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’ INTRODUCTION

Quite a few stable N-heterocyclic group-14 metal ylidenes
(NHMs, where M can be Si, Ge, Sn, or Pb) were prepared and
characterized1,2 before the isolation of the first stable N-hetero-
cyclic carbene (NHC), which was reported in 1991.3 However, in
contrast with the coordination chemistry of NHMs, which has
been developed gradually but slowly since their discovery,4,5 that
of NHCs blossomed very rapidly6 because some NHC com-
plexes were soon demonstrated excellent homogeneous catalysts
for processes that are very useful in organic synthesis.7 This
intense NHC research activity has also included transition metal
clusters,8�10 on which NHCs are prone to undergo multiple C�H
and C�N bond activation processes that cannot occur in mono-
nuclear complexes.8g�j,10

To date, the transition metal chemistry of NHMs has been
developed to a considerable extent,4,5,11�13 but in general, re-
activity5f,11 and catalytic12 studies on their complexes are scarce.
Regarding transition metal clusters and NHMs, as far as we are
aware, only one work has been hitherto reported.13 It de-
scribes that the reaction of [Ru3(CO)12] with a 6-fold excess
of 1,3-bis(tert-butyl)-2-silaimidazol-2-ylidene results in the for-
mation of the mononuclear species [Ru{Si(NtBu)2C2H2}2-
(CO)3] (1, Scheme 1).13

In this paper, we report the reactivity of [Ru3(CO)12] with
two cyclic and one acyclic diaminogermylenes. In addition to
unveiling the synthesis of the first diaminogermylene derivatives
of ruthenium, including a Ru3Ge3 cluster that is the first tran-
sition metal cluster containing an NHM ligand of any kind, we
also show that the nuclearity of the products of the reactions of
[Ru3(CO)12] with diaminogermylenes strongly depends upon
the volume and the cyclic or acyclic structure of the latter. This
chemistry is very different from that known for [Ru3(CO)12]
and NHCs.

’RESULTS AND DISCUSSION

The treatment of [Ru3(CO)12] with the very bulky
Ge(NtBu)2C2H2,

2e mimicking the reaction conditions under
which the NHSi derivative 1 was prepared by West et al.
(Scheme 1),13 i.e., using a 6-fold excess of the NHM in THF
at room temperature, resulted in no reaction at all. The large
volume of this NHGe ligand and the previous observation that,
for complexes with NHM ligands, the strength of the metal�M
bond decreases on going down in group 145c,f,14 seem to account
for this result.Working at higher temperatures in THF or toluene
solvents and using 1, 3, 6, or more equivalents of Ge(NtBu)2-
C2H2 resulted in the formation of mixtures of compounds that
could not be separated and identified. We then reasoned that a
reduction of the volume of the NR arms would enhance the
reactivity (and/or selectivity) of the NHGe ligands toward
[Ru3(CO)12] and also the stability of the reaction products.

The sterically less demanding cyclic germylene Ge(NCH2-
CMe3)2C6H4,

15 which contains N-neo-pentyl groups, also failed
to react with [Ru3(CO)12] at room temperature. In toluene at
100 �C, using Ge/Ru3 ratios < 3, mixtures (which decomposed

Scheme 1. Reported Synthesis of Compound 1
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on chromatographic supports) containing [Ru3(CO)12], the trisub-
stituted derivative [Ru3{μ-Ge(NCH2CMe3)2C6H4}3(CO)9] (2),
and other unidentified species were formed (IR and NMR
analyses of the reaction mixtures). Fortunately, the use of a
Ge/Ru3 ratio of 3 or greater led to compound 2 in quantitative
yield (Scheme 2). Interestingly, this complex remained unchanged
when it was treated with 6 equivalents of Ge(NCH2CMe3)2C6H4

in toluene at reflux temperature.
The X-ray molecular structure of 2 (Figure 1) shows that the

complex has an approximate (noncrystallographic) C3h symmetry,
comprising a regular triangle of Ru atoms, nine carbonyl ligands
(three attached to each Ru atom), and three Ge(NCH2CMe3)2-
C6H4 ligands. Each germylene ligand asymmetrically spans an edge

of the Ru3 triangle in such a way that (a) the two Ge�Ru distances
differ by 0.18 Å, (b) the angle between the GeN2 plane and the
shorter Ge�Ru bond (Ge1�Ru1) is wider (162.5�) than that
involving the longerGe�Rubond (124.6�), (c) the planedefinedby
the benzo group is perpendicular to the Ru3 plane, (d) the ligand
N atoms are in the plane of the benzo group but the Ge atom is
0.117(3) Å away from that plane (the free ligand is planar15), and (e)
the neo-pentyl groups are disposed syn to each other, with bothCMe3
groups on the same side of the ligand plane. Such a syn disposition of
the neo-pentyl groups has also been found in the free ligand15 and in
other structurally characterized metal�Ge(NCH2CMe3)2C6H4

complexes.5c The peculiar arrangement of the NHGe ligands of 2
has not been observed in any of the few crystallographically char-
acterized complexes containing bridging NHM ligands, all of them
binuclear with tBu or Dipp (2,6-iPr2C6H3) N�R arms.5a,11a,11d,12b,16

