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ABSTRACT: The first monogermylenerhodium complexes
stabilized by bulky amidinato ligands on the divalent
germanium center have been synthesized and characterized
by NMR spectroscopy and X-ray crystallography. Their
stability strongly depends on the steric hindrance of the
amidinato ligand. With trimethysilyl groups on the nitrogen atoms of the amidinato ligand, only the germylene oxide rhodium
complex could be obtained; by contrast, with t-Bu groups, the germylenerhodium complex was isolated. In both cases, the
formation of amidinatorhodium complexes was observed. The donating ability of the germylene ligand has been assessed from
the CO stretching frequency of the corresponding dicarbonylrhodium complex and was confirmed by density functional theory
calculations.

■ INTRODUCTION

The investigation of the transition-metal chemistry of the
heavier analogues of carbenes, particularly the group 14
diaminometallylenes (Si, Ge, Sn, and Pb), has attracted
considerable interest1 since the first isolation of germylenes
and stannylenes by Lappert and co-workers.2 The ability of
these compounds to coordinate to transition metals is due to
the presence of a stereochemically active lone pair of electrons,
allowing the formation of a coordinative donor bond. However,
despite their early discovery, the use of these aminometallylenes
as σ-donor ligands to transition metals1,3 is less developed than
that of the N-heterocyclic carbenes (NHCs).4 In (NHC)-M
derivatives, one of the most used transition metals (M) is
rhodium because of multiple applications of its complexes in
catalytic processes.5 The activity of the latter is highly
dependent on the σ-donor ability of the carbenic unit L,
which can be easily determined from LRhCl(CO)2 by IR
experiments.6 To date, the replacement of the carbene by one
of its heavier analogues (silylene, germylene, or stannylene) has
not been reported, and it would be interesting to prepare such
complexes and to evaluate their σ-donor character using the
same method. However, there are few examples of rhodium
complexes (Chart 1) containing two or four aminometallylenes.
In the silicon series, cationic tetrasilylenerhodium(I) complexes
(I) have been prepared using various NHSi and [Rh(cod)2]-
BArF {cod = 1,5-cyclooctadiene; BArF = tetrakis[3,5-bis-
(trifluoromethyl)phenyl]borate}.7 The formation of mono-
nuclear complexes II and III has also been reported using
bis(amino)germylenes8 and -stannylenes.9 More recently, the
bis(silylene)rhodium complex IV was isolated and structurally

characterized.10 In our part, we showed that the
chloroamidinatogermanium(II) compound {Me3SiNC(Ph)-
NSiMe3}GeCl easily coordinated to transition-metal moieties
such as W(CO)4 or Mo(CO)4.

11 This prompted us to
investigate the reactivity of amidinatogermylenes toward
[RhCl(cod)]2. In this paper, we describe the straightforward
synthesis of the first monogermylenerhodium complexes, their
structural characterization, and density functional theory
(DFT) calculations, allowing us to gain further insight into
their bonding.
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Chart 1. Metallylenerhodium Complexes
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■ RESULTS AND DISCUSSION
Attempted reaction of the amidinato(chloro)germylene
{Me3SiNC(Ph)NSiMe3}GeCl with [RhCl(cod)]2 failed; only
a mixture of unidentified products was obtained, and the
expected germylene complex could not be evidenced. By
contrast, when using the bis(amidinato)germylene {Me3SiNC-
(Ph)NSiMe3}2Ge (1a),11 a rapid reaction takes place, leading
to a mixture of the bis(rhodium germylene) oxide 3a and the
amidinatorhodium complex 4a (Scheme 1). The formation of

