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Abstract 

The anomeric effect at silicon has been studied by ab initio calculations. The 
geometries and energies of H,Si(XH),, X = 0, S were optimized with the basis sets 

3-21G, 3-21G (*), and 6-31G *. Single point MP3/6-31G * //6-31G * calculations 
were also carried out. H,Si(XCH,),, X = 0, S, were studied with the 3-21G basis 
set. All compounds are most stable in the guuche,guuche conformation, pointing to 
the operation of an anomeric effect. The total anomeric interactions given by the 

energies of the equations: H,Si(XH), + SiH, * 2H,SiXH are (MP3/6-31G *): 8.6 
and 2.2 kcal/mol for X = 0 and X = S, respectively. Rotation barriers on going 
from the (g,g), to the (g,a) and to the (a,~) conformations are (MP3/6-31G l , 
kcal/mol): 2.5 and 3.8 in H,Si(OH), and 2.1 and 3.2 in H,Si(SH),. Thus, the 
anomeric effect in H,Si(OH), is large, although smaller than in H,C(OH),. In 

H,Si(SH), and H,C(SH), the anomeric effects are comparable, and both relatively 
small. The anomeric effect is predicted to be important in determining the confor- 
mations of compounds with silicon bonded to 2 oxygens such as R,Si(OR’),, 
disilaoxiranes, and related molecules. 

Intraduction 

The anomeric effect at carbon has attracted considerable attention both experi- 
mentally and theoretically, and the subject has been reviewed extensively [l]. The 
anomeric effect (on a generalized broad definition of the concept) is observed in 
molecules of the general type CH,XY, where typically X and Y are groups such as 
OR SR, and halogens [l]. The anomeric interactions manifest themselves in both 
the energies and the geometries of these molecules [1,2]. Compounds exhibiting the 
anomeric effect usually adopt a gauche conformation (e.g., CH,(OCH,),), and are 
significantly more stable than the corresponding singly-substituted analogues [1,2]. 
For example, at the best level of theory currently available the reaction shown in eq. 
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H)! H 

HOSiO = llO.38.t 107.981.[110.67] * HSSiS = ll7.58.t 117.58). [ll7.60] 

Fig. 1. Calculated geometries of H,Si(OH), and H,Si(SH), at 6-31G l (no brackets), 3-21G (*) (round 

brackets) and 3-21G (square brackets). X is a notional atom on the bisector of the HSiH angle. 

corresponding total energies are listed in Table 1 (which also gives the 3-21G//3-21G 
total energies for 5 and 6). 

H,C(OH)l H,Si(OH)* H,Si(OCH,), 

(I) (3) (5) 

H,C(SH)z H,Si(SH)* H,Si(SCH3), 

(2) (4) (6) 

The lowest energy conformations of both 3 and 4 is gauche [18*]. This is the case 
(at 3-21G) also for the corresponding methyl ether 5 and methyl thioether 6, as well 
as for the carbon analogues 1 and 2 [1,2]. This conformational preference is a strong 
indication of the operation of an anomeric effect [1,2] at silicon (see below). 

In line with the molecular orbital interpretation of the anomeric effect at carbon 
[l], we attribute the anomeric effect at silicon to the interactions of the lone pairs of 

Table 1 

Absolute energies (in Hartrees) for H,Si(OH), and H,Si(SH), in the (g,g)-conformation 12, at various 

levels of calculation D 

Method H,Si(OH), H,Si(SH) 2 

3-21G//3-21G - 438.69108 - 1080.86778 
3-21G’*‘//3-21G’*’ - 438.81548 - 1081.19324 
6-31G l //6-31G l - 441.04713 - 1086.31746 
MP2/6-31G l //6-31G * - 441.48540 - 1086.63280 
MP3/6-31G *//6-31G * - 441.49792 - 1086.67339 

0 The 3-21G//3-21G total energies for (g,g>H,Si(GGHs), and of(g,g>HsSi(SGHs), are -438.69108 

and - 1080.86778 Hartrees, respectively. 
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the heteroatoms (0 or S) with the geminal-Si-X (X = 0, S) u * orbitals, as shown 
schematically in 7. According to this model the gauche,guuche conformation (g, g) 
is expected to be the most stable, because in this stereochemical arrangement the 
u * (Si-X) orbital is properly aligned to interact with the 2p lone-pair on the 
heteratom. On the other hand, in the guuche,anti conformation (g,a) one of the 2p 
lone-pairs interacts with u * (Si-H) ( see 8). As the interaction of 2p with u * 
(Si-H) is weaker than with u * (Si-X) (see below) conformation 8 is less stable than 
7. In the anti,anti conformation (a, a) the 2p lone-pairs on the two heteroatoms are 
out of conjugation with the adjacent (Si-X) bonds, as shown in 9, and the 
interactions between the geminal groups are significantly reduced. 

