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Figure 9. Calculated collision cross section, f!0 [X 10"16 em], as a 
function of the ion mass, in helium, nitrogen, argon, C02, and SF6• 

section with ion mass are nearly independent of the type of drift 
gas and reflect mainly the increasing size of the ion. On the other 
hand, the relative values between light and heavy ions change 
considerably in the different drift gases. Thus, the cross section 
for the heaviest ion in helium is 5 times larger than that of the 
lightest ion; in C02, the ratio is above 2, while in SF6 they differ 
by less than a factor of 2. 

The results presented above reflect mainly the effect of the 
polarizability of the drift gas molecules on the mobility of ions. 
The high polarizability of SF6 (about 20 times that of helium) 
results in a much stronger interaction and a larger collision cross 
section, which lead to a lower mobility, although the ion-neutral 
separation is slightly larger. This is also the reason why the 
mobility of a given ion in nitrogen, air, and argon is similar. The 
higher mass of argon, which gives a higher reduced mass, is 
counterbalanced by its slightly lower polarizability. In C02, on 
the other hand, the slight mass difference relative to argon and 

the much higher polarizability both lead to significantly lower 
reduced mobility values. 

The mobility of heavy ions is less dependent on the nature of 
the drift gas than that of lighter ions. This is indicative of the 
weakening ion-neutral interaction as the ion size increases. 

Summary 

The mobility of the ions formed in an IMS cell from aliphatic 
and aromatic amines depends strongly on the properties of the 
drift gas molecules, especially on their polarizability and mass. 
The importance of the latter is reflected through the dependence 
of the reduced mass of the ion-neutral pair on the drift gas 
molecule's mass. The former is manifested through its effect on 
the collision cross section, by way of the interaction potential. The 
measured mobility values are reproduced quantitatively by the 
theoretical model for ions whose mass is no more than 2 or 3 times 
the mass of the drift gas molecules. However, once the mj M ratio 
increases above 3, the deviation between measured and calculated 
values also increases. Thus, in SF6, for example, good agreement 
between the measured and calculated ion mobilities is obtained 
(except for the heaviest ion studied here). This also accounts for 
the success of this model with the hard-core potential to reproduce 
quantitatively most of the• available experimental data, which 
generally dealt with ions of relatively low masses. However, the 
addition of the correction factor 1 to the interaction potential 
compensates for the sensitivity loss of the model to increments 
in the mass of heavy ions. 

Thus, use of the corrected mobility formula in invaluable for 
predicting the mobility of ions over a broad mass range in a given 
drift gas. Furthermore, on the basis of this prediction, it is possible 
to select a suitable drift gas to obtain optimal separation of ions 
with similar mobilities. 

Registry No. He, 7440-59-7; N 2, 7727-37-9; Ar, 7440-37-1; C02, 

124-38-9; SF6, 2551-62-4. 
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The heats of formation of the three-membered ring compounds Y 2H4X (Y = C, Si; X = CH2, NH, 0, SiH2, PH, S) and 
the thermodynamics of the insertion reactions X+ YH2=YH2 -- c-Y2H4X are predicted by using MP2/6-31G(d) energies 
at the 6-31G(d) geometries. Bent bond lengths are calculated by tracing the path of maximum electron density connecting 
two nuclei, with the 6-31G(2d) basis set at the 6-31G(d) structures. The short Si-Si internuclear distances in Si2H4X (X 
= CH2, NH, 0, PH, S) apparently are the result of severe bond bending rather than significant 1r character in the Si-Si 
bonds. 

I. Introduction 

Experimental and theoretical studies of ring strain have largely 
been devoted to cyclic hydrocarbons1

·
3 and heterocycles containing 

second-period atoms. 1
•
4

·
6 Recent work on these systems has 

(I) Greenberg, A.; Liebman, J. F. Strained Organic Molecules; Academic 
Press: New York, 1978, and references therein. 

(2) Liebman, J. F.; Greenberg, A. Chern. Rev. 1976,76,311-365. 
(3) Newton, M. D. In Modern Theoretical Chemistry, Applications of 

Electronic Structure Theory; Schaefer III, H. F., Ed.; Plenum Press: New 
York, 1977, and references therein. 

(4) (a) Politzer, P.; Abrahmsen, L.; Sjoberg, P.; Laurence, P. R. Chern. 
Phys. Lett. 1983, 102, 74-78. (b) Aue, D. H.; Webb, H. M.; Davidson, W. 
R.; Vidal, M.; Bowers, M. T.; Goldwhite, H.; Vertal, L. E.; Douglas, J. E.; 
Kollman, P.; Kenyon, G. L. J. Am. Chern. Soc. 1980, 102, 5151-5157. 

(5) Delker, G. L.; Wang, Y.; Stucky, G. D.; Lambert, R. L., Jr.; Haas, C.; 
Seyferth, D. J. Am. Chern. Soc. 1976, 98, 1779-1784. 