3a can only be explained by the preliminary formation of the
germylenerhodium complex {Me3SiNC(Ph)NSiMe3}2GeRhCl-
(cod) (2a), which is very sensitive and further reacts with traces
of moisture in solution.
Because it is well-known that stabilization of the amidinato

group 14 low-valent species is generally governed by the nature
of the substituents on the nitrogen atoms of the ligand, we
tested the bis(amidinato)germylene 1b12 having a t-Bu group
on the nitrogen atoms instead of a trimethylsilyl group with the
view to obtain stable and isolable monogermylenerhodium
complexes. Indeed, the addition of compound 1b to [RhCl-
(cod)]2 at −78 °C in diethyl ether led to the sole formation of
the expected germylenerhodium complex 2b, which could be
isolated as air- and moisture-sensitive orange crystals in 49%
yield (Scheme 1).
Complex 2b was stable in the solid state under an inert

atmosphere but slowly decomposed in solution, leading to the
amidinatorhodium complex 4b. Both compounds 4a and 4b
correspond to the transfer of the amidinato ligand to the
rhodium center. Such a transfer has been previously observed in
the reaction of bis(germavinylidene) [(Me3SiNPPh2)2C
Ge→GeC(PPh2NSiMe3)2] with a carbonylmolybdenum
complex.13 Derivatives 4a and 4b could be easily prepared in
75−78% yield by reacting the corresponding lithium amidinate
salts1c,14 with [RhCl(cod)]2 (Scheme 2). The coordination of
amidinates toward metals from all blocks of the periodic table
has been extensively examined,15 but despite this, there are few
examples of structurally characterized rhodium(I) complexes
incorporating an N,N′-chelating amidinato ligand.16

Single crystals of 2b and 3a suitable for X-ray diffraction
analyses were grown in diethyl ether and pentane, respectively.
2b crystallizes in the triclinic space group P1 ̅ and complex 3a in
the monoclinic space group P21/n (Figures 1 and 2).17 In both
structures, the coordination sphere is square-planar at the
rhodium(I) center. The rhodium−olefin bond lengths

[2.188(2), 2.171(2) and 2.108(2), 2.123(2) Å for 2b;
2.099(4), 2.107(4) and 2.200(4), 2.219(4) Å for 3a] are in
the normal range as in analogous rhodium complexes.4i,18 In
the cyclic amidinato moiety, the N−C bond distances
[1.320(3) and 1.335(3) Å in 2b and 1.328(4) and 1.330(4)

Scheme 1. Synthesis of Compounds 2−4a

aCompound 2a could not be isolated.

Scheme 2. Synthesis of Amidinatorhodium Complexes 4a
and 4b

Figure 1. Molecular structure of compound 2b in the solid state
(ellipsoids set at 50% probability). For clarity, hydrogen atoms, the
crystallization solvent (diethyl ether), and disorder on the two t-Bu
groups of N4 and N2 atoms are omitted. Selected bond distances [Å]
and bond angles [deg]: Ge1−N1 1.991(2), Ge1−N2 2.043(2), Ge1−
N3 1.898(2), Ge1···N4 2.568(2), N1−C1 1.335(3), N2−C1 1.320(3),
Ge1−Rh1 2.445(1), Cl1−Rh1 2.355(1), Rh1−C16 2.188(2), Rh1−
C17 2.171(2), Rh1−C20 2.123(2), Rh1−C21 2.108(2); N1−Ge1−
N2 65.12(7), N1−Ge1−Rh1 121.80(5), N2−Ge1−Rh1 106.75(5),
N3−Ge1−Rh1 127.58(5), Cl1−Rh1−Ge1 86.934(17).

