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Summary 

Frequencies (v) and integrated intensities (A) of M-H (M = Si, Ge) stretching 
modes in IR spectra of organosilicon and organogermanium compounds, con- 
taining phenyl, xylyl and mesityl substituents, have been measured. In contrast 
to phenyl and xylyl derivatives, the influence of mesityl substituents on v(M-H) 
and A(M-H) is shown to be determined not only by the inductive effect and 
d,-p, interaction, but also by the pronounced steric effects of mesityl groups_ 

Introduction 

Silane and germane derivatives are considered to be the most convenient for 
spectroscopic investigation of the chemical bond in organosilicon and organo- 
germanium compounds. This is explained by the fact that the modes of Si-H 
and Ge-H vibrations are highly characteristic [l-3] _ Therefore, the frequency 
and integrated intensity of v(M-H) (M. = Si, Ge) bands are determined almost 
exclusively by electronic effects of the substituents bound to the M atom, 
indeed the frequency and intensity of the Y(M-H) bands appear to be the sole 
sources of data on electronic effects of the substituents in organosilicon and 
organogermanium compounds. 

The dependence of v(M-H) or A(M-H) on inductive and various conjugation 
effects, was systematically studied for a large number of silane and germane 
derivatives 14-7 ] . Primarily, only compounds with the substituents which do 
not exhibit large steric effects were investigated. This is why the bond angles of 
central Si or Ge atoms remain almost tetrahedral and the values of v(M-H) and 
A(M-H) are independent of the substituent steric effects. Also, there is reason 
to believe that the presence of bulky substituents at the M atom results in a 
significant deviation of its bond angles from -109.5°. This can (a) change the 
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modes of the v(M-H) vibrations and (b) change the values of M-X overlap 
integrals (X = is an atom with lone electron pairs or c&unsaturated hydrocar- 
bon radical), i.e. can change the conjugation of the M atom with the X sub- 
stituent. We were not acquainted with any theoretical or experimental work 
directly concerned with steric effects of substituents on Y(M-H) and A(M-H) 
for organosilicon and organogermanium compounds. Therefore, we made a 
comparative study on organosilicon and organogermanium compounds with 
substituents of significant steric effects and compounds with xylyl or phenyl 
substituents, the steric effects of which are small and do not affect the param- 
eters of IR spectra. 

Results and discussion 

It was found [4,5] that v(M-H) in organosilicon compounds R3SiH arid 
organogermanium compounds R,GeH, (R = substituents which exert only an 
inductive influence on v(M-H)) is connected with the sum of the Taft induc- 
tive constants of the R substituents by the linear equations: 

%d = 23.1Cc3* + 2112 (R$iH) (1) 

vind = 23.6Co’ + 2021 (R3GeH) (2) 

It has been reported [6,7] that the corresponding equations for mono- and di- 
substituted germane derivatives are as follows: 

Vied = 23.6x:* + 2035 (R&e&) (3) 

vind = 23_6D* + 2049 (RGe%) (4) 

From eq. 1-4, it might be expected that the experimental frequencies of v(M-H) 
would decrease in the order: Ph > Xyl > Mes, due to the decrease in the electron- 
acceptor properties of the substituents at the M atom. (It is obvious from Table 
1 that the sum of the Taft inductive constants of three substituents in this 
series decreases significantly). However, according to the data obtained the 
experimental values of v(M-H) decrease when passing from phenyl to xylyl 
derivatives of silicon and germanium, while for mesityl derivatives this value 
increases sharply. Compound X is the only exception. 

Let us consider the possible reasons for v(M-H) changing. From eq. 1-4, the 
frequencies “ind and differences Av = vind - v,,* were calculated for the com- 
pounds studied. Analysis of Au indicates that there are several factors affecting 
this value. 