0022-3654/89/2093-3025$01.50 ;o 

focused on the nature of ring binding,? analysis of inherent strain 
energies,8 and substituent effects.9 Several recent studies of cyclic 
compounds containing one or more third-period atoms,5•10 par
ticularly silicon, 11-1 3 have been published. These investigations 

(6) (a) Duncan, J. L.; Burns, G. R. J. Mol. Spectrosc. 1969, 30, 253. (b) 
Mitchell, R. W.; Kuzma, L. J.; Pirkle, R. J.; Merritt, J. A. Spectrochim. Acta, 
Part A 1969, A25, 819. (c) Nakanaga, T. J. Chern. Phys. 1981, 74, 
5384-5392. (d) Nakanaga, T. J. Chern. Phys. 1980, 73, 5451-5458. (e) 
Chan, S.; Goldwhite, H.; Keyser, H.; Tang, R. Spectrochim. Acta, Part A 
1970, A26, 249-255. (f) Strausz, 0. P.; Safarik, I.; O'Callaghan, W. B.; 
Gunning, H. E. J. Am. Chern. Soc. 1952, 74, 2795-2800. 

(7) Cremer, D.; Kraka, E. J. Am. Chern. Soc. 1985, 107, 380Q-3810. 
(8) (a) Wiberg, K. Angew. Chern., Int. Ed. Engl. 1986,25, 312-322. (b) 

Cremer, D.; Gauss, J. J. Am. Chern. Soc. 1986, 108, 7467-7477. 
(9) Cremer, D.; Kraka, E. J. Am. Chern. Soc. 1985, 107, 3811-3819. 
(10) Absar, I.; Schaad, L. J.; Van Wazer, J. R. Theor. Chim. Acta 1973, 

29, 173-181. 

© 1989 American Chemical Society 



3026 The Journal of Physical Chemistry, Vol. 93, No.8, 1989 

include experimental structural determinations of small silicon
containing rings5•

14
-

21 and their associated chemistry,22 as well as 
theoretical predictions of geometries, 13•23-27 vibrational frequencies 
and intensities, 25 and strain energies. 12a·23•26•

27c Still, much remains 
to be done in gaining a fundamental understanding of the bonding 
in small ring systems containing main-group metals. 

The present work presents an analysis of the molecular 
structures and prediction of the heats of formation for the set of 
three-membered rings Y 2H4X (Y = C, Si; X = CH2, NH, 0, 
SiH2, PH, S). The relative energies of the reactants and products 
of the insertion reactions X + H2 Y=YH2 -- c-XY 2H4 are also 
determined. 

II. Computational Approach 

Structures and force fields were computed at the Hartree-Fock 
SCF level, with the 6-31G(d) basis set.28•29 This basis set includes 
a set of six d polarization functions on all heavy atoms. Sec
ond-order M0ller-Plesset perturbation theory corrections30 were 
made with this basis set (denoted MP2/6-31G(d)) in the deter
mination of energetic quantities. 

As an aid in the analysis of the molecular structures, "bent" 
bond lengths, defined as the path of maximum electron density 
(MED) connecting two atoms,31 were computed. The MED path 

(II) (a) Ishikawa, M.; Katayama, S.; Kamada, M. J. Organomet. Chern. 
1983, 248, 251-260. (b) Seyferth, D.; Duncan, D.P. J. Organomet. Chern. 
1976, 111, C21-c25. (c) Brook, A. G.; Wessely, H.-J. Organometal/ics 1985, 
4, 1487-1488. (d) Michalczyk, M. J.; West, R. J.; Michl, J. J. Chern. Soc., 
Chern. Commun. 1984, 1525-1526. 

(12) (a) Gordon, M.S. Chern. Phys. Lett. 1980, 76, 163-168. (b) Gordon, 
M.S. J. Am. Chern. Soc. 1980, 102, 7419-7422. 

(13) Jones, P.R.; White, D. D. J. Organomet. Chern. 1979, 181, 399-410. 

(14) Schafer, A.; Weidenbruch, M.; Peters, K.; von Schnering, H.-G An· 
gew. Chern., Int. Ed. Engl. 1984, 23, 302-303. 

( 15) Watanabe, H.; Kato, M.; Okawa, T.; Nagai, Y. J. Organomet. Chern. 
1984, 27I' 225-233. 

(16) Dewan, J. C.; Murakami, S.; Snow, J. T.; Collins, S.; Masamune, S. 
J. Chern. Soc., Chern. Commun. 1985, 892-894. 

(17) Masamune, S.; Hanzawa, Y.; Murakami, S.; Bally, T.; Blount, J. F. 
J. Am. Chern. Soc. 1982,104, 115D-1153. 

(18) Ishikawa, M.; Matsuzawa, S.; Sugisawa, H.; Yano, F.; Kamitori, S.; 
Higuchi, T. J. Am. Chern. Soc. 1985, I07, 7706-7710. 