The stronger interaction of 2p with u * (Si-X) than with u * (Si-H) can be 
understood in terms of qualitative Perturbation Molecular Orbital (PMO) theory 
[19]. According to this theory the second-order energy stabilization resulting from 
the interaction of two orbitals i and j is proportional to Si;./Acij, where Sij is the 
overlap matrix element and Acjj is the energy difference between the interacting 
orbitals [19]. Qualitatively it is expected that u * (Si-X) will be lower in energy 
than u * (Si-H) and that the 2p-a * (Si-X) overlap will be larger than the 2p-0 * 
(Si-H) overlap owing to the greater polarization towards silicon of u * (Si-X) than 
of (I * (Si-H). Thus according to this model, both the numerator (S;) and the 
denominator (Ari,.) of the above PM0 expression favor the 2p-a * (Si-X) interac- 
tion, making it more stabilizing than the 2p-a l (Si-H) interaction. A recent 
quantitative Natural Bond Orbital (NBO) energetic analysis of this problem by 
Reed and Schleyer [ 121 showed that the overlap factor (Si.) contributes much more 
than the energy factor (Acij) to the difference in hyperconjugative stabilization 
between these two situations (see Von R. Schleyer’s papers [12] in particular ref. 12a 
for a more detailed discussion). Note that in 9 the sp* lone-pairs on X are properly 
aligned to interact with the adjacent u * (Si-X) orbitals. However, as the sp* 
lone-pairs are lower in energy and have also smaller overlap with u*(Si-X) than the 
2p lone-pairs, conformation 9 is less stable than 7 or 8 (i.e. both Arii and Sij are 
larger in 9 than in 7). 

These PM0 arguments lead to the conclusion that if the anomeric effect is 
important then the expected order of stabililty should be 7 > 8 > 9; this is indeed 
the stability order that we calculate (see Table 2 and discussion below), pointing to 
the operation of an anomeric effect in 3, 4, 5 and 6. 
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Detailed experimental data for 3-6, or similar molecules that can be compared 
directly with the calculations are unfortunately not available. The crystal structures 

of several organosilanediols [20] and of two organosilanetriols [21] have been 
determined experimentally. However, in these compounds there are strong inter- 

molecular hydrogen bonds which affect the geometry [20,21] and prevent direct 
comparison with our calculations. In cyclohexylsilanetriol (lo), the disorder of the 
hydrogen-bond network even prevents determination of the conformation around 
the HOSiO bonds [21(a)]. The possible operation of the anomeric effect was not 
mentioned in reports of these studies [20,21]. The most relevant experimental data 
come from an electron diffraction study of the molecular structure of CH3Si(OCH,), 
by Hargittai et al. [22]. These authors found that the data are consistent with a 
molecule of C, symmetry, the predominant forms of which have rotational angles 
between 100” and 155 o around the Si-0 bonds (the anti-conformation of the 
C-Si-O-C chain corresponds to 0 “). Unfortunately, the uncertainty in the de- 
termination of the rotational angle is large, and it is not possible to conclude 
whether or not an anomeric effect is operating in this molecule (the anomeric effect 
is not discussed in ref. 22). 

o- 
SitOH 13 

In addition to the conformational preferences, further intimate structural details 
are also available from the calculations. As in the carbon analogues [la], the Si-0 
and the Si-S bonds are somewhat shorter in 3 and 4 than in H,SiOH (1.647 A, 
6-31G l ) and H,SiSH (2.15 A, 6-31G *) [23], respectively. It is noteworthy that the 

Si-X bond lengths are shortened significantly when d-functions are added to the 
basis set (Fig. 1). This phenomenon is well documented for silicon and other 
third-row elements [23-251. Experience shows that 6-31G * calculations provide a 
very good description of the geometries of molecules such as 3-6 [10,23-251. For 
example, Hargittai et al. have reported that in CH,Si(OCH,),, r(Si-0) 1.632 k 0.004 
A [22], in good agreement with the calculated 6-31G * value for 3 of 1.642 A. As 
the present calculations neglect electron correlation we estimate that the experimen- 
tal Si-0 and Si-S bond lengths in 3 and 4 are actually slightly longer (by ca. 0.01 
A) than the calculated 6-31G l values [24,25]. 

