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Summary

Frequencies of Ge—H stretching modes in triorganogermanes, R; GeH, in
which there is no d —p, bonding between the R substituents and the germamum
atom, have been studled The frequency (v) is related to the sum of the Taft o*
constants of the substituents R (£0*) by the equation » = 23 Zo* + 2015. If
R; GeH molecules contain substituents which can form d,—p, bonds with the
germanium atom, the frequency v is determined not only by their I-effect, but
also by d_—p_ interaction. A germanium atom is shown to be less capable of
d_ —p,interaction than a silicon atom.

Introduction

One of the important problems of the chemistry of Group IVB organometal-
lic compounds is that of the participation of vacant nd-orbitals of the Group
IVB elements in conjugation. Unlike carbon, atoms of silicon, germanium, tin
and lead have vacant d-orbitals. The energy of these orbitals is close to the s-
and p-orbital energies of the outer electron shell. Therefore compounds of silicon
subgroup elements, in contrast to carbon compounds, have physical and chem-
ical properties stemming from available d-orbitals. One of these properties is
d_—p, interaction in fragments M—X (M = Si, Ge, €n and probably Pb; X is an
atom with lone pairs of electrons). In this case, atom M becomes an acceptor of
p-electrons of atom X thus forming a dative d_—p_ bend. The principal regulari-
tiesofd_—p,_ interaction are considered in a number of theoretical [1—6] and
expenmental works [7—9]. In spite of the great amount of information on this
subject, many aspects of the phenomenon of d_—p, interaction are still not -
clearly understood and opmlons dlffer ona number of detalls ThlS is because
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(a) thed p interaction energy is relatlvely small, and (b) a great deal of
mvestigatlon in this field has not been sufficiently careful. The same disadvantage
is inherent in a number of spectroscopic investigations, as is shown in ref. 9. In
spectroscopic studies of d; . —P, interaction the fulfillment of some condi-

‘tions [9] is required, including: (i) the changes of chemical bond polarity

due to the inductive effect of substituents and conjugation effects other than
d_—p, interaction must be taken into account; (éi) series of compounds must be
used in which spectroscopic parameters (a) depend only upon electron effects

of substztuents and (b) are sufficiently sensitive to these effects. The above con-
ditions are fulfilled in studies of the d_—p_ interaction effect based on the in-
vestigation of the dependence of frequency and intensity of the Si—H stretching
mode on the nature of X-substituents in organosilicon compounds X; SiH
[10—22]. The mode of the Si—H vibration is highly characteristic {23, 24]. The
frequency of Si—H stretching mode, v¥(Si—H), and intensity of this stretching
mode, A(Si—H), are determined by the inductive effect of substituents X and con-
jugation effects in Si—X bonds [10-—22] . By analysing »(S8i—H) and A(Si—H)
values d_—p_ interaction effect has been investigated [15, 18, 21] and o0,0-,

o,m- and o,p-con]ugatlon effects in organosilicon compounds have been con-
sidered {18—21]. It is known [7—9, 19, 25] that the role of d_—p_ interaction
effect in organogermanium compounds is less significant than that in organo-
silicon compounds. Therefore for investigating this effect in organogermanium
compounds the fulfillment of the conditions mentioned above is even more
important. We consider the X;GeH conipounds to be the most convenient for
investigating d_n—p , interaction in organogermanium compounds. Therefore

the purpose of the present work was to investigate the dependence of frequencies
of the Ge—H stretching mode on the nature of the X substituents in X;GeH
compounds to obtain information about d_—p_ interaction in Ge—X bonds,

and to compare the eapacity of silicon and germanium atoms for such inter-
action.

