
Dalton
Transactions

PAPER

Cite this: DOI: 10.1039/c5dt04845a

Received 11th December 2015,
Accepted 2nd February 2016

DOI: 10.1039/c5dt04845a

www.rsc.org/dalton

Synthesis of a rhodium(I) germyl complex: a useful
tool for C–H and C–F bond activation reactions†‡

Theresia Ahrens, Mike Ahrens, Thomas Braun,* Beatrice Braun and Roy Herrmann

The dihydrido germyl complex cis,fac-[Rh(GePh3)(H)2(PEt3)3] (2) was synthesized by an oxidative addition

of HGePh3 at [Rh(H)(PEt3)3] (1). Treatment of 2 with neohexene generated the rhodium(I) germyl complex

[Rh(GePh3)(PEt3)3] (3). Alternatively, treatment of the methyl complex [Rh(CH3)(PEt3)3] (4) with HGePh3
furnished at room temperature also 3. Low-temperature NMR measurements revealed an initial formation

of the oxidative addition product fac-[Rh(GePh3)(H)(CH3)(PEt3)3] (5), which transforms into the intermedi-

ate complex [Rh(GePh3)(H)(CH3)(PEt3)2] (6) by dissociation of a triethylphosphine ligand. The reductive

elimination of methane and coordination of PEt3 afforded the germyl complex 3. Treatment of 3 with CO

gave the biscarbonyl complex [Rh(GePh3)(CO)2(PEt3)2] (7). The molecular structures of the complexes 2, 3

and 7 were determined by X-ray crystallography. The germyl complex 3 reacted with 2,3,5,6-tetrafluoro-

pyridine or pentafluorobenzene to furnish the C–H activation products [Rh(4-C5NF4)(PEt3)3] (8) and

[Rh(C6F5)(PEt3)3] (9), respectively. The reaction of 3 with hexafluorobenzene or perfluorotoluene gave

selectively the C–F activation products 9 and [Rh(4-C6F4CF3)(PEt3)3] (10). Treatment of 3 with

pentafluoropyridine resulted in the formation of the C–F activation products 8 and [Rh(2-C5NF4)(PEt3)3]

(11) in a 1 : 10 ratio. The two isomeric activation compounds [Rh{(E)-CFvCF(CF3)}(PEt3)3] (12) and [Rh{(Z)-

CFvCF(CF3)}(PEt3)3] (13) were obtained in a 3 : 1 ratio by reaction of 3 with hexafluoropropene. On

exposure to oxygen the highly air sensitive complex 12 reacts to yield the peroxido-bridged dirhodium

complex [Rh{(E)-CFvCF(CF3)}(µ–κ1:η2-O2)(PEt3)2]2 (14). The molecular structure of 14 was determined by

X-ray crystallography.

Introduction

In the past few decades the interest in fluorinated molecules
as building blocks has increased drastically due to their appli-
cations in agrochemicals, pharmaceuticals and advanced
materials.1–6 The activation of C–F bonds mediated by tran-
sition-metal complexes is meanwhile a fairly well established
research area.7–25 The selective C–F bond cleavage in highly
fluorinated or perfluorinated molecules can represent a
unique way to access fluorinated building blocks. Thus, in the
coordination sphere of a metal complex new fluorinated mole-
cules can be formed, which are otherwise not accessible or
difficult to access.7–65 Note that transition-metal mediated
fluorination reactions provide an alternative way to synthesize
fluorinated compounds.66–78 The thermodynamic driving force
for C–F bond activation reactions at transition-metal centers is

usually the formation of another strong bond like a H–F, Si–F,
B–F, Al–F or even a M–F bond.23,79 C–F activation reactions for
which a strong germanium–fluorine bond is formed are rare
and have not been reported for transition-metal mediated reac-
tions.80 At rhodium, Milstein et al. demonstrated that the
rhodium(I) silyl complexes [Rh(SiR3)(PMe3)3] (SiR3 = SiMe2Ph,
SiPh3) react with hexafluorobenzene to afford the fluoroaryl
complex [Rh(C6F5)(PMe3)3] and the corresponding fluoro-
silanes.81 Furthermore, a catalytic conversion of hexafluoro-
benzene into pentafluorobenzene was achieved by using [Rh(H)-
(PMe3)4] as catalyst.82 Later it was shown that [Rh(H)(PEt3)3] (1)
is also suitable to activate pentafluoropyridine as well as hexa-
fluoropropene by a selective C–F bond cleavage.83–85 The latter
reaction resulted in the formation of the (Z)-C–F activation
product [Rh{(Z)-CFvCF(CF3)}(PEt3)3] (13) which catalyses
in the presence of hydrosilanes the selective formation of
3,3,3-trifluoropropylsilane from hexafluoropropene.52

Herein we report on the synthesis of a unique 16-electron
rhodium(I) germyl complex [Rh(GePh3)(PEt3)3] (3) and its reac-
tivity towards small molecules like CO and H2. Furthermore,
reactivity studies concerning C–H and C–F bond activation
reactions of highly fluorinated pyridines, aromatics and hexa-
fluoropropene are described.
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Results and discussion

Treatment of the hydrido complex [Rh(H)(PEt3)3] (1) with
HGePh3 led to the formation of the oxidative addition product
cis,fac-[Rh(GePh3)(H)2(PEt3)3] (2) (Scheme 1).

The 31P{1H} NMR spectrum of the rhodium(III) complex 2
shows the expected splitting pattern. A doublet of triplets at
δ = 15.5 ppm (1JRh,P = 100 Hz) for the phosphine ligand in the
trans-position to the germyl ligand and a doublet of doublets
at δ = 11.1 ppm (1JRh,P = 96 Hz) for the phosphine ligands in
the trans-position to the hydrido ligands. The values for the
phosphorus–rhodium coupling constants are characteristic for
a RhIII species.86,87 The 1H NMR spectrum reveals for both
hydrido ligands a resonance signal at δ = −11.3 ppm which is
of higher order. The coupling constants were determined by

simulation of the 1H NMR spectrum (Fig. 1).88 The pattern
indicates a large phosphorus–hydrogen coupling constant
which is typical for a phosphine ligand in the trans-
position.52,54,84,89–91 In the 1H{31P} decoupling experiment the
signal simplified to a doublet due to the coupling to the
rhodium atom (Fig. 1, top). The IR spectrum of 2 displays two
absorption bands at ν̃ = 2025 and 1968 cm−1 which are
assigned to the RhH2 vibrations and the data are comparable
to those of known rhodium dihydrido complexes.52,84 In
addition DFT calculations support also the presence of two
absorption bands (see ESI‡). The Rh(I) complex [Rh(acac)-
(GeEt3)(H)(PCy3)] (ν̃ = 2060 cm−1, acac = acetylacetonate) or
[Rh(Cl)(H)(GeR3)(PPh3)2] (R = Me, Et; ν̃ = 2107–2035 cm−1)
show absorption bands which are shifted towards higher
wavenumbers.92–94 The molecular structure of 2 in the solid
state was determined by X-ray crystallography (Fig. 2). Light
yellow crystals were obtained from a toluene/n-hexane solution
at 243 K. Selected bond lengths and angles are summarized in
Table 1. Note that the asymmetric unit contains three crystallo-
graphically independent molecules which show only minor
differences in bond lengths and angles. Therefore, only one
will be discussed and is shown as an ORTEP diagram (Fig. 2).