The possibility that the neo-pentyl groups of 2 have tominimize their
steric hindrance with the nearby carbonyl ligands bending away their
bulky CMe3 group through their CH2 hinge seems to favor the
ligand arrangement found in this cluster (such a bending is not
possible for tBu or Dipp). The fact that both CMe3 groups of each
germylene ligand are placed on the same side of the GeN2 plane
accounts for the asymmetric coordination of this ligand with respect
to the bridged metal atoms.

TheNMR spectra of compound 2 confirm that the approximate
C3h symmetry found for this complex in the solid state is main-
tained in solution. Thus, the 13C{1H}NMRspectrum contains two
singlets (at 202.2 and 196.1 ppm, with a 2:1 integral ratio)
assignable to the carbonyl groups and six singlets assignable to
the C atoms of the germylene ligand. The 1H NMR spectrum
shows that the protons of each neo-pentyl CH2 group are magne-
tically inequivalent (AB pattern at 3.93 and 3.38 ppm, J = 14.6 Hz),
indicating the absence of free rotation around the N�CH2 bond.

There are only two crystallographically characterized com-
plexes with Ru3Ge3 frameworks related to that of compound 2,
namely, [Ru3(μ-GeR2)3(CO)9] (R = Ph,17 Me18). They were
prepared in low yields from [Ru3(CO)12] and aryl- or alkylhy-
drogermanes (not germylenes), and in contrast to compound 2,
their Ru atoms are symmetrically bridged by the GeR2 groups,
Ru�Ge = 2.50(1) Å for R = Ph and 2.49(1) Å for R = Me, the
molecules having D3h symmetry. The IR νCO bands of 2 (2045,
2009, 1999 cm�1) are observed at lower wavenumbers than
those of [Ru3(μ-GePh2)3(CO)9] (2059, 2028, 1997 cm�1),17

indicating the presence of a greater electron density in the Ru
atoms of 2. The planarity of cyclic NHGe ligands allows a non-
negligible NfGe π donation from the filled p orbitals of the
N atoms to the empty p orbital of the Ge atom that lowers the
π-accepting capacity of these ligands.5f,14

The above-described NHGe chemistry is completely different
from that involving [Ru3(CO)12] and NHCs, which is domi-
nated by Ru3(NHC),

8g,h Ru(NHC),9a and Ru(NHC)2 products
9b

in which the NHCs act as terminal ligands.
For comparison purposes, we also studied the reactivity

of [Ru3(CO)12] with an acyclic diaminogermylene, namely,
Ge(HMDS)2 (HMDS = N(SiMe3)2).

19 This germylene has
been previously used as ligand in several transitionmetal complexes
(not ruthenium),5f,20 undergoing, after coordination, interesting
insertion and activation processes.20c�i Heavier acyclic diamino
group-14 metal ylidenes19,21 have been known of since the
1970s.22 In acyclic diaminogermylenes, the NfGe π donation
from the filled p orbitals of the N atoms to the empty p orbital of
the Ge atom is geometrically disfavored, and therefore, they are
more π-acidic than their cyclic NHGe relatives.

Scheme 2. Contrasting Reactivity of [Ru3(CO)12] with
Ge(NCH2CMe3)2C6H4 and Ge(HMDS)2

Figure 1. Molecular structure of 2. Hydrogen atoms have been omitted
for clarity. Selected bond distances (Å) and angles (deg): Ge1�Ru1
2.4335(6),Ge1�Ru22.6145(6), Ru1�Ru23.0001(4),Ge1�N11.843(4),
Ge1�N2 1.834(4); N1�Ge1�N2 88.1(2); (Ru1Ru2Ru3)�(N1Ge1N2)
91.4(1); (Ru1Ru2)�(N1Ge1N2) 73.8(1), (Ge1Ru1)�(N1Ge1N2)
162.5(1), (Ge1Ru2)�(N1Ge1N2) 124.6(1).
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Themononuclear complex [Ru{Ge(HDMS)2}2(CO)3] (3) was
quantitatively formed when [Ru3(CO)12] was treated with at least
six equivalents of Ge(HMDS)2 in toluene at 100 �C (Scheme 2).
The use of smaller amounts of the germylene led to intractable
mixtures that could not be separated. IR monitoring of these
reactions indicated that in no case was a Ru3Ge3 complex analogous
to compound 2 formed as an intermediate species.

