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The chemistry of compounds featuring triple bonds of the
Group 14 elements Si-Pb with transition metals is a research
area combining modern molecular main-group-element with
transition-metal chemistry. Following the first report of a
molybdenum germylidyne complex by Power et al.,l'! a series
of uncommon complexes of the general formula trans-
[XLL,M=E-R] (M=Mo, W; E=Ge-Pb; X=halogen; L=
phosphane; R =bulky alkyl or aryl group), have become
accessible in our group by taking advantage of a very efficient
N,/PMe; elimination method.” Recently, also the first
silylidyne complex, [Cp(CO),Mo0=Si-R] (Cp=CsHs; R=
C¢H;-2,6-Trip,; Trip = 2,4,6-triisopropylphenyl), has been iso-
lated.’! All these compounds are closed-shell 18 valence
electron (VE) complexes,

which contain linear-coordi-

shell alkylidyne complexes. Experimental verification of this
prediction is presented herein with the synthesis and full
characterization of the first open-shell 17 VE germylidyne
complexes trans-[Cl(PMe;),M=Ge-C¢H;-2,6-Mes,|[B(CFs),]
(M =Mo, W; Mes =2 4,6-trimethylphenyl).

The entry into this chemistry provided the 18 VE germy-
lidyne complexes trans-[Cl(PMe;),M=Ge-C¢H;-2,6-Mes,] (1-
Mo: M =Mo; 1-W: M = W), which were obtained selectively
upon heating the dinitrogen complexes cis-[M(N,),(PMe;),]""
(M=Mo, W) with 0.5equivalents of the organoger-
manium(IT) chloride [{GeCl(C¢H;-2,6-Mes,)},]*®! in toluene
at 100°C[Eq. (1)]. The products were isolated as air-sensitive,
wine-red (1-Mo) and dark brown-red (1-W) solids in good

. . PMe

nated, triply bonded Si-Pb ?\12 PMe;Me
atoms. In comparison, open- \\\ +0.5 equiv [{GeCIR},], -2 N, & 8
shell congeners of these intri- MesP M Ne toluene, 100 °C C— M=Ge—R 1
guing compounds are pres-  pe.p Me-P

.. . 3 PMe; s PMe.
ently unknown. This situation 3
is not surprising as even open- 1M
shell alkylidyne complexes M = Mo, W; R = CgHs-2,6-Mes, )

are very rare and quite reac-

tive species.  Quantum-

chemical calculations of the germylidyne, stannylidyne, and
plumbylidyne complexes trans-[XL,M=E—R] revealed that
these compounds have a similar electronic structure with
Fischer-type alkylidyne complexes,””! and contain a d® con-
figured metal center and a metal-centered HOMO, that is
non-bonding with respect to the metal-tetrel triple bond.**
d¢L6] The theoretical results implied that the compounds trans-
[XL,M=E—R] should be prone to one-electron oxidation
providing access to unprecedented Si—Pb analogues of open-
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yields.”] Both germylidyne complexes are very soluble in
pentane and are thermally robust solids, which decompose
upon melting at 229°C (1-Mo) and 230°C (1-W).

The molecular structures of 1-Mo and 1-W were deter-
mined by single-crystal X-ray diffraction.””! The isostructural,
trans-configured, distorted octahedral complexes display
nearly linear coordinated germanium atoms (1-Mo, Mo-Ge-
C1176.27(8)°; 1-W, W-Ge-C1 176.3(1)°) and very short M-Ge
distances (1-Mo, 2.3041(3) A; 1-W, 2.3106(4) A) (Figure 1),
which compare well with those of other 18 VE germylidyne
complexes.[¢]

The most distinctive NMR spectroscopic features of 1-Mo
and 1-W are the two 'H NMR singlet signals found for the
methyl groups of the m-terphenyl substituent in a 6:12
integral ratio, and the singlet P NMR signal of the four
chemically equivalent PMe; ligands (1-Mo: 6 = —1.3 ppm; 1-
W: 0=-29.5ppm, J(**W,'P)=261Hz), both of which
confirm the trans-configuration and an overall C,, symmetry
of the complexes in solution. Furthermore, a downfield
shifted “C NMR signal is observed for the germanium-
bonded C,, atom (1-Mo, 6=168.7ppm; 1-W, d=
174.1 ppm), which appears slightly downfield of that of
[GeCl(C¢H;-2,6-Mes,)], (6 =154.6 ppm) and is characteristic
of arylgermanium compounds in low-oxidation states."!

