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Abstract

Convenient synthetic route to prepare the germylene complexes of tungsten pentacarbonyls, W(CO)5@GeCl2 and
W(CO)5@Ge@W(CO)5, electrochemically is developed. Combined quantum-chemical/IR spectroscopic approach is used for identifica-
tion of the synthesized compounds. Good agreement between theoretical and experimental spectra can be regarded as one of the proofs
of their supposed structures.
� 2007 Elsevier B.V. All rights reserved.
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1. Introduction

The chemistry of transition metals complexes has been
studied extensively in last decade. In particular, the stabil-
ization of short-lived intermediates of organic reactions by
means of their coordination with transition metals is one of
the focuses of modern synthetic chemistry. The studies of
organometallic carbene analogues such as germylene, phos-
phinidene and silylene complexes are of special interest.
The known procedure to obtain dichlorogermylene com-
plexes of metal carbonyls includes the reaction of
GeCl2 Æ dioxane with photochemically generated species
(CO)5M Æ THF [1]. Germylene particles are generated by
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doi:10.1016/j.jorganchem.2007.06.010

* Corresponding author. Tel.: +7 843 2734893; fax: +7 843 2732253.
E-mail addresses: yulia@iopc.kcn.ru (Y.G. Budnikova), tatyanag@

iopc.knc.ru (T.V. Gryaznova), katsyuba@iopc.knc.ru, skatsyuba@yahoo.
com (S.A. Katsyuba).

1 Fax: +7 095 1355328.
thermal or photochemical decomposition of suitable pre-
cursors [2], mainly by the thermal decomposition of 7-ger-
manorbornadienes. Methods to obtain dichlorogermylene
complexes of metal carbonyls on photochemical reaction
of tungsten hexacarbonyl and CsGeCl3 [3], and from
W2(CO)10 and germanium tetrachloride [4] was reported
also. The possibilities of the synthesis of germylene com-
plexes using the electrochemical methods have not yet been
explored.

An electrolysis and a cyclic voltammetry were used for
germylene complexes of tungsten pentacarbonyl synthesis.

Previously it has been shown that an electrolysis of solu-
tion of tungsten hexacarbonyl 1 in acetonitrile (10�3 mol) in
presence of Et4NBF4 as a supporting electrolyte after pass-
ing 2F per initial metal carbonyl yielded to highly nucleo-
philic anion of tungsten pentacarbonyl [W(CO)5]2� 2 [5]:

WðCOÞ6
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We have assumed, that the interaction of such electro-
chemically generated in situ anion 2 with dihalogen germa-
nium derivatives will, probably, result in the formation of
various germanium complexes of tungsten pentacarbonyls.
With this purpose in view germanium tetrachloride was
used as the second reagent.

Anion 2 was treated with an equimolar amount of ger-
manium tetrachloride, GeCl4, at ambient temperature in
acetonitrile. The yellow precipitate was obtained. The anal-
ysis of physico-chemical and spectroscopic data of the
obtained compound allows to attribute to it the structure
of complex 3:

½WðCOÞ5�
2� þGeCl4 ! ðCOÞ5W@GeCl2

3

þ2Cl� ð2Þ

The electrolysis of W(CO)6 and GeCl2 Æ dioxane com-
plex (1:1) resulted in the same product 3. Comparative cyc-
lic voltammetry studies of the obtained compound and
dichlorogermylene complex of tungsten pentacarbonyl 3,
obtained in traditional chemical way [6], also confirms
the supposed structure (Table 1).

Thus, the results of spectroscopy, elemental analysis and
voltammetry studies have shown the identity of 3, prepared
electrochemically, with reference compound [6].

Over all electrochemical reduction of W(CO)6 and
GeCl4 in acetonitrile does not yield germylene complexes.
Probably, dichlorogermylene particles GeCl2 are generated
in this case, instead of expected anions of tungsten penta-
carbonyl. Being extremely reactive, dichlorogermylene par-
ticles, apparently, cause process of polymerization.

