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Summary 

‘3C, “0 and 73Ge NMR spectra of seven tetraalkoxygermanes have been 
investigated. 73Ge resonance signals in these compounds are more sensitive to 
structure variations than those of 29Si in isostructural alkoxysilanes. “0 and i3C 
NMR spectra of alkoxygermanes Me,_, Ge(OR), (R = Et, Pr, Bu, i-Bu, s-Bu, 
CH,CH=CH,, CH,CH,OMe, CH,CF,; n = l-3) have been studied. 

It has been shown that the magnitude of (p-d),-bonding in the Ge-0 bond is 
smaller than in the Si-0 bond, but variation in the extent of ( p-d),-overlapping in 
alkoxygermanes with different substituents is similar to that in the isostructural 
alkoxysilanes. 

Introduction 

Alkoxygermanes and germoxanes, unlike alkoxysilanes, have not been thoroughly 
studied by NMR spectroscopy. The data obtained are generally confined to ‘H 
[l-lo] and 13C NMR [7,11,12] spectra. The above-mentioned germanium com- 
pounds possess the Ge-0 bond which implies (p-d),-interaction between the lone 
pair of the oxygen atom and the vacant d-orbitals of the germanium atom. It is 
assumed that the extent of this interaction in alkoxygermanes is less apparent than 
in alkoxysilanes [13,14]. Therefore one of the stages of our systematic investigation 
of alkoxy derivatives of the Group IVB elements by multinuclear NMR spec- 
troscopy is the study of electronic effects in alkoxygermanes using 73Ge, “0, i3C 
nuclear resonance signals. 

Results and discussion 

73Ge NMR spectroscopy 
There are practically no data on the 73Ge NMR of alkoxygermanes in the 

literature. So far 73 Ge NMR spectra have been obtained only for Ge(OMe), [15]. 
The quadrupole properties of 73Ge nuclei ( - / . q I - 9 2, uadrupole moment Q = -0.22 
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barn [16]) impose strong restrictions on the compounds under investigation: high 
symmetry of valency electrons is required (or low symmetry in combination with 
rapid chemical exchange that smoothens symmetry). Therefore, in order to obtain 
73Ge NMR spectra, it is necessary for the electric field gradient at the germanium 
atom to be close to zero. This is illustrated by the fact that the signals of 
tetraalkoxygermanes are relatively narrow, but we failed to register 73Ge NMR 
spectra for other alkoxygermanes. 

The 73Ge NMR spectral parameters of the studied compounds are summarized in 
Table 1. The halfwidth of 73Ge resonances (Av& varies over the 30-65 Hz range. 
The 73Ge resonance signal tends to broaden with the increasing molecular mass of 
the tetraalkoxygermane. 

The 73Ge resonance signals of alkoxygermanes are shifted to higher fields, as 
compared to alkylgermanes, and vary over a 15 ppm range [15,17-191. No satisfac- 
tory relationship between 73Ge CS (chemical shifts) and the inductive and steric 
constants of substituents in the alkoxy radical (r = 0.68) was observed. That may be 
due, in part, to difficulties in chemical shift measurements because of the relatively 
large linewidth of the signals. Therefore, we have to limit ourselves to some 
empirical observations. Thus the position of 73Ge resonance shifts irregularly to 
higher fields with the increasing alkyl chain length in the alkoxy radical, the values 
of individual upfield shifts being larger than those for the 29Si resonance in the 
corresponding silicon analogues [20]. A linear relationship was noted between the 
29Si and 73Ge chemical shifts in the tetraalkoxy derivatives of germanium and 
silicon (Fig. l), showing that the 73Ge resonance signal is more sensitive to 
structural alterations than the 29Si resonance: 

6(73Ge) = 88.7( f13.3) + 1.6( f0.2)S(29Si) (r = 0.97; n = 10) (I) 

The points borrowed from the literature [21] for the alkoxy derivatives of pentava- 
lent germanium and silicon also provide a good fit with this plot. A relationship [19] 
relating the 73Ge CS with the CS of other Group IVB elements (Si, Sn) has been 
recently found for isostructural analogues: 

6(73Ge) = 39.9 + 3.326(29Si) (r = 0.967; n = 29) (2) 

However, by supplying our values of 73Ge and 29Si shifts for tetraalkoxygermanes 
and -silanes 120) it could be concluded that this equation is hardly applicable to the 
alkoxy derivatives of germanium and silicon. 