The electrochemical behavior of 1-Mo and 1-W was
studied by cyclic voltammetry.”) The 18 VE germylidyne
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complexes undergo in C,HF at room temperature a rever-
sible one-electron oxidation at a half-wave potential E,;, of
—0.35V and —0.39 V vs. the [Fe(CsMes),] " redox couple,
respectively (Figure 2).'%? The E,;, of 1-W (—0.91 V vs. the
[Fe(CsHs),] " redox couple)? compares well with that of the
methylidyne complex trans-[CI(PMe;),W=C-H] (E,;
(THF)=—-0.88 V vs. the [Fe(CsHs),]™™ redox couple),!
reflecting the electronic analogy of 1-Mo and 1-W with
Fischer-type alkylidyne complexes.

The CV studies suggested, that open-shell germylidyne
complexes might be accessible upon one-electron oxidation of
1-Mo and 1-W using suitable oxidants."® In fact, treatment of
1-Mo and 1-W with one equivalent of (Ph;C)[B(CFs),] in
toluene afforded selectively the 17 VE germylidyne com-
plexes trans-[Cl(PMe;),M=Ge-C¢H;-2,6-Mes,|[B(C4Fs)s] (2-
Mo: M =Mo; 2-W: M =W), which were isolated as persim-
mon-red, extremely sensitive, microcrystalline solids in 70—
76 % yield [Eq. (2)].) Both compounds decompose rapidly in
THF and CH,Cl, and are much less thermally stable solids (2-
Mo: 96°C (decomp.); 2-W: 92°C (decomp.)) than their 18 VE
congeners.
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Figure 2. Single-scan cyclic voltammograms of complexes 1-Mo (gray)
and 2-Mo (black) in fluorobenzene at room temperature

(v=100 mVs™'; supporting electrolyte: (NBu,)PF¢ (107" m); reference:
0.004 M [Fe(CsMes),]7°/0.1 M (NBu,) PFe/CeHsF).

The cyclic voltammograms of 2-Mo and 2-W in C;H;F at
ambient temperature show that the 17 VE germylidyne
complexes are reversibly reduced at the same half-wave
potential (2-Mo: E;,=-0.35V; 2-W: E;,=-0.39V vs. the

[Fe(CsMe;),] ™" redox
couple) found for the one-

PMes PMes electron oxidation of 1-Mo
_PMe, PMe; .
& + [PhsCIIB(CeFs)al & BC.F and 1-W, respectively
Cl M=Ge—R W Cl——M=Ge—R| [B(CgFs)4] (2) (Figure 2).[9,11,12]
MezP PMe 78°C~20°C MesP™ L. The crystal structures of
N ® 2-Mo-(C4H,)(CsHSF) and 2-
1-M 2-M W2CH; were determined