Results and discussion

The literature contains a number of works [26—31] dealing with study of
the frequency of the Ge—H stretching mode. One of the most important con-
clusions of these is that, as in the case of organosilicon compounds, ¥(Ge—H)
increases with increase in the electron-attracting ability of X. To a first approxi-
mation the electron-attracting ability of X can be characterized by its inductive
Taft 0* constants. However correlation between v(Ge—H) and Zo0™ of three
substituents has proved to be no more than approximate [27, 28] . This could
be expected a priori, as there are no reasons to believe that substituents attached
to the germanium atom will affect v(Ge—H) solely by an inductive mechanism.
In addition to the inductive effect of electronegative substituents such as Hal
and OAlk there is some d,—p, interaction. This accounts for the lack of a corre-
lation between v(Ge—H) in compounds with substituents and £o* of those sub-
stituents, and also indicates the necessity for taking correct account of the in-
fluence of the inductive effect of substituents on »(Ge—H) in order to obtain
information about d_ —p_ interaction.
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TABLE 1

THE FREQUENCIES OF Ge—H BOND STRETCHING IN TRISUBSTITUTED GERMANES'
CONTAINING SUBSTITUENTS WHICH DO NOT PARTICIPATE IN d —p, INTERACTION

Compound : : v(Ge—H) (cm™1) . Zo*
[(CH3)2CH]3GeH 1998¢a —0.57
(CgH}3)3GeH 2008 b —0.486
(@-C4Hg)3GeH 2008 © —0.375
(n—C3H7)3GEH 2008 < —0.345
(C2Hs5)3GeH 2008 d —0.3
(CH3)2(C2Hs5)GeH 2018 ¢ —0.1
(n-C4Hg)7 (CH2=CH—CH3)GeH 20127 —0.007
(0-C4Hg)2(HOCH, CH,)GeH 2014 8 —0.05
(n-C2Hg)2(CcHsCH3 )GeH 20i4°¢ —0.035
(n-C3H~7)2(HOCH2CH3)GeH 2014 € —0.03
(C2Hj5)2(CsH5 CH,)GeH 2014 € +0.015
(n-C7H s }(CgHsCH2)GeH 2015¢ +0.268
(n-C4Hg)(CcH5CH3), GeH 2015¢ +0.3
(CH3)2(CH; Br)GeH 2040 € +1.00
(CH3)2(CH2CGeH 2040 € +1.05
(CH3)2(CHCl>)GeH 2060 € +1.94

@ Ref. 33. P Ref. 30. € Ref. 27. ¢ Ref. 31. € The present work. [ Ref. 34, & Ref. 35.

The influence of the I-effect of substituents on v(Ge—H)

As stated above, the calculations indicate that the mode of the Si—H vibra-
tion is highly characteristic [23, 24]. Such peculiarity of v(Si—H) also results
from the overall regularity that characterizes the vibrational spectra of organo-
metallic compounds of Group IVB and is known as the ‘“‘barrier effect” [28].
The atoms of silicon, germanium and tin are a “barrier” for kinematic inter-
actions of radicals or atoms bound to them. Therefore, although thecretical
calculations for v(Ge—H) are absent, the (Ge—H) stretching mode is thought
[28, 32] to be highly characteristic, as is v(Si—H). This is, in fact, the basis of
correlations between v(Ge—H) and Taft-Hammett o-constants. Thus, based on
experimental data, Ge—H stretching is thought to involve almost exclusively
Ge—H coordinate variation. The mass of X substituents does not influence
the Ge—H stretching in X;GeH, and mechanical Ge—H bond interactions with
vibrations of X substituents are absent. Now, the electronic effects of X sub-
stituents are responsible for v(Ge—H) variations. We think that correct con-
clusions about d_—p_ interaction, as one of these effects, can be drawn only
from studies of a series of compounds. The series must be selected in such a
way that there would be a possibility of dividing total electronic influence of sub-
stituents into separate contributions: inductive and conjugative (d,—p, inter-
action). The simplest way of solving this problem lies in the choice of compounds,
with substituents which exert only an inductive influence on v(Ge—H). For
this purpose compounds (CH; ), XGeH were synthesized, where X = CH,Cl,
CH,Br and CHC], . The germanium and halogen.atoms in these compounds are
separated by a carbon atom, so that the normal d_—p, interaction effect is
absent. All compounds, the substituents of which do not exhibit normal
d —p, bonds with a germamum atom, are listed in Table 1. It is found that
v(Ge—H) values and £¢™ sums of ¢* inductive constants substituents in these
- compounds are connected by the linear equation 1. Some comments should
be made about egn. 1: :

