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A set of bimetallic complexes based on iridium and rhodium
with bis(diphenylphosphino)methane, bis(di-iso-
propylphosphino)methane, diphenyl-2-pyridylphosphine and 2-
(di-iso-propylphosphino)imidazole bridging ligands was pre-
pared. The complexes were characterized by NMR and IR
spectroscopy and studied quantum-chemically using DFT

methods. The bimetallic systems succeeded in catalytic hydro-
defluorination reactions of lower fluorinated aryl fluorides using
molecular hydrogen and sodium tert-butoxide as a base. Effects
of (i) ligand variation, (ii) mono- vs bimetallic nuclearity, and (iii)
Ir vs Rh metal identity were studied and rationalized en route to
achieve an effective hydrodefluorination.

Introduction

Bimetallic transition metal complexes gain increasing attention
due to their potential for unique reactivities and selectivities that
may be absent for respective mononuclear metal catalysts.[1] For
instance, heterobinuclear complexes bearing two different metal
centers can afford catalytic conversion in a cooperative way. A
wide variety of late-late transition metal complexes were
synthesized by using bridging ligands such as
bis(diphosphino)methane[2] or 2-(diphenylphosphino)pyridine
(PPh2py).

[1m,3] Cowie et al. reported several compounds character-
ized by various metal combinations including Ir/Ir,[2c,o] Rh/Rh,[4] Ir/
Rh,[2c,e,i,k,°,p] Ir/Ru,[2m,n] and Ir/Os.[2f,g,m] The Ir/Ir carbonyl complexes
[Ir2(CH3)(CO)2(dppm)2][CF3SO3] (dppm=

bis(diphenylphosphino)methane) and [Ir2(CO)3(μ-
H)(depm)2][BAr

F
4] (depm=bis(diethylphosphino)methane en-

abled the C� F bond activation reactions of various polyfluori-
nated ethylene derivatives.[5] Heterobimetallic complexes (Ir/Pd
or Ru/Pd) bearing 1,2,4-triazolyl-3,5-dilyidene ligands were supe-
rior when compared to the monometallic or homobimetallic
counterparts in catalytic tandem reactions,[1e] such as Suzuki-

Miyaura couplings and transfer hydrogenations,[1c] as well as
hydrodefluorination and transfer hydrogenation reactions.[1a] In
the last decade, three different bimetallic systems have been
used to achieve hydrodefluorination reactions of lower fluori-
nated aryl fluorides using sodium tert-butoxide as a base and a
hydrogen source (Scheme 1).[1a,b,n] A Ru/Pd based catalyst was
capable of hydrodefluorination of fluorobenzenes to yield
benzene when using iPrOH as hydrogen source at 80 °C. It was
proposed that the Ru center facilitates the dehydrogenation of
iPrOH, and the Pd site mediates the C� F bond activation.[1a] For
an In/Rh system dihydrogen was used as hydrogen source. The
In-containing moiety was introduced as a σ-acceptor Z-type
ligand to stabilize a reactive Rh(� I) species, which is responsible
for cleaving the C� F bond. Corresponding Al/Rh and Ga/Rh
bimetallic complexes were less active in thermal hydrodefluorina-
tion reactions, and it was proposed that the electronic properties
of the system can be tuned by the right choice of the main
group metal.[1b] The Ga/Rh bimetallic system was also applied to
achieve the C� F bond activation under photolytic conditions.[1n]

Commonly, monometallic systems are used to achieve hydro-
defluorination of aryl fluorides at aromatics, and the C� F bond
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Scheme 1. Heterobimetallic Ru/Pd, In/Rh and Ga/Rh complexes previously
reported for the hydrodefluorination of fluorobenzene.[1a,b]
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activation is promoted by the formation of stable bonds, such as
H� F, Al� F, B� F or Si� F bonds among others.[6]

Herein, we report on the synthesis, spectroscopic character-
ization, and density functional theory (DFT) calculations of
bimetallic complexes bearing Ir and/or Rh centers bridged by
bidentate phosphine ligands. Catalytic hydrodefluorination of
aryl C� F bonds was achieved, and activities were observed under
one atmosphere of dihydrogen using sodium tert-butoxide as
stoichiometric base.