M = Mo, W; R = CgHy-2,6-Mes,

Figure 1. ORTEP plot of the molecular structure of 1-Mo in the solid
state. Thermal ellipsoids are set at 30% probability. Hydrogen atoms
are omitted for clarity. Selected bond lengths [A] and angles [°] of 1-Mo
(bond angles and lengths of 1-W are given in square brackets): M-Ge
2.3041(3) [2.3106(4)], M—Cl 2.5380(7) [2.529(1)], M—P1 2.4837(7)
[2.481(1)], M—P2 2.4732(7) [2.463(1)], M—P3 2.4917(7) [2.474(1)], M—
P4 2.4595(7) [2.450(1)], Ge—C1 1.994(3) [1.995(4)]; M-Ge-C1 176.27(8)
[176.3(1)], Ge-M-Cl 178.25(2) [178.35(3)], Ge-M-P1 100.92(2)
[104.10(3)], Ge-M-P2 88.86(2) [88.80(3)], Ge-M-P3 104.10(2)
[101.14(3)], Ge-M-P4 87.96(2) [87.97(3)], P1-M-Cl 77.34(2) [77.55(4)],
P2-M-Cl 91.32(2) [91.27(4)], P3-M-Cl 77.64(2) [77.20(3)], P4-M-Cl
91.87(2) [91.97(4)].
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by single-crystal X-ray dif-
fraction (Figure 3). The two
salts are essentially isotypic
and are composed of well separated cations and anions.”"!
The trans-configured, distorted-octahedral 17 VE germyli-
dyne complex cations' feature nearly linear-coordinated
germanium atoms (2-Mo, Mo-Ge-C1 175.3(1)°; 2-W, W-Ge-

Figure 3. ORTEP plot of the structure of the complex cation of 2-Mo in
the solid state. The thermal ellipsoids are set at 30% probability.
Hydrogen atoms are omitted for clarity. Selected bond lengths [A] and
angles [°] of 2-Mo (bond angles and lengths of 2-W are given in square
brackets): M—-Ge 2.3023(4) [2.321(2)], M—Cl 2.4878(9) [2.499(4)],
M-P1 2.537(1) [2.531(4)], M=P2 2.539(1) [2.526(4)], M—P3 2.532(1)
[2.518(4)], M—P4 2.536(1) [2.523(4)], Ge—C1 1.962(3) [1.931(15)];
M-Ge-C1 175.3(1) [172.9(4)], Ge-M-Cl 177.75(3) [175.7(1)], Ge-M-P1
101.82(3) [101.4(1)], Ge-M-P2 91.12(3) [92.9(1)], Ge-M-P3 105.01(3)
[106.9(1)], Ge-M-P4 87.76(3) [87.1(1)], CI-M-P1 76.13(3) [75.1(1)], Cl-
M-P2 89.81(3) [89.5(2)], CI-M-P3 77.02(3) [76.6(1)], CI-M-P4 91.35(3)
[90.6(1)]
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C1 172.9(4)°). and have nearly identical M—Ge bond lengths
(2-Mo, 2.3023(4) A; 2-W 2.321(2) A) to those of the closed-
shell, parent complexes 1-M, indicating the presence of
metal-germanium triple bonds. In contrast, the M—P bonds
of 2-M (average: d(Mo-P)=2536(1)A; d(W-P)=
2.525(3) A)'" are longer than those of 1-M (d(Mo-P)=
2.475(9) A; d(W-P)=2.467(7) A), whereas the M—Cl bonds
(2-Mo, 2.4878(9) A; 2-W, 2.499(4) A) are shorter than those
of 1-M (1-Mo, 2.5380(7) A; 1-W, 2.529(1) A; Figure 1 and
Figure 3).

These structural trends can be explained upon comparing
the electronic structures of 1-M and 2-M obtained by DFT
calculations.? Orbital analysis reveals that the HOMO of 1-M
is oriented perpendicular to the CI-M-Ge axis, has mainly
metal d,, character and is non-bonding with respect to the
germylidyne and chloro ligand. The HOMO of 1-M is,
however, bonding with respect to the phosphane ligands;
the m-bonding involves back-donation from the filled metal
d,, orbital into the m-acceptor orbitals of the PMe; ligands
(mainly o*(P-C) in character)."® Oxidation of 1-M results in a
depopulation of this orbital (metal-based oxidation), which is
filled with only one electron in 2-M (SOMO, Figure 4).
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Figure 4. Calculated natural orbitals with metal d character of complex
2-Mo (isosurface value 0.06 electron A—*/%). The mesityl substituents
have been omitted for clarity.
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Therefore, oxidation of 1-M eliminates the M-P m-back-
bonding leading to an elongation of the M—P bonds. In
comparison, the M—Cl distances decrease upon oxidation due
to the decreasing ionic radius of the metal, whereas the M—Ge
distances are not affected.!"”

