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Summary

The gas phase basicities of a series of carbofunctional derivatives H;M-
(CH,),X (M = C, Si, Ge; X = NH,, OH, F; r = 1—3) were investigated by the
semiempirical CNDO/2 method. The calculations indicate that the electronic
effects of silyl- and germyl-substituents differ greatly from the effect of simple
alkyls. Moreover, in contrast to simple carbon derivatives, the overall nature of
the electronic effects of silyl- and germyl-substituents is crucially influenced by
the molecular conformation.

Introduction

The increasing availability of such techniques as chemical ionisation mass
spectrometry [1] and ion cyclotron resonance [2] has stimulated experimental
and theoretical interest in the study of the effect of structural variations on
intrinsic (gas-phase) acid and base strengths. Because of the absence of com-
plications arising from solvation effects, the gas phase quantities represent very
convenient data for direct theoretical calculation, and both ab initio [3—5] and
semiempirical [6—8] calculations have proved to be very useful in rationalizing
the experimental results. In contrast to the considerable effort devoted to the
study of the effect of simple alkyl groups, little is known about the factors
determining the influence of other substituents.

An interesting extension in this respect represents the study of basicities in a
series of closely related trimethylsilyl- and trimethylgermyl-substituted ali-
phatic alcohols and amines [9—11] ((CH;);M(CH,),X (M = Si, Ge; X = NH,,
OH: n = 1—4)). Because of the unavailability of direct gas phase techniques the
basicity used was that measured by the IR method with phenol and deutero-
chloroform as proton-donors. Since the measurements were made in a very
dilute solution in nonpolar CCl, and since the studied series form a closely
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structurally related set of compounds we believe that the IR data can be con-
sidered as a rough measure of the gas phase basicities. The theoretical justifica-
tion for such a belief is provided by the thorough study by Arnett {12].

The experimental results reveal a large difference between the trends in
basicity for organometallic derivatives (Si, Ge) and the corresponding alkyl
derivatives. For example, the basicities in both series of organometallic alcohols
decrease with increase in the number of intervening CH, groups, in contrast to
the trend for simple alkyl alcohols. The variation in the basicities of organo-
metallic amines is even more complex, and reflects the operation of the so-
called «-effect [13].

These results suggest that in spite of expected similarity of carbon, silicon
and germanium, the electronic effects of silyl and germyl groups are substan-
tially different from those of simple alkyl groups. Stimulated by these experi-
mental findings we undertook to investigate through semiempirical CNDO/2
calculations, the factors influencing the effects of silyl- and germyl-substituents
on the gas phase basicities.

Calculations

Quantum chemical calculations were performed with the standard CNDO/2
programme [14] modified for inclusion of third-row atoms. The d-orbitals on
silicon and germanium were neglected and parameters for germanium were
taken from Schweig [15]. Ideal tetrahedral geometries were assumed, with
bond lengths either standard [14] or experimental [16—18] (r(Si—C) = 1.87 &;
r(Ge—C) = 1.945 A; r (Si—H) = 1.48 A; r(Ge—H) = 1.53 A). Because of the
semiempirical nature of the calculations the gas phase basicities were estimated
simply as the energies of protonation without any correction for zero point
vibrations. Further, since we are interested in qualitative trends rather than in
absolute numbers, the calculations were performed for silyl (H;Si-) and germyl
(H;Ge-) substituted compounds rather than trimethylsilyl and trimethylgermyl
derivatives.

