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Activation of Aryl Germanium(II) Chlorides by
[Mo(PMe;)q] and [W(n*-CH,PMe,)H(PMe;),]: A
New Route to Metal-Germanium Triple Bonds**
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Homoleptic trimethylphosphane complexes of transition
metals, such as [Mo(PMe;)s] (2-Mo)!"! and [W(PMe,)] (2-
W), form a class of rare and very reactive compounds.®
The high reactivity of these complexes originates from the
combination of strong o-donor and weak m-acceptor proper-
ties of the PMe; ligand, which leads to very electron-rich
metal centers!® that are capable of activating o bonds. A
consequence of the high reactivity of the metal centers and
the steric pressure caused by the PMe; ligands in the
complexes [M(PMe;)¢] (M =Mo, W) is the facile dissociation
of one PMe; ligand to afford, through an intramolecular C—H
bond activation, the cyclometalated products [M(n*
CH,PMe,)H(PMe;),]."? The complexes [M(PMe;);] and
their cyclometalation products are subject to various ligand
displacement and oxidative addition reactions.”’ We report
here a new reaction type of these electron-rich metal
complexes that involves a Ge—Cl bond heterolysis of an aryl
germanium(IT) chloride to form metal-germanium triple
bonds.

A new method was developed for the synthesis of the
starting materials [Mo(PMe;)] (2-Mo) and [W(n*-
CH,PMe,)H(PMe;),] (2-W-c) involving the reduction of
trans-[MCL(PMe;),] (1-M; M=Mo, W)®’ with sodium
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powder in THF in the presence of excess PMe,.""! This
method offers several advantages compared to the published
methods.["7**1' Complex 2-Mo was thereby obtained as a
beige solid in about 60% yield, and complex 2-W-c as a
bright yellow, very air-sensitive solid in 93 % yield. Complex
2-Mo reacts with one equivalent of the aryl germanium(II)
chloride Ge(C4Hj;-2,6-Trip,)Cl (3; Trip = C4H,-2,4,6-iPr;) in
toluene to give selectively upon elimination of two PMe;
ligands the germylidyne complex 4-Mo-Cl, which was isolated
as a brown, air-sensitive, crystalline solid in 67% yield
[Eq. (1)].1° No intermediates were observed in this reaction,
which is complete within two hours at room temperature.!'*

PMe; PMe;
‘ PMes L rGec), -2 PMe, ‘ o Mes
MeP—Mo—PMe; —————————  Cl—Mo=Ge—R )
| toluene, RT |
Me;P' Me,P
PMe; PMeg
2-Mo R = CgH;-2,6-Trip, 4-Mo-Cl

In contrast, treatment of 2-W-c with one equivalent of 3 in
pentane at —20°C afforded selectively a thermolabile, very
air-sensitive, green product, which was identified by X-ray
crystallography and NMR spectroscopy to be the tungsten(1I)
hydrido-germylidene complex 5-W-Cl (Scheme 1).l Con-

PMe; Me;P
MeP. ‘ RGeCl, - PM FMea™ e
", + RGeCl, - PMe S s
H—we Ve P> C—W—Gé
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Cl—W=Ge—R
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4-W-Cl|

Scheme 1. Stepwise transformation of 2-W-c into the germylidyne
complex 4-W-Cl. R=C¢H;-2,6-Trip,.

version of 2-W-c into 5-W-Cl is probably initiated by an
insertion of 3 into the W—C bond of 2-W-c.!”! Heating of
complex 5-W-Cl in toluene at 50°C gave selectively the
brown, air-sensitive germylidyne complex 4-W-Cl in an
unprecedented 1,2-elimination reaction, in which a Ge—C
bond is cleaved by a W—H functionality (Scheme 1).1”! This
rearrangement reaction occurs also in the solid state when
samples of 5-W-Cl are heated slowly in vacuum to 125°C.
Alternatively, the germylidyne complex 4-W-Cl can be
directly obtained in 64 % yield upon heating an equimolar
mixture of 2-W-c and 3 in toluene at 50°C (Scheme 1).
Complexes 4-M-Cl (M =Mo, W) and 5-W-CI were fully
characterized.!'”) Both germylidyne complexes are thermally
stable solids which are very soluble in pentane and decom-
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pose upon melting at 142°C (4-Mo-Cl) and 184°C (4-W-ClI).
The hydrido-germylidene complex 5-W-Cl can be stored for a
few hours at room temperature. However, its green solutions
in toluene or pentane turn gradually brown at ambient
temperature as a result of formation of 4-W-Cl. The molecular
structure of 4-W-Cl was determined by single-crystal X-ray
diffraction and exhibits an octahedral complex of roughly C,,
symmetry in which the germylidyne and the chlorido ligands
are in a trans arrangement (Ge-W-Cl 179.3(1)°, Figure 1).1116]