Scheme 1 Synthesis of the rhodium(I) germyl complex [Rh(GePh3)-
(PEt3)3] (3).

Fig. 1 Part of the 1H NMR spectrum of complex 2; simulated (bottom)
observed (middle) and part of the 1H{31P} NMR spectrum (top) using the fol-
lowing coupling constants (Hz): 1J (Rh,Pa) = 1J (Rh,Pa’) = 100.6, 1J (Rh,Pb) =
95.7, 2J (Pa,Pb) = 2J (Pa’,Pb) = 22.1, 2J (Pa,Pa’) = 20.3,1 J (Rh,Hx) = 1J (Rh,Hx’) =
13.7, 2J (Pa,Hx) = 2J (Pa’,Hx’) = 133.7, 2J (Pa’,Hx) = 2J (Pa,Hx’) = −21.1, 2J (Pb,
Hx) = 2J (Pb,Hx’) = 16.8, 2J (Hx,Hx’) = 4.8.

Fig. 2 An ORTEP diagram of 2. Ellipsoids are drawn at the 50% prob-
ability level. C–H hydrogen atoms were omitted for clarity. The
rhodium-bound hydrogen atoms were located in the difference Fourier
map and refined isotropically.

Table 1 Selected bond lengths [Å] and angles [°] in cis,fac-[Rh(GePh3)
(H)2(PEt3)3] (2)

Lengths [Å]
P1–Rh1 2.3738(5) Ge1–Rh1 2.4502(5)
P2–Rh1 2.3718(6) H1–Rh1 1.56(3)
P3–Rh1 2.3430(5) H2–Rh1 1.51(3)
Angles [°]
P1–Rh1–P2 104.393(15) P3–Rh1–H1 80.1(10)
P1–Rh1–P3 104.013(18) Ge1–Rh1–H1 76.9(10)
P2–Rh1–P3 104.459(16) Ge1–Rh1–H2 72.1(9)
P1–Rh1–Ge1 96.338(13) P1–Rh1–H2 83.8(9)
P2–Rh1–Ge1 97.932(13) P2–Rh1–H2 168.0(9)
P3–Rh1–Ge1 144.633(13) P3–Rh1–H2 81.6(9)
P1–Rh1–H1 172.2(10) H1–Rh1–H2 90.3(14)
P2–Rh1–H1 80.7(10)
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The molecular structure of 2 reveals a distorted octahedral
coordination geometry at the metal center where the three
phosphine ligands occupy the facial positions. Both metal
bound hydrogen atoms were located in the difference Fourier
map and refined isotropically. The two hydrido ligands are
located in a mutually cis-position to each other. The P–Rh–P
angles and the Ge–Rh–P angels are all larger than 90° indicat-
ing the slight distortion. The rhodium–phosphorus bond
length of 2.3430(5) Å in the trans-position to the Ge atom is
noticeably shorter than the other two rhodium–phosphorus
bond lengths [2.3738(5) and 2.3718(6) Å]. When compared to
the corresponding distances found in the structural related
silyl complexes cis,fac-[Rh(H)2(SiClPh2)(PMe3)3] [Rh–P trans to
Si = 2.334(2) Å], cis,fac-[Rh(H)2{SiPh2(SPh)}(PMe3)3] [Rh–P trans
to Si = 2.336(1) Å] and cis,fac-[Rh(H)2{Si(C6H4CF3)3}(PMe3)3]
[Rh–P trans to Si = 2.326(4) Å], The Rh–P bond length is in a
similar range which might imply a comparable trans influence
of the germyl ligand as the silyl ligand.84,95–97 The Rh(1)–Ge(1)
bond length of 2.4502(5) Å is shorter than the distance in carbo-
nyl complexes like [Rh(GePh3)(CO)4] [Rh–Ge = 2.5061(4) Å].98

The reaction of [Rh(GePh3)(H)2(PEt3)3] (2) with neohexene
resulted in the formation of the 16 electron rhodium(I) germyl
complex [Rh(GePh3)(PEt3)3] (3, Scheme 1). Note that the oxi-
dative addition of H2 at 3 affords again the dihydrido complex
2. The 31P{1H} NMR spectrum of 3 depicts a doublet of doub-
lets at δ = 11.1 ppm (1JRh,P = 143, 2JP,P = 36 Hz) for the phos-
phine ligand in a mutually trans-position and a doublet of
triplets at δ = 6.5 ppm (1JRh,P = 136, 2JP,P = 36 Hz). The
rhodium–phosphorus coupling constants indicate the pres-
ence of a Rh(I) species.56,91,99–101 The molecular structure of 3
in the solid state was determined by X-ray crystallography
(Fig. 3). Selected bond lengths and angles are summarized in
Table 2. Suitable crystals of 3 were grown from a saturated n-
hexane solution at 243 K. The structure exhibits a distorted
square-planar coordination geometry at the metal center. The
Rh(1)–Ge(1) distance [2.46459(18) Å] is in a similar range to
those found for complex 2. The Rh–P distances [2.2822(4)–
2.3268(4) Å] are – when compared to 2 – shorter, but in the

same range like these in the structural related silyl complexes
[Rh(SiPh3)(PMe3)3] and [Rh(SiMe2Ph)(PMe3)3] [2.266(1)–
2.332(1) Å].89,90 The formation of 3 from [Rh(CH3)(PEt3)3] (4)
and HGePh3 was also monitored by low temperature NMR
spectroscopy. The studies reveal the initial generation of the
oxidative addition product fac-[Rh(GePh3)(H)(CH3)(PEt3)3] (5)
at 203 K (Scheme 2). The latter converts into [Rh(GePh3)(H)-
(CH3)(PEt3)2] (6) at 213 K by phosphine dissociation. The reduc-
tive elimination of methane affords the 16 electron rhodium(I)
germyl complex [Rh(GePh3)(PEt3)3] (3). The reaction is inhibited
by free phosphine indicating that the reductive elimination of
methane does not occur from 5, but from complex 6.