Figure 2 shows that the molecular structure of compound 3 is
closely related to that of the Ru(NHSi)2 derivative 1 (Scheme1).13

The ligand arrangement around the Ru atom is distorted trigonal
bipyramidal, with the Ge(HMDS)2 ligands in equatorial positions.
In solution, the carbonyl ligands of 3 exchange rapidly, as they are
observed as a singlet in the 13C{1H} NMR spectrum. Complex 3
forms part of a small family of ruthenium species containing three-
coordinate germanium-based ligands.23

The fact that the acyclic Ge(HMDS)2 is bulkier than Ge-
(NCH2CMe3)2C6H4 cannot account on its own for the different
reactivity of these diaminogermylenes with [Ru3(CO)12] because
the reactivity of the cyclic Ge(NtBu)2C2H2, which is also bulkier
than Ge(NCH2CMe3)2C6H4, is not comparable with that of
Ge(HMDS)2. Therefore, the acyclic nature of Ge(HMDS)2 and,
consequently, its stronger π-accepting capacity (compared with
those of the two NHGe ligands used in this work) also have to be
claimed as responsible for its different reactivity.

’CONCLUDING REMARKS

This paper reports the syntheses of the first ruthenium
complexes containing diaminogermylene ligands (2, 3), one of
them (2) also being the first transition metal cluster complex
containing an NHM ligand of any kind. The results described
also demonstrate that the derivative chemistry of [Ru3(CO)12]
and diaminogermylenes depends upon the volume and the cyclic
or acyclic nature of the latter. This chemistry is very different
from that known for [Ru3(CO)12] and NHCs.

’EXPERIMENTAL SECTION

General Procedures. Solvents were dried over sodium diphenyl
ketyl and distilled under nitrogen before use. The reactions were carried
out under nitrogen, using Schlenk-vacuum line techniques, and were

routinely monitored by solution IR spectroscopy (carbonyl stretch-
ing region).The germylenesGe(NtBu)2C2H2,

2eGe(NCH2CMe3)2C6H4,
15

and Ge(HDMS)2
19 were prepared following published procedures. All

remaining reagents were purchased from commercial sources. All
reaction products were vacuum-dried for several hours prior to being
weighed and analyzed. IR spectra were recorded in solution on a Perkin-
Elmer Paragon 1000 FT spectrophotometer. NMR spectra were run on
a Bruker DPX-300 instrument, using as internal standards the residual
protic solvent resonances [δ(C6D5CHD2) = 2.08; δ(CHCl3) = 7.26]
for 1H and the solvent C6D5CD3 (δ = 20.43) or CDCl3 (δ = 77.16)
resonances for 13C. Microanalyses were obtained from the University of
Oviedo Microanalytical Service. FAB mass spectra were obtained from
the University of A Coru~naMass Spectrometric Service; data given refer
to the most abundant molecular ion isotopomer.

[Ru3{μ-Ge(NCH2CMe3)2C6H4}3(CO)9] (2). Ge(NCH2CMe3)2C6H4

(90 mg, 0.28 mmol) was added to a suspension of [Ru3(CO)12] (50 mg,
0.08 mmol) in 10 mL of toluene, and the mixture was heated at 100 �C
for 2 h. IR and 1H NMR analyses of aliquots of the crude reaction
solution showed the quantitative formation of complex 2. The solvent
was removed under reduced pressure, and the solid residue was washed
with hexane (2� 5mL) and vacuum-dried to give compound 2 as a dark
blue solid (85 mg, 70%). Slow evaporation of a concentrated toluene/
hexane solution deposited X-ray-quality crystals of 2 3 (C7H8)2. Anal.
Calcd for C57H78Ge3N6O9Ru3 (1512.32): C, 45.27; H, 5.20; N, 5.56.
Found: C, 45.32; H, 5.37; N, 5.40. (þ)-FAB MS: m/z 1512 [Mþ]. IR
(toluene, cm�1): νCO 2045 (s), 2009 (vs), 1999 (m). 1H NMR (300.1
MHz, 293 K, toluene-d8, ppm): δ 6.93�6.87 (m, 1 H, CH), 6.83�6.77
(m, 1H, CH), 3.93 (d, J = 14.6 Hz, 1 H, CHH), 3.38 (d, J = 14.6 Hz, 1 H,

Figure 2. Molecular structure of 3 (only one of the two analogous but
independent molecules found in the asymmetric unit is shown).
Hydrogen atoms have been omitted for clarity. Selected bond distances
(Å) and angles (deg): Ge1�Ru1 2.37(1), Ru1�C100 1.928(9),
Ru1�C102 1.96(1), Ge1�N1 1.894(6), Ge1�N2 1.865(6); N1�
Ge1�N2 107.3(3); Ge1�Ru1�Ge2 136.42(4), C100�Ru1�C101
167.2(4), C100�Ru1�C102 98.9(3), Ge1�Ru1�C100 86.9(2), Ge1�
Ru1�C102 115.6(2), N1�Ge1�N2 107.3(3).