Figure 1. DIAMOND plot of the molecular structure of 4-W-I in the
solid state. Thermal ellipsoids are set at the 30% probability level.
Hydrogen atoms are omitted for clarity. Selected bond lengths [A] and
bond angles [°] of 4-W-I [values for 4-W-Cl are given in square
brackets]: W-Ge 2.3206(4) [2.338(1)], W-1 2.8797(5) [W-Cl 2.540(3)], W-
P1 2.4711(8) [2.473(4)], W-P2 2.4967(8) [2.498(4)], W-P3 2.4383(8)
[2.473(3)], W-P4 2.4883(8) [2.477(4)], Ge-C1 2.004(2) [1.982(10)]; W-
Ge-C1 175.79(7) [177.9(3)], Ge-W-I 177.592(9) [Ge-W-Cl 179.3(1)], Ge-
W-P1 90.81(2) [92.55(9)], Ge-W-P2 102.36(2) [101.69(9)], Ge-W-P3
91.96(2) [91.73(8)], Ge-W-P4 97.39(2) [99.30(8)].

Complex 4-W-CIl features a nearly linear coordinated germa-
nium atom (W-Ge-C1 177.9(3)°) and a W—Ge triple-bond
length of 2.338(1) A, which compares well with those of rrans-
[X(PMe,),W=Ge-C4H;-2,6-Trip,] (X =1, W-Ge 2.3206(4) A,
Figure 1; X =H, W—Ge 2.324(1) A, Figure 2), but is slightly

Figure 2. DIAMOND plot of the molecular structure of 4-W-H in the
solid state. Thermal ellipsoids are set at the 30% probability level.
Hydrogen atoms except H1 are omitted for clarity. Selected bond
lengths [A] and bond angles [°]: W-Ge 2.324(1), W-H1 1.78(9), W-P1
2.457(3), W-P2 2.442(2), W-P3 2.429(3), W-P4 2.443(2), Ge-C1
1.977(6); W-Ge-C1 178.9(2), Ge-W-H1 179(3), Ge-W-P1 97.31(7), Ge-
W-P2 102.53(7), Ge-W-P3 97.24(7), Ge-W-P4 103.49(6).
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larger than those of the germylidyne complexes trans-[X-
(dppe),W=Ge(n!-CsMes)] (X=Cl, Br, I, NCO, dppe=
Ph,PCH,CH,PPh,, W—Ge 2.293(1)-2.3060(9) A)"" and
[Cp(CO),W=Ge-C¢H;-2,6-Mes,] (W—Ge 2.277(1) A).®
Consistent with the molecular structure shown in Figure 1,
the ¥'P{'"H} NMR spectra of the germylidyne complexes 4-
Mo-Cl and 4-W-Cl display a singlet resonance at = —2.7 and
—31.0ppm (J(W,P) =262 Hz), respectively, and their
"H NMR spectra show the expected number and multiplicity
of signals for the m-terphenyl substituent and the PMe;
ligands of trans-configured, C,-symmetric complexes.!”]
Compound 5-W-Cl is the first example of a tungsten
hydrido—germylidene complex to be characterized by X-ray
crystallography.'®'! Its molecular structure shows a pentag-
onal bipyramidal, roughly C,-symmetric complex, with two
PMe; ligands (P2 and P4) occupying the apical positions (P2-
W-P4 173.46(3)°). The other tungsten-bonded atoms (Ge, P1,
Cl, P3, and H54) lie in the equatorial plane of the bipyramid
(Figure 3).2°1 Complex 5-W-Cl features a planar four-mem-
bered metallacycle (W-Ge-C37-P1 torsion angle: 0.6(2)°) that
incorporates a germanium atom in trigonal-planar coordina-
tion (sum of interligand angles: 360°). The steric pressure
exerted by the m-terphenyl substituent increases significantly
one of the external bond angles at germanium (W-Ge-C1
159.8(1)°), which in turn leads to a small endocyclic bond
angle at germanium (W-Ge-C37 97.8(1)°), thus increasing the
ring strain. The W—Ge bond length of 5-W-Cl (2.4543(4) A) is
one of the smallest to be reported so far for a tungsten—
germanium double bond,”" and lies between those reported
for W—Ge triple bonds (2.277(1)-2.338(1) A, see above) and
W—Ge single bonds (2.493(2)-2.681(3) A).I"5%¢'8l The hydrido

