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Introduction

While the synthetic utility of organosilicon and organotin
compounds has been extensively studied, organogermanium
compounds have attracted less attention in synthetic organic
chemistry, presumably because of the scarce commercial
availability of chlorogermanium compounds to act as sour-
ces of starting substances. However, organogermanium com-
pounds have recently been recognized as important com-
pounds for organic synthesis.[1,2] Alkenylgermanes in partic-
ular show a very low toxicity[3] and, therefore, they could
serve as alternatives to the organotin reagents. Functional-
ized vinylgermanes used in organic synthesis can be pre-
pared by various methodologies involving classical stoichio-
metric organometallic routes, as well as by hydrogermyla-
tion and bisgermylation of alkynes and by dehydrogenative
germylation of alkenes (for reviews, see reference [4]). The
latter reaction, which is analogous to dehydrogenative silyla-
tion, is catalyzed by ruthenium and rhodium complexes and
produces substituted vinylgermanes accompanied by hydro-

genated products.[5] Transition-metal-catalyzed hydrogermy-
lation of alkynes proceeds in good yield but usually leads to
a mixture of stereo- and regioisomers.[6] Only the addition
of germanes to alkynols and silylacetylene catalyzed by rho-
dium(i) complexes gives alkenylgermanes in high yield and
with good selectivity.[7] Also, the addition of M�Ge com-
pounds (where M=Si, B, Sn, B, or Se) to arylacetylenes cat-
alyzed by palladium complexes gives, very often selectively,
ethene products substituted with germanium and other het-
eroatoms and metals (see reference [4] and references there-
in). Recently, much attention has been focused on the func-
tionalized vinylgermanes because pyridyl(germyl)ethene, for
example, was reported to undergo cycloaddition with nitrile
oxide to form (germyl)isoxazolines possessing vasodilating,
antithrombotic, and cardio-protective activities.[8] To pro-
duce such isoxalolines, the use of stereodefined germyle-
thene derivatives is essential.

In last two decades we have developed two universal
methods for the synthesis of well-defined molecular com-
pounds with vinylsilicon functionalities. Both methods, that
is, silylative coupling (also called trans-silylation or silyl-
group transfer) and cross-metathesis, are based on catalytic
transformations of vinylsilicon compounds with olefins and
lead to the synthesis of functionalized vinylsilicon reagents.
For a recent review of these methods, see reference [9].

While cross-metathesis (CM) is catalyzed by well-defined
Ru and Mo–carbene complexes, silylative coupling (SC)
takes place in the presence of complexes initiating or gener-
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ating M�H and M�Si bonds (where M=Ru, Rh, or Ir). The
latter reaction proceeds through cleavage of the =C�Si
bond of the vinyl-substituted silicon compound and activa-
tion of the =C�H bond of the olefin (or the vinylsilane mol-
ecule in the homocoupling). The mechanism of SC, deter-
mined by Wakatsuki et al.[10] and by our group,[11] involves
an insertion of the vinylsilane into the M�H bond and b Si
transfer to the metal with elimination of ethylene to gener-
ate the M�Si species, followed by insertion of the alkene
into the M�Si bond and b-H transfer to the metal, with
elimination of the substituted vinylsilane. We have recently
found that this mode of reactivity, which is well known for
vinylsilanes, seems to be general and is also exhibited by vi-
nylboronates[12] and vinylgermanes. Herein, we report a new
catalytic transformation of vinyl-trisubstituted germanes
with selected alkenes, in the presence of ruthenium com-
plexes with a Ru�H bond.

Results and Discussion

The complexes [RuH(Cl)(CO)(PCy3)2] (I ; Cy=cyclohexyl)
and [RuH(Cl)(CO)(PPh3)3] (II) catalyze the reaction of vi-
nylgermanes with selected alkenes according to the non-
metallacarbene mechanism, thereby leading to effective for-
mation of vinylgermanium derivatives [Eq. (1)].

A three- to tenfold excess of olefin over vinylgermane
was used to avoid homocoupling of the vinylgermane. The
homocoupling process occurs readily in the presence of I to
yield finally a mixture of two products [Eq. (2)], but with
high preference for the E product.

Heterocoupling (trans-germylation) of alkenes with vinyl-
germanes proceeds very efficiently, also yielding predomi-
nantly E products, according to Equation (1). trans-Germy-
lation of styrenes, vinylcarbazole, or vinylpirrolidone with
vinyltrialkylgermanes proceeds stereo- and regioselectively
to give exclusively E isomers (more than 97%); only for
vinyl ether was a mixture of E and Z products noticed, with
a preference for the E isomer. Since olefin isomerization
also occurs in the presence of ruthenium hydride complexes,
a mixture of alkenylgermanes (with a high predominance of

(E)-1,2-alkenylgermane) is formed in the germylative cou-
pling of 1-hexene but is accompanied by hexene isomers.
trans-Germylation took a longer time than silylation cou-
pling and also, in a few cases, required the presence of 2%
catalyst, rather than 1% as in the trans-silylation.[11b]

When 1-alkenes were used as cosubstrates the formation
of some amounts of vinylgermane homocoupling products
could not be avoided, even with a fivefold excess of the
alkene. The results obtained are compiled in Table 1. In the

presence of ruthenium–carbene complexes, that is, Grubbs
catalyst [Cl2Ru(=CHPh)(PCy3)2] (IV; the first generation)
and [(H2IMes)RuCl2(=CHPh)(PCy3)] (V; the second gener-
ation; Mes=2,4,6-trimethylphenyl) no self- or cross-meta-
thesis reactions occurred.

Nonisolated products were identified on the basis of GC-
MS spectra. To confirm the non-metallacarbene mechanism
of trans-germylation (versus the metallacarbene scheme),
the reactions of [D8]styrene with vinyltriethylgermane cata-
lyzed by II were studied according to procedures previously
described.[11c] In this situation the formation of [D7]germyl-
styrene and [D1]ethylene is to be expected (Scheme 1). By
contrast, the metallacarbene mechanism would afford
[D6]germylstyrene and [D2]ethylene.