Figure 2. Molecular structure of compound 3a in the solid state
(ellipsoids set at 50% probability). For clarity, hydrogen atoms are
omitted. Selected bond distances [Å] and bond angles [deg]: Ge1−N1
1.971(3), Ge1−N2 1.979(3), O1−Ge1 1.734(1), Rh1−Ge1 2.351(1),
N1−C1 1.330(4), N2−C1 1.328(4), Rh1−Cl1 2.357(1), Rh1−C14
2.099(4), Rh1−C15 2.107(4), Rh1−C18 2.200(4), Rh1−C19
2.219(4); N1−Ge1−N2 68.02(11), N1−Ge1−Rh1 121.71(8), N2−
Ge1−Rh1 124.23(8), O1−Ge1−N1 102.13(8), O1−Ge1−N2
103.80(8), O1−Ge1−Rh1 123.154(18), N1−C1−N2 112.4(3).
Symmetry code: (i) −x, −y, −z.
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in 3a] are similar and between the expected ones for single and
double bonds, in agreement with a significant degree of π-
electron delocalization along the N−C−N moiety.11,16 The
germanium atoms adopt a tetrahedral arrangement in both
cases; the most remarkable difference between these two
structures probably lies in their torsion angles N−Ge−Rh−Cl.
The amidinato ring is almost perpendicular to the coordination
plane in 3a (89.28°), while the torsion angle is smaller (79.67°)
in 2b. These values remain in the range of those often observed
in NHC rhodium complexes.4l,18 The Ge−Rh bond distance
[2.445(1) Å] in 2b is slightly longer than that in 3a [2.351(1)
Å] and than those observed in the tetragermylenerhodium
complex [2.3366(9) and 2.3368(7) Å]8 but shorter than the
value reported for the Ge−Rh covalent bond in Ph3GeRh-
(CO)4 (6) [2.5061(4) Å].

19 The Ge−O bond [1.734(1) Å] is
comparable to those found in the bis(amidinatogermylene)
oxide {[ButC(NAr)2]Ge}2O [1.733(4) and 1.766(5) Å]20 and
in the lower range of Ge−O single-bond lengths (1.75−1.85
Å).21 The value of the Ge−O−Ge bond angle is exactly 180°
because of the presence of an inversion center located on the
oxygen atom.
The X-ray crystal structures of the two amidinatorhodium(I)

4a (Figure 3) and 4b (Figure 4) are similar to those described

for amidinato-16a and guanidinatorhodium16b complexes. The
asymmetric unit of 4a contains two chemically identical but
crystallographically different molecules. In each compound, the
amidinato ligand is bonded in a N,N′-chelate fashion to the
rhodium atom, which adopts a distorted square-planar
geometry with Rh−N distances close to those previously
observed. The C−N bond distances [1.318(4), 1.341(5) and
1.323(4), 1.325(4) Å in 4a and 1.336(2) Å, identical because of
a mirror in 4b] are in agreement with a significant degree of
delocalization on the NCN fragment.
In order to gain more insight into the σ-donor character of

such germylenes, the rhodium complex derivative 2b was
converted into the corresponding dicarbonyl compound 5 with
carbon monoxide (CO; 3 atm) in tetrahydrofuran (THF) at
−80 °C (Scheme 3). The 1H NMR spectrum showed the
complete replacement of cod by CO in less than 10 min.

Nonequivalent CO carbon atoms were observed in the 13C
NMR spectrum at 185.55 ppm (1JC−Rh = 62.4 Hz) and 188.50
ppm (1JC−Rh = 72.1 Hz). Complexes of the general formula
[LRh(CO)2Cl] (L = 2e− donor) are often used to gauge the
relative electron-donating ability by comparing the values of the
ν(CO) stretching frequencies.4i The IR spectroscopy of
complex 5 showed two CO vibrations of similar intensities
(1971 and 2058 cm−1) with a low average CO stretching
frequency [νAV(CO) = 2015 cm−1]. Using the average
νAV(CO) frequencies of cis-[LRh(CO)2Cl], Bertrand et al.22

reported that the donor strength of the carbenic ligands follows
the order cyclic carbodiphosphoranes (2001 cm−1) > (amino)-
(ylidic) carbenes (2009−2017 cm−1) > NHCs (2039−2049
cm−1).6 Compared with these values, the germylene 1b
presents a strong electron-donor character probably because
of the intramolecular coordination of the nitrogen atom. All
attempts to isolate this complex led to its fast decomposition.23