Figure 3. DIAMOND plot of the molecular structure of 5-W-Cl in the
solid state. Thermal ellipsoids are set at the 30% probability level.
Hydrogen atoms except H54 are omitted for clarity. Selected bond
lengths [A] and bond angles [°]: W-Ge 2.4543(4), W-Cl 2.5217(9), W-
H54 1.73(4), W-P1 2.4806(9), W-P2 2.480(1), W-P3 2.507(1), W-P4
2.470(1), Ge-C1 2.022(3), Ge-C37 2.034(4), P1-C37 1.818(4); W-Ge-C1
159.8(1), W-Ge-C37 97.8(1), C1-Ge-C37 102.4(2), Ge-W-H54 66(1), Ge-
W-C| 148.48(2), Ge-W-P1 67.86(2), Ge-W-P2 93.22(2), Ge-W-P3
133.46(2), Ge-W-P4 93.28(3), Cl-W-P1 80.62(3), CI-W-P2 87.12(3), CI-
W-P3 78.06(3), Cl-W-P4 87.73(3), P1-W-P2 91.77(3), P1-W-P4 91.36(3),
P2-W-P3 87.36(3), P2-W-P4 173.46(3), W-P1-C37 103.2(1), Ge-C37-P1
91.1(2).
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ligand could be located in the difference Fourier map and lies
in the equatorial plane (W—H54 1.73(4) A). This bond length
lies in the range found for W—H bonds by neutron diffraction
(1.715(4)-1.778(3) A).??! The orientation of the W—H54
vector and the Ge—H54 separation of 2.36(4) A, which is
considerably larger than that expected for a Ge—H single
bond (1.53-1.62 A),™ do not indicate any bonding interac-
tion between the hydrido ligand and the unsaturated germa-
nium center.

The NMR and IR spectra corroborate the solid-state
structure of 5-W-CL'" The 3'P{!H} NMR spectrum displays
three resonance signals at 6 =-36.2 (PMe,, 'J(W,Py)=
214 Hz), -344 (2xPMe,;, 'J(WPy,)=243Hz), and
—32.7 ppm (1 x PMe,, 'J(W,P,) =163 Hz) with the multipli-
city pattern of an AM,X spin system (3J(P,,Py)) =28 Hz,
2J(P,,Px) = 111 Hz, %J(Py,Px) =20 Hz). The hydrido signal
appears in the "H NMR spectrum at ¢ = 0.49 ppm as a doublet
of doublets of triplets (3/(P,H)="70.8 Hz, 2J(P,H)=17.6 Hz,
2J(Py,H) =15.1 Hz, 'J(W,H) = 14.9 Hz), and the IR spectrum
of 5-W-Cl exhibits one v(W—H) absorption band at
1812 cm™', which lies in the frequency range of W-H
stretching modes of terminal hydrido ligands.['’!