Table 1. Catalytic transformation of vinylgermanes through homo- and
cross-coupling reactions catalyzed by complex I.[a]

VinylGeR3 R group in
H2C=CH�R

T [8C] Yield [%]
(selectivity E/Z/gem [%])

vinylGeMe3 Ph 110[a] 90 (95/1/4)
vinylGeMe3 GeMe3 110[a,b] 85 (90/0/10)
vinylGeEt3 Ph 80 98 (100/0/0)
vinylGeEt3 Ph 80[c] 98 (100/0/0)
vinylGeEt3 pClC6H4 80 >99 (100/0/0)
vinylGeEt3 pMeC6H4 80 >99 (100/0/0)
vinylGeEt3 C4H9 100[a] 62[d]

vinylGeEt3 OC4H9 65[e,f] 96 (65/35/0)
vinylGeEt3 9-carbazole 110[f] 97 (100/0/0)
vinylGeEt3 2-pyrrolidinone 100 99 (100/0/0)
vinylGeEt3 GeEt3 120[a,b] 83 (100/0/0)

[a] Reaction conditions unless stated otherwise: open system, toluene
(0.5m), t=24 h, [RuH(Cl)(CO)(PCy3)2]:[CH2=CHGe]:[olefin]=1J
10�2:1:3. The product yields were determined by GC, and the selectivity
was confirmed by GC-MS and 1H NMR spectroscopy. [b] Closed system.
[c] Toluene (1m). [d] III (see below) used as the catalyst, t=3 h. [e] 37%
E accompanied by other isomers. [f] [CH2=CHGe]:[olefin]=1:10.
[g] [Ru]:[CH2=CHGe]=2J10�2 :1.

Scheme 1. Formation of trans-germylation products through the non-
metallacarbene mechanism (top) and the metallacarbene mechanism
(bottom).
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Analysis of the reaction mixture after 5 min and 30 min,
that is, in the initial stages of the reaction when conversion
had not exceeded 1% and 10%, respectively, revealed only
the formation of [D7]germylstyrene. Therefore, the metalla-
carbene mechanism can be excluded. However, to provide
additional evidence for this new vinylgermane catalytic
transformation, a series of stoichiometric reactions of olefins
with ruthenium complexes was studied.

The reaction of equimolar amounts of I with vinylger-
mane was carried out to yield ruthenium–germyl complex
III ; 1H NMR spectroscopy provided evidence (at d=

5.25 ppm) of ethylene evolution in the reaction mixture oc-
curring according to Equation (3).

The formation of the Ru�Ge bond proceeds through mi-
gratory insertion of the vinylgermane into the Ru�H bond
followed by b Ge transfer to eliminate ethylene, as proposed
in Scheme 2. Such a transformation (and the product in
Equation (3)) has not been previously reported in literature
to the best of our knowledge. Complex III was isolated and
characterized by spectroscopic and analytical methods and
its X-ray crystal structure was determined (see Figure 1).
The ruthenium center is five-coordinate and the coordina-
tion polyhedron is a slightly distorted tetragonal pyramid,
with phosphine, chlorine, and carbon atoms at the base and
a germanium atom at the apex. The two triphenylphosphine
groups are trans with respect to each other.

A similar geometry was found in related compounds with
a trialkyl- or trialkoxysilicon–ruthenium bond: [Ru-
(SiEt3)(Cl)(CO)(PPh3)2] and [Ru(Si(OEt)3))(Cl)(CO)-
(PPh3)2] (however, no detailed structural data are availa-
ble),[13a] as well as [Ru(SiMe3)(Cl)(CO)(PPh3)2].

[13b]

The synthesis of the new Ru�Ge complex was tested in a
reaction with a twofold excess of styrene. The reaction yield-
ed (E)-styrylgermane (identified by NMR spectroscopy and
GC-MS) and the hydride complex [RuH(Cl)(CO)(PPh3)2]
according to the proposed Equation (4).

The mechanistic scheme of this new type of vinylgermane
conversion, examined for the reaction with styrene, involves
insertion of vinylgermane into the Ru�H bond followed by
b-Ge elimination of ethylene (Scheme 2) and the migratory
insertion of styrene, as a representative alkene (or vinylger-
mane in the case of homocoupling), into the Ru�Ge bond
followed by b-H elimination to give (E)-phenyl-

(germyl)ethene. Dissociation of phosphine is postulated to
generate the catalytic Ru�H species. Additional experi-
ments, performed with a slight excess of phosphine, have
evidenced strong retardation of this process. High catalytic
activity of Ru�Ge complex III strongly supports this mecha-
nism.

Conclusion

Germylation of non-isomerizing olefins with vinyl-trisubsti-
tuted germanes in the presence of catalysts containing Ru�
H bonds opens a new effective catalytic route for the syn-

thesis of functionalized vinylgermanes which
could be very useful as organometallic reagents
in organic synthesis. Unlike the analogous vi-
nylsilanes[9] and vinylboronates,[12] such func-
tionalized vinylgermanes cannot be synthesized

by the metathesis procedure. A formation of a
Ru�Ge intermediate proceeds through a new
step-migratory insertion of vinylgermane into
the Ru�H bond, followed by b-Ge transfer
with elimination of ethylene.

Experimental Section

General methods : 1H NMR (300 MHz), 13C NMR (75 MHz), and DEPT
spectra were recorded on Varian XL 300 MHz spectrometer in CDCl3 (or
C6D6) solution. Chemical shifts (d) are reported in ppm with reference to
the residual solvent (CH3Cl) peak for 1H and 13C NMR spectra. GC anal-
yses were performed on a Varian 3300 instrument with a DB-5 fused-
silica capillary column (30 mJ0.15 mm) and a thermal conductivity de-

Scheme 2. Mechanistic scheme for trans-germylation of styrene with vi-
nylgermanes.
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tector (TCD). Mass spectra of the monomers and products were obtained
by GC-MS analysis on a Varian Saturn 2100T instrument, equipped with
a BD-5 capillary column (30 m) and an ion-trap detector. HRMS analy-
ses were performed on an AMD-402 mass spectrometer (AMD Intectra
GmbH). Thin-layer chromatography was performed on plates coated
with a 250 mm layer of silica gel (Aldrich and Merck); column chroma-
tography was conducted with silica gel 60 (70–230 mesh; Fluka). Melting
points are uncorrected and were determined by using an SMP3 melting
point apparatus (BIBBY Stuart Scientific, UK). Toluene and pentane
were dried by distillation from sodium hydride; similarly hexane was dis-
tilled from calcium hydride under argon. All liquid substrates were also
dried and degassed by bulb-to-bulb distillation. All the reactions were
carried out under a dry argon atmosphere.