We have also attempted to prepare a bridging complex
with two W@Ge bonds, (CO)5W@Ge@W(CO)5 (4). Reac-
tion of electrochemically generated anion 2 with germa-
nium tetrachloride in situ at a ratio 2:1 resulted in
hydrolytically unstable crystal product of pistachio color.

2½WðCOÞ5�
2� þGeCl4 ! ðCOÞ5W@Ge@WðCOÞ5

4

þ4Cl�

ð3Þ

There are no absorption bands of Ge–Cl bond in the IR
spectrum of the obtained compound. Vibrations of carbonyl
groups are displayed as absorption bands with frequencies
1819, 1900, and 1934 s m�1. These data allow to assume that
Table 1
Electrochemical properties of (CO)5W@GeCl2 and (CO)5W@Ge@
W(CO)5 in CH3CN, 0.1 M Et4NBF4, glass-carbon electrode

Compound, C = 5 · 10�3 M
(Method)

�Ep, V ref. Ag/AgNO3,
10�2 M

Ip,
lA

ne
b

W(CO)5 Æ GeCl2 (electrochem.) 1.15 28 1.6
W(CO)5 Æ GeCl2 Æ THF (chem.,

reference)
1.19 [4]a 28 1.6

(CO)5W@Ge@W(CO)5

(electrochem.)
1.88 18 1.0

W(CO)6 2.35 36 2.0
GeCl4 1.80 47 2.5

a CH3CN, Bu4NPF6, Ag/AgCl/KCl (saturated).
b Ref. ferrocene.
the bridging germylene complex 4 is obtained. This complex
has not been described earlier. Only a bridging germylene
complex of manganese [(g5-CH3C5H4)Mn(CO)2]2Ge is
known, its X-ray analysis [7] being described.

The same complex 4 is formed as a result of joint
W(CO)6 and W(CO)5 Æ GeCl2 (1:1) electrolysis:

½WðCOÞ5�
�2 þ ðCOÞ5W@GeCl2

3

! ðCOÞ5W@Ge@WðCOÞ5
4

þ2Cl� ð4Þ

The mass spectrum of 4 is not accessible owing to non-
volatility of this product.

To confirm the supposed structure of the title compound
4 we have used quantum-chemical computations. In the
last years, ab initio MO theory has become an important
tool for structural studies. Reliable prediction of vibra-
tional frequencies and other spectroscopic characteristics
of various molecules is used to aid their experimental iden-
tification. Recent evidence [8] shows that density functional
theory (DFT) [9] produces accurate molecular force fields
and vibrational frequencies. In particular, it is possible to
use the DFT vibrational spectra simulation practically as
an analytical tool for studies of organoelement compounds
[10]. Nevertheless this technique has not yet been applied to
studies of tungsten germylenes. So, to validate the method
we, first of all, have calculated vibrational and structural
characteristics of related molecules W(CO)6 1, GeCl4 (5)
and W(CO)5GeCl2 3, which were thoroughly studied, both
theoretically [11] and experimentally [6,12–15].

The most exhaustive data on the structure [11–13] and
spectra [11,14,15] are available for the molecules 1 and 5
which were used in this work as benchmark systems. The
optimized bond lengths lcalc(WC) = 2.070 Å and lcalc(CO)
= 1.151 Å of the molecule 1 and lcalc(GeCl) = 2.142 Å of
the molecule 5 were in reasonable agreement with the
corresponding experimental values lexpt(WC) = 2.058 Å
[12], lexpt(CO) = 1.141 Å [12] and lexpt(GeCl) = 2.113 Å
[13]. Deviations of the calculated vibrational frequencies
from the experimental frequencies of the fundamentals
did not exceed 4% for the molecule 1 (Table 2). The quality
of the computational predictions for the molecule 5 (Table
3) was a little lower. Nevertheless even the maximal
difference 31 cm�1 between the calculated and the
experimental frequencies would not hamper spectral identi-
fication of the molecule on the basis of the comparison of
the calculated frequencies with the experimentally
registered spectrum.