The 31P{1H} NMR spectrum of 5 displays three doublets of
triplets at δ = 13.1, 9.4 and 5.7 ppm (Fig. 4).102 The rhodium–

phosphorus coupling constants (1JRh,P = 93–87 Hz) and the
phosphorus–phosphorus coupling constants (2JP,P ≈ 22 Hz) are
compatible with the assignment as a RhIII complex.86,87 The
observed pattern is in accordance with a fac-configuration for 5.
The 1H NMR spectrum of 5 shows a broad signal at δ =
0.16 ppm which can be assigned to the methyl group. The
resonance signal for the hydrido ligand appears as a doublet of
doublets of triplets at δ = −10.69 ppm (2JH,P-cis = 20 Hz, 1JH,Rh ≈
2JH,P-cis ≈ 11 Hz) revealing a large phosphorus–hydrogen coup-
ling of 157 Hz to a phosphine ligand at the trans-position
(Fig. 5). In a 31P decoupling experiment the signal simplified
to a doublet confirming the 1JH,Rh coupling constant. An
additional 1H,31P HMBC NMR spectrum, which was optimized
to a large H,P coupling constant, reveals a correlation peak for

Fig. 3 An ORTEP diagram of 3. Ellipsoids are drawn at the 50% prob-
ability level. C–H hydrogen atoms were omitted for clarity.

Table 2 Selected bond lengths [Å] and angles [°] in [Rh(GePh3)(PEt3)3] (3)

Lengths [Å]
P1–Rh1 2.2822(4) P3–Rh1 2.3268(4)
P2–Rh1 2.3162(4) Ge1–Rh1 2.46459(18)
Angles [°]
P1–Rh1–P2 95.987(13) P1–Rh1–Ge1 91.634(10)
P1–Rh1–P3 149.509(14) P2–Rh1–Ge1 154.276(11)
P2–Rh1–P3 93.191(13) P3–Rh1–Ge1 92.558(10)

Scheme 2 Reaction pathway for the formation of [Rh(GePh3)(PEt3)3] (3).
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the hydrido ligand and the phosphine ligands in a mutually
trans-position at δH/P = −10/13 ppm which appears as a
doublet (2JH,P-trans = 157 Hz) in the 1H domain. By warming the
reaction solution up to 213 K the 31P{1H} NMR spectrum
reveals an additional doublet at δ = 19.3 ppm with a rhodium–

phosphorus coupling constant of 115 Hz which can be
assigned to the intermediate rhodium complex [Rh(GePh3)(H)-
(CH3)(PEt3)2] (6). A resonance for the formation of free phos-
phine was also observed. The 1H NMR spectrum of 6 shows a
singlet at δ = 0.26 ppm for the methyl group. Furthermore a
second signal at δ = −11.53 ppm appears which simplifies to a
doublet (1JH,Rh = 15 Hz) on 31P decoupling and can be
assigned to the hydrido ligand. Again a 1H,31P HMBC NMR
spectrum which was optimized on a small phosphorus–hydro-
gen coupling constant confirms the structure of 6 by showing
a cross peak at δH/P = −11/19 ppm. No large hydrido–phos-
phorus coupling was observed indicating a cis-arrangement of
both phosphine ligands to the hydrido ligand. To get more
information on the structure of 6, DFT calculations were run
on conceivable isomers and the optimized geometry with the
lowest energy (6a) is depicted in Fig. 6 (see also ESI‡). It was

found that the energy differences in the gas phase are small
and four minima converged at close energy. Their geometry
differs in the ligand that occupies the apical position
(H ligand or CH3 ligand) as well as in the orientation of the
ethyl groups at the phosphine ligands. However, the computed
structure with the lowest energy shows a distorted square pyra-
midal coordination arrangement (τ = 0.14)103 at the central
metal atom with the hydrido ligand in the apical position and
both phosphine ligands in a mutually trans-position. The opti-
mized geometry is in good accordance with the obtained NMR
data as well as a presumable syn elimination of methane.

Treatment of 3 with CO afforded the biscarbonyl complex
[Rh(GePh3)(CO)2(PEt3)2] (7) by replacement of one phosphine
ligand (Scheme 3). The 31P{1H} NMR spectrum for 7 shows at
δ = 13.7 ppm a doublet (1JRh,P = 111 Hz) for both phosphine
ligands. Due to a fluxional behavior of 7 in solution only one
signal was observed, which did not split into two resonances
at low temperature (203 K). A doublet of triplets (1JRh,C = 65,
2JC,P = 1 Hz) in the 13C NMR spectrum at δ = 201.3 ppm can be
attributed to the CO ligands. The values for the rhodium–

carbon and rhodium–phosphorus coupling constants are in a
typical range for rhodium carbonyl complexes bearing two
phosphine ligands.85,90,104 The IR spectrum of 7 exhibits two
absorption bands at ν̃ = 1964 and 1912 cm−1 which can be
assigned to the Rh(CO)2 unit. The structural related germyl
complex [Rh(GeEt3)(CO)2(PPh3)2] or silyl complex [Rh{Si(OEt)3}-
(CO)2(PMe3)2] show similar values.90,93,94

Suitable crystals for an X-ray diffraction analysis of 7 were
obtained from a saturated toluene/n-hexane solution at 243 K.

Fig. 4 Part of the 31P{1H} NMR spectrum of the reaction solution after
treatment of 4 with HGePh3 at 203 K (below) and 213 K (above).

Fig. 5 Part of the 1H NMR spectrum (below, 300 MHz) and part of the
1H{31P} NMR spectrum (above, 400 MHz) of 5 and 6 at 213 K.

Fig. 6 DFT-optimized structure with the lowest energy of Rh(GePh3)-
(H)(CH3)(PEt3)2] (6). The hydrogen atoms at the aromatic rings and phos-
phine ligands are omitted for clarity.

Scheme 3 Formation of the rhodium(I) biscarbonyl complex 7.
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Selected bond lengths and angles are summarized in Table 3.
The coordination geometry of the molecular structure of 7 can
be considered as either distorted square pyramidal or a dis-
torted trigonal bipyramidal coordination arrangement at the
central metal atom (Fig. 7). The parameter τ for complex 7
(0.42) indicates that a description as a square pyramidal struc-
ture is more appropriate, for which the phosphine ligand in
the cis-position to the germyl ligand occupies the apical posi-
tion.103 The Rh–P bond lengths [2.3448(4) Å; 2.4123(4) Å] and
the Rh–C bond lengths with [1.8817(15) Å; 1.8841(15) Å] are in
a typical range. Both rhodium carbonyl units are not linear
with a Rh–C–O angle of 175.49(14) and 175.94(15)°. The Rh(1)–
Ge(1) distance of 2.4840(19) Å is comparable to these found
for the complexes 2 and 3.