Materials : The chemicals were obtained from the following sources: tolu-
ene, dodecane, pentane, and hexane were purchased from Fluka; CDCl3
and C6D6 were obtained from Dr. Glaser AG, Basel; 9-vinylcarbazol, 1-
vinyl-2-pyrrolidinone, styrene, hexene, vinyl-n-butyl ether, and the
Grubbs catalysts [RuCl2(PCy3)2(=CHPh)] (IV) and [RuCl2(PCy3)-
(IMesH2)(=CHPh)] (V) were bought from Aldrich; triethylbromoger-
mane and trimethylchlorogermane were purchased from Gelest. The
ruthenium complexes [RuH(Cl)(CO)(PCy3)2] (I)[13a] and [RuH(Cl)(CO)-
(PPh3)3] (II)[13b] were prepared according to the literature procedures.

Representative procedure for trans-germylation : In a typical test, the
ruthenium catalyst [RuH(Cl)(CO)(PCy3)2)] (I ; 1 or 2 mol%) was dis-
solved in toluene and placed in a glass ampoule under argon. The re-
agents and dodecane as an internal standard (5% by volume of all com-
ponents) were then added (usually in a molar ratio: for homogermylation
[Ru]:[CH2=CHGe]=1J10�1:1, for cross-germylation [Ru]:[CH2=CHGe]:-
[olefin]=1J10�1(or 2J10�1):1:3(10)). After that, the ampoule was heated
at 65–120 8C for 24 h. The final products were separated from the resi-

dues of the catalyst and the remains of styrene by using a column of
silica. The progress of the both reactions was controlled by GC and
GCMS.

Syntheses:

(E)-1,2-Bis(triethylgermane)ethene (1): [RuH(Cl)(CO)(PCy3)2] (I) com-
plex (23 mg, 0.032 mmol), toluene (5.75 mL), and triethylvinylgermane
(0.592 g, 3.17 mmol) were placed in a 15-mL glass ampoule. The ampoule
was closed and heated under argon at 120 8C for 24 h. The final product
was separated from the residues of the catalyst and reactants by using a
column of silica (eluent: hexane; Rf=0.50) to afford 1 (0.301 g,
0.89 mmol, 56% isolated yield) as a colorless liquid: 1H NMR (CDCl3):
d=0.78 (q, 12H; CH2), 1.01 (t, 18H; CH3), 6.53 ppm (s, 2H; HC=CH);
13C NMR (CDCl3): d=4.28 (CH2), 9.05 (CH3), 146.84 ppm (HC=CH);
MS (EI): m/z (%): 317 [M+ C�CH2CH3] (82), 316 [M+ C�CH2=CH2] (82),
288 [M+ C�2JCH2CH3] (15), 162 (100), 133 (70), 101 (40), 73 (16); ele-
mental analysis calcd (%) for C14H32Ge2: C 48.64, H 9.33; found: C
48.70, H 9.41.

Mixture of (E)-1,2-bis(trimethylgermane)ethene (2a) and 1,1-bis(trime-
thylgermane)ethene (2b): [RuH(Cl)(CO)(PCy3)2] (I) complex (30 mg,
0.041 mmol), toluene (3.43 mL), and trimethylvinylgermane (0.598 g,
4.13 mmol) were placed in a 15 mL glass ampoule. The ampoule was
closed and heated under argon at 110 8C for 24 h. The final products
were separated from the residues of the catalyst and reactants by distilla-
tion to afford a mixture of 2a and 2b (0.426 g, 1.97 mmol, 79% isolated
yield, E :gem 90:10) as a colorless liquid: 2a : 1H NMR (C6D6): d=0.27 (s,
18H; CH3), 6.85 ppm (s, 2H; HC=CH); 13C NMR (C6D6): d=1.38 (CH3),
149.13 ppm (HC=CH); MS (EI): m/z (%): 262 [M+] (1), 247 [M+�CH3]
(100), 219 (4), 145 (3), 119 (30), 102 (3), 89 (3), 75 (1); 2b : 1H NMR
(C6D6): d=0.30 (s, 18H; CH3), 6.23 ppm (s, 2H, H2C=); 13C NMR
(CDCl3): d=�0.99 (CH3), 125.66 (ci), 135.56 ppm (H2C); MS (EI): m/z
(%): 262 [M+ C] (4), 247 [M+ C�CH3] (87), 221 (20), 193 (5), 130 (6), 119
(100), 104 (14), 89 (23), 73 (7).

(E)-1-Phenyl-2-(trimethylgermane)ethene (3): [RuH(Cl)(CO)(PCy3)2] (I)
complex (29 mg, 0.040 mmol), toluene (5.94 mL), trimethylvinylgermane
(0.578 g, 3.99 mmol), and styrene (1.25 g, 11.97 mmol) were placed in a
15-mL glass ampoule. The ampoule was closed and heated under argon
at 110 8C for 24 h. 1H NMR (C6D6): d=0.19 (s, 9H; CH3), 6.66 (d, 1H,
JH,H=18,9 Hz; Ge�HC=CH), 6.91 (d, 1H, JH,H=18.6 Hz; Ge�HC=CH),
7.05–7.35 ppm (m, 5H; C6H5); MS (EI): m/z (%): 222 [M+ C] (6), 207
[M+ ·�CH3] (100), 191 (6), 177 (6), 151 (5), 117 (15), 103 (20), 89 (10), 77
(8), 50 (7); HRMS: calcd for C11H16Ge: 222.04638; found: 222.04658; ele-
mental analysis calcd (%) for C11H16Ge: C 59.81, H 7.30; found: C 59.92,
H 7.35.