It must be pointed out that the authors themselves [19] have noted that E(OMe),, 
E(OMe)(OCH,CH,),N and E(OPr)(OCH,CH,),N (E = Ge, Si) deviate from eq. 2 
and the exclusion of these points from the plot improves the obtained correlation: 

6(73Ge) = 13.1 + 3.296(29Si) (r = 0.995; n = 26) (3) 

If the 73Ge and 29Si chemical shifts are dominated only by variations in the 
paramagnetic component of screening ((I para), the slope of the 6( 73Ge)/s( 29Si) plot 
should match the ratios of p-orbital radii (rp3),,, [22], which for Ge/Si is 
calculated to be 3.3 (k 0.5) [19]. However, the slopes of 6( 73Ge)/6( 29Si) differ from 
the ratio of p-orbital radii in an even more limited series of compounds, such as 
alkylgermanes and tetraalkyl-, tetraarylgermanes (2.01) [18]. Consequently, the 
chemical shift of the central atom in alkyl- and tetraalkoxygermanes and -silanes are 
determined not only by (rw3),,, but also by differences in other factors of the 
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Fig. 1. Correlation of “Ge chemical shifts in tetraalkoxygermanes Ge(OR), with 29Si chemical shifts in 
their silicon analogues. 

expression for paramagnetic screening, in particular. by the factor characterizing the 
extent of double bonding of the germanium and silicon atoms. The experimental 
evidence available at the moment is not sufficient to provide a satisfactory explana- 
tion of the factors regulating chemical shift variations in germanium compounds. 

‘0 Chemical shifts 
I70 resonance signals of the alkoxygermanes studied are located over a range of 

60 ppm and, as a rule, are wider than those of the corresponding alkoxysilanes, but 
narrower than those of alkoxymethanes. 

We failed to find any satisfactory correlation between the 170 chemical shift and 
the u* and E, constants of the substituent in the alkoxy radical (correlation 
coefficient r = 0.78) in the tetraalkoxygermanes under study. Nevertheless, the I70 
signal of Ge(OR), compounds quite definitely tends to shift to higher fields as the 
electron acceptor properties of substituent R increase. Introduction of a methyl 
group in the a-position to the oxygen atom causes a sharp downfield shift of the “0 
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alkoxygermanes Me,.,Ge(OR), on the number of 

resonance signal, indicating a strong steric effect of the substituent. The dependence 
of the i’0 chemical shift on the number of alkoxy groups in alkoxygermanes shows 
a non-linear pattern (Fig. 2) resembling that in the alkoxysilanes [20]. This enables 
one to assume that, apart from the inductive and steric effects of substituents other 
effects, for example, (@),-interaction between the germanium and oxygen atoms, 
operate in alkoxygermanes. 

A correlation (eq. 4) has been found between the “0 shift of tetraalkoxyger- 
manes and the corresponding alcohols, suggesting that the “0 shifts of Ge(OR), 
are generally determined by the properties of the substituent at the oxygen atom. 
On the other hand, a linear correlation (eq. 5) is observed between the “0 chemical 
shifts of the M(OR), (M = Ge, Si) indicating a similar sensitivity of “0 shifts to the 
influence of substituent R. 

S(“O[Ge(OR),]) = 9.3( kO.04) + 1.02( +O.OS)S(“O(ROH)) 
(r=0.99; n=9) 

(4) 

S(l’O(Ge)) =0.6(f2.4) +1.1(_+0.2)6(“O(Si)) (r=0.96; n=7) (5) 

As follows from eq. 5, the extent of double bonding is almost the same for each 
oxygen atom in tetraalkoxygermanes and -silanes. The points corresponding to di- 
and tri-alkoxy derivatives deviate from the correlation in eq. 5, the deviation being 
greater for compounds with n = 3 (Fig. 3). It would be logical to explain the above 
results by the different extent of double bonding between the oxygen atom and the 
silicon or germanium atoms [13,14]. It should be expected that the deviations of 
values for monoalkoxy derivatives would exceed those at n = 2 and n = 3. This has 
not been observed experimentally (Fig. 3). Obviously, differences in the M-O 
(M = Ge, Si) additional bonding are most pronounced in dialkoxy and trialkoxy 
derivatives. 

13C Chemical shifts 
13C resonance signals of the methyl group at the germanium atom are shifted to 

lower fields as compared with alkoxysilanes [20]. This is in accordance with the 
inductive effects of GeOR and SiOR groups [12]. 



332 

6("0,Ge) 

(mm) 

20 - 

/ 

A&xx 

0 O 
12 - 

0 

0 

4- 
0 

-4-/ 

X 

-12- o 

0 

0 n=l 

x n=2 

An=3 

0 n=4 

-20 I I I I I I 

-12 -4 4 12 20 28 
8 ('70,Si) (ppm) 

Fig. 3. Correlation of “0 chemical shifts in alkoxygermanes R’,.,Ge(OR), and their silicon analogues. 