The geometries of the unprotonated and corresponding protonated com-
pounds were partially optimised by the so-called rigid rctor approximation
with respect to the rotation around the C—X bond («a-functional derivatives)
and arcund the central C—C bond (8-functional derivatives). For unprotonated
a-functional compounds the optimised geometries were found to be identical
within the series of ethylamine, (silylmethyl)amine and (germylmethyljamine
(I), and also identical within the series of ethanol, silylmethanel and germyl-
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ethanol (II). These geometries agree in the case of carbon compounds with
both experimental and ab initio data [19]. In §-functional derivatives the geom-
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etry of the C—X fragment was fixed in the optimal arrangement found for the
a-functional series, and only the rotation around the C—C bond was optimised.
The calculated optimal geometries in the case of nonprotonated carbon deriva-
tives can be compared with the results of a 4-31G ab initio study by Pople
[20]. Generally both CNDO/2 and ab initio calculation predict comparable sta-
bility for “gauche” (II1) and “anti” (IV) conformations, but quantitatively
their prediction differ in some cases. For example, whereas in the case of
n-propyl alcohol both methods predict the gauche conformation (II1) to be the
most stable, they differ in their assighments of the optimal conformations for
propylamine (anti (IV) for ab initio vs. gauche (1II) for CNDO/2) and for
propyl fluoride (gauche for ab initio vs. anti for CNDOQO/2). Calculated CNDO/2
optimised geometries for all the unprotonated g-functional derivatives are
presented schematically in Scheme I, from which it will be seen that the cal-
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culated optimal geometries differ in the case of alcohols and amines on going
from simple alkyl to germyl derivatives, but there are no experimental or ab
initio data available for comparison in these cases.

Because of the large number of rotational degrees of freedom we did not
optimise the geometry for y-functional derivatives H ,M(CH,);X. Instead, in
view of the comparable importance of gauche and arti conformations in g-func-
tional series, we have assumed for vy-functional derivatives only conformations
derived from initial gauche and anti arrangements by again placing the addi-
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tional CH,, SiH; and GeHj group into the gauche and anti positions. The result-
ing final geometries of y-functional derivatives are shown schematically in
Scheme II.

Results and discussion

The suitability of the CNDO/2 method for describing trends in the gas phase
basicities of simple aliphatic alcohols and amines is well documented [6—8].
Stimulated by these results we applied the CNDO/2 method to the series of
organosilicon and organogermanium derivatives. In order to eliminate the pos-
sible imperfections of the CNDO/2 method in assigning the most stable confor-
mations, the protonation energies were calculated for all energetically preferred
gauche, anti (B-functional series), gauche-gauche and anti-anti (y-functional
series) conformations in all series of compounds. The calculated values of pro-
tonation energies are summarised in Tables 1—3.

We first examine the trends in protonation energies in a series of homologous
carbofunctional derivatives. Experimental data on gas phase basicities of
aliphatic amines, aleohols, and halides indicate that there is a regular increase in
basicity on going from methyl to higher alkyl derivatives. This effect has been
explained in terms of the increasing polarisability of the alkyl groups [5]}. The
experimental results are completely reproduced by the CNDO/2 calculations.
As can be seen from Table 1 the absolute values of the protonation energies for
all three series of simple alkyl derivatives (amines, alcohols, fluorides) increase
regularly with increasing length of the alkyl chain. It is important to note that
the trends in the experimental data are correctly reproduced irrespective of the
conformation of the alkyl chain (see the series CH,CH,X, anti CH,CH,CH,X,
anti-anti CH;CH,CH,CH,X or CH;CH,X gauche CH,;CH,CH X, gauche-gauche
CH,;CH,CH,CH,X).

TABLE 1

CNDO/2 CALCULATED VALUES OF PROTONATION ENERGIES (kJ/mol) FOR A SERIES OF
SIMPLE ALKYLDERIVATIVES CH3(CH2), X

Compound AE

CH3CHoNH- —1288.7
CH3CH2CH,NH; ¢ —1293.6
CH3CH,CH,NH, ? —1299.6
CH3CH2CH5CH,oNH; © —1296.9
CH3CH,CH,CH5NH, ¢ —1304.9
CH3CH»OH —1103.5
CH3CH,CH,0H ¢ —1112.4
CH 3CH,CH,0H —117.0
CH3CH,CH,CH10H € —1116.0
CH3CH,CH,CH,0H ¢ —1123.4
CH3CH,F —908.9
CH3CH,CH,LF ¢ —915.7
CH3CH,CH,F ? —925.7
CH3CH,CH,CHF € —919.0
CH3CH,CH,CHLF ¢ -9335