DFT calculations were performed with compounds 2b, 5,
and 619 at the B3LYP/SDD (Rh) and 6-31G** (other atoms)
levels coupled with natural bond orbital (NBO) calculations.
The optimized geometries nicely match those determined by X-
ray studies in particular for the Ge−Rh bond length in 2b
(2.494 Å). These calculations show a short Ge−Rh distance
involving a strong donor−acceptor interaction. A polarized
σGe−Rh bond with 32.9% electron density on the germanium
atom and 67.1% on the rhodium one is localized at the first
order in NBO analysis. These results are close to those found
for 6, a complex involving a strongly polarized Ge−Rh covalent
bond (26.9% Ge and 73.1% Rh). Moreover, atoms-in-
molecules (AIM) analyses for 2b and 6 show that a bond
critical point exists between the germanium and rhodium atoms
with an electron density [ρ(r)] of the same magnitude [ρ(r) =
∼7 × 10−2 e− bohr−3; Figure 5].
Compound 5 was analyzed in the same way, and the results

from NBO and AIM calculations are close to those calculated
for compounds 2b and 6. The calculated Ge−Rh bond length

Figure 3. Molecular structure of compound 4a in the solid state
(ellipsoids set at 50% probability). For clarity, only one of the two
independent molecules of the asymmetric unit is shown and hydrogen
atoms are omitted. Selected bond distances [Å] and bond angles
[deg]: N1−C1 1.341(5), N2−C1 1.318(4), Rh1−N1 2.110(3), Rh1−
N2 2.108(3), Rh1−C14 2.101(3), Rh1−C15 2.136(4), Rh1−C18
2.118(4), Rh1−C19 2.130(4); N1−C1−N2 114.4(3), N1−Rh1−N2
63.98(11).

Figure 4. Molecular structure of compound 4b in the solid state
(ellipsoids set at 50% probability). For clarity, hydrogen atoms are
omitted. Selected bond distances [Å] and bond angles [deg]: N1−C1
1.336(2), Rh1−N1 2.103(2), Rh1−C12 2.138(2), Rh1−C13 2.118(2),
C12−C13 1.391(3); N1−Rh1−N1′ 63.14(9).

Scheme 3. Synthesis of the Germylenedicarbonylrhodium(I)
Complex 5
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(2.400 Å) is found to be shorter than that for 2b, and the
electron density ρ(r) slightly higher [ρ(r) = ∼8.3 × 10−2 e−

bohr−3], with a less polarized σGe−Rh bond (57.2% Ge and
42.8% Rh), coherent with the π-acceptor character of the CO
substituents. The description of the bonding situation in
complexes 2b and 6 is similar: the same nature of the Ge → Rh
interaction (localization of the σGe−Rh bond in the NBO
calculations at the first order) and the same value of the
electron density ρ(r) using AIM analysis. Nevertheless,
polarization of the Ge−Rh bond is found to be slightly
different in 2b compared to 6. It means that the Ge−Rh bond
in 2b presents a slightly less polarized covalent character than 6.

■ CONCLUDING REMARKS
In summary, two monogermylenerhodium(I) complexes, 2b
and 3a, have been prepared via a one-step route from
bis(amidinato)germylenes 1a and 1b and [RhCl(cod)]2; they
were fully characterized by NMR spectroscopy and X-ray
crystallography. Their stability strongly depends on the nature
of the ligand and particularly on the steric hindrance of the
substituent on the nitrogen atoms. Whereas with trimethysilyl
groups on the nitrogen atom only the germylene oxide rhodium
complex could be obtained, with t-Bu groups on the amidinato
ligand, the germylene rhodium complex was stable and isolable.
In both cases, the formation of amidinatorhodium complexes
was also observed. Complex 2b was completely converted to
the corresponding dicarbonyl compound 5. The IR study
showed that the starting germylene 1b is a strong electron
donor comparable with the strongest electron-donating NHC.
DFT calculations confirm that complexes 2b and 5 present a
polarized covalent bond Ge−Rh, which leads to a short Ge−Rh
distance.

