscience, New York, N.Y., 1972, pp 
1201,1295. 

(10) A. D. Walsh, Nature (London), 159, 167, 712 (1947); A. D. Walsh, 
Trans. Faraday Soc, 45, 179 (1949); R. Hoffmann, "Special Lectures 
at the XXIIIrd International Congress of Pure and Applied Chemistry", 
Vol. II, Butterworths, London, 1971, p 233. 

(11) D. W. Turner, C. Baker, A. D. Baker, and C. R. Brundle, "Molecular Pho-
toelectron Spectroscopy", Wiley-lnterscience, New York, N.Y1, 1970, 
pp 166, 203. 

(12) Linear combinations of the other components of the degenerate Walsh 
orbital sets give rise to semidelocalized orbitals transforming as ai and 
b2. These can in turn interact with Si 3d orbitals lying in the plane of the 
silacyclopropane ring; however, because of the small coefficients at the 
sites of interaction, the effect will be minor. See W. L. Jorgensen and L. 
Salem, "The Organic Chemist's Book of Orbitals", Academic Press, 
New York, N.Y., 1973, pp 153, 206, 208. 

(13) D. B. Boyd and R. Hoffmann, J. Am. Chem. Soc, 93, 1074 (1971). 
(14) S. W. Benson, F. R. Cruickshank, D. M. Golden, G. R. Haugen, H. E. 

Oneal, A. S. Rodgers, R. Shaw, and R. Walsh, Chem. Rev., 69, 279 
(1969). 

(15) J. W. Larsen and A. V. Metzner, J. Am. Chem. Soc, 94, 1614 (1972). 
(16) F. D. Greene, J. C. Stowell, and W. R. Bergmark, J. Org. Chem., 34, 

2254 (1969); F. D. Greene and J. F. Pazos, ibid., 34, 2269 (1969). 
(17) W. Adam and R. Rucktaschel, J. Am. Chem. Soc, 93, 557 (1971); O. L. 

Chapman, P. W. Wojtkowski, W. Adam, O. Rodriguez, and R. Rucktas­
chel, ibid, 94, 1365(1972). 

Studies of Interactions of Adjacent Carbon-Metal 
a Bonds by Photoelectron Spectroscopy1 

Akira Hosomi and T. G. Traylor* 

Contribution from the Department of Chemistry, University of California, 
San Diego, La Jolla, California 92037. Received August 23, 1974 

Abstract: The uv photoelectron spectra of 1,2- and l,3-bis(trimethylstannyl)- and bis(trimethylsilyl)alkanes were determined 
along with several reference tetraalkyltin compounds. The ionization energies reveal a 2.6-eV interaction between adjacent 
carbon-tin bonds in Me3SnCHaCHjSnMe3 and an approximately 1.2-eV interaction in ?/-a«i-2,3-bis(trimethylstannyl)nor-
bornane. In the latter compound, the torsional angle between C-Sn a bonds is 120° as compared with a possible 180° in the 
former. This <J~<J interaction is compared with a-tr, n-x, and TT-X interactions. 

The similarity of strained or polarized bond orbitals to n 
or 7T orbitals in derealization phenomena has recently be­
come more clearly demonstrated.2-6 For example, <T-TT con­
jugation of C-metal bonds can be as large as n-7r conjuga­
tion of the -NH2 lone pair in its effect upon aromatic elec-
trophilic substitution7 rates (eq 1) or ionization potentials 

M 

G-^T 
M 

+V=CH2 

s\ 
M 
I 
CH2 

(D 

(eq 2). Thus, expressing the electron donation by the group 
Y in PhY as the usual (T+(Y) values, the values <r+(p-OMe) 
= —0.78 and rj+(p-benzylmercuryl-CH2-) = —1.1 were 
determined by either the rate of reaction I7 or ionization 

M 

IP 

M 

<gHH 2 
(2) 

potentials 2.2 The magnitudes and stereoelectronic require­
ments for Tr-Tr, n-Tr, and O--TT conjugations are now rather 
well understood.2-6 

The decrease in hydrocarbon ionization potentials with 
chain length8'9 and the low ionization potentials of polysi-
lanes10 indicate that a derealizations are to be expected. It 
remains to choose well-defined pairs of single a bonds with 
which to delineate the behavior of o-a conjugation of either 
bent C-C bonds or C-metal bonds or their combinations. 
Spectroscopic studies have revealed large a-a interactions 
in the compounds shown: 

J 

b>-^\ O O \>-d 
SnMe3 
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