The similar quality of computations was observed in
case of molecule 3 (Table 4). At least part of the deviation
between the computed and the experimental frequencies
was caused by intermolecular interactions in the solid com-
pound 3. E.g., experimental frequencies of CO stretching
vibrations of solid sample 3 were ca. 200 cm�1 lower than
corresponding frequencies of gaseous compound 1. This
lowering was the main reason of more pronounced devia-
tions of the frequencies calculated for the isolated molecule



Table 4
Infrared spectra of [W(CO)5]GeCl2

IR, solida Computations Assignmentc

m/cm�1, Ib m/cm�1 (I/km mol�1)

1913 vs 2168 (383) mCO
2100 (0) mCO
2082 (789) mCO

1873 s 2078 (1795) mCO
2073 (1720) mCO
608 (94) dOCW

593 s 585 (66) dOCW
584 (73) dOCW
536 (2) dOCW
518 (0) dOCW
513 (5) dOCW
493 (0) dOCW
437 (0) mCW
419 (6) mCW
417 (2) mCW
413 (21) dOCW, mCW
411 (40) dOCW

384 s 405 (185) mWGe, msClGeCl
356 mw 392 (84) mCW, mGeCl, dOCW

386 (1) mCW, mGeCl
381 (28) mCW, dOCW
364 (0) dOCW
206 (13) mWGe, dClGeCl
149 (2) dOCW, dCWGe, torsion
138 (1) dWGeCl, mWGe
114 (1) dWGeCl, mWGe, mCW
91 (0) dOCW, dCWC
90 (0) dOCW, dCWC
89 (0) dOCW, dCWC
86 (0) dOCW, dCWC, mWGe
76 (1) dOCW, dCWC
68 (0) dOCW, dCWC, dWGeCl
66 (0) dCWC, dOCW, dCWGe
43 (0) dWGeCl, dCWGe
37 (1) dCWGe
11 (0) Torsion

a This work. Mixture of 3 with buffer salt Et4NBF4.
b w, weak; m, medium; s, strong; v, very.
c m, stretch; d, bend.

Table 2
Infrared spectra of W(CO)6

IR, gasa Computations Assignmentc

m/cm�1, Ib m/cm�1 (I/km · mol�1)

2126.2d,e 2193.8 (0) mCO (A1g)
2021.1d,e 2099.6 (0) mCO (Eg)
1997.6 vvse 2075.5 (1948) mCO (T1u)
586.6 vsf 608.9 (92) dCO (T1u)
521.3d 539.8 (0) dCO (T2u)
482.0d 489.4 (0) dCO (T2g)
426.0d 436.3 (0) mCW (A1g)
410.0d 416.2 (0) mCW (Eg)
374.4 s 383.2 (51) mCW (T1u)
361.6d 362.3 (0) dCWC (T1g)
82.0d 89.4 (0) dCWC (T2g)
81.4d 89.2 (0) dCWC (T1u)
61.4d 65.3 (1) dCWC (T2u)

a Ref. [9].
b s, strong; v, very.
c m, stretch; d, bend. In parenthesis – symmetry type of the vibrations.
d These frequencies were not observed in the gas phase. They were

estimated from observed combination bands [9].
e Stretching vibrations of the carbonyls are strongly dependent on the

phase state. The mCO frequencies in solid state (in nujol, this work) are
1997, 1966 and ca. 1930 cm�1.

f in nujol (this work) 580 cm�1.

Table 3
Infrared spectra of GeCl4

IR, gasa Computations Assignmentb

m/cm�1 m/cm�1 (I/km mol�1)

459.1 428.0 (264) mGeCl (T2)
396.9 365.1 (0) mGeCl (A1)
171.0 164.6 (27) dClGeCl (T2)
125.0 122.5 (0) dClGeCl (E)

a Ref. [10].
b m, stretch; d, bend. In parenthesis – symmetry type of the vibrations.

Y.G. Budnikova et al. / Journal of Organometallic Chemistry 692 (2007) 4067–4072 4069
3 from the solid-state experiment (Table 4) as compared to
the case of molecule 1 (see footnote e of Table 2). Accord-
ing to the computations most of the IR bands of 3 were of
very low intensity, and the registered spectrum, indeed,
contained only five more or less strong bands (Table 4).

