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Abstract: The synthesis of the germylene phosphane adduct
(C2F5)2Ge·PMe3 is described. Starting from (C2F5)3GeH in an
excess of PMe3, heating was applied, whereupon reductive
elimination of C2F5H occurred. The molecular structure was
ascertained by X-ray diffraction and compared with informa-
tion obtained by quantum chemical methods. The ligand
properties were derived by studying the IR spectrum of the
nickel(0) complex [Ni(CO)3{Ge(C2F5)2(PMe3)}] in the CO
region. (C2F5)2Ge·PMe3 turned out to be a p-accepting ligand
comparable to PMe3, in terms of TolmanÏs electronic param-
eter. Furthermore a [2++4] cycloaddition reaction with 2,3-
dimethyl-1,3-butadiene, and s-bond insertion reactions were
recorded. Activation of the C¢Cl bond in dichloromethane
gives rise to the formation of the phosphonium ylide complex
[(C2F5)2Cl2Ge-CH2PMe3], which was fully characterized by X-
ray diffraction.

The chemistry of organogermylenes, the heavier homologues
of carbenes, has been studied since the 1970s, with the first
stable organogermylenes (Ge[Nt-Bu(SiMe3)]2 and Ge[N-
(SiMe3)2]2) isolated by Lappert et al. in 1974 showing
a monomeric structure in solution and in the gasphase, but
a dimeric structure motif in solid state.[1] The first stable
organogermylene, showing a germylene structure even in the
solid state, was isolated by Jutzi et al. in 1991.[2]

The most prominent halides of germanium are those in
the oxidation states IV and II. Whereas the tetrahalides GeX4

(X = F, Cl, Br, I) consist of a tetrahedral molecule, the
divalent species consist of Ge-X-Ge-X-… chains (X = F) or
crystallize in a distorted (X = Br) or a non-distorted (X = I)
CdI2-type layer lattice. The solid-state structure of GeCl2 is
unknown, but structural clarification in the gas phase was
accomplished through milimeter-wave spectroscopy or a com-
bined high-temperature electron diffraction/quadrupole mass
spectrometry experiment.[3] However, with 1,4-dioxane, this
compound forms a soluble and conveniently tractable com-
plex consisting of infinite chains of alternating GeCl2 units,

and each germanium atom is coordinated by two 1,4-dioxane
molecules.[4]

Exchanging the donating ligand with the stronger and
sterically more demanding triphenylphosphane leads to
a monomeric structure of the germanium dichloride adduct
(Cl2Ge·PPh3), with an absence of intermolecular Ge···Cl
interactions.[4] Monomeric germylenes are sextet species in
a singlet spin state with a pair of electrons in a mainly s-type
orbital and a vacant 4p orbital. Germylenes are thus Lewis
acids that frequently add donor molecules by means of this
empty 4p orbital. This was confirmed by structural and
theoretical investigation of the mentioned Cl2Ge·PPh3, which
shows a Cl-Ge-Cl bond angle of 97.41(2)88 and Cl-Ge-P bond
angles around 9088, thus indicating high p-orbital character for
the Ge¢P bond.[4]

In the course of our studies on main-group-element
perfluoroorganyls, we synthesized bis(pentafluoroethyl)ger-
mylene as the stable and isolable trimethylphosphane adduct
(C2F5)2Ge·PMe3. First attempts at the synthesis of donor-
stabilized bis(pentafluoroethyl)germylene included the treat-
ment of (C2F5)2GeH2

[5] with donor molecules, based on the
synthesis of (C2F5)2Sn·d (d = thf, 4-dimethylaminopyridine),[6]

but these reactions did not produce the desired outcome.
In 1989, the group of Eujen succeeded in generating the

adduct (CF3)2Ge·PMe3, which was generated by thermolysis
of (CF3)3GeH in an excess of neat PMe3.

[7] With the
application of these reaction conditions, (C2F5)2Ge·PMe3 is
accessible [Eq. (1)].

ðC2F5Þ3GeHþ PMe3
120 �C, 2 d

-C2F5 H
°°°°°!ðC2F5Þ2Ge ¡ PMe3 ð1Þ

According NMR monitoring of the reaction mixture, the
reactants at room temperature initially form [HPMe3][Ge-
(C2F5)3]. Heating the reaction mixture in a flask equipped
with a Young valve for 2 d effected quantitative conversion of
the salt-like [HPMe3][Ge(C2F5)3] initial product into the title
compound (C2F5)2Ge·PMe3. In sharp contrast to
(CF3)2Ge·PMe3, which is only stable in an excess of PMe3,
and which frequently polymerizes upon removal of the
solvent under vacuum, the prepared (C2F5)2Ge·PMe3 can be
isolated as an orange oily liquid that is stable at room
temperature.