(E)-1-Phenyl-2-(triethylgermane)ethene (4): [RuH(Cl)(CO)(PCy3)2] (I)
complex (21 mg, 0.029 mmol), toluene (4.25 mL), triethylvinylgermane
(0.540 g, 2.89 mmol), and styrene (0.903 g, 8.67 mmol) were placed in a
15 mL glass ampoule. The ampoule was heated under argon at 80 8C for
24 h. The final product was separated from the residues of the catalyst
and reactants by using a column of silica (eluent: hexane; Rf=0.75) to
afford 4 (0.707 g, 2.69 mmol, 93% isolated yield) as a colorless liquid:
1H NMR (CDCl3): d=0.88 (q, 6H; CH2), 1.07 (t, 9H; CH3), 6.62 (d, 1H,
JH,H=18.9 Hz; Ge�HC=CH), 6.83 (d, 1H, JH,H=18.9 Hz; Ge�HC=CH),
7.25 (d, 1H, JH,H=7.5 Hz; p-C6H5), 7.33 (t, 2H; m-C6H5), 7.44 ppm (d,
2H, JH,H=6.9 Hz; o-C6H5);

13C NMR (CDCl3): d=4.39 (CH2), 8.94
(CH3), 126.13 (o-C6H5), 127.59 (p-C6H5), 127.80 (Ge�HC=CH), 128.47
(m-C6H5), 138.41 (ci-C6H5), 143.28 ppm (Ge�HC=CH); MS (EI): m/z
(%): 264 [M+ C] (3), 249 [M+ C�CH3] (1), 235 [M+ C�CH2CH3] (100), 234
[M+ C�CH2=CH2] (39), 207 (31), 177 (19), 151 (9), 131 (5), 103 (11), 77
(5); HRMS: calcd for C14H22Ge: 264.09333; found: 264.09383; elemental
analysis calcd (%) for C14H22Ge: C 63.94, H 8.43; found: C 63.99, H 8.52.

(E)-1-(p-Chlorophenyl)-2-(triethylgermane)ethene (5): Compound 5 was
prepared from the appropriate starting materials according to the above
procedure for 4. The reaction afforded 5 (0.816 g, 2.75 mmol, 95% isolat-
ed yield) as a colorless liquid: 1H NMR (CDCl3): d=0.84 (q, 6H; CH2),
1.03 (t, 9H; CH3), 6.56 (d, 1H, JH,H=18.9 Hz; Ge�HC=CH), 6.83 (d, 1H,
JH,H=18.9 Hz; Ge�HC=CH), 7.25 (d, 2H, JH,H=8.7 Hz; m-C6H4Cl),
7.31 ppm (d, 2H, JH,H=8.7 Hz; o-C6H4Cl); 13C NMR (CDCl3): d=4.34
(CH2), 8.93 (CH3), 127.32 (o-C6H4Cl), 128.59 (m-C6H4Cl), 128.85 (Ge�

Figure 1. a) Anisotropic displacement ellipsoid representative structure of
complex III. Hydrogen atoms have been removed for clarity. b) Perspec-
tive view of the structure of complex III.
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HC=CH), 133.15 (ci), 136.84 (ci), 141.90 ppm (Ge�HC=CH); MS (EI):
m/z (%): 298 [M+ C] (1), 269 [M+ C�CH2CH3] (100), 241 (49), 211 (22), 183
(8), 131 (8), 103 (19), 75 (13); HRMS: calcd for C14H21ClGe: 298.05436;
found: 298.05476; elemental analysis calcd (%) for C14H21ClGe: C 56.54,
H 7.12; found: C 56.63, H 7.22.

(E)-1-(p-Methylphenyl)-2-(triethylgermane)ethene (6): Compound 6 was
prepared from the appropriate starting materials according to the above
procedure for 4. The reaction afforded 6 (0.752 g, 2.72 mmol, 94% isolat-
ed yield) as a colorless liquid: 1H NMR (CDCl3): d=0.87 (q, 6H; CH2),
1.07 (t, 9H; CH3), 2.36 (s, 3H; CH3) 6.56 (d, 1H, JH,H=19.2 Hz; Ge�
HC=CH), 6.81 (d, 1H, JH,H=18.9 Hz; Ge�HC=CH), 7.15 (d, 2H, JH,H=

8.1 Hz; m-C6H4CH3), 7.34 ppm (d, 2H, JH,H=8.4 Hz; o-C6H4CH3);
13C NMR (CDCl3): d=4.52 (CH2), 9.06 (CH3), 125.93 (o-C6H4CH3),
126.23 (Ge�HC=CH), 129.06 (m-C6H4CH3), 135.64 (ci), 137.29 (ci),
143.00 ppm (Ge�HC=CH); MS (EI): m/z (%): 278 [M+ C (1), 250
[M+ C�CH2=CH2] (19), 249 [M+ C�CH2CH3] (58), 248 (100), 221 (38), 191
(23), 163 (16), 131 (6), 115 (12), 103 (12), 91 (11), 75 (6); HRMS: calcd
for C15H24Ge: 278.10898; found: 278.10105; elemental analysis calcd (%)
for C15H24Ge: C 65.04, H 8.73; found: C 65.11, H 8.84.

Triethylhexenylgermanes (7): [RuH(Cl)(CO)(PCy3)2] (I) complex (25 mg,
0.034 mmol), toluene (4.96 mL), triethylvinylgermane (0.644 g,
3.45 mmol), and hexene (0.871 g, 10.35 mmol) were placed in a 15 mL
glass ampoule. The ampoule was closed and heated under argon at
100 8C for 24 h. The final product (contained 37% of the E isomer) was
separated from the residues of the catalyst and reactants by using a
column of silica (eluent: hexane; Rf=0.70): 1H NMR (CDCl3): d=6.61
(d, 1H, JH,H=19.2 Hz; Ge�HC=CH), 6.82 ppm (d, 2H, JH,H=19.2 Hz;
Ge�HC=CH).