The simplicity of the IR spectra of the molecules 1, 3
and 5 is their general feature alleviating comparison of
the calculated frequencies with their experimental counter-
parts, despite the fact that the deviations amount to ca.
10%. As a result, a reliable spectral identification of the
molecules is possible on the basis of a simple comparison
of the computational predictions with the registered spec-
trograms. The results of such comparison for the title com-
pound 4 are presented in Table 5. The deviations of the
computed IR spectra of both possible conformers of 4 from
the experiment lie in the same range as the deviations, dis-
cussed above for the test set of molecules 1, 3 and 5.
According to our computations vibrational frequencies of
the more energetically stable staggered conformer (Fig. 1,
4b) practically coincide with the frequencies of the eclipsed
conformer (Fig. 1, 4a). So, on the basis of present results it
is impossible to decide which of the abovementioned con-
formations (or both of them) is adopted by the molecule
4. The most outstanding distinction of both calculated
and registered spectra of 4 from the spectra of the com-
pounds 1, 3 and 5 is a presence of strong band of antisym-
metric stretching vibration masGeWGe at ca. 290 cm�1.
Another IR active bands in this region are observed about
60 cm�1 higher. So, the misassignment is practically impos-
sible and the good agreement between theoretical and
experimental spectra can be regarded as a proof of the sup-
posed structure of compound 4.

It should be mentioned though that there remain two
unassigned bands of medium intensity (234 and
159 cm�1) and the weak doublet band (ca. 260 cm�1) in
far IR region of the experimental spectrum of 4. They
can be attributed to neither the presence of the buffer salt
Et4NBF4 nor compounds 1, 3 or 5. Probably the bands



Table 5
Infrared spectra of [W(CO)5]2Ge

IR, solida Computations

m/cm�1, Ic Eclipsed conformation (4a)b Staggered conformation (4b)b

m/cm�1 (I/km mol�1) Assignmentd m/cm�1 (I/km mol�1) Assignmentd

2172 (0) mCO (A1g) 2171 (0) mCO (E2)
1934 sh 2138 (1942) mCO (A1u) 2138 (1948) mCO (E2)

2092 (0) mCO (B1g) 2089 (0) mCO (E2)
2089 (0) mCO (A1g) 2089 (0) mCO (E2)
2085 (0) mCO (B2u) 2087 (0) mCO (E2)

1919 sh 2085 (1754) mCO (A2u) 2085 (1745) mCO (E2)
1900 vs 2074 (3261) mCO (Eu) 2073 (3281) mCO (E2)
1819 s 2058 (0) mCO (Eg) 2059 (2) mCO (E2)

606 (0) dOCW (A1g) 606 (0) dOCW (E2)
595 m 601 (296) dOCW (A2u) 601 (296) dOCW (E2)
554 w 584 (128) dOCW (Eu) 584 (127) dOCW (E1)

578 (0) dOCW (Eg) 578 (0) dOCW (E1)
534 (0) dOCW (B1g) 533 (0) dOCW (E2)
531 (0) dOCW (B2u) 532 (0) dOCW (E2)
495 (0) dOCW (B2g) 494 (0) dOCW (E1)
494 (12) dOCW (Eu) 493 (0) dOCW (E1)
493 (0) dOCW (B1u) 493 (12) dOCW (E1)
488 (0) dOCW (Eg) 488 (0) dOCW (E2)
435 (0) mCW (A1g) 435 (0) mCW (E2)

415 vw 434 (11) mCW (A2u) 434 (12) mCW (E2)
410 vw 423 (32) dOCW, mCW (Eu) 422 (32) dOCW, mCW (E1)

421 (0) mCW (B1g) 420 (0) mCW (E1)
419 (0) mCW (B2u) 419 (0) mCW (E1)
405 (0) dOCW, mCW (Eg) 405 (0) dOCW, mCW (E1)
395 (0) mCW (A1g) 395 (0) mCW (E2)