■ EXPERIMENTAL SECTION
General Procedures. All manipulations with air-sensitive materials

were performed in a dry and oxygen-free atmosphere of argon by using
standard Schlenk-line and glovebox techniques. Solvents were purified
with the MBRAUN SBS-800 purification system. NMR spectra were
recorded in C6D6 or THF-d8 on a Bruker Avance II 300 [1H (300.13
MHz), 13C (74.48 MHz), and 29Si (59.63 MHz) at 298 K] or on a
Bruker Avance II 400 [1H (400.13 MHz) and 13C (100.61 MHz) at
193 K]. Chemical shifts are expressed in parts per million with residual
solvent signals as the internal reference (1H and 13C{1H}). Mass
spectrometry (MS) spectra were measured with a Hewlett-Packard
5989A in electron impact mode (70 eV). High-resolution MS (HR-
MS) spectra were measured with a GCT Premier Waters in DCI mode
(CH4). IR spectra were measured on a Varian 640-IR FT-IR
spectrometer. Melting points were measured with a sealed capillary
using the Stuart automatic melting point SMP40 apparatus. The
germanium(II) derivatives 1a11 and 1b12 and the lithium amidinate
salts1c,14 were prepared according to literature procedures.

2b. A cooled (−78 °C) solution of 1b (0.14 g, 0.26 mmol) in
diethyl ether (4 mL) was added to a solution of [RhCl(cod)]2 (0.07 g,
0.14 mmol) in diethyl ether (4 mL) at −78 °C. After 45 min, the
solution was raised to room temperature and then stirred for a further
45 min. After filtration, the solvent was concentrated under reduced
pressure to incipient crystallization. 2b was obtained as yellow crystals
(0.10 g, 49%). Mp: 91 °C. 1H NMR (THF-d8, 400.13 MHz, 193 K): δ
1.22, 1.24, 1.42, 1.45 (4s, 4 × 9H, CH3), 1.74−1.89 (m, 4H, CH2),
2.30−2.46 (m, 4H, CH2), 3.58, 4.15, 4.86, 4.94 (4s, 4 × 1H, CH),
7.33−7.40 (m, 5H, C6H5), 7.45−7.48 (m, 5H, C6H5).

13C NMR
(THF-d8, 100.61 MHz, 193 K): δ 29.44, 29.55 (CH2); 32.80, 32.88,
33.65, 33.89 (CH3), 54.63, 55.04, 55.26, 57.34 (C(CH3)3), 93.73,
94.02 (CH), 127.22, 128.17, 128.44, 128.92, 129.01, 129.49, 129.87,
130.56, 130.66, 130.77 (Co, Cm, Cp), 136.07, 139.53 (Ci), 166.29,
166.86 (C6H5C). MS: m/z 551 (1%) ([M − C6H5C[Nt-Bu]2]

+), 536
(1%) ([{C6H5C[Nt-Bu]2}2Ge]

+), 57 (100%) ([t-Bu]+). Anal. Calcd
for C38H58ClGeN4Rh: C, 58.37; H, 7.48; N, 7.17. Found: C, 57.62; H,
7.06; N, 6.55.

3a. A solution of 1a (0.20 g, 0.33 mmol) in toluene (1.5 mL) at
−70 °C was slowly added to a suspension of [RhCl(cod)]2 (0.08 g,
0.17 mmol) in toluene (1.5 mL) at −70 °C. After 2 h, the solution was
raised to room temperature and then stirred for a further 1 h. The
solvent was removed under reduced pressure and the residue treated
with pentane. After filtration, the solution was cooled at 4 °C to yield
crystals of 4a (80% NMR yield) and 3a (20% NMR yield). 3a was not
isolated from the reaction mixture; the reaction was performed several
times, leading to reproducible results. 1H NMR (C6D6, 300.13 MHz):
δ −0.15 (36H, SiCH3), 1.35 (s, 8H, CH2), 2.19−2.21 (m, 8H, CH2),
5.51 (s, 8H, CH), 6.88−7.07 (m, 10H, C6H5).