The 19F NMR spectrum of (C2F5)2Ge·PMe3 in CDCl3 at
23 88C shows two singlet-like resonances at d =¢83.1 ppm
(CF3) and ¢110.6 ppm (CF2), with the latter showing sub-
stantial broadening. The 31P{1H} NMR spectrum is charac-
terized by a broad singlet-like signal at d =¢16.9 ppm. Upon
cooling the sample to¢60 88C, the signal for the CF2 units splits
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into an AB pattern (Figure 1, top right), and this is consistent
with the solid-state structure, which reveals diastereotopic
fluorine atoms at each CF2 unit (Figure 1). The 31P{1H} NMR
resonance at d =¢14.3 ppm may now be described as a broad
quintet with a 3J(P,F) coupling constant of 27 Hz (Figure 1,
top left).

Single crystals suitable for X-ray investigation were grown
by in situ crystallization of the orange oily product in a glass
capillary. An appropriate seed crystal was manually generated
slightly below the melting point of 21 88C, followed by slow
cooling to ¢73 88C. The obtained crystal was an inversion twin
(ratio 60:40). The germylene adduct (C2F5)2Ge·PMe3 crystal-
lizes in the orthorhombic space group P212121, with one C2F5

group disordered in a ratio of 1:1. For clarity, only one
conformer is displayed in Figure 2.

The molecule (C2F5)2Ge·PMe3 takes the geometry of
a pseudo trigonal pyramid, with the germanium atom residing

in the center. PMe3 is coordinated nearly orthogonal to the
plane defined by the atoms C1, Ge, and C3A, as evidenced by
the C-Ge-P bond angles ranging from 87.0(5)88 to 100.3(5)88.
These bond angles point to a high p-orbital character of the
Ge¢P bond. The lone pair of the germanium atom should thus
be located in an orbital with high s character. This agrees
nicely with BentÏs rule[8] that electron-withdrawing substitu-
ents, such as C2F5 groups, induce p-orbital character, which is
reflected by the C-Ge¢C bond angles of 105.1(5)88 (confor-
mer A) and 87.0(5)88 (conformer B). The Ge¢P bond length of
239.9(2) pm is significantly shorter than in Cl2Ge·PPh3

(250.84(7) pm),[4] which could be explained by the stronger
donating properties of PMe3 in comparison to PPh3 and the
higher Lewis acidity of the germanium atom bonded to the
strong electron-withdrawing C2F5 groups.

Formally, (C2F5)2Ge·PMe3 could be regarded as a germy-
lene phosphane adduct or as a phosphonium germanide with
an ylidic structure (Scheme 1).[9] In accordance with the
molecular structure in the solid state, the description of
(C2F5)2Ge·PMe3 as a germylene phosphane adduct seems
more appropriate, but this was clarified by a theoretical study
as well.

In addition to the germylene phosphane adduct, the
structures of the free germylene Ge(C2F5)2 and the germanide
ion [Ge(C2F5)3]

¢ were analyzed by quantum chemical meth-
ods in the gas phase.[10] After optimization of the structure and
frequency calculations, an NBO[11] analysis was performed.
The results are displayed in Scheme 2.

Based on the quantum chemical calculations, no unam-
biguous description of the bonding situation is possible. Even
if the s-orbital character of the free electron pair decreases
from the free germylene (89.0 % s) to the germylene
phosphane adduct (81.2/81.0% s), there is even less s-orbital
character in [Ge(C2F5)3]

¢ (77.6% s). Regarding the p-orbital
character of the Ge¢P bond in (C2F5)2Ge·PMe3 (95.0 % p),
there is only a marginal change in comparison to the vacant p-
orbital of the free germylene (98.5% p) and the p-orbital of
the Ge¢C bond in [Ge(C2F5)3]

¢ (92.2 % p).
Phosphonium ylides are known as powerful donor ligands

in the coordination chemistry of transition metals. To estimate
the ligating properties of (C2F5)2Ge·PMe3, a tricarbonylnickel-
(0) complex was synthesized according to Equation (2) in
80% yield.

Figure 1. NMR experiments with (C2F5)2Ge·PMe3 at low temperatures
in CDCl3.

Figure 2. Molecular structure of (C2F5)2Ge·PMe3, shown as a ball-and-
stick model. For clarity, only conformer A is shown. All C2F5 groups
were restrained to be same, so their bond parameters have to be
regarded with suspicion. Selected bond lengths [pm] and angles [88]:
Ge¢P 239.9(2), Ge¢C1 206.3(8), Ge¢C3A 21(2), Ge¢C3B 209(2); C1-
Ge-C3A 105.1(5), C1-Ge-C3B 87.0(5), C1-Ge-P 91.7(2), C3A-Ge-P 88.7-
(4), C3B-Ge-P 100.3(5).