(E/Z)-1-(Butoxy)-2-(triethylgermane)ethane (8a/b): [RuH(Cl)(CO)-
(PCy3)2] (I) complex (50 mg, 0.068 mmol), toluene (6.26 mL), triethylvi-
nylgermane (0.644 g, 3.45 mmol), and vinyl-n-butyl ether (3.46 g,
34.50 mmol) were placed in a 15-mL glass ampoule. The ampoule heated
under argon at 65 8C for 24 h. The final product was separated from resi-
dues of the catalyst and reactants by using a column of silica (eluent:
hexane/diethyl ether (3:1); Rf=0.75) to afford a mixture of 8a and 8b
(0.75 g, 2.90 mmol, 84% isolated yield, E/Z 65:35) as a colorless liquid:
1H NMR (CDCl3): d=0.71–0.81 (2 t, 6H, CH3, from E/Z isomers), 0.83–
0.91 (2q, 4H; CH3�CH2�Ge, from E/Z isomers), 0.92–1.04 (2 t, 6H;
CH3�CH2�Ge, from E/Z isomers), 1.35–1.57 (m, 4H; CH2, from E/Z iso-
mers), 1.59–1.66 (m, 4H; CH2, from E/Z isomers), 3.69–3.74 (2 t, 4H; O�
CH2, from E/Z isomers), 4.24 (d, 1H, JH,H=7.8 Hz; Ge�HC=CH, from Z
isomer), 4.52 (d, 1H, JH,H=15.0 Hz; Ge�HC=CH, from E isomer), 6.27
(d, 1H, JH,H=15.0 Hz; HC=CH�O, from E isomer), 6.66 ppm (d, 1H,
JH,H=7.8 Hz; HC=CH�O, from Z isomer); 13C NMR (CDCl3): d=4.85
(Ge�CH2, from Z isomer), 5.38 (Ge�CH2, from E isomer), 8.96 (CH3�
CH2�Ge, from Z isomer), 9.16 (CH3�CH2�Ge, from E isomer), 13.90
(CH3�CH2, from Z isomer), 13.98 (CH3�CH2, from E isomer), 19.14
(CH3�CH2, from Z isomer), 19.35 (CH3�CH2, from E isomer), 31.33 (O�
CH2�CH2, from Z isomer), 32.01 (O�CH2�CH2, from E isomer), 67.51
(O�CH2�CH2, from Z isomer), 71.54 (O�CH2�CH2, from E isomer),
92.14 (=CH�Ge, from Z isomer), 96.91 (=CH�Ge, from E isomer),
153.91 (=CH�O, from Z isomer), 156.77 ppm (=CH�O, from E isomer);
MS (EI): m/z (%) for Z isomer: 230 [M+ C�CH2CH3] (76), 231
[M+ C�CH2=CH2] (100), 205 [M+ C�CH2=CH2] (42), 131 (31), 115 (7) 101
(14), 91 (6); m/z (%) for E isomer: 230 [M+ C�CH2CH3] (46), 231
[M+ C�CH2=CH2] (100), 205 [M+ C�CH2=CH2] (61), 133 (38), 117 (9), 103
(17), 91 (9); elemental analysis calcd (%) for C12H26GeO: C 55.65,
H 10.12; found: C 55.71, H 10.29.

(E)-9-[2-(Triethylgermyl)ethenyl]-9H-carbazole (9): [RuH(Cl)(CO)-
(PCy3)2] (I) complex (42 mg, 0.058 mmol), toluene (5.24 mL), triethylvi-
nylgermane (0.540 g, 2.89 mmol), and 9-carbazole (1.675 g, 8.67 mmol)
were placed in a 15-mL glass ampoule. The ampoule was heated under
argon at 110 8C for 24 h. The final product was separated from residues
of the catalyst and reactants by using a column of silica (eluent: hexane/
diethyl ether (4:1); Rf=0.75) to afford 9 (0.782 g, 2.22 mmol, 78% isolat-
ed yield) as white crystals: 1H NMR (CDCl3): d=0.90 (q, 6H; CH2), 1.06
(t, 9H; CH3), 6.02 (d, 1H, JH,H=16.8 Hz; Ge�HC=CH), 7.13 (d, 1H,
JH,H=16.8 Hz; HC=CH�N), 7.20 (m, 1H; =CH), 7.39 (t, 1H; =CH), 7.58

(d, 1H; =CH), 7.99 ppm (d, 1H, =CH); 13C NMR (CDCl3): d=4.80
(CH2), 9.15 (CH3), 110.43(=CH), 112.65 (=CH), 120.22 (=CH), 120.37(=
CH), 123.77 (ci), 126.02 (Ge�CH�CH), 132.52 (CH�CH�N), 139.17 ppm
(ci) ; MS (EI): m/z (%): 353 [M+ C] (13), 325 [M+ C�CH2=CH2] (100), 324
[M+ C�CH3CH2] (35), 295 [M+ C�2JCH3CH2] (26), 265 (5); HRMS: calcd
for C20H25GeN: 353.11988; found: 353.11972; elemental analysis calcd
(%) for C20H25GeN: C 68.23, H 7.16, N, 3.98; found: C 69.03, H 7.30, N
4.11.