(19) Ishikawa, M.; Sugisawa, H.; Kumada, M.; Higuchi, T.; Matsui, K.; 
Hirotsu, K.; Iyoda, J. Organometallics 1983, 2, 174-175. 

(20) Masamune, S.; Murakami, S.; Tobita, H. J. Am. Chern. Soc. 1983, 
105, 7776-7778. 

(21) (a) Yokelson, H. B.; Millevolte, A. J.; Gillette, G. R.; West, R. J. Am. 
Chern. Soc. 1987, 109, 6865-6866. (b) West, R.; De Young, D. J.; Haller, 
K. J. J. Am. Chern. Soc. 1985, I07, 4942-4946. 

(22) (a) Seyferth, D.; Annarelli, D. C.; Shannon, M. L.; Escudie, J.; 
Duncan, D.P. J. Organomet. Chern. 1982, 225, 177-191. (b) Seyferth, D.; 
Annarelli, D. C.; Vick, S.C.; Duncan, D.P. J. Organomet. Chern. 1980, 20I, 
179-195. (c) Seyferth, D.; Goldman, E. W.; Escudie, J. J. Organomet. Chern. 
1984,271, 337-352. (d) Ishikawa, M.; Matsuzawa, S. J. Chern. Soc., Chern. 
Commun. 1985, 588-589. 

(23) Schoeller, W. W.; Dabisch, T. J. Chern. Soc., Chern. Commun. 1985, 
1706-1707. 

(24) Rubio, J.; Illias, F. THEOCHEM 1984, 110, 131-137. 

(25) (a) Grev, R. S.; Schaefer, H. F. III J. Am. Chern. Soc. 1987, 109, 
6577-6585. (b) Grev, R. S.; Schaefer, H. F. III J. Am. Chern. Soc. 1987, 
I 09, 6569-6577. 

(26) After this paper was submitted, a closely related preprint (Cremer, 
D.; Gauss, J.; Cremer, E. M. E. "Strain in Three-Membered Rings Containing 
Silicon-The Inability of Silicon to Form Flexible Hybrid Orbitals") was 
kindly sent to us by Professor D. Cremer. 

(27) (a) Sax, A. F. Chern. Phys. Lett. 1986, I27, 163-168. (b) Sax, A. 
F. Chern. Phys. Lett. 1986, I 29, 66-70. (c) Sax, A. F.; Kalcher, J. J. Chern. 
Soc., Chern. Commun. 1987, 809-810. 

(28) (a) Franc!, M. M.; Pietro, W. J.; Hehre, W. J.; Binkley, J. S.; Gordon, 
M.S.; DeFrees, D. J.; Pople, J. A. J. Chern. Phys. 1982, 77, 3654-3665. (b) 
Hariharan, P. C.; Pople, J. A. Theor. Chim. Acta 1973, 28, 213-222. (c) 
Polarization exponents of 0.55 and 0.65 were used for phosphorus and sulfur, 
respectively, and 0.80 for carbon, nitrogen, and oxygen. 

(29) Gordon, M.S. Chern. Phys. Lett. 1980, 76, 163-168. A polarization 
exponent of 0.395 is used for silicon. 

(30) (a) M0ller, C.; Plesset, M.S. Phys. Rev. 1934, 46, 618. (b) Pople, 
J. A.; Binkley, J. S.; Seeger, R. Int. J. Quantum Chern., Symp. 1976, SIO, 
1-19. 
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TABLE 1: Bond Lengths and Mulliken 1r Overlap Populations• 

molecule 

Ia 

2a 

3a 

4a 

Sa 

6a 

lb 

2b 

3b 

4b 

5b 

6b 

H 2C=CH2 

H 2Si=SiH2 

bond 

c-c 
C-N 

c-c 
C-0 

C-C 

C-Si 

c-c 

C-P 

c-c 
c-s 
C-C 

Si-C 

Si-Si 

Si-N 

Si-Si 

Si-0 

Si-Si 

Si-Si 

Si-P 

Si-Si 

Si-S 

Si-Si 

expt 

1.826b 

1.872' 
1.520b 

1.643' 

1.886d 

1.907'·' 
2.272d 

2.327' 

1.6941 
2.2271 

2.4281·' 

2.4161·' 

2.407h·' 

2.3801
·' 

2.4021
·' 

2.5!11 

2.162k 

2.289k 

1r overlap 

L A population 

1.497 1.507 0.031 

1.449 1.454 

1.471 1.488 0.033 

1.401 1.404 

1.453 1.474 0.036 

1.855 1.875 

1.553 1.555 -0.046 

1.853 1.874 

1.492 1.497 -o.003 

1.811 1.826 

1.473 1.480 0.025 

1.914 1.919 

2.258 2.336 0.051 

1.736 1.740 

2.238 2.353 0.056 

1.694 1.694 

2.200 2.332 0.058 

2.350 2.378 0.009 

2.291 2.304 

2.282 2.323 0.048 

2.163 2.168 

2.260 2.314 0.007 

0.280 

0.285 

• All bond lengths in angstroms. L and A denote the internuclear 

distance and bend bond length, respectively. The 1r overlap populations 

are determined at the 6-31G(2d)/ /6-31G(d) level. Asterisks indicate 
average bond length. hReference 5. 'Reference 18. dReference 19. 