The magnitude of the anomeric effect can be estimated by using two methods, 
each referring to a different aspect of this phenomenon [l]. The first method 
measures the total interaction between the geminal substituents. The second method 
relates to the conformational preference of the gauche structure. We evaluate first 
the total interactions between the two geminal substituents in 3 and 4, by means of 
equations 3 and 4, respectively. The calculated energies are given in Table 2. 

H,Si(OH), + SiH, + 2H,SiOH (3) 

H,Si(SH)* + SiH, + 2H,SiSH (4) 
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Table 2 

Total interaction energies (eq 3 and 4) and relative energies of conformers of H,Si(OH), and 
H,Si(SH), LI 

Method AC Relative energy AC Relative energy 

(q. 3, 12 13 14 (q. 3, 12 13 14 

(g,g) (a,g) (apa) (g,g) (a.g) (apa) 

H,Si(OH), H,Si(SH), 

3-21G//3-21G 10.6 0.0 3.3 7.8 0.3 0.0 2.3 5.6 
3-21G ‘*j//3-21G (*) 8.2 0.0 2.3 5.9 1.0 0.0 1.9 4.9 

6-31G *//6-31G l 7.2 0.0 2.1 5.3 0.7 0.0 1.8 4.6 

MP2/6-31G *//6-31G * 8.5 0.0 2.6 6.5 2.6 0.0 2.2 5.6 

MP3/6-31G *//6-31G * 8.6 0.0 2.5 6.3 2.2 0.0 2.1 5.3 

%WW, H,CO, 

6-31G *//6-31G * 15.0 b 0.0 d 4.4 d 10.1 d 0.6 ’ 0.0 d 1.9 d 5.2 d 

MP2/6-31G *//6-31G * 16.6 b 0.0 4.9 11.2 2.3 c 0.0 2.4 6.3 

MP3/6-31G l //6-31G * 15.8 ’ 0.0 4.8 10.8 1.4 c 0.0 2.3 6.0 

p All energies in kcal/mol. b For eq. 1. ’ For eq. 2. d For conformations of CH*(OH), and CH, (SH) 2 

analogous to 12-14. 

At the MP3/6-31G *//6-31G * level eq. 3 and 4 are exothermic by 8.6 and 2.2 
kcal/mol, respectively (Table 2). These energies reveal a significant stabilization of 
the disubstituted silicon compounds relative to the corresponding monosubstituted 
derivatives, the effect being much larger for two oxygens than for two sulfurs. In a 
subsequent paper we will show how the differences in the magnitude of the 
anomeric effect at silicon between oxygen and sulfur affect the energies of dissocia- 
tion of (HO),SiH and (HS),SiH to the corresponding silicenium ions [3,4*]. In the 
corresponding carbon series the anomeric stabilization is also larger for oxygen than 
for sulfur [1,2]. However, there are important differences in the behavior of the 
carbon and the silicon systems. With oxygen as the substituent, the geminal 
interactions at carbon are much larger than at silicon. On the other hand, the 
anomeric effect of sulfur is relatively small, and is of almost the same magnitude 
when bonded either to silicon or to carbon. 

The rotation barriers around the Si-XH bonds in 3 (X = 0) and 4 (X = S) reveal 
the magnitude of the structural (torsional) manifestations of the anomeric effect. 
This information is relevant to the conformational analysis of analogous organosili- 
con compounds such as R,Si(XR’), (R’ = alkyl, aryl; X = 0, S; R = H, alkyl) and 
cyclic systems such 

&e ‘i 

(11) 

Rotation of one 

as 11, for which axial and equatorial conformers are possible. 

of the XH groups in 3 and 4 (using the “rigid rotor” model 
[26* J) from the (g,g)-conformation 12 (which is the most stable) to the (a,g)-con- 
formation 13 (HX,SiX, = 180°; HX,SiX, = 110.4O in 3 and 117.6O in 4) requires 
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at the MP3/6-31G l level 2.5 and 2.1 kcal/mol, respectively (Table 2). Rotation in 
13 of the second XH group to an anti-orientation, i.e., to the (a,a)-conformation 

14, requires 3.8 and 3.2 kcal/mol (MP3/6-31G *) for 3 and 4, respectively. Thus, 
rotation of the second XH group out of conjugation requires slightly more energy 
than the rotation of the first group. 