(E)-N-[2-(Triethylgermyn)ethenyl]pyrrolidinone (10): [RuH(Cl)(CO)-
(PCy3)2] (I) complex (25 mg, 0.034 mmol), toluene (5.20 mL), triethylvi-
nylgermane (0.644 g, 3.45 mmol), and 2-pyrrolidinone (1.151 g,
10.35 mmol) were placed in a 15-mL glass ampoule. The ampoule was
heated under argon at 100 8C for 24 h. The final product was separated
from residues of the catalyst and reactants by using a column of silica
(eluent: hexane/diethylether (4:1); Rf=0.75) to afford 10 (0.773 g,
2.86 mmol, 83% isolated yield) as a colorless liquid: 1H NMR (CDCl3):
d=0.80 (q, 6H; CH2), 1.02 (t, 9H; CH3), 2.08 (m, 2H; CH2), 2.51 (t, 2H;
CH2), 3.55 (t, 2H; CH2), 4.84 (d, 1H, JH,H=17.4 Hz; Ge�HC=CH),
7.02 ppm (d, 1H, JH,H=17.1 Hz; HC=CH�N); 13C NMR (CDCl3): d=

4.69 (CH2), 8.98 (CH3), 17.40 (CH2), 44.70 (CH2), 103.87 (Ge�CH=CH),
132.66 (CH=CH�N), 172.59 ppm (ci) ; MS (EI): m/z (%): 243 [M+ C�
CH2=CH2] (100), 212 (6), 184 (8), 70 (5); HRMS: calcd for C12H23GeNO:
271.09914; found: 271.09965; elemental analysis calcd (%) for
C12H23GeNO: C 53.39, H 8.59, N 5.19; found: C 53.59, H 8.70, N 5.27.

Trimethylvinylgermane (11): Chlorotrimethylgermane (5 g, 32.68 mmol)
and dried and deoxidized tetrahydrofuran (THF; 30 mL) were placed in
a Schlenk tube equipped with a magnetic stirrer under argon, then a solu-
tion of CH2=CHMgBr in THF (20.50 mL, 1.6 molL�1) was added drop-
wise. (The vinylmagnesium bromide was synthesized according to the
procedure described in the literature.[14]) The reaction was left for 3 h at
room temperature with stirring. After this time, the reaction mixture was
washed with water three times and dried over CaCl2. The trimethylvinyl
germane was purified by trap-to-trap distillation (75% yield): 1H NMR
(CDCl3): d=0.19 (s, 9H; CH3), 5.62 (dd, 1H; Ge�CH=CH2), 5.94 (dd,
1H; Ge�CH=CH2), 6.34 ppm (dd, 1H; Ge�CH=CH2);

13C NMR
(CDCl3): d=1.93 (CH3), 129.385 (Ge�HC=CH2), 141.02 ppm (Ge�HC=
CH2).

Triethylvinylgermane (12): Compound 12 was prepared from the appro-
priate starting materials according to the above procedure for 11 (66%
yield): 1H NMR (CDCl3): d=0.77 (q, 6H; CH2) 1.03 (t, 9H; CH3), 5,64
(dd, 1H; CH=CH2), 6.03 (dd, 1H; CH=CH2), 6.28 ppm (dd, 1H; Ge�
CH=CH2);

13C NMR (CDCl3): d=4.37 (CH2), 9.110 (CH3), 130.94 (Ge�
HC=CH2), 137.49 ppm (Ge�HC=CH2); MS (EI): m/z (%): 188 [M+ C] (1),
159 [M+ C�CH2CH3] (100), 131 (72), 101 (39), 75 (11); HRMS: calcd for
C8H18Ge: 188.06203; found 188.06201.

Synthesis of [Ru(Cl)(GeMe3)(CO)(PPh3)2] (III): The complex
[RuH(Cl)(CO)(PPh3)3] (II ; 0.373 g, 0.392 mmol) and toluene (6.27 mL)
were placed into a 50-mL Schlenk flask equipped with a magnetic stirrer,
where they formed a suspension. Subsequently, H2C=CHGeMe3

(0.334 mL, 1.961 mmol) was added to the mixture, which was then
warmed at 80 8C and stirred for an additional 24 h. After that, the final
mixture was cooled at room temperature, provisionally purified by using
a “canula with drain” system, and transported to the next Schlenk tube.
The excess solvent was evaporated under reduced pressure and pentane
(35 mL) was added to give a yellow precipitate. Later, the pentane was
decanted and the new complex was washed twice with cold pentane (2J
15 mL). The yellow solid was dried under vacuum (0.284 g, 90% yield):
m.p.=219–221 8C (decomp.); 1H NMR (C6D6): d=0.70 (s, 9H; Ge-
(CH3)3), 7.05 (m, 15H; C6H5), 7.85 ppm (m, 15H; C6H5);

13C NMR
(C6D6): d=10.17 (CH3), 128.17 (m-C6H5), 130.05 (p-C6H5), 132.68 (ci-
C6H5), 134.60 (o-C6H5), 200.09 ppm (CO); 31P NMR (C6D6): d=

34.59 ppm (s, 2PPh); elemental analysis calcd for C40H39ClGeOP2Ru: C
59.55, H 4.87; found: C 60.24, H 4.92. Single crystals of III suitable for an
X-ray crystal structure analysis were obtained by recrystallization from
toluene at 0 8C for 24 h.

Experimental data of X-ray analysis : Diffraction data were collected at
room temperature by the w-scan technique up to 2q=608 (836 frames)
on a KUMA-KM4CCD diffractometer[15] with graphite-monochromat-
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ized MoKa radiation (l=0.71073 P). The data were corrected for Lorentz
polarization effects[16] as well as for absorption by SORTAV.[17] Accurate
unit-cell parameters were determined by the least-squares fit of 9448 re-
flections of highest intensity, chosen from the whole experiment. The
structures were solved with the SHELXS97 software[18] and refined with
the full-matrix least-squares procedure on F2 with the SHELXL97 pro-
gram.[19] Scattering factors incorporated in the SHELXL97 program[20]

were used. The function �w(jFoj2�jFc j 2)2 was minimized, with w�1=

[s2(Fo)
2+0.0262JP2]. All non-hydrogen atoms were refined anisotropical-

ly. Hydrogen atoms were placed geometrically, in idealized positions, and
refined as rigid groups; the Uiso values of hydrogen atoms were set at 1.2
(1.3 for methyl groups) times the Ueq value of the appropriate carrier
atom. The chlorine and carbonyl groups were found disordered over two
positions with s.o.f. values of 0.5. Their positions and anisotropic thermal
parameters were successfully refined with weak restraints applied to the
thermal parameters of one of the carbonyl groups.