358 s 391 (49) mCW (A2u) 391 (49) mCW (E2)
352 sh 389 (51) mCW (Eu) 389 (52) mCW (E1)

383 (0) dOCW, mCW (Eg) 383 (0) dOCW, mCW (E1)
366 (0) dOCW (A2g) 365 (0) dOCW (B1)
365 (0) dOCW (A1u) 364 (0) dOCW (B1)

293 s 297 (226) masGeWGe (A2u) 298 (226) masGeWGe (E2)
145 (0) dWGeW, dOCW (Eu) 145 (0) dWGeW, dOCW (E1)
136 (0) msGeWGe (A1g) 137 (0) msGeWGe (E2)
89 (0) dOCW, dCWC (B2g) 89 (0) dOCW, dCWC (E1)
88 (0) dOCW (A2u) 89 (0) dOCW (E1)
88 (0) dOCW, dCWC (B1u) 88 (0) dOCW, dCWC (E2)
88 (0) dOCW (Eu) 87 (0) dOCW (E1)
87 (0) dOCW (Eg) 87 (0) dOCW (E1)
78 (0) dOCW (Eg) 77 (0) dOCW (E2)
69 (0) dCWC, dOCW (Eu) 68 (0) dCWC, dOCW (E2)
68 (0) dCWC, dOCW (A1g) 68 (0) dCWC, dOCW (E1)
63 (0) dCWC, dCWGe (B1g) 63 (0) dCWC, dCWGe (E2)
61 (0) dCWC, dCWGe (B2u) 61 (0) dCWC, dCWGe (E2)
44 (0) dCWGe (Eg) 42 (0) dCWC (E1)
20 (0) dWGeW (Eu) 18 (0) dWGeW (E2)
14 (0) torsion (A1u) 5 (0) torsion (B1)

a This work. Mixture of 4 with buffer salt Et4NBF4.
b See Fig. 1.
c w, weak; m, medium; s, strong; v, very, sh, shoulder.
d m, stretch; d, bend. In parenthesis – symmetry type of the vibrations.
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belong to certain by-product(s) which cannot be identified
on the basis of present spectroscopic data.

The structural parameters of the title compounds have
never been determined experimentally. So, our computa-
tional data represent their first evaluation. The optimized
bond length lcalc(WGe) = 2.513 Å for the molecule 3 and
lcalc(WGe) = 2.473 Å for the molecule 4. The shortening
of the WGe bond in complex 4 comparative to the mole-
cule 3 is accompanied with the lowering of polarisation
of the WGe bond in 4 (Fig. 1) and the corresponding
growth of the force constant f(WGe) from 1.498 mdin Å�1

in 3 to 1.82 mdin Å�1 in 4.
Thus, electrosynthesis allows to carry out the preparation

of the germylene complexes of tungsten pentacarbonyl. The



Fig. 1. Quantum-chemically optimised structures and atomic Mulliken charges of the complexes 3 (top) and 4 (bottom). 4a – eclipsed conformation
(E = �3343.856328H); 4b – staggered conformation (E = �3343.856481H).
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good agreement between the quantum-chemically com-
puted and registered IR spectra of the complexes confirms
their supposed structure. According to computational esti-
mates, the WGe bond of complex 4 is more strong and less
polar than in complex 3.

1.1. Computations

All quantum chemical calculations were carried out by
using the GAUSSIAN-98 suite of programs [16]. We used
Becke‘s three-parameter exchange functional [17] in com-
bination with the Lee–Yang–Parr correlation functional
[18] (B3LYP) and standard 6–31G* basis set [19] for C,
O, Cl and Ge atoms and LanL2DZ [20] for W atoms.
Starting geometries of the molecules under study either
were taken from electron diffraction data [11–13] or were
constructed from the fragments of the related molecules.
Both eclipsed and staggered conformations were calcu-
lated. For this purpose the starting geometries were fully
optimised and characterised as minima or saddle points
by analysis of the Hessian matrices. Both the eclipsed
and the staggered conformations of the molecule 4 corre-
sponded to minima, but only the eclipsed conformation
of 3 turned out to be stable.
2. Experimental