C–H and C–F bond activation reactions

Reactivity studies of the germyl complex [Rh(GePh3)(PEt3)3] (3)
towards fluorinated pyridines and aromatics as substrates
might be of interest concerning C–F and C–H bond activation
reactions.23,25 The treatment of 3 with pentafluorobenzene or
2,3,5,6-tetrafluoropyridine afforded the C–H activation pro-
ducts [Rh(4-C5NF4)(PEt3)3] (8) and [Rh(C6F5)(PEt3)3] (9),
respectively, as well as HGePh3 (Scheme 4). There is no evi-
dence for a C–F bond cleavage. Note that similar C–H bond
activations were observed on treatment of the hydrido complex

[Rh(H)(PEt3)3] (1) or the boryl complex [Rh(Bpin)(PEt3)3] (pin =
pinacolato) with 2,3,5,6-tetrafluoropyridine to give also 8.56,85

Marder and Perutz reported that the rhodium silyl complex
[Rh(SiPh3)(PMe3)3] is capable of both C–F (2-position) and
C–H (4-position) bond activation.51 It was also reported that
the silyl complexes [Rh{Si(OR)3}(PEt3)3] (R = Me, Et) react by
C–F bond activation.91,105

Complex 3 also reacted with an excess of hexafluorobenzene
at 323 K to yield the C–F activation product 9 (Scheme 5). The
reaction of 3 with perfluorotoluene at 323 K afforded [Rh(4-
C6F4CF3)(PEt3)3] (10) with the CF3 group at the para-position.
Additional free phosphine does not lead to a decrease of the
reaction rate indicating that an initial phosphine dissociation
does not play a role prior to the C–F activation step. Treatment
of 3 with pentafluoropyridine resulted in a C–F bond activation
at the 2- and 4-position to yield the activation products [Rh(4-
C5NF4)(PEt3)3] (8) and [Rh(2-C5NF4)(PEt3)3] (11) in a 1 : 10 ratio.
The activation at the 2-position may occur by a concerted oxi-
dative addition process.106–111 An alternative pathway involves
a ligand-assisted C–F activation step.19,20,23,54,56,65,91,112–116 The
highly reactive rhodium boryl complex [Rh(Bpin)(PEt3)3] and
the silyl complex [Rh{Si(OR)3}(PEt3)3] (R = Me, Et) also furn-
ished the C–F activation products 8, 9, 10 and 11 by treatment
with the fluorinated pyridine or the aromatic com-
pounds.56,91,117 The mechanisms for the activation at the
4-position that are commonly discussed in the literature are
often linked to a radical pathway or an initial nucleophilic
attack of the metal center.10,118–120 Note that Roesky and Stalke
reported on the C–F activation of pentafluoropyridine at the
4-position at the germylene LGeNiPr2 [L = PhC(NtBu)2], but in
contrast this conversion proceeds via an oxidative addition.80

Treatment of the germyl complex [Rh(GePh3)(PEt3)3] (3) with
hexafluoropropene in n-hexane led to the formation of the C–F
activation product [Rh{(E)-CFvCF(CF3)}(PEt3)3] (12) and the
isomeric complex [Rh{(Z)-CFvCF(CF3)}(PEt3)3] (13) in a 3 : 1
ratio as well as of FGePh3 after 8 h (Scheme 6). The ratio and

Table 3 Selected bond lengths [Å] and angles [°] in [Rh(GePh3)-
(CO)2(PEt3)2] (7)

Lengths [Å]
Rh1–P1 2.3448(4) Rh1–C31 1.8841(15)
Rh1–P2 2.4123(4) O1–C31 1.1478(19)
Rh1–Ge1 2.4840(19) O2–C32 1.1476(19)
Rh1–C32 1.8817(15)
Angles [°]
P1–Rh1–P2 103.082(14) C31–Rh1–P1 89.11(5)
P1–Rh1–Ge1 160.307(11) C32–Rh1–P2 111.17(5)
P2–Rh1–Ge1 96.587(11) C31–Rh1–P2 113.10(5)
C32–Rh1–C3 134.95(7) Rh1–C31–O1 175.49(14)
C32–Rh1–P1 88.88(5) Rh1–C32–O2 175.94(15)

Fig. 7 An ORTEP diagram of 7. Ellipsoids are drawn at the 50% prob-
ability level. C–H hydrogen atoms were omitted for clarity.

Scheme 4 C–H activation of 2,3,5,6-tetrafluoropyridine and pen-
tafluorobenzene at [Rh(GePh3)(PEt3)3] (3).
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reaction time are solvent dependent. If the reaction is carried
out in benzene a full conversion was achieved after 2 h with a
ratio of 12 : 1 for 12 to 13. The formation of complex 13 has
been described before.83,84 Thus, the hydrido complex [Rh(H)-
(PEt3)3] (1) reacts with hexafluoropropene in the presence of
Et3N and Cs2CO3 to yield 13. The 31P{1H} and 19F NMR spectra
of 12 are of higher order. Therefore the 31P{1H} NMR spectrum
was computed in order to determine the coupling constants,
and the result is depicted in Fig. 8.88 The 19F NMR spectrum
reveals three resonances at δ = −64.4 (CF3), −78.1 (Fα) and
−148.0 (Fβ) ppm in a 3 : 1 : 1 ratio that can be assigned to the
propenyl ligand. In contrast to 13 no large fluorine–fluorine
coupling constant was observed, which indicates a cis-arrange-
ment of the olefinic fluorine atoms.121 The 19F,13C{1H} HMBC
NMR spectrum reveals cross-peaks at δF/C = −64/123 (CF3),
−78/190 (Fα–Cα) and −148/140 (Fβ–Cβ) ppm which supports the
structural assignment for 12.84 The reaction of an in situ gene-
rated mixture of 12 and 13 with dioxygen led to the instant for-

mation of a dinuclear peroxido-bridged rhodium complex
[Rh{(E)-CFvCF(CF3)(µ–κ1:η2-O2)(PEt3)2]2 (14), which exhibits a
rare coordination mode of the O2 units (Scheme 7), as well as
OPEt3. The formation of the isomeric compound [Rh{(Z)-
CFvCF(CF3)}(µ–κ1:η2-O2)(PEt3)2]2 was not observed pre-
sumably due to decomposition reactions.

Scheme 5 C–F activation of fluorinated aromatics and pentafluoropyridine at [Rh(GePh3)(PEt3)3].

Scheme 6 C–F activation of hexafluoropropene at the rhodium(I)
germyl complex 3.