X-ray crystal structure analysis : The trimethylgermyl group (Ge(CH3)3)
has only slightly distorted tetrahedral geometry (mean value of the C�
Ge�C angle is 104.78 and of the Ge�Ru�C angle is 113.88). Similar ge-
ometry was observed in [Ru(CO)(Cl)(SiMe3)(PPh3)2],

[21b] while a signifi-
cantly larger distortion was reported in the trichlorosilyl group in [Cp-
(PMe3)2Ru(SiCl3)]

[22] The bond lengths are typical; however, the [Ru�
Ge] bond length of 2.4455(4) P is one of the shortest found so far.

Selected bond lengths [C] and angles [8] for III : Ru(1)�C(1) 1.723(6),
Ru(1)�C(2) 1.786(9), Ru(1)�Cl(1) 2.466(3), Ru(1)�Cl(2) 2.480(3),
Ru(1)�P(2) 2.3686(6), Ru(1)�P(3) 2.3921(6), Ru(1)�Ge(1) 2.4455(4),
Ge(1)�C(12) 1.954(3), Ge(1)�C(13) 1.960(3), Ge(1)�C(11) 1.981(4),
P(2)�C(231) 1.828(3), P(2)�C(211) 1.839(2), P(2)�C(221) 1.846(3), P(3)�
C(331) 1.829(3), P(3)�C(321) 1.832(2), P(3)�C(311) 1.838(2), C(1)�O(1)
1.215(7), C(2)�O(2) 1.003(10); C(1)-Ru(1)-P(2) 88.24(17), C(2)-Ru(1)-
P(2) 91.5(2), C(1)-Ru(1)-P(3) 91.17(17), C(2)-Ru(1)-P(3) 90.3(2), C(1)-
Ru(1)-Ge(1) 86.4(2), C(2)-Ru(1)-Ge(1) 90.3(3), P(2)-Ru(1)-P(3)
160.51(2), P(2)-Ru(1)-Ge(1) 101.120(18), P(3)-Ru(1)-Ge(1) 98.278(18),
C(1)-Ru(1)-Cl(1) 170.5(2), P(2)-Ru(1)-Cl(1) 88.65(6), P(3)-Ru(1)-Cl(1)
88.78(6), Ge(1)-Ru(1)-Cl(1) 103.01(6), C(2)-Ru(1)-Cl(2) 171.9(3), P(2)-
Ru(1)-Cl(2) 86.71(5), P(3)-Ru(1)-Cl(2) 88.87(5), Ge(1)-Ru(1)-Cl(2)
97.79(6), C(12)-Ge(1)-C(13) 102.72(16), C(12)-Ge(1)-C(11) 106.7(2),
C(13)-Ge(1)-C(11) 104.86(16), C(12)-Ge(1)-Ru(1) 113.79(11), C(13)-
Ge(1)-Ru(1) 114.76(11), C(11)-Ge(1)-Ru(1) 113.03(13), C(231)-P(2)-C-
(211) 106.18(12), C(231)-P(2)-C(221) 102.19(11), C(211)-P(2)-C(221)
101.34(11), C(231)-P(2)-Ru(1) 97.28(8), C(211)-P(2)-Ru(1) 121.16(9), C-
(221)-P(2)-Ru(1) 125.45(8), C(212)-C(211)-P(2) 118.4(2), C(216)-C(211)-
P(2) 123.4(2), C(222)-C(221)-P(2) 122.2(2), C(226)-C(221)-P(2) 119.8(2),
C(232)-C(231)-P(2) 119.95(19), C(236)-C(231)-P(2) 121.4(2), C(331)-
P(3)-C(321) 103.18(11), C(331)-P(3)-C(311) 103.23(11), C(321)-P(3)-C-
(311) 102.77(11), C(331)-P(3)-Ru(1) 106.17(8), C(321)-P(3)-Ru(1)
116.10(8), C(311)-P(3)-Ru(1) 123.07(8), C(312)-C(311)-P(3) 123.0(2), C-
(316)-C(311)-P(3) 119.1(2), C(322)-C(321)-P(3) 123.9(2), C(326)-C(321)-
P(3) 118.47(19), C(332)-C(331)-P(3) 118.49(18), C(336)-C(331)-P(3)
123.2(2), O(1)-C(1)-Ru(1) 176.6(6), O(2)-C(2)-Ru(1) 177.9(13).

X-ray crystal structure data : In the Cambridge Crystallographic Data-
base[23] there are only 14 compounds with the Ru�Ge bond and only one
with a trimethylgermyl group (this compound is also the only five-coordi-
nated ruthenium in this group): dimeric m2-pentalene-bis(dicarbonyl(tri-
methylgermyl)-ruthenium).[24] In total, there are only eight structures of
metal complexes with trimethylgermyl group.

Relevant crystal data are listed in Table 2, together with refinement de-
tails.

CCDC-262997 contains the supplementary crystallographic data for this
paper. These data can be obtained free of charge from the Cambridge
Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.

Acknowledgements

This work was supported by the State Committee for Scientific Research,
Poland (Grant No.: 3T09A14526).

[1] For example: a) T. Kawashima, J. Organomet. Chem. 2000, 611,
256–263; b) J. W. Faller, R. G. Kultyshev, Organometallics 2002, 21,
5911–5918; c) W. Anod, H. Itoh, T. Tsumuraya, Organometallics
1989, 8, 2759–2766; d) D. P. Curran, U. Diederichsen, M. Palovich,
J. Am. Chem. Soc. 1997, 119, 4797–4804; e) E. Piers, P. C. Marais, J.
Org. Chem. 1990, 55, 3454–3455.

[2] H. Yorimits, K. Oshima, Inorg. Chem. Commun. 2005, 8, 131–142.
[3] W. N. Aldridge in The Organometallic and Coordination Chemistry

of Germanium, Tin and Lead (Eds.: G. M. Harrison, P. G. Eols),
Freund, Tel Aviv, 1978, pp. 101–141.