¢ Conformation gauche. b Conformation anti. ¢ Conformation gauche-gauche. d Conformation anti-anti.
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TABLE 2

CNDO/2 CALCULATED VALUES OF PROTONATION ENERGIES (kJ/mol) FOR A SERIES OF
CARBOFUNCTIONAL ORGANOSILICON DERIVATIVES

Compound AFE

SiH3CH2NH, —1305.0
SiH 3CH2CH,NH, ¢ —1292.6
SiH3CH,CH,NH, ? —1318.7
SiH3CH,CH,CHoNH; € —1298.0
SiH 3CHCHCHaNH, ¢ —1311.9
SiH3CH,0H —1123.6
SiH3CH,CH,0H ¢ —1118.1
SiH 3CH,CH,0H P —1141.7
SiH3CH,CH>CHL0H € —1117.0
SiH 3CH,CH,CH,0H 9 —1132.0
SiH4CH,F —948.7
SiHiCH2CH,3F ¢ —928.3
SiH 3CH,CHF P —954.2
SiH3CH2CH>CHF € —921.8
SiH3CH>CH,CH,F 2 —944.0

¢ Conformation gauche. b Conformation anti. © Conformation gaucke-gauche. d Conformation anti-anti.

In contrast, a completely different picture holds for the series of organo-
silicon and organogermanium compounds for which the trends in the protona-
tion energies depend greatly on the molecular conformation. This is illustrated
in Figure 1 for a representative series of silyl and germyl substituted alcohols,
but practically the same pattern holds also for amines and fluorides. In a series
of silyl and germyl derivatives H;MCH,X, gauche H;MCH,CH,X, and gauche-
gauche H;MCH.CH,CH,X, the trends in protonation energy correspond to a
regular decrease of gas phase basicity, in complete contrast to the situation for

TABLE 3

CNDO /2 CALCULATED VALUES OF PROTONATION ENERGIES (kJ/mol) FOR A SERIES OF
CARBOFUNCTIONAL ORGANOGERMANIUM DERIVATIVES

Compound AE

GeH3CH,NH, —1317.2
GeH3CH;CH;NH, & —1289.6
GeH4CH,CH,NH7 ? —1329.5
GeH3CH,CH,CHaNH, © —1299.9
GeH 3CH,CH,CH,NH, @ —1317.2
GeH3;CH,OH —1138.1
GeH3CH2CH,OH ¢ —1124.9
GeH ;CH,CH,0H © —11548
GeH3CH,CH,CH,0H € —1118.9
GeH 3CH,CHCH40H ¢ —1138.1
GeH3CH,F - —871.1
GeH3CHoCH,F ¢ —936.7
GeH3CH,CH,F ? —969.0
GeH3CH,CHCHF © —924.5
GeH3CHZCH2CH,F ¢ ~951.0

2 Conformation gauche. b Conformation anti. ¢ Conformation gauche-gauche. d Conformation anti-anti.
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Fig. 1. Dependence of calculated protonation energies in a series of carbofunctional alecohols HyM(CH,),,-
OH on the value of n. Full line: gauche and gauche-gauche conformations; dotted line: anti and anti-anti

conformations.

the simple alkyl derivatives, and this decrease of basicity has been previously
found experimentally for a series of trimethylsilyl- and trimethylgermyl substi-
tuted alcohols [9,11]. On the other hand, the trend in protonation energy in a
series of H;MCH,X, anti H;MCH,CH,X and anti-anti H;MCH,CH,CH,X is
much more complex, and reflects the operation of the so called a-effect [13]-
This trend is exactly reproduced by experimental results for a series of tri-
methylsilyl substituted amines [10].