Scheme 1. Resonance structures of (C2F5)2Ge·PMe3.
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The 19F NMR spectrum of the light orange crystals of
[Ni(CO)3{Ge(C2F5)2(PMe3)}] shows a singlet-like resonance
for the CF3 groups and an AB pattern with a pseudo-doublet
splitting for the CF2 groups (Figure 3).

The resolution of the spin system in the 31P NMR
spectrum of the nickel(0) complex [Ni(CO)3{Ge(C2F5)2-
(PMe3)}] was also higher than that for the non-coordinated
(C2F5)2Ge·PMe3. This indicates a more fixed coordination in
the nickel(0) complex [Ni(CO)3{Ge(C2F5)2(PMe3)}]. Based
on an AA’BB’M6X spin system (A, B = 19F (CF2), M = 19F
(CF3), X = 31P), the 31P NMR spectrum was simulated
(Figure 4). Two different 3J(P,F) coupling constants were
determined, with values of 3J(P,FA) = 3J(P,FA’) = 17.39 Hz and
3J(P,FB) = 3J(P,FB’) = 16.69 Hz. The 4J(P,F) coupling constant
is 2.60 Hz.

The molecular structure of the nickel(0) complex [Ni-
(CO)3{Ge(C2F5)2(PMe3)}] was elucidated by X-ray diffraction
analysis. The investigated crystal was non-merohedrically
twinned by a rotation of 18088 around [001], with a ratio of
95:5. [Ni(CO)3{Ge(C2F5)2(PMe3)}] crystallizes in the mono-

clinic space group P21/c. The germanium
atom is in the center of a distorted tetrahe-
dron (Figure 5). The bond angles C-Ge-C
(97.0(1)88) and C-Ge-P (94.51(7)88 and 98.21-
(7)88) are markedly compressed in compar-
ison to the angles C-Ge-Ni (124.52(8)88 and
122.24(7)88) and P-Ge-Ni (114.11(2)88). The
Ge¢P bond length (238.29(6) pm) is slightly
shorter than in the non-coordinated
(C2F5)2Ge·PMe3 (239.9(2) pm). The Ge¢Ni
bond length is 229.59(3) pm, making it
comparable to the assumed P¢Ni bond
(228 pm)[12] used to determine the Tolman
cone angle for phosphane ligands. There-
fore, with respect to atoms H6C, F4, and F8,
and the van der Waals radii for hydrogen
(100 pm)[12] and fluorine (135 pm),[12] the
Tolman cone angle was estimated to be 16888.
The ligand (C2F5)2Ge·PMe3 may thus be
sterically compared to PCy3 (Cy = cyclo-
hexyl), which has a Tolman cone angle of
170 pm.[12]

Next to steric effects, electronic effects, e.g., the p-
acceptor properties of a ligand, can also be derived from
a concept described by Tolman. The Tolman electronic
parameter is defined as the wavenumber of the highest CO
stretching vibration of a Ni(CO)3 complex in CH2Cl2 at room
temperature. Even though the IR spectrum of the nickel(0)
complex [Ni(CO)3{Ge(C2F5)2(PMe3)}] was not recorded in
solution but in the solid state, an estimated statement about
the p-acceptor properties of (C2F5)2Ge·PMe3 can be given.
The band for the CO stretching vibration in the IR spectrum
of solid [Ni(CO)3{Ge(C2F5)2(PMe3)}] at ñ = 2067 cm¢1

(Figure 6) allows comparison of the (C2F5)2Ge·PMe3 ligand
with PMe3 (ñ = 2064 cm¢1).[12] But it may be regarded as
a better p-acceptor than PCy3 (2056 cm¢1),[12] and clearly an
inferior p-acceptor to P(C2F5)3 in [Ni(CO)3P(C2F5)3] (ñ =

2114 cm¢1).[13]

Scheme 2. Quantum chemical results (B3LYP/6-311+ +G(2d,p), NBO 6.0).[10, 11] The given
orbital character refers to the germanium atom.

Figure 3. 19F NMR spectrum, with an extension of the CF2 area, of the
nickel(0) complex [Ni(CO)3{Ge(C2F5)2(PMe3)}].

Figure 4. Experimental and simulated 31P NMR spectra of the nickel(0)
complex [Ni(CO)3{Ge(C2F5)2(PMe3)}] , regarded as an AA’BB’M6X spin
system.
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By analogy to silylenes[14] and some germylenes,[7, 15] which
undergo oxidative 1,4-additions with unsaturated 1,3-dienes,
the adduct (C2F5)2Ge·PMe3 serves as a source of the
germylene, as evidenced by smooth [2++4] cycloaddition to
2,3-dimethyl-1,3-butadiene to afford 1-germacyclopent-3-en
[Eq. (3)] as observed by NMR spectroscopy. The 19F-13C
HMBC NMR spectrum gave evidence for long-range cou-
plings between the fluorine atoms of the CF2 and CF3 groups
to the methylene carbon atoms coordinated to the germanium
atom.