[4] a) L. Hevesi in Comprehensive Organic Functional Group Transfor-
mations, Vol. 2 (Eds.: A. R. Katritzky, O. Methcohn, C. W. Rees),
Elsevier Science, Oxford, 1995, Chapter 2.18, pp. 899–950; b) B.
Marciniec, C. Pietraszuk, I. Kownacki, M. Zaidlewicz in Comprehen-
sive Organic Functional Group Transformations II, Vol. 1 (Eds.:
A. R. Katritzky, R. J. K. Taylor), Elsevier Science, Oxford, 2005,
pp. 941–1024.

[5] E. N. Furukawa, N. Kourogi, Y. Seki, F. Kakiuchi, S. Murai, Organo-
metallics 1999, 18, 3764–3767.

[6] a) E. Lukevics, P. Arsenyan, S. Belyakov, J. Popelin, J. Organomet.
Chem. 1998, 558, 155–161; b) J. W. Faller, R. G. Kultyshev, Organo-
metallics 2003, 22, 199–202; c) H. Kinoshita, T. Nakamura, H.
Kakiya, H. Shinokubo, S. Matsubara, K. Oshima, Org. Lett. 2001, 3,
2521–2524.

[7] M. A. Esteruelas, M. Martin, L. A. Oro, Organometallics 1999, 18,
2267–2270.

[8] E. Lukevics, P. Arsenyan, M. Verenis, Met.-Based Drugs 1998, 5,
251–257.

[9] a) B. Marciniec, C. Pietraszuk, Curr. Org. Chem. 2003, 7, 691–735;
b) B. Marciniec, C. Pietraszuk in Handbook of Metathesis (Ed.: R.
Grubbs), Wiley-VCH, Weinheim, 2003, Chapter 2.13, pp. 455–482;
c) B. Marciniec, C. Pietraszuk in Topics in Organometallic Chemis-
try, Vol. 11 (Ed.: P. Dixneuf), Springer, Berlin, 2004, pp. 197–248.

[10] Y. Wakatsuki, H. Yamazaki, M. Nakano, Y. Yamamoto, J. Chem.
Soc. Chem. Commun. 1991, 703–704.

Table 2. Crystal data and structure refinement for III.

empirical formula C40H39ClGeOP2Ru
formula weight 806.76
T [K] 293(2)
wavelength [P] 0.71073
crystal system monoclinic
space group P21/c
unit-cell dimensions:
a [P] 11.6930(5)
b [P] 18.8381(8)
c [P] 17.0402(7)
b [8] 96.150(3)
volume [P3] 3731.9(3)
Z 4
1calcd [mgm�3] 1.436
m [mm�1] 1.397
F(000) 1640
crystal size [mm3] 0.2J0.3J0.3
q range for data collection [8] 4.85–29.89
index ranges �16�h�15

0�k�26
0� l�23

reflections collected 36609
independent reflections (R(int)) 9761 (0.048)
completeness to q=25.008 [%] 99.0
goodness-of-fit on F2 0.913
final R indices (I>2s(I)) R1=0.0356, wR2=0.0637
R indices (all data) R1=0.0662, wR2=0.0697
largest diff. peak and hole [eP�3] 1.030 and �1.063

Chem. Eur. J. 2006, 12, 244 – 250 B 2006 Wiley-VCH Verlag GmbH &Co. KGaA, Weinheim www.chemeurj.org 249

FULL PAPERFunctionalized Vinylgermanes

www.chemeurj.org


[11] a) B. Marciniec, C. Pietraszuk, J. Chem. Soc. Chem. Commun. 1995,
2003–2004; b) B. Marciniec, M. Kujawa, C. Pietraszuk, Organome-
tallics 2000, 19, 1677–1681; c) B. Marciniec, C. Pietraszuk, Organo-
metallics 1997, 16, 4320–4326.

[12] B. Marciniec, M. Jankowska, C. Pietraszuk, Chem. Commun. 2005,
663–665.

[13] a) C. S. Yi, D. W. Lee, Y. Chen, Organometallics 1999, 18, 2043–
2045; b) J. J. Levison, S. D. Robinson, J. Chem. Soc. A 1970, 2947–
2954.

[14] a) Organic Syntheses, Vol. 4, p. 258; b) Organic Syntheses, Vol. 39,
p. 10.

[15] CrysAlisCCD, User Guide v.171, Oxford Diffraction Poland Sp.,
Wrocław, Poland, 2003.

[16] CrysAlisRed, CCD data reduction GUI v.171, Oxford Diffraction
Poland Sp., Wrocław, Poland, 2003.

[17] R. H. Blessing, J. Appl. Crystallogr. 1989, 22, 396.

[18] G. M. Sheldrick, Acta Crystallogr. Sect. A 1990, 46, 467–473.
[19] G. M. Sheldrick, SHELXL-97, Program for the Refinement of Crys-

tal Structures, University of Gçttingen, Gçttingen, Germany, 1997.
[20] Stereochemical Workstation Operation manual, Release 3.4, Sie-

mens Analytical X-ray Instruments Inc., Madison, WI, USA, 1989.
[21] a) G. R. Clark, C. E. F. Rickard, W. R. Roper, D. M. Salter, L. J.

Wright, Pure Appl. Chem. 1990, 62, 1039–1042; b) M. Majchrzak, B.
Marciniec, M. Kubicki, unpublished results.

[22] F. R. Lemke, K. J. Galat, W. J. Youngs, Organometallics 1999, 18,
1419–1429.

[23] F. Allen, Acta Crystallogr. Sect. B 2002, 58, 380–389.
[24] J. A. K. Howard, P. Woodward, J. Chem. Soc. Dalton Trans. 1978,

412–416.

Received: June 10, 2005
Published online: October 26, 2005

www.chemeurj.org B 2006 Wiley-VCH Verlag GmbH &Co. KGaA, Weinheim Chem. Eur. J. 2006, 12, 244 – 250250

www.chemeurj.org