Results and Discussion

Treatment of [Ir(μ-Cl)(COD)]2 with four equivalents of either
bis(diphenylphosphino)methane (dppm), bis(di-iso-
propylphosphino)methane (dippm), diphenyl-2-pyridylphosphine
(PPh2py) or 2-(di-iso-propylphosphino)imidazole (PiPr2Imd) and
subsequently with CO led to the formation of the mononuclear
Ir(I) complexes [Ir(CO)(dppm)2]Cl (1aIr), [Ir(CO)(dippm)2]Cl (1bIr),
trans-[IrCl(CO)(PPh2py)2] (1cIr) and trans-[IrCl(CO)(PiPr2Imd)2] (1dIr)
(Scheme 2). The complexes 1aIr and 1cIr have been reported
before, but were synthesized via a different reaction route.[3b,7]

Additionally, Vaska-type complexes [Ir(CO)L2X] (L=phosphine,
X=halide) similar to 1dIr have been recently reported.[8] All
complexes were characterized by 1H NMR, 31P{1H} NMR and IR
spectroscopy (see Supporting Information). The 31P{1H} NMR
spectra of the complexes 1a–dIr reveal a singlet for the
phosphorus atoms of the phosphine ligands. The signals of the
complexes 1aIr appear at δ= � 56.9 ppm and 1bIr at δ=

� 46.6 ppm, whereas the complexes 1cIr show resonances at δ=

37.9 ppm and 1dIr at δ=28.9 ppm. The 1H NMR spectrum of 1dIr

reveals a broad signal for the NH group at δ=11.47 ppm. The
resonance appears at higher field when compared to the data
for the free phosphine (δ=11.74 ppm).[9] The IR spectrum of 1dIr

shows a very broad absorption band at ~v ¼3343 cm� 1 for the
N� H moiety. The N� H absorption frequency of the phosphine
PiPr2Imd (3090 cm� 1) exhibits broad absorption bands at lower
frequencies, which can be tentatively explained by (stronger)
hydrogen bonding interactions in the free phosphine. For all four

complexes 1a–dIr, very intense absorption bands for the CO
stretching modes were detected in the ATR IR spectra
(1926 cm� 1 for 1aIr, 1922 cm� 1 for 1bIr, 1971 cm

� 1 for 1cIr[3b] and
1944 cm� 1 for 1dIr), which is consistent with data of other
iridium-based Vaska type complexes.[10]

Attempts were also made to synthesize the monometallic
rhodium complexes corresponding to 1a–dIr. Unfortunately, only
the known complex trans-[RhCl(CO)(PPh2py)2] (1cRh) could be
obtained analytically pure by a synthetic route similar to the
described synthesis of complex 1cIr.

[11] The formation of complex
[Rh(CO)(dppm)2]Cl (1aRh) was observed in solution and 1aRh was
used for the synthesis of the bimetallic complex [IrRh(Cl)2(μ-
CO)(dppm)2] (2aIrRh) described below (Scheme 3). However, when
trying to isolate the complex 1aRh by recrystallization, the
compound started to decompose. The IR spectra of the 1aRh
sample shows a vibrational band at ~v ¼1936 cm� 1 comparable to
the one for complex [Rh(CO)(dppm)2]BF4 (1945 cm� 1)[12] and a
smaller band at ~v ¼1968 cm� 1. The 31P{1H} NMR spectrum of 1aRh
shows a very broad doublet at δ= � 21.4 ppm. An attempt to
prepare the rhodium complex [Rh(CO)(dippm)2]Cl (1bRh) by a
similar procedure used for the iridium complex 1bIr led to the
formation of [Rh(dippm)2]Cl

[13] instead due to the loss of CO. At
last, many attempts using different solvents to synthesize the
rhodium analogue of 1dIr, trans-[RhCl(CO)(PiPr2Imd)2] (1dRh),

Scheme 2. Synthesis of the monometallic Ir(I) carbonyl phosphine com-
plexes. Scheme 3. Synthesis of 2aRhRh and heterobimetallic Ir(I)/Rh(I) complexes.[11]
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failed, which is most likely due cyclometallation of the imidazole
moiety of the ligand.[8]

The structures of the complexes 1a–cIr were determined by
X-ray crystallography, as depicted in Figures 1–3. Selected bond
lengths, angles and other interatomic distances are given in the
captions of the corresponding figures. Compound 1aIr crystallized
with a water molecule in the asymmetric unit. The structures of
the cations in 1aIr and 1bIr exhibit an arrangement intermediate
between trigonal bipyramidal and square pyramidal as reported
for [Ir(CO)(dppe)2]Cl (dppe=bis(diphenylphosphino)ethane).[14]

The geometry parameter τ5
[15] reveals that the structure of 1bIr

(τ5=0.37) is closer to a square-pyramidal coordination than the
structure of 1aIr (τ5=0.53). The molecular structure of 1cIr exhibits
a metal-ligand core with structural parameters very similar to the
Vaska complex [Ir(CO)(Cl)(PPh3)2].