The conformational preferences of H,Si(OH), and H,Si(SH), are similar; for 
both the (g, g)-conformation is favoured by ca. 2-3 kcal/mol. Comparison with the 
carbon analogues shows that the rotation barriers, and thus the conformational 
preferences, are larger for H,C(OH), than for H,Si(OH),, but are similar in 
H,C(SH), and H,Si(SH),. Thus, at the MP3/6-31G * level, rotation of one XH 
group to an anti-conformation (i.e., as in 13) requires 4.8 kcal/mol in CH,(OH), 
(2.5 kcal/mol for H,Si(OH),) and 2.3 kcal/mol in CH,(SH), (2.1 kcal/mol for 
H,Si(SH),). The rotation of the second XH group to an anti-position (i.e., as in 14) 
requires 6.0 (3.8) and 3.7 (3.2) kcal/mol for H,C(OH), (H,Si(OH),) and H,C(SH), 
(H,Si(SH),), respectively. The trends which are observed when comparing the 
rotation barriers in the carbon and the silicon compounds parallel the conclusions 
from equations l-4 regarding the magnitude of the total anomeric interactions in 
these compounds. Thus both the total thermodynamic stabilization and the confor- 
mational anomeric effect are larger for H,C(OH), than for H,Si(OH),, and both 
effects are relatively small and comparable in magnitude for H,Si(SH), and 

H ,C(SH) 2. 

H 

I 

H H 
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In conclusion, we find a significant stabilizing geminal-anomeric effect at silicon, 
especially when silicon is bonded to two oxygens. The resulting total thermody- 
namic stabilization is smaller (by approximately half) than for the analogous carbon 
systems. The anomeric effect is much smaller for sulfur substituents for both silicon 
and for carbon. The differences between the carbon and the silicon molecules can be 
understood, as shown recently by Reed and Von R. Schleyer [12] primarily in terms 
of the higher electropositivity of silicon. Electronegativity differences are probably 
also the major factor responsible for the differences between H,Si(OH), and 
H,Si(SH), (or H,C(OH), vs. H,C(SH),), but the longer bonds to sulfur, which 
reduce the overlap between the geminal orbitals, may also contribute. 

The anomeric effect at silicon, although smaller than at carbon, is large enough to 
influence or even to determine the prefered conformations of appropriate organo- 
silicon compounds such as R,SiXY where X and Y are OR, SR, halogens [3], 
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disilaoxiranes [7], and cyclic organosilicon molecules such as 11. We are extending 
our study to other SiH,XY systems in which X and Y span the entire second and 
third-row substituents (i.e., Li to F and Na to Cl). 

We hope that this report will stimulate a variety of experimental studies, 

structural, thermodynamic and kinetic [l], which will establish the importance of the 
anomeric effect in organosilicon chemistry. 

Acknowledgements 

We thank Professor P. von R. Schleyer for helpful comments and for preprints 
of his related work (ref. 12), Dr. M. Karni for some of the calculations, and the 
United States-Israel Binational Science Foundation (BSF) for financial support for 

this study. 

References 

1 (a) A.J. Kirby, The Anomeric Effect and Related Stereoelectronic Effects at Oxygen, Springer Verlag, 

Berlin, 1983 and ref. therein; (b) P. Deslongchamps, Stereoelectronic Effects in Organic Chemistry, J. 

Wiley, New York, 1983. 

2 P.v.R. Schleyer, E.D. J emmis and G.W. Spitznagel, J. Am. Chem. Sot., 107 (1985) 6393. 

3 A. Stanger, Ph.D. Thesis, Technion, Haifa, Israel, 1985, and manuscript in preparation. 
4 For a related experimental study see: J.B. Lambert and W.J. Schulz, Jr., J. Am. Chem. Sot., 105 

(1983) 1671. 

5 For related studies of mono-substituted silicenium ions see: (a) Y. Apeloig, S.A. Godleski, D.J. 

Heacock and J.M. McKelvey, Tetrahedron Lett., (1981) 3297; (b) Y. Apeloig and P.v.R Schleyer, 

ibid., (1977) 4647. 

6 Y. Apeloig and M. Kami, manuscript in preparation. 

7 M.J. Michalczyk, M.J. Fink, K.J. Hailer, R. West and J. Michl, Grganometallics, 5 (1986) 531, and 

ref. cited therein. 

8 (a) F.O. Stark, J.R. Falender and A.P. Wright, in G. Wilkinson, F.G.A. Stone, E.A. Abel (Eds.), 

Comprehensive Grganometallic Chemistry, Pergamon Press, Vol. 2, p. 305, 1982; (b) W. NOB, 

Chemistry and Technology of Silicones, Academic Press, New York, 1968. 

9 I. Hargittai and H.M. Seip, Acta Chim. Scand., A30, (1976) 153. 

10 (a) J. Sauer, J. Phys. Chem., 91 (1987) 2315; (b) A.C. Hess, P.F. McMilIan and M. G’Keeffe, ibid., 91 

(1987) 1395; (c) M. O’Keeffe, B. Domenges and G.V. Gibbs, ibid., 89 (1985) 2304, (d) A. Hess, P.F. 