v =238 Zg* + 2015 (r=0.978) - @
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' (a) Correlatlon between v(Ge-—H) and Eo is qmte reasonable in cases
- when the angles of a germanium atom remain tetrahedral to all substituents, and
" the influence of substituents on Ge—H bond is transferred uniformly and in-
dependently. In the presence of highly branched substltuents ata germamn.m
atom deviations from linearity take place. '

" (b) Strictly speaking, the linear relation should not be between v(Ge—H),
and o™, but between the force constant of the Ge—H bond (K) and Z¢* [36].
However, as shown by the example of organosilicon compounds X;SiH, the

quadratic equation [36]:
K= 472 C? up® ="const. - v*®

can be replaced by a linear equation at small values of K and v. A linear relation
between K and v also leads to a linear relation between v and Zo*.

"~ (e) Some compounds in Table 1 have methyl groups, bound to a germa-
nium atom. In these compounds in addition to the I-effect one more electronic
effect, hyperconjugation (o,0-conjugation) (A) may take place. It was shown

H
H Ge———— X
(A)

[18, 19] that for organosilicon compounds of the type (CH;), Si(X)s—r 0,0-
conjugation can be detected by IR and NMR spectroscopy only in the case
when Si—X bonds are of d_—p,_ character. Similar data are not available in the
literature for organogermanium compounds. It may only be presumed, that the
larger size of the electron shell of a germanium atom in comparison with that
of silicon atom, as welil as the larger polarizability of the Ge—C bond will lead
to a more prominent role of 0;0-conjugation effects in organogermanium com-
pounds. Nevertheless, the influence of g,0-conjugation on v(Ge—H) in com-
pounds in Table 1, seems to be small.

(d) It was shown earlier [11], that the v(Si—H) frequencies in organosilicon
compounds of X;SiH are related to Xo* of substituents X, which do not form
d_—p_ bonds with silicon by the equation v = 23.1 Z¢* + 2112. So, straight lines
v=a Z‘o + b for organosilicon and organogermanium compounds have practi-
cally identical slopes. Similarly the chemical shifts of the methyl protons, 7,
in methylsilanes (CHj ), SiX4—, and methylgermanes (CH, ), GeXs—,, (if M—X

'bonds are not of d - P, character) are connected with Zo* by the relations:

7=710.00 — 0.140 =¢* and 7 = 9.90 — 0.146 =o*,

respectwely [19] The #,(Si—C) and v (Ge—C) frequenc1es in ethyl—denvatwes
(C:H;),SiX,_; and (C; Hs ). GeX,4,, are related to the electronegativities x of
substituents X, which do not form d_—p, bonds, by the equations [25]:

v, (8i—C) = 30.4 x + 530 and v, (Ge—C) = 30.3 x + 474

.Consequently, if silicon and germanium atoms do not fomi dﬂ—¥pn bonds,
their substituents have a very similar inductive inﬂuence '

The d —D, znteractzon effecL in organogermamum compounds
The vahdlty of relatlon 1 for compounds whose substituents do not form
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TABLE 2

THE FREQUENCIES OF Ge—H BOND STRETCHING IN TRISUBSTITUTED GERMANES
CONTAINING SUBSTITUENTS CAPABLE OF d,—p,, INTERACTION

Compound Veale Vexp Cav
(em™1) (cm~ 1) - (ecm™1)