[16] DFT modeling (see Support-

ing Information) reproduced the structural parameters of the X-
ray data of 1a–cIr very well, and offered a prediction for the
structure of 1dIr (Figure S39). As detailed in Table S2, the Ir bound
CO stretching mode frequencies observed by IR spectroscopy
(1922–1971 cm� 1) were also reproduced by the calculated values
(1910–1963 cm� 1) within a ~50 cm� 1 range. The DFT models of
the monometallic rhodium complexes 1aRh and 1cRh were based
on their iridium analogues and mirrored the experimentally
observed CO IR band energies with a deviation of 6 cm� 1 at
most.

Treatment of the iridium complexes 1a–dIr with [{Rh(μ-
Cl)(COE)2}2] led to formation of the corresponding bimetallic
complexes [IrRh(Cl)2(μ-CO)(dppm)2] (2aIrRh), [IrRh(Cl)2(μ-CO)(-
dippm)2] (2bIrRh), [IrRh(Cl)2(μ-CO)(PPh2py)2] (2cIrRh) and [IrRh(Cl)2(μ-
CO)(PiPr2Imd)2] (2dIrRh) (Scheme 3). For the synthesis of com-
pound 2cIrRh, the homobimetallic complex [Rh2(Cl)2(μ-
CO)(PPh2py)2] (2cRhRh) was also always formed additionally as a
minor product (2cIrRh:2cRhRh, 92 :8). Unfortunately, the solubilities
of both bimetallic complexes are comparable, and they could
not be separated, neither by recrystallization nor by solvent
extraction. By cooling the reaction to � 50 °C, 2cIrRh was obtained
with 8% impurity of 2cRhRh (estimated by 1H NMR spectroscopy,
see Supporting Information). Furthermore, the isotopologue of
2dIrRh [IrRh(Cl)2(μ-

13CO)(PiPr2Imd)2] (2d’IrRh) was obtained when
trans-[IrCl(13CO)(PiPr2Imd)2] (1d’IrRh) was treated with [{Rh(μ-
Cl)(COE)2}2]. By mixing a solution of 1aRh with [{Rh(μ-Cl)(COE)2}2],
the known homobimetallic complex [Rh2(Cl)2(μ-CO)(dppm)2]
(2aRhRh)[4] was obtained in good yields (Scheme 3). The literature-
known complex [Rh2(Cl)2(μ-CO)(PPh2py)2] (2cRhRh) was also synthe-
sized (Scheme 3) and used as precatalyst for the hydrodefluorina-
tion reactions described below.[11]

All binuclear complexes were characterized by 1H NMR, 31P
{1H} NMR and IR spectroscopy. The 31P{1H} NMR spectra of 2aIrRh
and 2bIrRh feature AA’BB’X spin systems for the phosphine
moieties bound to iridium and rhodium (2aIrRh, δ(PRh)=
23.7 ppm, δ(PIr)=14.2 ppm and 2bIrRh, δ(PRh)=44.0 ppm,
δ(PIr)=29.9 ppm). The 31P{1H} spectra were simulated and the

Figure 1. Structure of the cation in [Ir(CO)(dppm)2]Cl ·H2O (1aIr). Thermal
ellipsoids are drawn at 50% probability level. Carbon bound hydrogen
atoms were omitted for clarity. Selected bond lengths [Å] and bond angles
[°]: Ir1� C1 1.887(2); Ir1� P1 2.3222(9); Ir1� P2 2.3515(11); Ir1� P3 2.3770(9);
Ir1� P4 2.3079(10); C1� O1 1.154(3); C1� Ir1� P4 98.59(6); C1� Ir1� P1 95.54(6);
P4� Ir1� P1 165.580(18); C1� Ir1� P2 118.85(7); P4� Ir1� P2 100.25(4); P1� Ir1� P2
70.11(4); C1� Ir1� P3 133.92(6); P4� Ir1� P3 70.44(3); P1� Ir1� P3 101.54(3);
P2� Ir1� P3 107.20(4); O1� C1� Ir1 175.98(19).