13C NMR (C6D6,
75.48 MHz): δ 2.45 (SiCH3), 33.61 (CH2), 96.03 (CH), 126.43
(Co), 128.14 (Cm), 128.62 (Cp), 139.03 (Ci), 163.42 (C6H5C).

29Si
NMR (C6D6, 59.63 MHz): δ 2.70. IR (C6D6): 839 cm−1 (νGe−O).

4a. A solution of [{Me3SiNC(Ph)CNSiMe3}Li] (0.41 mmol) in
diethyl ether was added to a solution of [Rh(cod)Cl]2 (0.10 g, 0.20
mmol) in diethyl ether (5 mL) at −78 °C. After 10 min, the solution
was raised to room temperature and stirred for 2 h. The volatiles were
removed under reduced pressure, and the residue was treated with 8
mL of toluene. After filtration, the filtrate was concentrated under
reduced pressure to incipient crystallization. 4a was obtained as yellow
crystals at −24 °C (0.11 g, 77%). Mp: 91 °C (dec). 1H NMR (C6D6,
300.13 MHz): δ −0.15 (s, 2JH−Si = 6.6 Hz, 18H, SiCH3), 1.50−1.57
(m, 4H, CH2), 2.27−2.31 (m, 4H, CH2), 4.42 (s, 4H, CH), 6.85−
6.94 (m, 3H, C6H5), 7.03−7.06 (m, 2H, C6H5).

13C NMR (C6D6,
75.48 MHz): δ 2.45 (1JC−Si = 56.6 Hz, SiCH3), 31.11 (CH2), 76.46 (d,
1JC−Rh = 12.6 Hz, CH), 126.34 (Co), 128.02 (Cm), 128.32 (Cp),
142.68 (d 3JC−Rh = 2.5 Hz, Ci), 187.84 (d, 2JC−Rh = 5.0 Hz, C6H5C).
29Si NMR (C6D6, 59.63 MHz): δ 2.70 (2JSi−Rh = 0.9 Hz). MS: m/z 474
(58%) ([M]+), 459 (29%) ([M − CH3]

+), 73 (100%) ([Si(CH3)3]).
HR-MS for C21H35N2RhSi2 ([M]+): calcd mass, 474.1394; measd
mass, 474.1374.

4b. A solution of [{t-BuNC(Ph)CNt-Bu}Li]1c (0.40 mmol) was
added to a solution of [Rh(cod)Cl]2 (0.10 g, 0.20 mmol) in diethyl
ether (5 mL) at −78 °C. After 10 min, the solution was raised to room
temperature and stirred for 1 h and 30 min. The volatiles were
removed under reduced pressure, and the residue was treated with 8
mL of toluene. After filtration, the filtrate was evaporated under
vacuum to yield 4b (0.13 g, 75%) as a yellow powder. Yellow crystals
were obtained from a saturated solution of toluene at room
temperature. Mp: 185 °C (dec). 1H NMR (C6D6, 300.13 MHz): δ
0.92 (s, 18H, CH3), 1.56−1.64, 2.30−2.35 (2m, 2 × 4H, CH2), 4.66
(s, 4H, CH), 6.86−6.94 (m, 3H, C6H5), 7.21−7.25 (m, 2H, C6H5).
13C NMR (C6D6, 75.48 MHz): δ 31.11 (CH2), 33.17 (CH3), 55.34 (d,
2JC−Rh = 1.8 Hz, C(CH3)3), 75.35 (d,

1JC−Rh = 12.4 Hz, CH), 126.74
(Co), 128.05 (Cp), 130.37 (Cm), 139.67 (d, 3JC−Rh = 2.0 Hz, Ci),
179.76 (d, 2JC−Rh = 1.0 Hz, C6H5C). MS: m/z 442 (46%) ([M]+), 328
(22%) ([M − 2t-Bu]+), 57 (100%) ([t-Bu]+). HR-MS for C23H35N2Rh
([M]+): calcd mass, 442.1855; measd mass, 442.1874.