Scheme 7 Selective oxygenation reaction of the C–F activation
product 12.
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Note that in comparable reactions usually the formation of
mononuclear peroxido complexes was observed.99,100,122,123

The 31P{1H} NMR spectrum of 14 shows a doublet of doublets
at δ = 26.4 ppm due to the coupling to the rhodium atom
(1JRh,P = 121 Hz) and to the fluorine atom (3JP,F = 29 Hz) at the
α-carbon atom of the pentafluoropropenyl ligand. The
rhodium-phosphorus coupling constant is in a typical range
for a binuclear Rh(III) spezies.124–127 The 19F NMR spectrum
depicts three resonances at δ = −65.5 (CF3), −66.5 (Fα) and
−143.6 (Fβ) ppm in a 6 : 2 : 2 ratio for the propenyl ligand. The
chemical shifts are in a similar range than those found for 12
or 13.83,84 Two polymorphic structures of 14 (14a and 14b) in
the solid state were determined by X-ray crystallography (Fig. 9
for 14a and ESI‡ for 14b). Due to the structural similarities
only the data for 14a are discussed in the following. Yellow

crystals (block) of 14a were obtained from a toluene/n-hexane
solution at 243 K. Selected bond lengths and angles are sum-
marized in Table 4. In the solid state complex [Rh{(E)-CFvCF
(CF3)}(µ–κ1:η2-O2)(PEt3)2]2 (14a) adopts a binuclear coordi-
nation mode in which two peroxido ligands bridge two
rhodium centers via one oxygen atom of the peroxido units.
The geometry around the rhodium centers can be either
described as approximately trigonal-bipyramidal, if the per-
oxido unit is treated as occupying a single coordination site or
as a distorted octahedral structure if it is regarded as a biden-
tate ligand. The latter seems to be more appropriate and is con-
sistent with the oxidation state III at the rhodium center which
was suggested by the obtained NMR data. The Rh(1)–O(1) and
Rh(1)–O(2) bond lengths with 2.1542 (12) Å and 1.9988(13) Å
differ noticeably from each other resulting in an asymmetrical
bridging whereas the oxygen atom with the longer Rh–O bond
length exhibits a shorter distance to the other metal center [Rh-
(1i)–O(1) = 2.0954(12) Å]. The O(1)–O(2) separation of 1.4702(17)
Å is consistent with the distances found for other rhodium η2-
peroxido complexes.99,100,122,128–133 The values for the Rh–C,
CvC as well as the C–F bond lengths of the pentafluoropropenyl
ligand are comparable to these found for complex 13.83 For late
transition-metal complexes the rhodium complexes [Rh(µ–κ1:η2-
O2)(PhBP3)]2 [PhBP3 = tris(methylenediphenylphosphane)phenyl-
borate] and [Rh(Cl)(µ–κ1:η2-O2)(PPh3)2]2 as well as the palladium
complex [{Pd(κ2-TpiPr)}2(µ–κ1:η2-O2)(py)] [Tp

iPr = hydridotris(3,5-
diisopropylpyrazolyl)-borato] are the only three precedents
reported in the literature which exhibit such an unusual µ–κ1:η2-
O2-bridging mode.134–137

Conclusions

In this paper we report on the synthesis of the 16 electron
rhodium(I) germyl complex [Rh(GePh3)(PEt3)3] (3) and its reac-
tivity towards highly fluorinated substrates. The studies

Fig. 9 An ORTEP diagram of 14a. Ellipsoids are drawn at the 50% prob-
ability level. C–H hydrogen atoms were omitted for clarity.

Table 4 Selected distances [Å] and angles [°] in [Rh{(E)-CFvCF(CF3)}
(µ–κ1:η2-O2)(PEt3)2]2 (14a)

Lengths [Å]
Rh1–O1 2.1542(12) O2–O2i 3.5561(17)
Rh1i–O1 2.0954(12) O1–O2i 2.7737(18)
Rh1–O2 1.9988(13) C13–C14 1.331(3)
Rh1–P1 2.2900(5) C13–F1 1.400(2)
Rh1–P2 2.3411(5) C14–F2 1.372(2)
Rh1–C13 1.9999(19) Rh1–Omiddle 1.9436(13)
O1–O2 1.4702(17) Rh1i–Omiddle 2.3598(13)
O1–O1i 2.6578(18)
Angles [°]
O1–Rh1–P1 90.15(3) O2–O1–Rh1 63.70(7)
O1–Rh1–P2 119.91(4) O2i–O1i–Rh1 101.94(8)
O2–Rh1–P1 81.20(4) O2–Rh1–C13 109.93(6)
O2–Rh1–P2 160.71(4) C13–Rh1–O1 150.90(6)
P2–Rh1–P1 106.315(18) C13–Rh1–O1i 99.79(6)
O2–Rh1–O1 41.25(5) C13–Rh1–P1 87.99(5)
O1–Rh1–O1i 77.42(5) C13–Rh1–P2 88.36(5)
O2–Rh1–O1i 85.26(5) Rh1–O1–Rh1i 102.58(5)
O1i–Rh1–P1 166.07(4) O1–O2–Rh1 75.05(7)
O1i–Rh1–P2 85.59(4)Fig. 8 Part of the 31P{1H} NMR spectrum of complex 12; simulated

(below) observed (above) using the following coupling constants (Hz):
1J (Rh,Pa) = 145.3, 1J (Rh,Pb) = 120.3 2J (Pa,Pb) = 39.3, 3J (Pa,Fα) = 4.7, 4J (Pa,
Fβ) = 6.7, 5J (Pa,F) = 0.8, 3J (Pb,Fα) = 24.4, 4J (Pb,Fβ) = 10.6, 5J (Pb,F) = 1.5.
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revealed that the germyl complex 3 is a useful tool for C–F
bond activation reactions which extend the range of suitable
rhodium(I) complexes in this field. It was found that the for-
mation of 3, reacting [Rh(CH3)(PEt3)3] (3) with HGePh3, was
initiated via a PEt3 dissociation at fac-[Rh(GePh3)(H)(CH3)-
(PEt3)3] (5) and recoordination. For the preferred formation of
the C–F activation product [Rh(2-C5NF4)(PEt3)3] (11) a ligand-
assisted process is conceivable, which involves an interaction
of the germyl ligand with a fluorine atom. This conversion
extends the range of C–F activation reactions at rhodium(I)
complexes such as [Rh(H)(PEt3)3], [Rh(Bpin)(PEt3)3], [Rh(Bcat)-
(PEt3)3], [Rh(SiPh3)(PMe3)3] or [Rh{Si(OEt)3}(PEt3)3].

56,81,85,91,117

The treatment of the germyl complex 3 with hexafluoropropene
led to a new C–F activation product [Rh{(E)-CFvCF(CF3)}-
(PEt3)3] (12) as a major product. Exposure of 12 to an oxygen
atmosphere gave the dinuclear peroxido-bridged rhodium
complex [Rh{(E)-CFvCF(CF3)(µ–κ1:η2-O2)(PEt3)2]2 (14) which
exhibits a rare coordination mode of the O2 moiety.