Figure 2. Structure of the cation in [Ir(CO)(dippm)2]Cl (1bIr). Thermal
ellipsoids are drawn at 50% probability level. Carbon bound hydrogen
atoms and the non-interacting CH2Cl2 solvent molecule were omitted for
clarity. Selected bond lengths [Å] and bond angles [°]: Ir1� C1 1.9040(16);
Ir1� P2 2.3368(4); Ir1� P4 2.3443(4); Ir1� P3 2.3457(4); Ir1� P1 2.3577(4); O1� C1
1.150(2); C1� Ir1� P2 96.59(5); C1� Ir1� P4 98.49(5); P2� Ir1� P4 164.849(14);
C1� Ir1� P3 110.02(5); P2� Ir1� P3 105.275(15); P4� Ir1� P3 70.764(14);
C1� Ir1� P1 107.61(5); P2� Ir1� P1 70.872(15); P4� Ir1� P1 102.947(15);
P3� Ir1� P1 142.359(14); O1� C1� Ir1 178.13(15).

Figure 3. Molecular structure of [Ir(CO)(Cl)(PPh2py)2] (1cIr). Thermal ellipsoids
are drawn at 50% probability level. Carbon bound hydrogen atoms and the
non-interacting CH2Cl2 solvent molecule were omitted for clarity. Selected
bond lengths [Å] and bond angles [°]: Ir1� C1 1.785(8); Ir1� P1 2.3116(6);
Ir1� Cl1 2.373(3); C1� Ir1� P1 92.5(4); P1� Ir1� P1 180.0; C1� Ir1� Cl1 179.3(4).
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chemical shifts of the signals are comparable to those of other Ir/
Rh bimetallic complexes.[2a,d,o] (Figure 4). The 2JP,P coupling
constants of the phosphorus atoms in a mutually trans position
appear in a typical range (349–436 Hz).[17] The 1JP,Rh couplings
(2aIrRh, 1JP,Rh=122 Hz and 2bIrRh,

1JP,Rh=120 Hz) are also compara-
ble to the ones found for square-planar Rh(I) carbonyl chlorido
compounds.[2°,18] The 31P{1H} NMR spectrum of the complex 2cIrRh
reveals two doublets of doublets. The signal at δ=52.5 ppm
(1JP,Rh=148 Hz, 4JP,P=17 Hz) can be assigned to the Rh(I)-bound
phosphine atom. Notably, the phosphine rhodium coupling is
larger than for the monometallic complex [Rh(CO)(Cl)(PPh2py)2]
(1cRh) (

1JP,Rh=128 Hz).[19] The second signal at δ=12.6 ppm can
be assigned to the Ir(I)-bound phosphine atom with a small 3JP,Rh
coupling constant of 5 Hz. The 4JP,P coupling constant of 17 Hz is
consistent with values reported for 2cRhRh (1JP,Rh=144 Hz, 4JP,P=

16 Hz, 3JP,Rh=7 Hz).[11] The 1H NMR spectrum of complex 2dIrRh

features a broad signal for the proton of the NH group at δ=

11.85 ppm that is more downfield shifted than the signal for the
NH group of the monometallic complex 1dIr (δ=11.47 ppm).
Furthermore, the IR spectrum of 2dIrRh reveals a very broad
absorption band at ~v ¼3128 cm� 1 for the N� H moiety, which is
shifted to lower frequency compared to the N� H absorption
frequency of 1dIr at 3343 cm

� 1. Both absorption bands indicate
the presence of hydrogen bonding.[9] The 31P{1H} NMR spectrum
of 2dIrRh exhibits a doublet at δ=23.0 ppm (3JP,Rh=3 Hz). An
additional doublet with a 2JP,C of 6 Hz was detected in the 31P{1H}
NMR spectrum of the 13CO-isotopologue 2d’IrRh.[20] A doublet of
triplets (1JC,Rh=41 Hz, 2JC,P=6 Hz) in the 13C{1H} NMR spectrum at
δ=218.5 ppm can be attributed to the 13CO ligand. The down-
field shift is due to the bridging nature of the CO ligand.[21] The
31P{1H} NMR spectrum of 2aRhRh reveals an AA’A’’A’’’X pattern at
δ=20.5 ppm for the four phosphines instead of the reported
doublet.[4] The ATR IR spectra of the complexes 2a–cIrRh show
vibrational bands for the bridging CO ligands at 1735 cm� 1 for
2aIrRh, 1729/1722 cm� 1 for 2bIrRh, and 1772 cm� 1 for 2cIrRh. For