NMR-Scale Synthesis of 5. A solution of 2b (0.04 g, 0.05 mmol) in
THF-d8 was placed under an atmosphere of CO (3 atm, J. Young

Figure 5. Laplacian plot of the electron density ∇2 ρ(r) with charge
accumulation [∇2ρ(r) < 0] printed in blue and charge deplection
[∇2ρ(r) > 0] printed in red for complexes 2b (a) and 6 (b).
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Valve NMR tube) at −80 °C. Ligand exchange was monitored using
1H NMR spectroscopy; the reaction was completed in less than 10
min. 1H NMR (THF-d8, 400.13 MHz, 193 K): δ 1.27, 1.31, 1.35, 1.37
(4s, 4 × 9H, CH3), 7.31−7.54 (m, 10H, C6H5).

13C NMR (THF-d8,
100.61 MHz, 193 K): δ 32.63, 32.74, 33.46, 33.98 (CH3), 55.04, 55.19,
56.32, 56.97 (C(CH3)3), 127.77, 128.42, 128.53, 128.83, 129.94,
130.46, 130.89, 130.96, 131.55 (Co, Cm, Cp), 135.80, 136.37 (Ci),
166.97, 168.92 (C6H5C), 185.55 (d,

1JC−Rh = 62.4 Hz, CO), 188.50 (d,
1JC−Rh = 72.1 Hz, CO). IR (THF): 1971, 2058 cm−1 (νCO).
Concentration of the reaction mixture resulted in decomposition of
the expected product.23

Computational Information. Calculations were performed with
the Gaussian 03 suite of programs,24 using the DFT method.25 The
hybrid exchange functional B3LYP set26 was used. B3LYP is a three-
parameter functional developed by Becke that combines the Becke
gradient-corrected exchange functional and the Lee−Yang−Parr and
Vosko−Wilk−Nusair correlation functionals with part of the exact
Hartree−Fock exchange energy. The SDD basis set was used for
rhodium and the 6-31G(d) basis set for other atoms.27 Geometry
optimizations were carried out without any symmetry restrictions. The
electron density of the optimized structures was subjected to AIM
analysis (QTAIM analysis)28 using AIMA11 software.29

X-ray Structure Determinations. The data of the structures for
compounds 2b, 3a, 4a, and 4b were collected on a Bruker-AXS APEX
II diffractometer using a 30 W air-cooled microfocus source (ImS)
with focusing multilayer optics at a temperature of 193(2) K, with
graphite-monochromated Mo Kα radiation (wavelength = 0.71073 Å)
by using φ and ω scans. The data were integrated with SAINT, and an
empirical absorption correction with SADABS was applied.30 The
structures were solved by direct methods using SHELXS-9731 and
refined using the least-squares method on F2.32 All non-hydrogen
atoms were treated anisotropically. The hydrogen atoms were fixed

geometrically and refined with a riding model. The hydrogen atoms
were located by difference Fourier maps and refined with a riding
model. Crystallographic data (excluding structure factors) have been
deposited with the Cambridge Crystallographic Data Center as CCDC
848154 (2b), 892930 (3a), 892931 (4a), and 848155 (4b). These data
can be obtained free of charge via www.ccdc.cam.uk/conts/retrieving.
html (or from the CCDC, 12 Union Road, Cambridge CB2 1EZ, U.K.,
fax (+44) 1223-336-033, or e-mail deposit@ccdc.cam.ac.uk). See also
the Supporting Information.