Table 1. Crystal, Measurement, and Refinement Data for
2 3 (C7H8)2 and 3

2 3 (C7H8)2 3

formula C57H78Ge3N6O9-

Ru3 3 (C7H8)2

C27H72Ge2N4O3RuSi8

fw 1696.50 971.86

cryst syst triclinic orthorhombic

space group P1 Pbc21
a, Å 13.7916(3) 14.7846(1)

b, Å 13.8993(5) 21.2709(2)

c, Å 21.8561(5) 31.7140(3)

R, β, γ (deg) 74.702(2), 83.320(2),

76.698(2)

90, 90, 90

V, Å3 3925.9(2) 9973.47(1)

Z 2 8

F(000) 1724 4048

Dcalcd, g cm
�3 1.435 1.29

μ (Cu KR), mm�1 6.281 5.913

cryst size, mm 0.22 � 0.18 � 0.06 0.64 � 0.49 � 0.38

T, K 293(2) 100(2)

θ range, deg 3.3 to 70.00 2.8 to 60.00

min./max. h, k, l �16/16, �16/16, 0/26 0/16, 0/23, 31/35

no. collected reflns 14694 12284

no. unique reflns 14694 12284

no. reflns with I > 2σ(I) 11882 12004

no. params/restraints 825/9 859/1

GOF on F2 1.016 1.067

R1 (on F, I > 2σ(I)) 0.0450 0.061

wR2 (on F2, all data) 0.1291 0.154

min./max. ΔF, e Å�3 �1.092/1.398 �1.394/1.307
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CHH), 0.96 (s, br, 9 H, CMe3).
13C{1H} NMR (75.5 MHz, 293 K,

toluene-d8, ppm): δ 202.2 (2 CO), 196.1 (1 CO), 144.8 (2 C, C of
C6H4), 116.4 (2 CH of C6H4), 108.9 (2 CH of C6H4), 54.8 (2 CH2),
36.1 (2 CMe3), 29.1 (3 Me).
[Ru{Ge(HMDS)2}2(CO)3] (3). Ge(HMDS)2 (189 mg, 0.48 mmol)

was added to a suspension of [Ru3(CO)12] (50 mg, 0.08 mmol) in
20 mL of dry toluene, and the mixture was heated at 100 �C for 1 h. The
solvent was removed under reduced pressure to give compound 3 as
an orange solid (230 g, 99%). X-ray-quality crystals were obtained
by cooling down to �20 �C a concentrated toluene solution. IR (CH2-
Cl2, cm

�1): νCO 2085 (w, br), 2031 (m, br), 1974 (s, br). 1H NMR
(300.1 MHz, 293 K, CDCl3, ppm): 0.36 (s, 24 Me). 13C{1H} NMR
(75.5 MHz, 293 K, CDCl3, ppm): 208.2 (3 CO), 6.2 (24 Me). All
attempts to obtain accurate analytical data on complex 3 were unsuc-
cessful, possibly due to its highly air-sensitive nature.
X-Ray Diffraction Analyses. Crystals of 2 3 (C7H8)2 and 3 were

analyzed by X-ray diffraction methods. A selection of crystal, measure-
ment, and refinement data is given in Table 1. Diffraction data were
collected on an Oxford Diffraction Xcalibur Nova single crystal diffract-
ometer, using Cu KR radiation. An empirical absorption correction was
applied using XABS2.24 The structures were solved by direct methods
using the program SIR-97.25 Isotropic and full matrix anisotropic least-
squares refinements were carried out using SHELXL.26 All non-H atoms
were refined anisotropically. Some C atoms of the toluene solvent
molecules of 2 3 (C7H8)2, which presented high anisotropic displace-
ment parameters due to some local disorder, were refined applying
restraints on their positional and thermal parameters. All hydrogen
atoms were set in calculated positions and refined riding on their
parent atoms. The molecular plots were made with the PLATON
program package.27 TheWINGX program system28 was used through-
out the structure determinations. CCDC deposition numbers: 824261
(2 3 (C7H8)2) and 824262 (3).
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