2dIrRh, an absorption band shifted to lower frequency at
1699 cm� 1 was found. However, in thf solution two bands were
found at 1703 cm� 1 and 1760 cm� 1 (Figure S27). The former can
be attributed to molecules that exhibit intermolecular hydrogen
bonding (see below). For the homobimetallic Rh/Rh complexes,
the CO bands at 1750 cm� 1 for 2aRhRh and 1790 cm� 1 for 2cRhRh
are shifted to higher frequency with respect to the correspond-
ing bands of their Ir/Rh analogues.[21]

Single crystals of complexes 2aIrRh and 2cIrRh were obtained
and the structures were determined by X-ray diffraction, but the
quality of the obtained data sets is poor. For both structures the
metal centers are disordered (Rh : Ir, 2aIrRh 47 :53, 2cIrRh 48 :52)
(Figures 5 and 6). The molecular structures exhibit approximately
square-planar geometries about each metal center, with the two
coordination planes inclined towards each other through the

Figure 4. Simulated (bottom) and experimental (top) 31P{1H} NMR spectra of
[IrRh(Cl)2(μ-CO)(dppm)2] (2aIrRh) (left) and [IrRh(Cl)2(μ-CO)(dippm)2] (2bIrRh)
(right). The following coupling constants were obtained from the simulation
(labels in Scheme 3): 2aIrRh, δ=23.7 (2JPa,Pa’=433.5, 2JPa,Pb=81.2, 4JPa’,Pb=20.7,
1Jb,Rh=122.3 Hz) and 14.9 (2JPb,Pb’=403.5, 2JPa,Pb=81.2, 4JPa’,Pb=20.7, 3JPa,Rh=-
1.9 Hz) ppm; 2bIrRh δ=43.9 (2JPa,Pa’=377.3, 2JPa,Pb=75.3, 4JPa’,Pb=29.5,
1JPb,Rh=118.9 Hz) and 29.9 (2JPb,Pb’=348.6, 2JPa,Pb=75.3, 4JPa’,Pb=29.5, 3JPa,Rh=-
0.6 Hz) ppm.

Figure 5. Molecular structure of [IrRh(Cl)2(μ-CO)(dppm)2] (2aIrRh). Thermal
ellipsoids are drawn at 50% probability level. Carbon bound hydrogen
atoms and the non-interacting CH2Cl2 solvent molecule were omitted for
clarity.

Figure 6. Molecular structure of [IrRh(Cl)2(μ-CO)(PPh2py)2] · (2cIrRh). Thermal
ellipsoids are drawn at 50% probability level. Carbon bound hydrogen
atoms and the four non-interacting C6H6 molecules were omitted for clarity.
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bridging carbonyl ligand. The eight-membered RhIrP4C2 ring or
RhIrP2N2C2 ring adopt a twisted boat-like conformation, such that
the CH2 groups of 2aIrRh and pyridyl moieties of 2cIrRh are oriented
towards the bridging carbonyl group. Similar distorted A-frame
boat conformations with bridging carbonyl or halogen ligands
have been determined for other binuclear complexes.[2l,s,22]

Structural and vibrational properties of the bimetallic com-
plexes relevant to the experiment were further addressed using
their DFT models shown in Figure S40. An increase of ~0.1 Å in
the DFT-optimized Ir/Rh� Rh distances (2.67–2.79 Å, 2cRhRh<
2cIrRh<2dIrRh<2aRhRh<2aIrRh<2bIrRh, Table S2) is correlated with
a ~60 cm� 1 shift to lower frequency of the metal-bridging CO
stretching frequencies (1794–1732 cm� 1, 2cRhRh>2cIrRh>2dIrRh�

2aRhRh>2aIrRh>2bIrRh, Table S2) across the six bimetallic com-
plexes shown in Scheme 3, all having the [(Ir/Rh)Rh(Cl)2(μ-CO)]
fragment in common. Except for 2dIrRh (as explained below), this
arrangement of the calculated CO frequencies mirrors the order
of the experimental IR bands. The diminishing CO frequency
values are accompanied by a fine 0.012 Å extension of the C� O
bond length. At the same time, the Ir/Rh� CO distances remain
uncorrelated and display only a small spread of 0.04 Å. DFT
calculations also reproduce the observed ~20 cm� 1 CO frequency
shifts between 2aIrRh and 2cIrRh vs their homobimetallic analogues
2aRhRh and 2cRhRh, see Table S2, and associate it with a fine
0.005 Å extension of the C� O bond length upon exchange of Ir
to Rh as the 2nd metal center.

Complex 2dIrRh, which evaded successful crystallization,
constitutes a special case. The calculations initially predicted its
metal-bridging CO frequency notoriously overestimated by
~50 cm� 1 when compared to the band at 1699 cm� 1 in the ATR
IR specrum. In absence of an experimental structure, we
speculate that a strong intermolecular hydrogen bonding to the
CO oxygen is present in the solid sample of 2dIrRh. An addition of
either water (CO···H2O, 2dIrRh

H2O) or imidazole (CO···HN(Im),
2dIrRh

Im) molecule to the model (Figure S40) resulted in a shift of
the CO frequency to a lower vibrational energy (Table S2).
Among the two candidates, the model 2dIrRh

Im provided a better
match of 1695 cm� 1 to the IR band in the solid at 1699 cm� 1 and
the band at 1703 cm� 1 in solution. An interaction of the metal-
bound CO with a polar (Im)NH moiety from a neighboring
molecule of the same species is therefore our most viable
explanation for the low CO vibrational energy in 2dIrRh, among
the bimetallic species studied. This is in line with the 1H NMR and
IR spectroscopic data for the NH moiety in 2dIrRh (see above).

Activation of molecular hydrogen by the bimetallic com-
plexes 2a–dIrRh, 2aRhRh and 2cRhRh was studied, which might be of
interest for hydrodefluorination reactions.[23] Treatment of 2bIrRh

with H2 led to formation of the dihydrido complex [IrRh(Cl)2(H)(μ-
H)(μ-CO)(dippm)2] (3) (Scheme 4). In contrast, exposure of the
remaining heterobimetallic complexes 2aIrRh, 2cIrRh and 2dIrRh to
H2 led only to their decomposition. When both homobimetallic
complexes 2aRhRh and 2cRhRh were treated with H2, no reaction
occurred even after 14 days of exposure. The 31P{1H} NMR
spectrum of compound 3 shows an AA’BB’X pattern for the
phosphine moieties bound to iridium and rhodium (δ(PRh)=
48.7 ppm, δ(PIr)=19.7 ppm). The 1JP,Rh coupling constant of
complex 3 is only 10 Hz lower than for the starting compound

2bIrRh, indicating that the rhodium center remains in the
oxidation state + I.[18,24] The 1H NMR spectrum of 3 features a
triplet of doublet at δ= � 8.21 ppm for the terminal hydrido
ligand bound to iridium and a multiplet at δ= � 16.37 ppm for
the bridging hydrido ligand. Decoupling of phosphorus nuclei
led to doublets showing a coupling of both hydrido ligands to
rhodium (3JH,Rh=4 Hz for IrH and 1JH,Rh=29 Hz for μ-H). Notably,
no coupling between the two hydrido ligands was detected,
which is a known phenomenon for diphosphine-bridged A-frame
hydrides of iridium.[2°,25] The IR spectra of 3 shows a vibrational
band for the bridging CO ligand at 1761 cm� 1; the corresponding
DFT-calculated ~n(CO) frequency appears at 1762 cm� 1.

Structural determination of 3 by X-ray crystallography (Fig-
ure 7) revealed an iridium-rhodium distance of 2.83 Å and
showed that the carbonyl ligand is bonded more closely to the
iridium than to the rhodium center (Ir� C=1.93 Å; Rh� C=2.04 Å).
The positions of the hydrido ligands were fixed at a given
position and refined with restraints. The DFT modelling of 3
(Figure S41) are in accordance with the data (Ir� Rh=2.84, Ir� C=

1.95, Rh� C=2.08 Å), and also suggest the trans positions of the
hydrido ligands (with the metal-hydrido bonding parameters
refined to Ir/Rh-μH=1.84/1.71 Å for the bridging, and Ir� H=

1.62 Å for the terminal hydrides).
The bimetallic complexes prepared were then investigated

towards their catalytic activity in hydrodefluorination reactions of

Scheme 4. Activation of molecular hydrogen by 2bIrRh.