Stationary disk glassy-carbon electrode with the efficient
surface area of 3.14 mm2 was used as the working electrode
in electrochemical studies. Cyclic voltammograms were
detected using a PI-50-1 potentiostat with a PR-49 pro-
grammer and an electrochemical cell switched-on via a
three-electrode scheme. Curves were recorded at a linear
potential sweep of 50 mV s�1 on a two-coordinate recor-
der. An Ag/0.01 M AgNO3 system in MeCN served as
the reference electrode. A platinum wire 1 mm in diameter
was used as the auxiliary electrode. Measurements were
carried out in a cell at the temperature kept constant at
25 �C under argon in acetonitrile at presence Et4NBF4 as
the supporting electrolyte (C = 5 · 10�3 M). The complex
Ni(bpy)3(BF4)2 was used as the standard to determine the
number of electrons involved in the electrochemical reac-
tion (Ip = 36 lA at C = 1 · 10�2 mol L�1). The preparative
electrolysis was carried out using a B5-49 DC source in a
40 mL three-electrode cell. The working electrode potential
was determined using a Shch 50-1 DC voltmeter vs. the ref-
erence electrode, Ag/0.01 M AgNO3 in MeCN. The work-
ing surface of the cylindrical platinum cathode used as the
working electrode was 20.0 cm2. The diaphragm was made
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of paper; a glass carbon plate with a working area of 4 cm2

was used as the anode, and a saturated solution of
Et4NBF4 in MeCN was the anolyte.

IR spectra of the compounds were recorded on a FTIR
spectrometer ‘‘Vector 22’’ (Bruker) in the 400–4000 cm�1

range and on a FTIR spectrometer IFS 113v (Bruker) in
the 100–600 cm�1 range at a resolution of 1 cm�1. Solid
samples were prepared as KBr or polyethylene pellets,
respectively.

The element analysis of metals was determined on laser-
ionization mass-spectrometer EMAL2.

Acetonitrile was purified by fractional distillation over
phosphorus pentoxide and potassium permanganate;
Et4NBF4 was recrystallized from ethanol. Commercial
W(CO)6 (DalKhim, Nizhny Novgorod) was used.

All reactions were carried out under argon.

2.1. Electrochemical generation of anion of tungsten

hexacarbonyl 2

Tungsten hexacarbonyl 0.3519 g (10�3 mol) and
0.0325 g Et4NBF4 in MeCN (30 mL) were placed in an
electrochemical cell and electricity (2 F per mol of
W(CO)6, I = 53.8 mA) was passed, while the solution was
stirred on a magnetic stirrer under a constant flow of
argon.

2.2. Dichlorogermylene of tungsten pentacarbonyl complex 3

Germanium tetrachloride 0.214 g (10�3 mol) or GeCl2 Æ
dioxane 0.231 g (10�3 mol) in MeCN was added dropwise
at ambient temperature to a freshly prepared solution of
the tungsten pentacarbonyl anion 2. Next day the precipi-
tate was filtered, the resulting extract was concentrated to
remove acetonitryl and the crystalline residue was washed
with diethyl ether to give compound 3 yield 0.32 g
(68.5%), m.p. 128–129 �C. It is found: C, 12.97; Cl, 15.20;
Ge, 15.12; W, 38.92%. C5O5WGeCl2. It is counted: C,
12.84; Cl, 15.17; Ge, 15.53; W, 39.34.

2.3. Germylenebis(tungsten pentacarbonyl) complex 4

Germanium tetrachloride 0.108 g (5 · 10�4 mol) in
MeCN was added dropwise at ambient temperature to a
freshly prepared solution of the tungsten pentacarbonyl
anion 2. Next day the precipitate was filtered, the result-
ing extract was concentrated to remove acetonitryl and
the crystalline residue was washed with diethyl ether to
give compound 4 yield 0.3215 (44.6%), m.p. 80 �C (with
decomposition). It is found: C, 16.99; Ge, 9.62; W,
51.47%. C10O10W2Ge. It is counted: C, 16.66; Ge, 10.08;
W, 51.05.
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