Experimental
General methods and instrumentations

The synthetic work was carried out with a Schlenk line or in a
glove box under an atmosphere of argon. All solvents were
purified and dried by conventional methods and distilled
under an atmosphere of argon before use. [D6]Benzene, [D8]thf
and [D8]toluene were dried by stirring over Na/K and then dis-
tilled. Triphenylgermane was obtained from ABCR and used
without further purification. [Rh(H)(PEt3)3] (1) and [Rh(CH3)-
(PEt3)3] (4) were prepared according to the literature.87,138,139

The NMR spectra were acquired on a Bruker DPX 300, Bruker
Avance 300 or Bruker Avance 400 spectrometer. The 1H and
13C NMR chemical shifts were referenced to residual [D5]
benzene at δ = 7.15 ppm, [D7]thf at δ = 1.73 ppm or [D7]toluene
at δ = 2.09 ppm. The 19F NMR spectra were referenced to exter-
nal CFCl3 at δ = 0.0 ppm. The 31P{1H} NMR spectra were refer-
enced externally to 85% H3PO4 at δ = 0.0 ppm. Infrared spectra
were recorded on a Bruker Vertex 70 spectrometer that was
equipped with an ATR unit (diamond). Mass spectrometry was
measured with a Micromass Q-TOF-2 mass spectrometer
which was equipped with a Linden LIFDI source (Linden CMS
GmbH). Microanalyses were performed with a HEKAtech Euro
EA 3000 elemental analyzer.

Synthesis of [Rh(GePh3)(H)2(PEt3)3] (2). (a) A solution of
HGePh3 (113 mg, 0.37 mmol) in n-hexane (2 mL) was added to
a solution of [Rh(H)(PEt3)3] (1) (170 mg, 0.37 mmol) in
n-hexane (4 mL). The reaction mixture turned from dark red to
pale yellow within seconds. After stirring for 30 min the reac-
tion mixture was filtered. The residue was washed twice with
n-hexane (3 mL) and dried in vacuo to obtain 2 as a pale yellow
solid. Yield 257 mg (89%).

(b) A slow stream of hydrogen was bubbled through a solu-
tion of [Rh(GePh3)(PEt3)3] (3) (153 mg, 0.20 mmol) in n-hexane
(5 mL) for 2 min at room temperature. The solution turned
from dark red to yellow. After stirring for 30 min a pale yellow

solid precipitated. The solvent was filtered of and the residue
was dried in vacuo to obtain 2 as a pale yellow solid. Yield
137 mg (90%). Analytical data for 2: C36H62GeP3Rh (764.34):
calcd C, 56.64; H, 8.19; found: C, 56.87; H, 8.21. IR (ATR)
ν̃ (cm−1): 2025, 1968 (RhH2).

1H NMR (500.1 MHz, [D8]thf ): δ =
7.59 (m, dd in the 1H{31P} NMR spectrum, 3J (H,H) = 8, 4J (H,H)
= 2 Hz, 6H; Ph), 7.07–6.99 (m, 9H; Ph), 1.80 (m, q in the 1H
{31P} NMR spectrum 3J (H,H) = 8 Hz, 6H; PCH2CH3), 1.50 (m,
q in the 1H{31P} NMR spectrum 3J (H,H) = 8 Hz, 12H; PCH2CH3),
1.17 (dt, 3J (H,P) = 13, 3J (H,H) = 8 Hz, 9H; PCH2CH3), 0.87 (dt,
3J (H,P) = 14, 3J (H,H) = 8 Hz, 18H; PCH2CH3), −11.28 (m, 1J (Rh,
Pa) = 1J (Rh,Pa′) = 100.6, 1J (Rh,Pb) = 95.7, 2J (Pa,Pb) = 2J (Pa′,Pb) =
22.1, 2J (Pa,Pa′) = 20.3, 1J (Rh,Hx) = 1J (Rh,Hx′) = 13.7, 2J (Pa,Hx) =
2J (Pa′,Hx′) = 133.7, 2J (Pa′,Hx) = 2J (Pa,Hx′) = −21.1, 2J (Pb,Hx) =
2J (Pb,Hx′) = 16.8, 2J (Hx,Hx′) = 4.8 Hz, 2H; RhH) ppm. The coup-
ling constants were determined by simulation with gNMR.88
31P{1H} NMR (121.5 MHz, [D6]benzene): δ = 15.5 (dt, 1J (Rh,P) =
100, 2J (P,P) = 20 Hz, 1P), 11.1 (dd, 1J (Rh,P) = 96, 2J (P,P) = 20 Hz,
2P) ppm. MS (LIFDI, toluene), m/z: 764 [M]+.

Synthesis of [Rh(GePh3)(PEt3)3] (3). (a) A solution of
[Rh(GePh3)(H)2(PEt3)3] (2) (118 mg, 0.15 mmol) in benzene
(2 mL) was treated with neohexene (50 µL, 0.38 mmol). The
reaction mixture was stirred for 2 h at room temperature. All
volatiles were removed in vacuo and a dark red solid remained.
Yield 113 mg (99%).

(b) A solution of [Rh(CH3)(PEt3)3] (3) (153 mg, 0.32 mmol)
in n-hexane (4 mL) was treated with a solution of HGePh3

(98 mg, 0.32 mmol) in n-hexane (1 mL). The reaction mixture
was stirred for 30 min at room temperature. All volatiles were
removed in vacuo. A dark red solid was obtained. Yield 242 mg
(98%). Analytical data for 3: C36H60P3GeRh (761.32): calcd C,
56.79; H, 7.94; found: C, 56.68; H, 7.95. 1H NMR (300.1 MHz,
[D6]benzene): δ = 8.10 (m, 6H; Ph), 7.20 (m, 6H; Ph), 7.18 (m,
3H; Ph), 1.66–1.40 (m, 18H; PCH2CH3), 1.20–0.76 (m, 27H;
PCH2CH3) ppm. 31P{1H} NMR (121.5 MHz, [D6]benzene) δ = 11.1
(dd, 1J (Rh,P) = 143, 2J (P,P) = 36 Hz, 2P), 6.5 (dt, 1J (Rh,P) = 136,
2J (P,P) = 36 Hz, 1P) ppm. MS (LIFDI, toluene), m/z: 762 [M]+.