McMillan and M. O’Keeffe, ibid., 90 (1986) 5661. 

11 When this paper was iu the hands of the editor we learned of an account of related work by Von R. 

Schleyer’s group which was in the press (and has now appeared in part) dealing with the anomeric 

effect for a variety of central atoms other than carbon, including silicon [12]. 

12 (a) A.E. Reed and P.v.R. Schleyer, J. Am. Chem. Sot., 109 (1987) 7362; (b) A.E. Reed and P.v.R. 

Schleyer, Inorg. Chem., in press; (c) A.E. Reed, C. Schade, P.v.R. Schleyer, P.V. Kamath and J. 

Chandrasekhar, J. Chem. Sot. Chem. Commun., (1988) 67. We thank these authors for preprints of 

these manuscripts. 

13 The Gaussian 82 series of programs were used; J.S. Binkley, M. Frisch, K. Raghavachari, D. DeFrees, 
H.B. Schlegel, R. Whiteside, E. FIuder, R. Seeger, and J.A. Pople, Gaussian 82, Carnegie-Mellon 

University, Pittsburgh, PA., U.S.A. 
14 (a) J.S. Binldey, J.A. Pople and W.J. Hehre, J. Am. Chem. Sot., 102 (1980) 939; (b) MS. Gordon, J.S. 

Binkley, J.A. Pople, W.J. Pietro and W.J. Hehre, J. Am. Chem. Sot., 104 (1982) 2797. 
15 W.J. Pietro, M.M. Francl, W.J. Hehre, D.J. DeFrees, J.A. Pople, and J.S. Binkley, J. Am. Chem. So& 

104 (1982) 5039. 
16 (a) P.C. Hariharan and J.A. Pople, Theor. Chim. Acta, 28 (1973) 213. (b) 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., 77 (1982) 3654. 

17 (a) C. Moller and M.S. Plesset, Phys. Rev., 46 (1934) 818; (b) J.S. Binkley and J.A. Pople, Int. J. 
Quantum Chem., 9 (1975) 229. 



313 

18 This was the view taken by Hargittai and Seip [9] and the same conclusion was reached by von R. 

SchIeyer and coworkers while the present study was in progress [11,12]. 

19 I. Fleming, Frontier Orbitah and Organic Chemical Reactions, J. Wiley, London, 1976. 

20 M. Kakudo and T. Watase, J. Chem. Phys., 21 (1953) 167; M. Kakudo, W. Kasai and T. Watase, 

ibid., 21 (1953) 1894; P.E. Tomhns, J.E. Lydon, D. Akrigg, and B. Sheldrick, Acta CrystaIIogr., C,41 

(1985) 941; N.H. Buttrus, C. Eabom, P.B. Hitchcock and A.K. Saxena, J. Organomet. Chem., 284 

(1985) 291; Z.H. Aiube, N.H. Buttrus, C. Eabom, P.B. Hitchcock, and J.A. Zora, ibid., 292 (1985) 

177; N.H. Buttms, C. Eabom, P.B. Hitchcock, and P.D. Lick&, ibid, 302 (1986) 159; N.H. Buttrus, 

C. Eabom, P.B. Hitchcock, P.D. Lick&, and A.D. Taylor ibid., 309 (1986) 25. 

21 (a) H. Ishida, J.L. Koenig, K.C. Gardser, J. Chem. Phys., 77 (1982) 5748; (b) N.H. Buttrus, RI. 

Damja, C. Eabom, P.B. Hitchcock and P.D. Lick&, J. Chem. Sot., Chem. Commun., (1985) 1385. 

22 E. Gergo, I. Hargittai and G.Y. Schultz, J. Organomet. Chem., 112 (1976) 29. 

23 B.T. Luke, J.A. Pople, M.-B. Krogh-Jesperen, Y. Apeloig, J. Chandrasekhar, and P.v.R. Schleyer, J. 
Am. Chem. Sot., 108 (1986) 260. 

24 W.J. Hehre, L. Radom, P.v.R. Schleyer, and J.A. Pople, Ab Initio Molecular Orbital Theory, J. Wiley, 

New York, 1986, Chapt. 6. 

25 Y. Apeloig in S. Patai and Z. Rappoport (I!&.), The Chemistry of Organosihcon Compounds, J. 
Wiley, London, in press. 

26 All parameters are kept at their optimized values and only the HOSiO dihedral angles are varied 