It has been found [4,7,9,10] that Au for Ph,SiH, Ph3GeH, PhzGeHz, PhGeH, 
is determined by d,--p, interaction. This effect is opposite to the -1 effect of 
the phenyl groups. Formally, this is equivalent to decreasing the -1 effect of 
the substituents. As a result, the force constant of the M-H bond decreases, 
causing the decrease of v,,~ in comparison with Vind. The same effect is respon- 
sible for Au appearing for xylyl derivatives of silicon and germanium. The com- 
parison of Au values for 1 and II, IV and V indicates, that the effect of d,-p, 
interaction in M-Xyl fragments is less than that in M-Ph fragments. It has been 
shown [ll] that this is due to the smaller inductive effect of xylyl substituents 
compared to phenyl ones. 
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TABLE 1 

VALUES OF u(M-H). Au; Al’* AND 2.A”2 IN THE IR SPECTRA OF THE COMPOUNDS STUDIED 

I 
II 
III 
IV 
V 

VI 
VII 
VIII 

IX 
X 

Compound 

Ph$iH 

Xyl$iiH a 
Mes3Sil-Z o 
PhAGeH 
Xy13GeH 
hksjGeH 
PhZGeH2 
MesZGeH2 

PhGeZ13 
RIesGeHg 

“exp 
(cm-’ ) 

I--- 
2132 
2125 
2159 
2046 
2042 
2052 
2062 
2074 

2082 
2077 

“ind 4Vl 
(cm-’ ) (cm-’ ) 

2153 t21 

2138 +13 
2117 42 
2063 +17 
2048 +6 
2026 -26 
2074 +12 
2050 -24 

2086 +4 
2074 -3 

A1f2 
exP 

*?2 
md 

heptane/CCb 

4A If2 

1.12 1.20 0.82 
l-17 1.24 0.96 
1.19 - 1.16 
1.19 1.25 0.94 
1.24 1.33 1.07 
1.39 1.49 1.56 
1.60 1.68 1.45 
1.77 1.86 1.66 

1.69 1.78 - 
1.84 1.92 - 

0.30 
0.21 
0.03 
0.25 
0.17 
0.13 
0.15 
0.11 

- 

\,o* 

1.80 
1.14 
0.21 
1.80 
1.14 
0.21 
1.69 
0.63 

1.58 
1.05 

a 

Xyl = CH, Mes = CH, 9 
=H3 

Values of u* xyly! and mesityl substituents were calculated accordinp. to the equation u*<R,C,H~-~) 
n(ag) + 0.600; erg values were used from ref. 8. 

An anomalous increase is observed in the experimental values of v(M-H) for 
mesityl derivatives. The values of uexp here exceed vind values obtained by eq. 
1-4. No such situation was observed for the silane or germane derivatives with 
phenyl or xylyl substituents. Therefore, we attributed the anomalous values of 
V exp to large steric effects of mesityl substituents in compounds III, VI and VIII. 

From data reported [ 121, the angles between Mes-M-Ales bonds in com- 
pounds of Mes3MH type (M = C, Si, Ge) are 118.3; 116.0 and 115.5”, respec- 
tively; i.e. the angle increases with decrease of the atomic radius of M. The 
distortion of the tetrahedral structure of Si and Ge atoms in the Mes,MH type _ 
compounds and also, probably, in Mes,GeH, leads to a change of the u(M-H) 
mode in these compounds_ NMR data indicate a “propeller” arrangement of 
three mesityl substituents at Si and Ge atoms [13,14]. This together with the 
distortion of the tetrahedral structure of central Si and Ge atoms in the com- 
pounds with three and, probably, two mesityl substituents change the 
c&--p, interaction between vacant d-orbitals of M atoms (M = Si, Ge) and 
r-electrons of aromatic rings. (It is known [15] that the degree of d,-p, inter- 
action is strongly dependent on the overlap integrals of the interacting orbit&, 
i.e. on the molecular geometry). 

Significant negative values of Av for compounds III, VI and VIII suggest 
that both the factors (the change of the vibration mode and of the d,--p, 
interaction) bring about a sharp decrease in electron density donation from the 
aromatic ring to M atoms by the conjugation mechanism in mesityl derivatives 
compared to phenyl and xylyl ones. Not only complete distortion of d,-p, 
interaction in M-Mes bonds takes place here, but there is also a sharp increase 
in vexp values due to the change of the M-H vibration mode in compounds III, 
VI and VIII. These two effects result in large negative Av values. Thus, although 
Av is a formal indication of the anomalously high electron-acceptor properties 
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of the mesityl substituents in compounds III, VI and VIII the distortion of the 
molecular configuration is the real cause of the anomalous values of Av. 

The barriers to internal rotation around the M-C,,,_ bond in Mes,SiH and 
Mes3GeH are found to be 8.3 and 6.3 kcal mol-‘, respectively 1133. 