(C2Hs); ClGeH 2077 2064 a 13
(n-C4qHg); ClGeH 2075 2060 a 15
(C2H5)Cl, GeH 2146 21086 - 38
(n-C4Hg)Cl, GeH 2145 2105 b 40
Cl3GeH 2114 2151 b 63
(C2Hs), BrGeH 2075 2055 a 20
(n-C4Hg)> BrGeH : 2073 2056 ¢ 17
(C2Hj5),I1GeH 2064 2047 ¢ 17
(n-C5Hg)21GeH 2063 2048 ¢ 15
(CgHs)(CeH1 1) GeH 2017 2009 ¥ 8 -
(CgHj5)Cly GeH 2161 2116 & . 46
(C¢Hs)CIBrGeH 2159 2110 ¢ 49
(CgHs)Bra GeXd 2157 2100 b 57
(CgHs), FGeH 2213 2178 d 35
(CsHs)2 BrGeH 2107 2073 b 34
{CeHsg )2 IGeH 2097 2065 b 32
(CgHg)3GeH 2056 2038 b 18
(CeF5)3GeH 2290 2153 d 137
(C2H5)2(CeH5 0)GeH 2065 2038 d 27
(C2Hs),(CH30)GeH 2045 20134 32
(C2Hs), (lieH

OCH,CH=CH(CH3) - 2045 2014 d 81
(C2Hs5)o ?en '

OCH,CH(CH3), 2045 2014 d 31
(n-C4Hg)2(CH; | 0)GeH 2043 2013 b 30
(CcHs )X CH30)FGeH 2133 2120 ¢ 13
{CgHs)(CH30)ClGeH 2128 2085¢ 33
(C¢H35)(CH30)BrGeH 2126 2090 ¢ 36
(CgHs)(CH30)IGeH 2116 2073 ¢ 43
(C6Hs)}(CH30)5 GeH 2095 2064 ¢ 31
(CeHs)(CgHs CH, O)CIGeH 2130 2097 ¢ 33
(CeHs X (CgHsCH, O)BrGeH .27t 2091 ¢ 40
(CgHj5)(CgH5CTH 0)2 GeH 2097 2067 ¢ 30

@ Ref, 31. ¥ Ref, 29. € Ref. 40. € The present work.

d_—p_ bonds with a germanium atom makes it possible to evaluate the strictly
inductive effect of any substituents (including those capabls of d_—p_ inter-
action) upon v(Ge—H). In this case it is necessary to assume that the inductive
effect of substituents incapable of d_—p_ interaction, as well as the inductive
effect of groups forming d_—p, bonds with a germanium atom, are subject to
the same relation 1. The rigorous theoretical substantiation of such an assump-
tion is at present absent. Such an assumption has been shown not to be arbi-
trary in the chemistry of organophosphorus compounds [37]. In any case, it is
no more random, than the assumptions made for separating inductive and reso-
nance constants in aromatic series, which do not prevent the successful use of
these constants [38].

The frequencies v ,,. (Table 2) were calculated according to equation v =
23 Z¢* + 2015 for organogermanium compounds having substituents capable
of d_—p, _ interaction. The values of v, were found to be more than the experi-
mentally measured frequencies »___ in all cases. The differences Av = =Veate™ Yexp.
are positive. d_—p_ interaction in &e——X bonds acts in.the opposite direction to

- the action of the Ieffect of X. Formaily this is equivalent to decreasing the I-effect



TABLE s

- Av VALUES FOB. COMPOUNDS R R R MH (cm 1y
“No - S SubstltuentsRR R o - T . M -
. Sia Ge
-1 - AlkgPh- . - - ) : 9 - T
2 Alky T o .10 <16
‘3 - AlkpBr . i .15 18
4 .. AlkPhy o 18 14
5 . -AlkoPhO o 18 27
8 Alka(MeS) = - - . 22 =]
7 Alk,Cl ) 22 15
8 Phg 27 20
9  PhyBr 35 34
10 . PhoF ’ 37 34
11 © AlkCly 38 39
12 Alics (AlcO) 38 31
13 AlkBry : ) 42 41
14 © PhClj 48 46
15 E Cl3 55 56
16 - PhBrj . 62 57
17 (CeFs)3 161 137