Formation of fac-[Rh(GePh3)(H)(CH3)(PEt3)3] (5). A solution
of HGePh3 (20 mg, 65 µmol) in [D8]toluene (0.1 mL) was
added to a solution of [Rh(CH3)(PEt3)3] (4) (31 mg, 65 µmol) in
[D8]toluene (0.4 mL) at 183 K. The NMR spectroscopic data of
the reaction solution at 203 K revealed a complete conversion
of 4 into 5. Analytical data for 5: 1H NMR (300.1 MHz, [D8]-
toluene, 203 K) δ = 8.19 (d, 3J (H,H) = 7 Hz, 6H, Ph), 7.32 (m,
6H; Ph), 7.22 (m 3H;Ph), 1.63 (m, 6H; PCH2CH3), 1.47 (m, 9H;
PCH2CH3), 1.00–0.60 (m, 30H; PCH2CH3), 0.16 (br s, 3H; CH3),
−10.69 (ddt, d in the 1H{31P} NMR spectrum, 2J (H,Ptrans) = 157,
2J (H,Pcis) = 20, 1J (H,Rh) = 11, 2J (H,Pcis) = 12 Hz, 1H; RhH)
ppm. 31P{1H} NMR (121.5 MHz, [D8]toluene, 203 K) δ = 13.1
(dt, 1J (Rh,P) = 93, 2J (P,P) = 21 Hz, 1P; P trans to H), 9.4 (dt,
1J (Rh,P) = 87, 2J (P,P) = 22 Hz, 1P), 5.7 (dt, 1J (Rh,P) = 91,
2J (P,P) = 22 Hz, 1P) ppm. 1H,31P HMBC NMR (400.1 MHz/
161.9 MHz, [D8]toluene, 203 K) δ = −10.6/13 (d in the 1H
domain, 2J (H,P) = 157 Hz; RhH) ppm.

Formation of [Rh(GePh3)(H)(CH3)(PEt3)2] (6). (a) A solution
of fac-[Rh(GePh3)(H)(CH3)(PEt3)3] (5) (65 µmol) in [D8]toluene
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(0.5 mL) was generated in situ by treatment of [Rh(CH3)(PEt3)3]
(4) (31 mg, 65 µmol) with HGePh3 (20 mg, 65 µmol) at 203 K
and was allowed to warm up to 213 K. The NMR spectroscopic
data of the reaction solution revealed after 30 min the inter-
mediate formation of [Rh(GePh3)(H)(CH3)(PEt3)2] (6) along
with [Rh(GePh3)(PEt3)3] (3), free PEt3 and unreacted 5 in a ratio
1 : 8 : 1 : 16. Selected NMR data for 6: 1H NMR (300.1 MHz,
[D8]toluene, 213 K): δ = 0.26 (br s, 3H; CH3), −11.53 (dt, d in
the 1H{31P} NMR spectrum 1J (H,Rh) = 15, 2J (H,Pcis) = 16 Hz;
RhH) ppm. The signals for the ethyl and phenyl groups in 6
are covered by resonances of [Rh(GePh3)(PEt3)3] (3) and fac-
[Rh(GePh3)(H)(CH3)(PEt3)3] (5). 31P{1H} NMR (121.5 MHz,
[D8]toluene, 213 K): δ = 19.3 (d, 1J (Rh,P) = 115 Hz) ppm. 1H,31P
HMBC NMR (400.1 MHz/161.9 MHz, [D8]toluene, 203 K): δ =
−11/19 (s; RhH) ppm.

Synthesis of [Rh(GePh3)(CO)2(PEt3)2] (7). A slow stream of
CO was passed for 1 min through a solution of [Rh(GePh3)-
(PEt3)3] (3) (68 mg, 89 µmol) in benzene (2 mL) at room temp-
erature. The solution turned from dark red to yellow. After stir-
ring for 30 min all volatiles were removed in vacuo. The residue
was washed once with n-hexane (1 mL) and 7 was obtained as
a yellow solid. Yield 58 mg (93%). Analytical data for 7:
C32H45GeO2P2Rh (701.20): calcd C, 54.97; H, 6.49; found: C,
55.07; H, 6.49. IR (ATR) ν̃ (cm−1): 1964, 1912 (CO). 1H NMR
(300.1 MHz, [D6]benzene): δ = 8.02 (m, 6H; Ph), 7.28 (m, 6H;
Ph), 7.20–7.13 (m, 3H; Ph), 1.28 (m, q in the 1H{31P} NMR
spectrum 3J (H,H) = 8 Hz, 12H; PCH2CH3), 0.81 (dt, 3J (H,P) =
15, 3J (H,H) = 8 Hz, 18H; PCH2CH3) ppm. 13C{1H} NMR
(75.5 MHz, [D8]thf): δ = 202.4 (dt, 1J (C,Rh) = 65, 2J (C,P) = 1 Hz,
CO), 148.4 (s; Ph), 136.8 (s; Ph), 128.1 (s; Ph) 128.0 (s; Ph), 21.2
(m, 1J (C,P) = 11 Hz; PCH2CH3), 8.5 (s; PCH2CH3) ppm, the
assignment of the signals is supported by a 1H,13C HMBC NMR
spectrum. 31P{1H} NMR (121.5 MHz, [D6]benzene): δ = 13.7 (d,
1J (Rh,P) = 111 Hz) ppm. MS (LIFDI, toluene), m/z: 700 [M]+.

Formation [Rh(4-C5NF4)(PEt3)3] (8). 2,3,5,6-Tetrafluoropyri-
dine (2 μL, 0.020 mmol) was added to a solution of [Rh(GePh3)-
(PEt3)3] (3) (15 mg, 0.020 mmol) in [D6]benzene (0.5 mL). After
16 h the quantitative formation of 8 and HGePh3 was observed
by NMR spectroscopy. Complex 8 was identified by compari-
son of its NMR data with the literature.85

Formation of [Rh(C6F5)(PEt3)3] (9). (a) Hexafluorobenzene
(0.2 mL) was added to a solution of [Rh(GePh3)(PEt3)3]
(18.2 mg, 0.024 mmol) in n-hexane (0.2 mL) in a PFA NMR
tube. After 5 d at 323 K the quantitative formation of 9 and
FGePh3 was observed by NMR spectroscopy. Complex 9 and
FGePh3 were identified by comparison of their NMR data with
the literature.91,140

(b) Pentafluorobenzene (2 μL, 0.018 mmol) was added to a
solution of [Rh(GePh3)(PEt3)3] (3) (14 mg, 0.018 mmol) in
[D6]benzene (0.5 mL). After 36 h the quantitative formation of
9 and HGePh3 was observed by NMR spectroscopy. Complex 9
was identified by comparison of its NMR data with the
literature.91

Formation [Rh(4-C6F4CF3)(PEt3)3] (10). Octafluorotoluene
(3 μL, 0.021 mmol) was added to a solution of [Rh(GePh3)-
(PEt3)3] (16 mg, 0.021 mmol) in [D8]toluene (0.4 mL) in a PFA

NMR tube. After 36 h at 323 K the quantitative formation of 10
and FGePh3 was observed by NMR spectroscopy. Complex 10
and FGePh3 were identified by comparison of their NMR data
with the literature.91,140