'Reference 20. !Reference 21 a. I Reference 16. h Reference 17. 
1 Reference 15. J Reference 14. k Reference 21 b. 

was determined for the Si-Si bond in disilaoxirane (3b) for several 
basis sets. Since spurious minima were found on the MED path 
unless two sets of d functions were used, all bent bond lengths 
reported here were obtained with the 6-31 G(2d) basis set. 32 

Reoptimization of the disilaoxirane geometry with the 6-31 G(2d) 
basis set produces very small changes (less than O.Ql5 A and 0.5° 
in bond lengths and bond angles, respectively) to that obtained 
at the 6-31 G( d) level, so it is concluded that the smaller basis is 
reliable for geometry predictions. 

Disch et aJ.35 have demonstrated that homodesmic reactions33 

can be used to predict heats of formation of strained rings to within 
a few kcaljmol of experimental values. Such reactions have been 
used in this laboratory to predict heats of formation for cyclic and 
acyclic alkylsilanes. 34 In the present work the following homo
desmic reactions are used: 

(31) (a) Runtz, G. R.; Bader, R. F. W.; Messer, R. R. Can. J. Chern. 1977, 
304G-3045. (b) Bader, R. F. W.; Tang, T.-H.; Tal, Y.; Biegler-Konig, F. W. 
J. Am. Chern. Soc. 1982, 104, 94D-945. (c) Bader, R. F. W.; Tang, T.-H.; 
Tal, Y.; Biegler-Konig, F. W. J. Am. Chern. Soc. 1982, 104, 946-952. (d) 
Bader, R. F. W.; Slee, T. S.; Cremer, D.; Kraka, E. J. Am. Chern. Soc. 1983, 
I05, 5061-5068. 

(32) Frisch, M. J.; Pople, J. A.; Binkley, J. S. J. Chern. Phys. 1984, 80, 
3265-3269. Polarization exponents of 1.60 and 0.40 are used for carbon, 
nitrogen, and oxygen. Exponents of 1.10 and 0.275 (1.30 and 0.325) are used 
for phosphorus (sulfur). Exponents of 0.79 and 0.1975 are used for silicon 
(see ref 29). 

(33) (a) George, P.; Trachtman, M.; Bock, C. W.; Brett, A. M. Tetrahe
dron 1976,32,317-323. (b) George, P.; Trachtman, M.; Brett, A.M.; Bock, 
C. W. J. Chern. Soc., Perkin Trans. 2 1977, 1036-1047. 

(34) (a) Boatz, J. A.; Gordon, M.S.; Hilderbrandt, R. L. J. Am. Chern. 
Soc. 1988, I 10, 352-358. (b) Gordon, M.S.; Boatz, J. A.; Walsh, R. J. Phys. 
Chern., in press. 

(35) Disch, R. L.; Schulman, J. M.; Sabio, M. L. J. Am. Chern. Soc. 1985, 
107, 1904-1906. 
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<R1l 

/x, 
H2Y--YH2 + YH3YH3 + 2YH3XH -

YH3XYH3 + 2YH3YH2XH <R2l 

MP2/ 6-31 G( d) homodesmic reaction energies have been converted 
to t::.H,,o for each reaction by including zero-point vibrational 
energy (ZPE) corrections, obtained from the computed harmonic 
frequencies (scaled by a factor of 0.8936

). Then, by use of the 
known experimental heats of formation34

•
37 of the acyclic species 

in (R 1) and (R2), the calculated heats of reaction are used to 
predict heats of formation of the strained rings. Where necessary, 
conversion of the experimental heats of formation from 298 to 
0 K has been done by using a method described previously.38 The 
same homodesmic reactions are used to estimate strain energies.39 

For the rings containing two silicon atoms, the experimental 
heats of formation of the SiH3XSiH3 and SiH3SiH2XH reference 
compounds in (R 1) and (R2) are generally not known. These 
heats of formation must be estimated in the same way as described 
above. For example, the heat of formation of SiH3CH2SiH3 can 
be computed from the reaction 

SiH3CH2SiH3 + CH3CH2CH3 -- 2SiH3CH2CH3 (R3) 

(Because of this extra step, one anticipates slightly larger errors 
in the predicted heats of formation for the corresponding cyclic 
compound.) Since no experimental heats of formation of silane 
derivatives Si.HmX (n = 1, 2) are known (except X = CH2), 

predictions of the heats of formation of 2b, 3b, 5b, and 6b by this 
method are precluded. Previous calculations from this Iaboratory34 

have shown the experimental heat of formation of ethylsilane37
" 

to be in substantial error. Consequently, we have used homodesmic 
reaction (R4) to estimate this quantity. 