@ Av values are taken from refs. 11—21.

of X. In this case the force constant of the Ge—H bond decreases. Consequently
V,.p, decreases in comparison with: Veases 1-€- Av values increase (Tabie 2). Thus,
conjugation effects between a germaniunr atom and an X substituent are res-
ponsible for the increase’in Av. The largest of these effects is d = P, interaction.
This conclusmn is confirmed by the following. Previously, values of Av that
indicate d_—p,_ interaction in organosilicon compounds have been obtained
[11—21, 36] Tn Table 8 we give these together with Ap values for organogerma-
nium compounds.

The relationship between these two sets of values is given by the straight
line equation (see Fig. 1):
Av, =117 Av, —4 (r=10.988) (2)

Vs,

A Vsi (Cm" )

0 - 50 100 - T 50 -

Fxg 1 The mterdependence of Avs1 and AvGe. The numbenng of the pomts isin accordance with Table 3.
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Equatlon 2 shows that the stralght 1me correlation between the Av values for :
organosilicon and organogermanium compounds passes very close to. the origin,
especially when the accuracy of the Av values is considered. Besides giving the
slope, eqn. 2 reveals that Av valiaes are smaller in organogermanium compounds
than those in organosilicon compounds. This is indicative of a lower ability of a
germanium atom to take part in d_—p,_ interaction. In addition the linear charac-
ter of relation 2 and rather high correlation coefficient show that the main fea-
tures of d,—p, interaction with silicon and germanium atoms are the same. Yet
it is clear that in organogermanium compounds in principle some other types

of conjugation involving d-orbitals can be realized as well; for example d_—d,
interaction. We propose to investigate this later.

Expenmental

The IR spectra were measured on a UR-20 “Zeiss” "pectrometer Heptane
solutions (0.04—0.09 mole 1™' ) were used to obtain spectra. Previously studied
compounds containing Ge—H bond were used to check the calibration.

Diethylbenzylgermane was prepared by action of benzylmagnesium chioride
in excess upon diethylgermane (4g) in tetrahydrofuran. After boiling (5 h),
hydrolysis and evaporation of the solvent in vacuo, the residue was distilled in
vacuo. Diethylbenzylgermane (2.16 g, 50%) was isolated, b.p. 110°/12 mm,
n?® =1.5250.

Dimethyl(chloromethyl)germane was prepared by a published method [41].

Dimethyl(dichloromethyl)germane was obtained by reducing dimethyl-
(dichloromethyl)chiorogermane with lithium aluminium hydride. Dimethyl(di-
chloromethyl)chlorogermane was formed along with dimethyl(chloromethyl)-
chlorogermane by chlorination of trimethylchlorogermane according to the proce-
dure given in ref. 42. Dimethyl(dichloromethyl)germane was isolated as an ad-
mixture with 10% dimethyl(chloromethyl)germane.

Dimethyl(bromomethyl)germane was prepared by a:procedure described
for the synthesis of similar silicon compounds [43]. The method includes bromi-
nation of trimethylchlorogermane by a Cl, /Br, mixture. Dimethyl(bromomethyl)-
germane formed by bromination and subsequent reduction with L1A1H4 con-
tained 20% of dimethyl(chloromethyl)germane.

Diethylphenoxygermane was obtained by interaction of dlethylmethoxy-
germane with phenol, b.p. 116—117°/18 mm, n%? = 1.5192. .

Diethyl(isobutyoxy)germane was prepared by the interaction of diethyl-
methoxygermane with isobutyl alcohol, b.p. 63°/14 mm, n}y = 1.4322.

Diethylmethoxygermane [44], diethyl(3-methylallyloxy)germane {45],
diphenylfluorogermane [40], and tris(pentafluorophenyl)germane [46] were all
prepared as described in the literature.
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