Formation of [Rh(2-C5NF4)(PEt3)3] (11) and [Rh(4-C5NF4)-
(PEt3)3] (8). Pentafluoropyridine (2.5 μL, 0.023 mmol) was
added to a solution of [Rh(GePh3)(PEt3)3] (3) (17.9 mg,
0.023 mmol) in [D6]benzene (0.5 mL). After 23 h the quantitat-
ive formation of 11 and 8 in a 10 : 1 ratio as well as the for-
mation of FGePh3 was observed by NMR spectroscopy.
Complex 11, 8 and FGePh3 were identified by comparison of
their NMR data with the literature.56,85,140

Formation of [Rh{(E)-CFvCF(CF3)}(PEt3)3] (12) and [Rh{(Z)-
CFvCF(CF3)}(PEt3)3] (13). A slow stream of hexafluoropropene
was bubbled for 30 s through a solution of [Rh(GePh3)(PEt3)3]
(3) (30 mg, 0.039 mmol) in n-hexane (3 mL) in a PFA tube.
After stirring for 8 h at room temperature all volatiles were
removed in vacuo. The NMR spectroscopic data of the residue
reveal the formation of 12 and 13 in a 3 : 1 ratio as well as the
formation of FGePh3 and some unidentified fluorine contain-
ing species. Complex 13 and FGePh3 were identified by com-
parison of the NMR data with the literature.83,140 Selected
NMR data for 12: 19F NMR (282.4 MHz, [D6]benzene): δ =
−64.4 (m, 3F; CF3), −78.1 (m, 1F; Fα), −148.0 (m, 1F; Fβ) ppm.
31P{1H} NMR (121.5 MHz, [D6]benzene): δ = 18.4 (dddtm,
1J (Rh,Pb) = 120.3, 2J (Pa,Pb) = 39.3, 3J (Pb,Fα) = 24.4, 4J (Pb,Fβ) =
10.6, 1P; Pb), 11.6 (ddddm, 1J (Rh,Pa) = 145.3, 2J (Pa,Pb) = 39.3,
3J (Pa,Fα) = 6.7, 4J (Pa,Fβ) = 4.7, 5J (Pa,F) = 0.8, 2P; Pa) ppm. The
coupling constants were determined by simulation with
gNMR.88 19F,13C{1H} HMBC NMR (282.4 MHz/75.4 MHz,
[D6]benzene) δ = −64/123 (dm, 1J (C,F) = 267 Hz; CF3), −78/190
(dm, 1J (C,F) = 323 Hz; Cα–Fα), −148.0/140 ppm (dm, 1J (C,F) =
231 Hz; Cβ–Fβ).

Synthesis of [Rh{(E)-CFvCF(CF3)}(µ–κ1:η2-O2)(PEt3)2]2
(14). A slow stream of hexafluoropropene was bubbled for 30 s
through a solution of [Rh(GePh3)(PEt3)3] (3) (153 mg,
0.17 mmol) in toluene (7 mL) in a PFA tube. After stirring for
12 h at room temperature all volatiles were removed in vacuo.

The quantitative formation of [Rh{(E)-CFvCF(CF3)}(PEt3)3]
(12) and [Rh{(Z)-CFvCF(CF3)}(PEt3)3] (13) in a 6 : 1 ratio as
well as the formation of FGePh3 was observed by NMR spectro-
scopy. The residue was dissolved in benzene (5 ml) and a slow
stream of oxygen was bubbled for 30 s through the reaction
mixture at 223 K. The solution was allowed to warm up slowly
to room temperature. After stirring for 20 min all volatiles were
removed in vacuo. The residue was washed twice with n-hexane
(2 mL) and 14 was obtained as a yellow solid after crystalliza-
tion of a statured toluene/n-hexane solution at 243 K. Yield
21 mg (25%). Analytical data for 14: C30H60F10O4P4Rh2

(1004.48): calcd C, 35.87; H, 6.02; found: C, 36.15; H, 5.75. 1H
NMR (300.1 MHz, [D6]benzene): δ = 1.93 (m, 12H; PCH2CH3),
1.71 (m, 12H; PCH2CH3) 1.01 (m, t in the 1H{31P} NMR spec-
trum 3J (H,H) = 8 Hz, 36H; PCH2CH3) ppm. 19F NMR
(282.4 MHz, [D6]benzene): δ = −65.5 (dd, 3J (F,Fβ) = 16, 4J (F,Fα)
= 8 Hz, 6F; CF3), −66.5 (dm, 3J (Fα,P) = 29 Hz, 2F; Fα), −143.6
(qm, 4J (Fβ,F) = 16 Hz, 2F; Fβ) ppm. 31P{1H} NMR (121.5 MHz,
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[D6]benzene): δ = 26.4 (dd, 1J (Rh,P) = 121, 3J (P,F) = 29 Hz)
ppm. MS (LIFDI, toluene), m/z: 1004 [M]+.

Structure determination

Suitable crystals of 2, 7 and 14a/b were obtained from satu-
rated toluene/n-hexane solutions at 243 K. Dark red crystals of
3 were obtained by slow evaporation of the solvent from a
n-hexane solution at 243 K. Data collections for 2, 14a and 14b
were performed at 100 K with a Bruker D8 Venture area detec-
tor and on a STOE IPDS 2θ for 3 and 7.

The structures were solved by intrinsic phasing (2, 14a and
14b) and by direct methods (3 and 7) (SHELXS-2013) and
refined by full matrix least-squares procedures based on F2

with all measured reflections (SHELXL-2013).141–143 The
SADABS program was used for multi-scan absorption correc-
tions for 2, 14a and 14b and PLATON was used for multi-scan
absorption correction of 3 and 7.144,145 All non-hydrogen
atoms were refined anisotropically. All hydrogen atom posi-
tions were placed at their idealized positions and were refined
using a riding model except for the rhodium bound hydrogen
atoms in 2, which were found on the electron density map and
freely refined. CCDC 1438402 (for 2), 1438403 (for 3), 1438404
(for 7), 1438405 (for 14a) and 1438406 (for 14b) contain the
crystallographic data (Table 5).

Computational methods

The calculations were run using the Gaussian 09 (Revision
D.01) program package146 and the B3LYP functional. Plausible
ligand arrangements for [Rh(GePh3)(H)(CH3)(PEt3)2] were opti-
mized and the structure 6a turned out to be the minimum.
The cc-pVTZ basis sets were employed for all rhodium-bound
atoms (cc-pVDZ for all other carbon and hydrogen atoms)

except for germanium, which was described on using RECPs
with the associated cc-pVTZ-PP basis set.147 Rhodium was also
described on using RECPs with the associated cc-pVTZ-PP
basis set.148 Frequency calculations were run for all stationary
points to identify them as minima (no negative eigenvalues).
Energies were corrected for zero-point energy.
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