Additional information on the electronic structure of 2-
Mo and 2-W was provided by the continuous-wave (cw) X-
band EPR spectra (Figure 5). The EPR spectrum of 2-Mo is
characterized by g values, which show significant anisotropy
(8 =2.090, g,,=2.060 and g, = 1.970). Complex 2-W shows
an even larger g tensor anisotropy with g,, =2.194, g,, =2.160,
g..=1.900.

g,=197
32mT
290 300 310 320 330 340 350 360 370
Field / mT ——
B =219

- / 3.8mT
3.7mT g,=1.90

280 290 300 310 320 330 340 350 360 370 380
Field / mT —

Figure 5. cw-EPR spectra of frozen CgHsF solutions of A) 2-Mo and
B) 2-W recorded at v,,,=9.470 GHz, T=30K.

The g shifts of 2-W are a factor of 2-3 larger than those of
the 2-Mo (Table 1). This difference is caused by the spin-orbit
coupling interaction, which is about a factor of 3 larger for W
than for Mo.?"

The observation of only three g values near the free-
electron gvalue (g.=2.0023) and no additional signals
indicates that complexes 2-Mo and 2-W have a low spin, d’

Table 1: g values and g shifts of the germylidyne complexes 2-Mo and
yAVAL

Compd B 8y 8z Ag, Ag,, Ag,
2-Mo 2.090 2.060 1.970 +0.088 +0.058 —0.032
2-W 2.194 2.160 1.900 +0.192 +0.158 —0.102

[a] The g shifts Ag,,, Ag,, and Ag,, are given by the following equations:
Agxx:gxx_gev Agyy:gvy_gev Agzz:gzz_ge (ge is the free'eleCtron g Value)'
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metal configuration (S="'4),"! resulting from the strong
ligand field of the germylidyne and the phosphane ligands.
Furthermore, the experimental observation of two approx-
imately equal g values larger than g, and one value smaller
than g, indicate that both complexes have a (d,..d,.)*(d,,)"
ground-state configuration. Metal m-back donation to the -
acceptor germylidyne ligand, stabilizes apparently the metal
d,, and d,, orbitals relative to the d,, orbital, which becomes
the SOMO of the complex in full agreement with the results
of the DFT calculations (Figure 4). For this configuration the
components of the g matrix are given by the following
equations, where  is the spin-orbit coupling constant, E,, E,,,
E,, and E._, are the energies of the bonding orbitals with

metal d,,, d,,, d,; and d,._,» character, and E¥_, is the energy

2 —y2

of the anti-bonding orbital with metal d._ . character
[Eq. (3); Figure 4].1
2¢
e A
2¢
8y =8+ T.-L. >g, 3
ey . 88 8
8= L E,-E, . E. .-k, <8

As aresult the g,, and g,, values should be larger than g,
while g., should be smaller than g, as observed. The bulk spin
density is found on the metal. A significant negative spin
density of —17% (2-Mo) and —12% (2-W) is present on the
Ge atom, which stems from spin polarization™ of the
bonding orbitals, involving the metal d,,, d,,, and d.. atomic
orbitals. Spin density at the Cl atom has been observed
experimentally using advanced pulsed EPR techniques (see
supplementary information).

Finally, each component of the g matrix is in both spectra
split into a quintet with a 1:4:6:4:1 intensity pattern, which
results from the hyperfine interaction with the four equivalent
P atoms (I ='/). The observed hyperfine coupling constants
(2-Mo: A;=32mT, A;=32mT, A,=32mT; 2-W: A=
3.0mT, A;=3.7mT, and A,=3.8mT) compare well with
the calculated values, which are negative and range from
—2.8mT to —=3.9mT.

In conclusion, the first open-shell complexes containing
metal-germanium triple bonds were prepared and their
properties and structures studied by a combination of
experimental and theoretical methods. Studies reveal that
the electron-transfer approach can be extended to a variety of
other heavier Group 14 analogues of metal alkylidyne com-
plexes leading to new open-shell compounds at the interface
of main-group and transition-metal chemistry.
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