These data together with the values of the bond angles, given above, testify 
to the fact that steric hindrance is-more dominant in organosilicon compounds 
than in organogermanium ones. This view is confirmed by IR data. The devia- 
tion from the correlation straight line (1) is found to be 42 cm-’ for Mes,SiH, 
while for Me+GeH the deviation from the line (2) is 26 cm-‘. The large devia- 
tion from the correlation straight line for Mes,SiH is indicative for the profound 
steric effects in organosilicon compounds. The values of Au in compounds IX 
and X, containing one phenyl and one mesityl substituent bound to the Ge 
atom, give conclusive evidence of the spectroscopic parameters being dependent 
on steric effects. In contrast to compounds I-III, IV-VI, VII-VIII, a decrease 
in v,,,(Ge-H) is observed when passing from PhGeH, to MesGeH3. Due to the 
fact that there is one aromatic substituent and three hydrogen atoms bonded 
to the Ge atom in compound X, the barrier of rotation around the M:Carom_ 
bond is sharply decreased and practically no steric hindrance akin to that is 
observed in compounds with three and two mesityl groups. The decrease in Au 
for compound X, in comparison with Au for its phenyl analog IX, results from 
the smaller negative inductive effect of the mesityl group compared to that of 
the phenyl group. Thus, pronounced steric effects are absent in compounds 
with one mesityl substituent. This observation provides support for the conclu- 
sion [13,14], that the steric effects are determined by interaction of the orthc- 
methyl groups and the hydrogen atoms of neighbourlng rings. 

We now consider the data on the integrated intensity A(M-H). 
As shown earlier [16-181, an increase in electron-acceptor properties of the 

substituents bound to the M atom, results in the decrease of the dipole moment 
of the M-H bond and, consequently, in the decrease of the integrated intensity 
A(M-H). The equations, relating to A I’* with the sum of the inductive Taft 
constants of three substituents R (for heptane solutions) have been derived for 
silane and germane derivatives, containing substituents exerting a solely induc- 
tive effect: 

A;;; = l-20 - 0_21Z:o* (R$iH) [19] 

A;$ = 1.30 - 0.2OZo* (R,GeH) 151 
A;;: = 1.79 - 0_2OZo* (R2GeH2) 1201 

(5) 

(6) 
(7) 

As can be seen from Table 1, the intensity A(M-H) increases from phenyl to 
xylyl and mesityl derivatives_ At first sight, the integrated intensity A(M-H) 
appears to be unaffected by steric effects, because A”* increases as %J* 
decreases_ By equations 5-7, Aind _ I’* for the compounds studied (I-VIII) has 
been calculated under the assumption of a purely inductive influence of three 
substituents (bound to the M atom) on the intensity A(M-H). 

However, the substituents in compounds I-VIII exert an inductive influence 
as well as a mesomeric effect through the d,-p, interaction mechanism. For 
example [5,17,18,20] for compounds with X-substituents of similar type, the 
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experimental values of intensity Xii*‘, differ from Afi;Ld due to the d,--p, inter- 
action. The c&-p, interaction effect accompanied by transfer of electron density 
from the X-substituent to the M atom, leads to a decrease in the acceptor prop- 
erties of X and, consequently, to an increase in the experimental intensity A:& 
in comparison with A:;%, which could have been expected under the assumption 
of the intensity depending exclusively on the inductive effect of the substituents. 
The difference AA”* = A.!$: - Ai;% is a quantitative measure of the d,-p, inter- 
action effect. It can be seen from Table 1 (compounds I-VI), that AA”’ values 
for mesityl derivatives of silicon and germanium are much smaller than those 
for the corresponding phenyl and xylyl derivatives. This is in agreement with 
anomalous values of intensity A(M-Ii), having been found earlier for the com- 
pounds bearing substituents with large steric effects. Thus, on studying silanes 
(Ri)$iH, the experimental values A;/,', are found to be smaller for the com- 
pounds with branched alkyl radicals Ri than the values At;%, calculated by eq. 
5 [16]. The decrease in intensity A( Si-H) for these derivatives of silane, as 
well as the increase in the frequency v(Si-H), mentioned above for mesityl 
derivatives of silicon and germanium, is likely to be due to distortion of the 
tetrahedral structure of the bond angles of the central atom by branched alkyl 
radicals. Similarly, the distorted tetrahedral structure of the Si atom in Mes&liH 
brings about a sharp decrease in A:&:_ The same phenomena cause the d,-p, 
interaction to weaken in the Si-Mes bond. Therefore, A:$ and A:$$ for Mes&H 
are very nearly the same. 