Structural data are summarized in Table 1.
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Table 1. Crystallographic Data of Compounds 2b, 3a, 4a, and 4b

2b 3a 4a 4b

empirical formula C38H58ClGeN4Rh, C4H10O C42H70Cl2Ge2N4ORh2Si4 C21H35N2RhSi2 C23H35N2Rh
fw (g/mol) 855.95 1181.28 474.60 442.44
temperature (K) 193(2) 193(2) 193(2) 193(2)
λ(Mo Kα) (Å) 0.71073 0.71073 0.71073 0.71073
cryst syst triclinic monoclinic monoclinic monoclinic
space group P1̅ P21/n Pn P 21/m
a (Å) 11.7561(5) 10.9112(4) 6.6791(2) 6.8114(6)
b (Å) 13.3498(6) 15.7314(5) 9.7861(4) 13.7680(13)
c (Å) 13.6919(6) 15.2579(6) 34.6517(13) 11.0049(9)
α (deg) 87.584(2) 90 90 90
β (deg) 86.103(2) 92.178(2) 94.379(2) 92.509(3)
γ (deg) 87.405(2) 90 90 90
volume (Å3) 2140.02(16) 2617.10(16) 2258.30(14) 1031.04(16)
Z 2 2 4 2
density calcd (g cm−3) 1.328 1.499 1.396 1.425
abs coeff (mm−1) 1.185 1.985 0.870 0.837
F(000) 900 1204 992 464
cryst size (mm) 0.28 × 0.08 × 0.06 0.26 × 0.04 × 0.03 0.40 × 0.18 × 0.12 0.22 × 0.08 × 0.04
θ range (deg) 5.15 - 26.37 5.11 - 28.28 5.11 - 30.51 5.36 - 28.28
index ranges hkl −14 ≤ h ≤ 14 −8 ≤ h ≤ 14 −9 ≤ h ≤ 9 −9 ≤ h ≤ 8

−16 ≤ k ≤ 16 −20 ≤ k ≤ 20 −13 ≤ k ≤ 13 −18 ≤ k ≤ 18
−17 ≤ l ≤ 17 −20 ≤ l ≤ 20 −49 ≤ l ≤ 49 −14 ≤ l ≤ 14

reflns collected/unique 37198/8662 22484/6439 34029/13075 10898/2639
R(int) 0.0252 0.0530 0.0406 0.0314
completeness to θ (%) 98.9 99.0 99.1 99.1
data/restraints/param 8662/151/532 6439/0/265 13075/2/481 2639/0/133
GOF 1.050 1.010 1.024 1.056
R1, wR2 [I > 2(σ)I] 0.0261, 0.0680 0.0384, 0.0789 0.0382, 0.0681 0.0273, 0.0679
R1, wR2 (all data) 0.0307, 0.0709 0.0733, 0.0913 0.0491, 0.0715 0.0319, 0.0709
largest diff peak and hole (e Å−3) 0.718, −0.471 0.684, −0.491 0.543, −0.764 0.571, −0.545
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Veszpremi, T.; Jones, P. G.; Heinicke, J. Eur. J. Inorg. Chem. 2009,
221−229. (d) Yang, W.; Fu, H.; Wang, H.; Chen, M.; Ding, Y.;
Roesky, H. W.; Jana, A. Inorg. Chem. 2009, 48, 5058−5060. (e) Saur,
I.; Rima, G.; Miqueu, K.; Gornitzka, H.; Barrau, J. J. Organomet. Chem.
2003, 672, 77−85. (f) Bazinet, P.; Yap, G. P. A.; Richeson, D. S. J. Am.
Chem. Soc. 2001, 123, 11162−11167. (g) Schmedake, T. A.; Haaf, M.;
Paradise, B. J.; Millevolte, A. J.; Powell, D. R.; West, R. J. Organomet.
Chem. 2001, 636, 17−25. (h) Jutzi, P.; Keitemeyer, S.; Neumann, B.;
Stammler, H.-G. Organometallics 1999, 18, 4778−4784. (i) Hitchcock,
P. B.; Lappert, M. F.; Thomas, S. A.; Thorne, A. J. J. Organomet. Chem.
1986, 315, 27−44.
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