Insertion reactions with release of PMe3 were observed
for the reaction of (C2F5)2Ge·PMe3 with hydrogen halides,
iodomethane, and elemental halogens (Scheme 3). These
reactions constitute a different approach to the previously

reported bis(pentafluoroethyl)germanes (C2F5)2GeX2,
[5]

(C2F5)2Ge(CH3)X, and (C2F5)2Ge(H)X as interesting functio-
nalizable pentafluoroethylgermanes.

Another interesting insertion was observed when
(C2F5)2Ge·PMe3 was treated with CH2Cl2 at room temper-
ature for 2 weeks. Obviously, the germylene adduct activates
the Cl¢C bond of dichloromethane to furnish the zwitterionic
compound (C2F5)2GeCl2(CH2PMe3) as a small number of
isolable colorless crystals. This reaction is in a sharp contrast
to the behavior of GeCl2·dioxane or {GeMe2} towards
dichloromethane. Whereas {GeMe2} shows no tendency to
insert into the strong Cl¢C bond of the solvent,[16] harsh
conditions at 180 88C in an autoclave are required to obtain
H2C(Cl)GeCl3 from GeCl2·dioxane and CH2Cl2.

[17]

For the formation of this zwitterion, which contains
a chlorogermanate and a phosphonium unit, the mechanism
as depicted in Scheme 4 is conceivable. This reaction is

initiated by a formal insertion of the free germylene into the
C¢Cl bond of a dichloromethane molecule. Subsequently,
nucleophilic attack of the lone pair at the phosphorus atom on
the carbon atom of the methylene unit occurrs, accompanied
by a chloride shift onto the germanium atom. Alternatively,
the reaction of the adduct and CH2Cl2 could start with
nucleophilic attack by PMe3 on CH2Cl2, with a subsequent
insertion. The product was structurally investigated by X-ray
diffraction. It crystallizes in the monoclinic space group P21/
n (Figure 7). The germanium atom is in the center of a trigonal
bipyramid, with the chlorides in the axial position. This
geometry is due to the steric demand of the phosphonium unit
and the more electronegative C2F5 groups coordinating in the
equatorial plane. The Ge¢Cl bond lengths average to 237 pm
and the Cl-Ge-Cl unit is linear.

In conclusion, the germylene adduct (C2F5)2Ge·PMe3 was
synthesized through the reaction of (C2F5)3GeH with PMe3 by

Figure 5. Molecular structure of [Ni(CO)3{Ge(C2F5)2(PMe3)}] (thermal
ellipsoids are set at 50% probability). Selected bond lengths [pm] and
angles [88]: Ge¢Ni 229.59(3), Ge¢P 238.29(6); P-Ge-C1 98.21(7), P-Ge-
C3 94.51(7), P-Ge-Ni 114.11(2), C1-Ge-C3 97.0(1), C1-Ge-Ni 124.52(8),
C3-Ge-Ni 122.24(7).

Figure 6. IR spectrum (ATR) of [Ni(CO)3{Ge(C2F5)2(PMe3)}].

Scheme 3. Insertion reactions of (C2F5)2Ge·PMe3 into halogen–hydro-
gen, halogen–carbon, and halogen–halogen bonds (X =Br, I).

Scheme 4. Reaction of (C2F5)2Ge·PMe3 with dichloromethane to form
the zwitterionic compound (C2F5)2GeCl2(CH2PMe3).
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boiling in PMe3 for 2 days. Its molecular structure in the solid
state was studied by X-ray diffraction and confirmed by DFT
calculations. According to an NBO analysis, the bonding
situation of (C2F5)2Ge·PMe3 is better described as a germylene
phosphane adduct than a phosphonium germanide. The
ligating properties of (C2F5)2Ge·PMe3 were studied through
the preparation of [Ni(CO)3{Ge(C2F5)2(PMe3)}]. IR spectro-
scopic studies make it obvious that the p-acidity of
(C2F5)2Ge·PMe3 is comparable to that of PMe3. The reactivity
of (C2F5)2Ge·PMe3 was demonstrated by [2++4] cheletropic
cycloadditions with 1,3-dienes as well as by insertion of the
free germylene into halide–halide, hydrogen–halide and
carbon–halide bonds. The reaction of (C2F5)2Ge·PMe3 with
CH2Cl2 revealed PMe3 to be a non-innocent ligand, and
a formal ylide complex of trimethylphosphoniummethanide
(Me3P=CH2) and (C2F5)2GeCl2 was formed.
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