In contrast to organosilicon compounds I and III, the decrease in AA1’Z(Ge-H) 
is not so sharp when passing from phenyl to mesityl derivatives as it was-in 
AA”*(Si-H). 

Steric hindrance is noted above to be of less significance in Me+GeH than in 
Mes&H. Consequently, under the steric effects there is a less pronounced 
decrease in AicP Mes,GeH than for organosilicon analog III. For compound VI, 
d,-p, interaction effecting A&$ is not likely to be completely excluded. Both 
factors cause the increase in A&i for Mes,GeH. Due to this, AA1’2 for Mes3GeH 
(O.i3) becomes much greater than for Mes,SiH (0.03). ‘In accordance with this, 
AA”* for compound VIII (which has two mesityl groups, bound to Ge atom) is 
close to AA”2 for trimesitylgermane (VI)_ 

The comparison of Av and AA I’* for the compounds studied points to the 
fact that steric effects of substituents exert greater influence on frequency than 
on intensity. Based on experimental data only, it is impossible to ascertain the 
extent to which frequency and intensity change, when the mode of vibration is 
changed by steric effects. However, as stated above, steric effects in di- and tri- 
mesityl derivatives can bring about a decrease in overlapping of d, and pir orbi- 
t& during d,-p, interaction in M-Mes fragments_ It follows [5,21,22], that 
v(M-H) (which characterizes the force constant and energy of the M-H bond) 

_ depends on the overlap integrals in M(Mes), groups to a much greater extent 
than A(M-H) (which characterizes the polarity of M-H bond). Thus, the 
decrease in M”2 for mesityl derivatives III, VI, VIII is suggested to be mainly 
determined by the change of the M-H vibration mode. The sharp decrease in 
nv for the same compounds is due to the vibration mode change and decrease 
of the group overlap integrals in MMe+ and GeMesz fragments. 

Research into the manner in which-gteric factors of mesityl substituents 
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affect the ability of organometallic compounds to form complexes with electron- 
gonor solvents are of great interest- 

Previously [ 19,23 J, the measurement of A (M-H) was found to be a highly 
sensitive method for the investigation of complex formation, when the Group 
IV central element acts as an acceptor. This element forms weak additional 
o-bonds [of (p-d)o-type] using its vacant nd orbit&. 

We have measured A (M-H) using inert (heptane) and electron-donor (CC14) 
solvents_ It can be seen from Table 1 that Ai:* values for CCL, solutions are 
higher in the average by 0.09 X 10’ mol- I’* I”* cm-’ than those for heptane 
solutions. As regards the increase in the intensity in Ccl4 solutions, the com- 
pounds with mesityl substituents do not differ markedly from their phenyl and 
xylyl analogs. Detailed studies [19] show that the intensity increase (when 
passing from an inert solvent to CCL,) is due to an increase in M-H bond polarity. 
The increase in polarity is a restit of Cl,CaI + M(H)(R,), labile complex for- 
mation, which is accompanied by electrondensity transfer from Ccl, to the M 
atom of the organometalhc compound and then to the H atom of the M-H 
bond, the electronegativity of which is higher than that of the M atom. As this 
takes place, the polarity of the M-H bond as well as the integral intensity 
A(M-H) increase. Thus, the data obtained indicate that steric effects of mesityl 
substituents do not have a pronounced influence on the ability of organome- 
tallic compounds with these substituents to form complexes with CCL,. 

Eiperimental 

The IR spectra were measured on a UR-20 “Zeiss” spectrometer. Heptane 
and carbon tetrachloride solutions (0.01-0.07 mol 1-r) were used to obtain 
spectra- The integrated intensity of v(M-H) stretching modes A (mol-’ 1 cm-* X 
104) ~2s measured by Iogansen’s method [24]_ 

Gas-liquid chromatography was used to control the purity of the compounds. 
The synthesis of the studied compounds followed the methods given in ref. 

25 for silicon compound, ref. 26 for Xyl,GeH and MessGeH, ref. 27 for Ph,GeH, 
and PhGeH3. Mes2GeH2 and MesGeHa are obtained as coproducts in the syn- 
tensis of Mes3GeH [27]_ 
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