Figure 7. Molecular structure [IrRh(Cl)2(H)(μ-H)(H)(μ-CO)(dppm)2] · (3). Thermal
ellipsoids are drawn at 50% probability level. Carbon bound hydrogen
atoms were omitted for clarity. The positions of the hydrido ligands were
fixed at a given position and refined with restraints. Selected bond lengths
[Å] and bond angles [°]: Ir1� Rh1 2.8314(5); Ir1� C1 1.926(8); Rh1� C1 2.039(7);
C1� Ir1� Cl1 167.9(2); C1� Rh1� Cl2 123.5(2).
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1,2-difluorobenzene except for the iridium rhodium complex
2cIrRh, because of the impurity with the homobimetallic complex
2cRhRh (Scheme 5). When using the
bis(diphenylphosphino)methane complex 2aIrRh as precatalyst
and sodium tert-butoxide as base in thf-d8 at 80 °C for 2 days, the
generation of fluorobenzene and benzene with yields of 15%
and 4% was observed (Table 1, entry 1). The bis(di-iso-
propylphosphino)methane complexes 2bIrRh and 3 gave a yield
of fluorobenzene of only 8% and 3%, respectively (Table 1,
entries 2 and 6). The 2-(di-iso-propylphosphino)imidazole com-
plex 2dIrRh performed similarly to 2bIrRh with a yield of 8%. The
homobimetallic complex 2aRhRh performed markedly better than
heterobimetallic 2aIrRh (64% vs. 19% conversion). Finally, the
most active precatalyst was 2cRhRh. It resulted in the full
conversion of the substrate, a yield of 88% benzene, and an
overall TON of 38 (Table 1, entry 5). Complex 2cRhRh exhibits an
activity comparable to that reported for the bimetallic In/Rh
catalyst by Lu et al. (Scheme 1).[1b] Thus, by using a homodinu-
clear Rh complex instead of heterodinuclear Ir/Rh complexes,
better results in hydrodefluorination were obtained. Notably, the
catalysts described here and the compounds by Lu et al. are the
only two examples known where dihydrogen was used as
reductant for the homogeneous hydrodefluorination of lower-
fluorinated aryl fluorides. At lower temperatures (20 °C), almost
no conversion, and without any base no reactivities were
observed when using 2cRhRh. In a control experiment, either
without precatalyst 2cRhRh or without dihydrogen, no reactivity
was observed (Table 1, entries 7–10). To prove that the binuclear-

ity of the complexes is required, all monometallic complexes 1a–
dIr and 1cRh were also tested. No reactivities were observed for
the Ir complexes and only traces of fluorobenzene (~2%) were
detected when using 1cRh. Note that mono- and bimetallic Rh
hydrido complexes were applied in hydrodefluorination reactions
of highly fluorinated aromatic compounds.[23a,26]

To survey the scope of the most efficient catalyst 2cRhRh, a
variety of fluoroarenes were examined using the standard
conditions from the 1,2-difluorobenzene optimization
(Scheme 6). Fluorobenzene and para-fluoroanisole could be
converted into benzene and anisole after 2 days with a yield of
98% and 90%, respectively. For the hydrodefluorination of para-
fluorotoluene, an extension of the reaction time to 4 days is
needed to get a conversion of 96%. With the more electron-poor
para-fluorotrifluorotoluene, a quantitative hydrodefluorination
occurred after 1 day to yield trifluorotoluene, demonstrating that
2cRhRh activates selectively the aryl C� F bond. Finally, 1-fluoro-4-
iodobenzene as substrate was tested, showing a preference for
cleaving the weaker C� I bond over the C� F bond.

Scheme 5. Hydrodefluorination of 1,2-difluorobenzene with dihydrogen as
reductant.