SiH3CH2CH3 + CH3CH 3 -- SiH3CH3 + CH3CH2CH3 (R4) 

The predicted heat of formation of ethylsilane is -3.6 kcaljmol, 
in excellent agreement with our earlier estimate34 of -4 kcaljmol. 

All structures, energies, and vibrational frequencies were de
termined by using the analytical gradient methods irt GAUSSIAN82.40 

The bent bond lengths were obtained with AIMPAC. 41 

III. Results and Discussion 

The numbering scheme for the molecules of interest is sum
marized in Figure 1. All structures were fully optimized, within 
the confines of the symmetries indicated in the figure. The 6-
31G(d) geometries are given in Figure 1, as are the experimental 
structures for la,42 2a,43 3a,44 5a,45 and 6a.44 Partial comparisons 

(36) Pople, J. A.; Schlegel, H. B.; Ragavachari, K.; DeFrees, D. J.; Binkley, 
J. S.; Frisch, M. J.; Whiteside, R. A.; Hout, R. J.; Hehre, W. J. Int. J. 
Quantum Chern., Symp. 1981, S15, 269-278. 

(37) (a) Cox, R. D.; Pilcher, G. Thermochemistry of Organic and Or
ganometallic Compounds; Academic Press: New York, 1970. (b) Pedley, 
J. B.; Iseard, B.S. CATCH Tables for Silicon Compounds; University of 
Sussex, 1972. (c) Wagman, D. D.; Evans, W. H.; Parker, V. B.; Schumm, 
R. H.; Halow, I.; Bailey, S. M.; Churney, K. L.; Nutall, R. L. J. Phys. Chern. 
Ref. Data 1982, II (Suppl. 2). (d) CODATA Task Group. J. Chern. 
Thermodyn. 1978, /0, 903. (e) Walsh, R. In The Chemistry of Organosi/icon 
Compounds; Patai, S., Rappoport, Z., Eds. 

(38) Pople, J. A.; Luke, B. T.; Frisch, M. J.; Binkley, J. S. J. Phys. Chern. 
1985, 89, 2198-2203. 

(39) The 6-31G(d) structures and energies of all reference compounds in 
reactions Rl and R2 are available upon request. 

(40) Binkley, J. S.; Frisch, M. J.; DeFrees, D. J.; Ragavachari, K.; 
Whiteside, R. A.; Schlegel, H. B.; Fluder, E. M.; Pople, J. A. GAUSSIAN82; 
Carnegie-Mellon University: Pittsburgh, PA, 1983. 

(41) Biegler-Konig, F. W.; Bader, R. F. W.; Tang, T.-H. J. Comput. 
Chern. 1982, 13, 317-328. 

(42) Yamamoto, S.; Nakata, M.; Fukuyama, T.; Kuchitsu, K. J. Phys. 
Chern. 1985, 89, 3298-3302. 

(43) Turner, T. E.; Fiora, V. C.; Kendrick, W. M. J. Chern. Phys. 1955, 
23, 1966. 

(44) Cunningham, G. L., Jr.; Boyd, A. W.; Meyers, R. J.; Gwinn, W. D.; 
LeVan, W. I. J. Chern. Phys. 1951, /9, 767. 

(45) Bowers, M. T.; Beaudet, R. A.; Goldwhite, H.; Tang, R. J. Am. 
Chern. Soc. 1969, 9/, 17-20. 
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18 

1.001 (1.0001 

«•115.5(112.01 

61.0 1.449 (1.4881 

c ~1~771~ 083l 

1.076 114.4 
(1.0831 .(116.71 

4 H1cc = tta.o 

A. H2CC ~ 120.3 

C, 

2a 

0 

H 

62,4 1.401 (1.436) 

1.453 
158.5 (1.472) 

(159.5) 

c,. 

38 

H H 

···· 1 .~.474 

Sl 

49,5 1.855 

c,. 

4a 

: 1.402 ( 1.428) 

p a .. 97.8 !95.71 

~5311.887) 

c - c .1.075 (1,092) 

.... ·/. (~::~~~ ~~···H 

Ht ,/ (~:::;) ( ~:~~:~t~.1~4.4l 
H 

.4 H1cc = 111 .s 'tts.o> 

4 H2CC .. 117.6 (117.01 

c, 

sa 

c,. 

sa 

H 111.2 H 

'71.082 

72.3 1.9\4 

c, 

1b 

H , ..... 
80.3 1.736 

c, 

2b 

0 

c,. 

3b 

H 

./1.479 

!"'\ 
")~··~;~. 

H H 

o,, 

4b 

: 1.407 

4 H1SISI "' 120.2 

4 H2SISI = 121.1 

c, 

Sb 

c,. 