On the other hand, the 13C chemical shifts of C, and C, atoms of the alkoxy 
groups in monoalkoxygermanes Me,GeOR are also located in lower fields as 
compared to the corresponding silicon analogues. If the inductive effects of Me,Si 
and Me,Ge groups [23,24] alone were operating. an opposite location of the 13C 
resonance signals of the alkoxy groups would be expected. Such discrepancies in 
relation to the general notions concerning the experimental values of 13C shifts in 
the molecules containing Si-O-C and Ge-O-C groups are explained in the 
literature by geminal interaction of silicon and germanium atoms with the O-C 
bond [11,25,26]. 

When comparing the values of 13C NMR for alkoxy derivatives of germanium 
and silicon, a linear relationship between the 13C shifts of the methyl groups at 
germanium and silicon atoms was found: 

ij(13CMe(Ge)) = 0.6( kO.4) + 0.73( +0.08)6(‘3C,,(Si)) 

(r = 0.96: n = 11) 
(6) 

Applying the literature data [17,27-301, we also found a similar equation for the 13C 
chemical shift of the methyl groups at the central atom in the alkyl derivatives 
Me,_,MR, (M = Ge. Si): 

S(“C,,(Ge)j = -0.4( +0.4) -i- 0.9( k0.1)S(*3C,,(Si)) 

(r=0.98; n=6) 
(7) 
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Fig. 4. Correlation of methyl group 13C chemical shifts in alkyl (l)- and alkoxy (2)~germanes and silanes. 

A similar linear correlation also exists for the chemical shifts of r3Ca atoms in the 
alkoxy groups: 

8( rIC,cjGe)) = 0.31(+1.3) + 1.02(+0.02)6(‘3C,~(Si)) (8) 

(r=0.998; n=16) 

The value of coefficient p in eq. 8 indicates equal overall influence of sub- 
stituents on the t3Cocm shift of alkoxy-silanes and germanes, i.e., a change in the 
central atom does not alter the mechanism of transmission of the substituent effects 
to the alkoxy group atoms. This can take place when: (i) No additional (p-d),- 
bonding occurs between the central atom M and the oxygen. (ii) The changes in this 
bonding with different substituents are similar for M = Ge and M = Si. The fact 
that the 13C chemical shifts of the methyl groups in MeGeX, and MeSiX, (X = alk) 
(eq. 7) fall on a different correlation plot (Fig. 4) located somewhat lower than the 
plot obtained for alkoxy derivatives (eq. 6) demonstrates that (p-d),,-bonding does 
take place. Therefore we may assume that the extent of (p-d),-bonding in 
alkoxygermanes and alkoxysilanes displays equal variations under the effects of 
substituents in the molecule. The correlation between the t3Coc, shifts in alkoxyger- 
manes and -silanes (eq. 8) also supports this conclusion. At the same time, the r3CMVIe 
shift of alkoxygermanes are less sensitive to the effects of substituents (see coeffi- 
cient p in eq. 6) than in the silicon analogues. This suggests that the extent of 
double bonding in the Si-0 bond is higher than that in the Ge-0 bond. 

Experimental 

73Ge NMR spectra were obtained using a Bruker WH-90/DS spectrometer 
operating at 3.135 MHz, pulse width 50 /.Ls; chemical shifts were measured and 
reported relative to external tetramethylgermanium, the accuracy was estimated as 
fAv,,,/lOO ppm, where Av,,, is the halfwidth of signals in ppm. 
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TABLE 2 

PHYSICAL PROPERTIES OF ALKOXYGERMANES 

No. Compound M.p. 

(“C/mmHg) 

1 Me,GeOPr 122-125 1.4145 
2 Me,GeOCH,CH=CH, 122-124 1.4263 
3 Bu,GeOPr 131/7 1.4465 
4 Me,GeOCH,CF, 96-100 1.3720 
5 Bu,GeOCH,CH=CH, 106/Z 1.4550 
6 Me,Ge(OCH,CF,), 52-56,‘72 1.3570 
7 MeGe(OPr) z 93-91/12 1.4240 
8 Ge(OCH,CH=CH,), 123-124.5/12 1.4560 
9 Ge(OCH,CH,0Me)4 184/12 1.4390 

10 Ge(OCH,CF,), 73%74/15 1.3250 

“0 NMR spectra were obtained using a Bruker WM-360 spectrometer operating 
at 48.82 MHz, pulse width 40 ps, number of scans lo4 to 105; the accuracy of CS 
measurements was kO.3 relative to external H,O. 

‘jC NMR spectra were obtained using a Bruker WH-90/DS spectrometer 
operating at 22.63 MHz with complete proton decoupling, pulse width 5 ps; CS 
were measured relative to internal TMS, accuracy kO.07 ppm. 

The temperature of samples was 313 K (“0 NMR) and 298 K (13C, 7’Ge NMR). 
All spectra were registered for 50% solutions in CDCl,. 

All the studied alkoxygermanes were prepared from the corresponding 
organylchlorogermanes and alcohols in the presence of triethylamine. The constants 
of new compounds are listed in Table 2. 
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