Table 1. Activity of the complexes 2aIrRh, 2bIrRh, 2dIrRh, 2aRhRh, 2cRhRh and 3
in catalytic hydrodefluorination under various conditions.[a]

Entry Precatalyst Yield C6H5F
[b]

[%]
Yield C6H6

[b]

[%]
Conversion[b]

[%]

1 2aIrRh 15 4 19
2 2bIrRh 8 3 10
3 2dIrRh 8 3 10
4 2aRhRh 55 9 64
5 2cRhRh 13 88 100
6 3 3 0 3
7[c] 2cRhRh 3 0 3
8[d] 2cRhRh 0 0 0
9[e] 2cRhRh 0 0 0
10 – 0 0 0

[a] Reaction conditions, unless otherwise noted: 1,2-difluorobenzene
(0.06 mmol), NaOtBu (0.15 mmol), thf-d8 (0.6 mL), trifluorotoluene
(0.05 mmol) as internal standard, H2 (1.3 bar), 80 °C, 2 d. [b] The yields
were determined by 19F NMR spectroscopy using the integrals of the
signals of the internal standard and the substrate or product; duplicate
runs were performed. [c] At 20 °C. [d] Without base. [e] Without
dihydrogen.

Scheme 6. Hydrodefluorination of fluoroarenes using complex 2cRhRh. Reac-
tion conditions: fluorinated benzene derivative (0.06 mmol), NaOtBu
(0.09 mmol), thf-d8 (0.6 mL), trifluorotoluene (0.05 mmol) as internal
standard, H2 (1.3 bar), 80 °C.
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Examination of solvent-accessible molecular surfaces of the
mono- and bimetallic complexes highlights the steric role of the
substituents and allows to tentatively contribute to a ration-
alization of the reactivities of the species with otherwise
comparable metal-ligand arrangements. A non-specific access of
a reagent with the size of a water molecule to the metal centers
and their 1st-shell ligands in the complexes studied here can be
qualitatively ranked as follows: 2cRhRh�2cIrRh�2dIrRh>2aRhRh�
2aIrRh>2bIrRh�3 and 1cRh�1cIr>1dIr>1aIr>1bIr for the binu-
clear Ir/Rh and mononuclear Ir- or Rh-only systems. All the
surfaces are shown in detail in Figures S42–S44, and for the high
vs low access bimetallic complexes (2cRhRh�2cIrRh@2bIrRh) in
Figure 8. Complexes 2cRhRh, 2cIrRh and 2dIrRh stand out here,
showing the largest solvent-accessible metal-bound carbon area.
Notably, 2cRhRh also exhibits the best performance in hydro-
defluorination (Table 1, entry 5), but no data for 2cIrRh are
available (see above). The accessibility in 2cRhRh and 2cIrRh is
facilitated by the two Ir/Rh� py planar ring fragments, and
similarly in 2dIrRh by the Rh� Im fragments. In contrast, in
complexes 2bIrRh, 3 and 1bIr the isopropyl substituents strongly
shield the metal centers and their immediate environment. The
low catalytic activity of 2dIrRh might possibly be attributed to a
higher activity of homobinuclear Rh/Rh complexes when
compared to their heterobinuclear Ir/Rh variants, as well as
possibly to the tendency of the Ir/Rh� CO ligand in 2dIrRh to form
an intermolecular hydrogen bond.

Conclusions

In conclusion, synthetic routes to access various bimetallic
iridium and rhodium complexes bearing CO bridging ligands
have been developed. These bimetallic complexes work effi-
ciently as catalysts in the hydrodefluorination of aryl fluorides,
using molecular hydrogen as a reductant and sodium tert-
butoxide as a base. The results show that the use of two late
transition metal centers instead of one is a viable strategy for the
activation of strong C� F bonds. A superior exposure of the Ir/Rh
centers might tentatively be associated with the catalytic
efficiency.

Experimental Section
Details of experimental procedures and computational methods,
characterization of the complexes, NMR and IR data, supplementary
DFT results and figures, Cartesian coordinates of the optimized
structures can be found in the Supporting Information.

Deposition Numbers 2180874 (for 1aIr ·H2O), 2180873 (for 1bIr · dcm),
2180878 (for 1cIr ·dcm), 2180875 (for 2aIrRh ·dcm), 2180877 (for
2cIrRh · 4 C6D6), 2180872 (for 3) contain the supplementary crystallo-
graphic data for this paper. These data are provided free of charge
by the joint Cambridge Crystallographic Data Centre and Fachinfor-
mationszentrum Karlsruhe Access Structures service.
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