6b 

Figure 1. Bond lengths in angstroms and bond angles in degrees. " 
denotes the angle between the X-H bond and the plane containing the 
three heavy atoms. The dashed line is defined by the intersection of the 
plane containing the three heavy atoms and the plane containing YH2• 

The symmetry of the molecule is located beneath its structure. 
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TABLE II: Heats of Formation (AH 1,0) and Thermodynamics of 
-Insertion Reactions for Three-Membered Rings• 

il.Hr.oh insertion reaction' 

molecule SCF MP2 obsd AE AH,,o 

Ia 16.6 18.0 16.6 -121.7 -113.6 (-100.8) 
(16.6) (18.0) 16.6 

2a 33.9 34.2 34.1 -115.0 -107.8 (-109.7) 
(35.6) (36.6) 34.1 

3a -8.6 -9.6 -9.7 -135.9 -131.7 (-128.7) 
(-8.4) (-9.6) -9.7 

4a 36.0 33.8 -48.7 -44.8 
(35.7) (33.8) 

Sa -76.6 -72.3 
6a 21.6 20.8 22.4 -88.8 -86.2 (-84.3) 

(20.1) (20.2) 22.4 
lb 49.1 47.4 -136.7 -130.0 

(49.9) (47.3) 
2b -161.9 -155.6 
3b -200.9 -196.8 
4b 70.2 68.3 -73.4 -69.2 

(70.2) (68.3) 
5b -105.2 -101.1 
6b -139.6 -136.6 

• All values are in kca1jmol. hComputed heats of formation deter
mined at the SCF (HF/6-31G(d)/ /HF(6-31G(d)) and MP2 (MP2/ 
6-31G(d) / /HF /6-31 G(d)) levels. The observed values are obtained 
from experimental heats of formation (ref 41). The theoretical values 
(not) enclosed in parentheses are obtained by using homodesmic reac
tion R2 (Rl). 'Computed insertion energies and enthalpies determined 
at the MP2/6-31G(d)/ /HF /6-31G(d) level (see (R5) in text). The 
experimental values (determined from ~eats of f~rmation: see ref 37) 
are given in parentheses. The expenmental smglet-tnplet energy 
splittings of CH2, NH, 0, PH, and S are taken from ref 49. 

with experimental structures are made in Table I for compounds 

4a, lb, 3b, 4b, and 6b. 

The agreement between the experimental and our calculated 

geometries for the compounds in Figure 1 is very good. The 

predicted c-c bond lengths are less than the experimental values 

by about 0.02 A. The computed C-X bond lengths are shorter 

than experiment, the largest difference (0.04 A) occurring in 2a. 

The calculated C-H and X-H bond lengths are all within 0.03 

A of experiment, again generally less than the measured values. 

Inclusion of correlation corrections would increase the predicted 

bond lengths.46 The experimental and theoretical H-C-H and 

H-X-(ring plane) bond angles agree to within 2° and 3°, re

spectively. 

Experimental structures for the remaining compounds are not 

known. For molecules 4a, lb, 3b, 4b, and 6b, the predicted 

structures may be qualitatively compared with experimental 

geometries of substituted analogues (Table 1). 

Recent studies by Grev and Schaefer25• and Cremer et al. 26 of 

lb-6b predicted structures that are nearly identical to ours: bond 

lengths and angles agree to within 0.02 A and 3°, respectively. 

Pseudopotential calculations by Rubio and Illas24 yielded Si-Si 

bond lengths of 2.331 and 2.381 A for 4b using effective double-s 

(DZ) and double-s plus polarization (DZP) basis sets, respectively. 

A 4-31 G calculation23 predicts a Si-Si bond length of 2.334 A 
for 4b. Previous calculated geometries of 4a gave Si-C and C-C 

bond lengths of 1.892 and 1.563 A (3-210) 12 and 1.848 and 1.588 
A (3-210*).34

• A CND0/2 investigation predicted Si-C (C-C) 

bond lengths of 1.891 ( 1.509) A. 13 

Among the more interesting structural features are the un
usually short Si-Si bond lengths in rings lb-3b, 5b, and 6b: The 

calculated Si-Si bond lengths of 2b and 3b are actually closer to 

the double bond length in disilene (2.13 A 47
) than to the Si-Si 

single bond length in disilane (2.36 A47 ). Furthermore, the SiH2 

(46) Hehre, W. J.; Random, L.; Schleyer, P. v. R.; Pople, J. A. Ab Initio 
Molecular Orbital Methods, Wiley: New York, 1986. 