These results suggest that CNDO/2 data rationalise the experimental results
provided that the conformation of the molecular chain is gauche for B- and
gauche-gauche for y-functional alcohols and anti for §- and anti-anti for y-func-
tional amines. This assumption cannot be, however, checked because of the
lack of reliable experimental or theoretical data on the molecular conforma-
tions of silyl and germyl derivatives. It is noteworthy, however, that 4-31G ab
initio calculations [20] indicate that the gauche conformation is the most sta-
ble for n-propyl alcohol and the anti conformation for n-propylamine.

These results indicate that the appearance of the so-called a-effect [13] in
basicity data is crucially connected with the anti conformation of the molec-
ular chain, and consequently the a-effect is probably of conformationai origin.
The calculations also clearly demonstrate that the electronic effect of silyl and
germyl groups is substantially different from that of simple alkyls and more-
over that this effect crucially depends on the molecular conformation. The
same conclusion follows also from the analysis of the barrier to internal rota-
tion around the C—X bond in a series of 8-functional derivatives H sMCH,CH,X
[21].

The predicted trends in the gas phase basicities of organosilicon and organo-
germanium compounds could be perhaps demonstrated experimentally on
properly chosen rigid models. The results of our analysis also suggest that there
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is a considerable potential for theoretical studies aimed of deeper understand-
ing of the electronic effects of organometallic substituents.

References
1 H.F. Field, Acc. Chem. Res., 1 (1967) 92.
2 J.L. Beauchamp, Ann, Rev. Phys. Chem,, 22 (1971) 527.
3 A.Johansson, F.A. Kollman and J.F. Liebman and S. Rothenberg, J. Amer. Chem. Soc., 96 (1974)
3750.
4 A.C. Hopkinson, N_K. Holbrook, K. Yates and 1.G. Csizmadia, J. Chem. Phys., 49 (1968) 359€.
5 H. Umeyama and K. Morokuma. J. Amer. Chem. Soc., 98 (1976) 4400.
6 R.B.Hermann, J. Amer. Chem. Soc., 92 (1970) 5298.
7 P.T. Lewis, Tetrahedron, 25 (1969) 4117.
8 D. Aue, H.M. Webb and M.T. Bowers, J. Amer. Chem. Soc., 98 (1976) 311.
9 M. Krumpole, V. Bazant and V. Chvalovsky, Collect. Czech. Chem. Commun., 38 (1973) 711.
10 V. Fialovd, V. BaZant and V. Chvalevsky, Collect. Czech. Chem. Commun., 38 (1973) 3837.
11 J.Pola, V. Bazant and V. Chvalovsky, Collect. Czech. Chem. Commun., 37 (1972) 3885.
12 E.M. Arnett, EJ. Mitchell and T.S.S.R. Murty, J. Amer. Chem. Soc., 96 (1974) 3875.
13 V. Chvalovsky: Plenary lecture at Ilird international symposium on organosilicon chemistry, Madison,
USA 1972
14 J.A. Pople and D.L. Beveridge, Approximate MO theory, McGraw Hill, New York, 1970,
15 L.H. Hase and A. Schweig, Theor. Chim. Acta, 31 (1973) 215.
16 L. Sutton, Table of interatomic distances, supplement (Spec. Publ. No 18), The Chemical Society,
London, 1965,
17 V.W. Laurie, J. Chem. Phys., 30 (1959) 1210.
18 L.P. Lindemann and M.K. Nilson, J. Chem. Phys., 22 (195%) 1723.
19 J.A. Pople, Tetrahedron, 30 (1574) 1605.
20 W.A. Lathan, J.A. Pople, W. Hehre and L. Radom, J. Amer. Chem. Soc., 95 (1973) 693.
21 R. Ponec, L. Deimek and V_ Chvalovsky, Collect. Czech. Chem. Commun., in press.