Complex 4-W-CI is a useful starting material for the
preparation of other tungsten germylidyne complexes. Thus,
treatment of 4-W-Cl with an excess of KNCS in THF at
ambient temperature afforded the isothiocyanato complex 4-
W-NCS, which was isolated as a dark brown solid in 88 %
yield (Scheme 2). Complex 4-W-NCS can also be prepared in
55% vyield from 5-W-Cl and KNCS in THF at ambient
temperature. Similarly, the reaction of 4-W-Cl with an excess
of Lil in diethyl ether gave selectively the iodido derivative 4-
W-I (Scheme 2). Complex 4-W-I was isolated in 79 % yield as
a red-brown, microcrystalline solid, which melts at 194 °C and
starts decomposing at 198 °C. Unexpectedly, treatment of 4-
W-CI with LiNMe, afforded selectively the hydrido—germy-
lidyne complex 4-W-H (Scheme2). Two equivalents of
LiNMe, were required according to NMR spectroscopy for
the quantitative consumption of 4-W-Cl, which probably
proceeds via a dimethylamido complex intermediate that
undergoes f-hydride elimination. Complex 4-W-H was iso-
lated as a crystalline, red-brown, very air-sensitive solid,

PMe;
Ll o WL“'PGM% o Knes
-~ LiCl " P/ | =>e -Kal
RT s THF,RT
B0, PMe,
4wl
PMe; PMe;
‘ .PMeg PMe;
I——W=Ge—R  THF,| +LiNMe,, SCN—/W\EGe—R
Me,P ] RT | -Licl Me,P
PMe, PMe;
4w PMe, 4W-NCS
‘ PMe;
H—W=Ge—R
Me3P/ ‘
PMe;
4WH

Scheme 2. Chloride substitution reactions of the germylidyne complex
4-W-Cl. R=C¢H;-2,6-Trip,.
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which decomposes upon melting at 189 °C. Complexes 4-W-X
(X=NCS, 1, H) were fully characterized.'”! The molecular
structures of 4-W-I and 4-W-H (Figures 1 and 2, respectively)
reveal the same bonding features of the germylidyne ligand as
4-W-C], including the almost-linear coordination geometry at
germanium (W-Ge-C,y;: 175.79(7)° (4-W-I), 178.9(2)° (4-W-
H)) and the very short W—Ge bonds (2.3206(4) A (4-W-I),
2.324(1) A (4-W-H)).” The solid-state Raman spectrum of 4-
W-H displays a v(W—H) band at 1658 cm™',** which appears
at higher energy than that of trans-[H(dmpe),W=CMes]|
(v(W—H) 1600 cm™'; dmpe =Me,PCH,CH,PMe,).””! This
observation suggests that the germylidyne ligand exerts a
weaker trans influence than the carbyne ligand.'’ In the
"H NMR spectrum of 4-W-H the hydrido ligand gives rise to a
quintet signal at 6 = —5.56 ppm (*/(P,H) = 30.6 Hz, 'J(W,H) =
61.2 Hz). The *P{'H}NMR spectra of the germylidyne
complexes display one singlet resonance for the PMe; ligands
at 0 = —28.2 (4-W-NCS), —46.8 (4-W-I), and —30.6 ppm (4-W-
H), thus confirming the trans configuration of the complexes.
The *'P NMR signal is in all cases flanked by a pair of
tungsten satellites, and the 'J(W,P) coupling constants have
similar values (4-W-NCS 257 Hz, 4-W-1 256 Hz, 4-W-H
252 Hz) compared to that of 4-W-Cl (262 Hz). Finally, the
BC{'H)} NMR spectra of all germylidyne complexes exhibit a
characteristic low-field signal for the germanium-bonded
C,y atom at 6 =177.1 (4-W-Cl), 176.6 (4-W-NCS), 174.4 (4-
W-I), and 178.1 ppm (4-W-H), which appears at slightly lower
field than that of 3 (6 =164.6 ppm).

This work demonstrates that reactions of organogerma-
nium(II) chlorides with electron-rich metal complexes can
follow unprecedented pathways, finally leading to compounds
with metal-germanium triple bonds. This work complements
our recent studies on the activation of organotetrel(IT) halides
by d° metal centers, which have culminated in the isolation of
compounds featuring triple bonds to linear-coordinated
germanium, tin, and lead centers.'"®! Extension of the
methodology presented here to Group 8 metals is quite
appealing, and should lead to ylidyne complexes of metals
with a different d-electron configuration and coordination
sphere. Efforts in this direction are in progress.
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