(47) RHF/6-31G(d) C-X, Si-X single bond lengths and C-C, Si-Si 
double bond lengths (in angstroms): H3C-CH3 (1.527), H3C-NH2 (1.453), 
H3C-OH (1.400), H3C-SiH3 (1.890), H3C-PH2 (1.860), HlC-SH (1.818), 
H3Si-NH2 (1.729), H3Si-DH (1.653), H3Si-SiH3 (2.361), H3Si-PH2 (2.272), 
H3Si-SH (2.156), H2C=CH2 (1.317), H2Si=SiH2 (2.134). 
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TABLE III: Strain Energies and Enthalpies for Three-Membered 
Rings• 

-AE 
-AH,,o 

molecule SCF MP2 SCF MP2 obsd 

Ia 28.8 30.2 25.9 27.3 26.0 
(28.8) (28.0)h (30.2) (29.7)h (25.9) (27.3) 26.0 

2a 25.9 26.3 22.9 23.2 23.1 
(29.6) (29.8)h (30.5) (29.S)h (26.7) (27.7) 25.2 

3a 24.1 23.1 20.9 19.9 19.8 
(30.9) (31.6)h (29.7) (30.0)h (27.8) (26.6) 26.5 

4a 45.1 42.9 43.1 40.9 
(39.8) (37.9) (37.6) (35.7) 

Sa 24.4 22.0 22.4 20.0 
(22.6) (21.5) (20.5) (19.4) 

6a 18.5 17.7 16.3 15.5 17.1 
(19.2) (19.3) (16.9) (17.0) 19.2 

lb 46.3 46.3' 44.6 45.0' 44.3 42.6 
(43.1) (42.7)' ( 40.5) ( 40.5)' (41.2) (38.6) 

2b 48.8 49.2' 46.1 46.7' 47.2 44.5 
(43.3) (43.0)' (39.7) (39.5)' (42.1) (38.6) 

3b 58.0 59.2' 52.4 53.9' 56.4 50.8 
(54.1) (54.7)' (46.7) (47.7)' (52.6) (45.3) 

4b 39.0 38.9' 37.1 37.3' 37.5 35.6 
(39.0) (38.9)' (37 .1) (37.3)' (37.5) (35.6) 

Sb 32.3 32.2' 29.9 30.2' 30.8 28.4 
(31.3) (31.3)' (29.2) (29.5)' (29.9) (27.8) 

6b 30.2 30.5' 28.0 28.5' 28.9 26.7 
(28.0) (28.1 )' (25.2) (26.9)' (26.9) (24.1) 

• All values are in kcaljmol. Computed values determined at the 
SCF (HF/6-31G(d)//HF/6-31G(d)) and MP2 (MP2/6-31G(d)// 
HF /6-3!G(d)) levels. The observed values are obtained from experi
mental heats of formation (ref 41). The theoretical values (not) en
closed in parentheses are obtained by using homodesmic reaction R2 
(Rl). hfrom ref 7. 'From ref 26. 

groups in 3b are nearly coplanar with respect to the Si-Si base 

bond. (The angle between the H-Si-H bisector and the Si-Si 

bond is 173.3° .) A similar, albeit attenuated, shortening of the 

base bond is found 2a, 3a, and 6a. This observation has been 

interpreted in terms of partial Si-Si 1!'-bond character in lb-3b, 

Sb, and 6b.25• However, the bent bond lengths all fall within the 

range 2.31-2.38 A (Table 1). This suggests that these are still 

really single bonds. To further probe the electronic structure of 

the Si-Si bonds, the Mulliken ( 6-31 G(2d)) 1T' overlap populations 

have been computed (Table 1). The overlap populations are very 

small relative to those for ethylene and disilene and therefore may 

be of questionable significance. 

Tables II and III summarize the SCF and MP2 heats of for

mation and strain energies, respectively, of la-6b. As expected 

for homodesmic reactions, the effect of correlation on these 

quantities is minimal. With the exception of 3b, where the dif

ference in the SCF and MP2 strain energies is about 7 kcaljmol, 

the SCF and MP2 quantities agree to within about 2 kcaljmol. 

The agreement between the experimental and theoretical strain 

energies and heats of formation is excellent, with the computed 

values consistently within 2 kcaljmol of experiment. This lends 

confidence to the computed heats of formation for silacyclopropane 

(4a), disilacyclopropane (lb), and cyclotrisilane (4b) (36.4, 47.~, 

and 68.3 kcaljmol, respectively), as well as to the calculated stram 
energies of 4a, Sa, and lb-6b. Cremer and co-workers7

•
26 have 

calculated the strain energies of la-3a and lb-6b using homo

desmic reactions and MP2/6-31G(d) energies without ZPE 

corrections. Their computed strain energies agree to within 1 

kcaljmol of our values (Table III). The SCF /DZP strain enthalpy 
of 4b computed by Grev and Schaefer25b using (R2) (36.7 

kcaljmol) agrees very well with our SCF value of 37.5 kcaljmol. 

Sax and Kalcher27
c have computed a similar value for this com

pound. Schoeller and Dabisch23 have also computed the SCF / 

( 48) A bond critical point in the total electron density occurs wherever the 
gradient of the density is zero and two of the three curvatures are negative. 
See ref 31. 

(49) Gordon, M.S.; Boatz, J. A.; Gano, D. G.; Friederichs, M.G. J. Am. 
Chern. Soc. 1987, 109, 1323-1325. 
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DZP strain energy of 4b, using isodesmic reactions (without ZPE 
corrections). Their value of 31 kcaljmol is somewhat lower than 
our SCF strain energy of 39.0 kcaljmol. 

(R 1) and (R2) predict virtually identical heats of formation, 
the largest (MP2) difference (2.4 kcaljmol) occurring for 2a. The 
agreement between the respective strain energies is less good. 
Except for compounds la and 4b (for which reactions R1 and R2 
are identical), the RMS deviation in strain energies between the 
two sets of reactions is approximately 4 kcaljmol. 

The energy and enthalpy differences for the insertions (R5) 

X 
/ "'-.. 

H2Y=YH2 + X - H2Y--YH2 <R5l 

are found in Table II. These are computed with (llH,,0) and 
without (ll.E) ZPE corrections. The lowest singlet potential energy 
surfaces were assumed in determining these values. Except for 
cyclopropane (la), the calculated values agree to within 3 kcaljmol 
of the experimental data. The reason for part of the 13 kcaljmol 
discrepancy for cyclopropane is that, at the MP2/6-31G(d)/ /6-
31 G( d) level of theory, the singlet-triplet energy splitting of CH2 

is predicted to be 21 kcaljmol, approximately 12 kcaljmol higher 
than experiment. 5°• If the computed singlet-triplet splitting in 
CH2 were correct, the predicted llE and llH,,o would be -109.7 
and -101.6 kcaljmol, respectively. The latter value is in excellent 
agreement with the experimental value of -100.8 kcaljmol. A 
similar correction for the CH2 + H2Si=SiH2 reaction gives ll.E 

and llH,,o values of -124.7 and -118.0 kcaljmol, respectively. 
The formation of each silicon-based ring is more exothermic 

than the formation of its corresponding carbon-based system. The 
reactions leading to the formation of la-3a and lb-3b are the 
most exothermic, while those for 4a-6a and 4b-6b are less so. The 
least exothermic reaction is the one leading to silacyclopropane 
(4a); the most exothermic gives 3b. With the adjusted values of 
-109.7 and -101.6 kcaljmol for ll£,,0, and llH,,0, respectively, 
for the first reaction in Table II, it is evident that as the elec
tronegativity of X increases for X in a given period, the corre
sponding insertion reaction becomes more exothermic. 

These observations are likely due to three main effects: ( 1) 
the relative strengths of the C-C and Si-Si 1r bonds, (2) the 
relative strengths of the forming X-Y bonds, and (3) the relative 
strain energies of the forming three-membered rings. The fact 
that each silicon-based compound (lb-6b) has a larger exother
micity than its corresponding carbon-based ring (la-6a) can be 
attributed to the weakness of the Si-Si 1r bond relative to the C-C 
1r bond. 51 Less energy is expended in breaking the Si-Si 1r bond 

(50) (a) Bunker, P. R.; Jensen, P.; Kraemer, W. P.; Beardsworth, P. J. 
Chern. Phys. 1986,85, 3724-3731. (b) Huber, K. P.; Herzberg, G. Constants 
of Diatomic Molecules; Van Nostrand Reinhold: New York, 1979. 

(51) (a) Schmidt, M. W.; Truong, P. N.; Gordon, M.S. J. Am. Chern. Soc. 
1987, /09, 5217-5227. (b) Kutzelnigg, W. Angew. Chern., Int. Ed. Engl. 
1984, 23, 272-295. 
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than in breaking the c-c 7r bond, resulting in greater exother
micities for the formation of the silicon-based rings. The large 
exothermicities for la-3a and lb-3b are due to the greater strength 
of the forming C-X and Si-X bonds for X= C, N, and 0 com
pared to X = Si, P, and S. The formation of 4a is the least 
exothermic reaction since a C-C 1r bond must be ruptured in the 
process, and the ring strain of the product 4a is the largest of the 
carbon-based rings la-6a. Despite the fact that the ring strain 
of 3b is the largest of all the rings la-6b, the formation of 3b is 
the most exothermic insertion reaction because of the relative ease 
of breaking the Si-Si 1r bond and the overwhelming stability of 
the highly ionic Si-0 bonds. 

IV. Conclusions 

The major conclusions to be gleaned from this work are the 
following: 

1. The Si-Si bonds in the silicon rings lb-6b are more bent 
than the C-C bonds of la-6a. The displacement of the MED 
path away from the Si-Si internuclear axis can be as large as 0.3 
A, and the differences between the bent bond lengths and the 
corresponding internuclear Si-Si distances approach 0.15 A. 

2. The short Si-Si internuclear distances in lb-3b, Sb, and 6b 
appear to be a consequence of severe bond bending, rather than 
the result of significant 1r character in the Si-Si bond. 

3. The three-membered silicon rings lb-6b generally have 
higher strain energies than their carbon counterparts la-6a. Strain 
energies and heats of formation predicted by using homodesmic 
reactions are in good agreement with the available experimental 
data. 

4. Multiple sets of polarization functions are required in 
heavy-atom basis sets in order to obtain meaningful electron 
density distributions of highly strained compounds containing 
third-row atoms. 
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