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ABSTRACT: Complexes [Ir(μ-Cl)(η2-C8H14)2]2 (1) and [Ir(μ-Cl)(η4-
C8H12)]2 (2) promote the pyridyl-directed ortho-CH and ortho-CBr
activations of the phenyl substituent of 2-(2-bromophenyl)pyridine. The
formed products depend upon the olefin of the dimer, which governs the
kinetic preference of the activation. The cyclooctene complex 1 reacts
with the substituted heterocycle to give (η2-C8H14)2Ir(μ-Cl)2Ir{κ

2-C,N-
[C6BrH3-py]}2 (3), in acetone, at room temperature. Treatment of 3
with K(acac) affords Ir(acac)(η2-C8H14)2 (4) and Ir(acac){κ2-C,N-
[C6BrH3-py]}2 (5; acac = acetylacetone). Under more severe conditions,
2-ethoxyethanol under reflux, the reaction of 1 with the heterocycle gives
a yellow solid, which yields a 5:82:7 mixture of 5, Ir(acac){κ2-C,N-[C6BrH3-py]}{κ

2-C,N-[C6H4-py]} (6), and Ir(acac){κ2-C,N-
[C6H4-py]}2 (7) by reaction with K(acac). In acetone or toluene, at room temperature, 2-(2-bromophenyl)pyridine breaks the
chloride bridges of dimer 2 to form IrCl(η4-C8H12){κ

1-N-[py-C6BrH4]} (8), which evolves into IrClBr{κ2-C,N-[C6H4-py]}(η
4-

C8H12) (9) as a result of the oxidative addition of the ortho-CBr of the phenyl substituent to the metal center. Treatment of 9
with Ag2O in acetylacetone leads to Ir(acac){κ2-C,N-[C6H4-py]}{κ

1-C, η2-[C8H12-(C
3-acac)]} (10), as a consequence of the

replacement of the halides by an O,O-chelate acac ligand and the outside to metal nucleophilic attack of a second acac group to
the diene C−C double bond disposed trans to bromide.

■ INTRODUCTION

Haloarenes are ubiquitous organic substrates in homogeneous
transition metal-mediated catalysis.1 Their chemical properties
and reactions are distinct from those of the hydrocarbon
counterparts, since the C−X bond (X = F, Cl, Br, I) influences
of different manner the diverse C−H bonds of the molecule.
As a consequence, the metal-promoted σ-bond activation
reactions present a particular challenge because they may occur
at several C−H positions. In addition, the C−H bond rupture
competes with the C−X bond cleavage.2

The activation of a particular C−H bond in haloarenes is of
great relevance because it allows its selective direct
functionalization.3 Usually, this activation is kinetically and
thermodynamically controlled by steric reasons. As a
consequence, the less hindered meta and para M−C bonds
are formed, although the metal center moves toward fluoride
substituents which favor the ortho disposition.4 On the other
hand, the oxidative addition of the C−X bond (X = Cl, Br, I)
to a low valent transition metal is the key step in
organometallic-catalyzed cross-coupling reactions, which are
among the industrial technologies of the highest significance,5

and in the dehalogenation of these substrates mediated by
metals,6 which is also a high-priority target from an
environmental point of view because their accumulation is a
serious health hazard.

Palladium(0) complexes are the most common catalysts for
cross-coupling reactions.7 According to this, there are a
significant number of theoretical and experimental works
centered about the oxidative addition of C−X bonds (X = Cl,
Br, I) to zerovalent d10 metal centers.8 In the past years,
examples have appeared where rhodium catalysts enable
coupling of haloarenes,9 whereas other ones have proved to
be particularly efficient for dehalogenation reactions.10 In the
same vein, rhodium complexes have shown to favor the
oxidative addition of C−X bonds with regard to that of C−H
bonds from a thermodynamic point of view,11 although both
activations appear to be kinetically competitive.12

Iridium catalysts are not usual in cross-coupling reactions.
Consistently, the competitive C−H versus C−X (X = Cl, Br, I)
oxidative additions on iridium have been less studied than with
zerovalent d10 metal centers and with rhodium. Milstein and
co-workers have reported the ortho-CH oxidative addition of
chloro- and bromobenzene to [Ir(PNP*)]+ (PNP* = 2,6-
bis((di-tert-butylphosphino)methyl)pyridine).13 Ozerov and
co-workers have described a similar preference for the ortho-
CH oxidative addition of the same substrates to the neutral
species Ir(PNP) (PNP = bis(2-(diisopropylphosphino)-4-
methylphenyl)amino).14 However, in the latter, the preference
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is only kinetic since the products from the C−X bond
activation (X = Cl, Br) are thermodynamically favored.15

Understanding the factors that control the preference of the
cleavage of C−H versus C−X is crucial to design optimal
transition-metal-catalyzed processes. One of the major goals to
approach the issue is to eliminate the asymmetry in the C−H
bond activation, in this class of substrates, selecting a position
equivalent to the C−X bond. In order to perform such
selection, we have replaced a hydrogen atom at position ortho
of bromobenzene by a 2-pyridyl group. Complexes having
heterometalarings are usually more stable than their non-
chelated analogues. According to this, the introduction of a
Lewis base in the organic substrate to stabilize the formed M−
C bond is considered to be one of the most efficient ways to
promote the selective activation of a particular C−E bond (E =
H, X).16 From a mechanistic point of view, the σ-bond
activation reactions carried out under these conditions can be
directed or assisted (Scheme 1).17 The first of them involve the

initial coordination of the heteroatom, which kinetically directs
the C−E bond activation and stabilizes the resulting M−C
bond (a).18 However, the C−E bond activation is the first step
in the second case (b); the subsequent coordination of the
heteroatom provides thermodynamic selectivity to the
resulting product from a proximal cleavage.19

Olefin complexes are useful starting compounds in the
iridium chemistry.20 In the search for information about the
factors that control the competitive ruptures of C−H versus
C−X with this element, we have studied the reactions of the
known dimers [Ir(μ-Cl)(η2-C8H14)2]2 (1) and [Ir(μ-Cl)(η4-
C8H12)]2 (2) with 2-(2-bromophenyl)pyridine. In this paper,

we demonstrate that the olefin of the starting compound
directs the cleavage.

■ RESULTS AND DISCUSSION
C−H Bond Activation. Treatment of the cyclooctene

complex 1 with 2.5 mol of 2-(2-bromophenyl)pyridine in
acetone, at room temperature, for 24 h leads to a very insoluble
yellow solid, which corresponds to the dinuclear species (η2-
C8H14)2Ir(μ-Cl)2Ir{κ

2-C,N-[C6BrH3-py]}2 (3), according to
its C, H, N-elemental analysis. This compound is formed in
80% yield and is a consequence of the selective ortho-CH bond
activation of the phenyl substituent of the pyridine, the
hydrogenation of a quarter of the coordinated olefin, and the
release of the other quarter (Scheme 2). Related 1,5-
cyclooctadiene derivatives bearing an Ir{κ2-C,N-[C6H4-py]}2
fragment have been previously reported by Severin and co-
workers.21 The presence of the Ir{κ2-C,N-[C6BrH3-py]}2
moiety in 3 is strongly supported by the MALDI-TOF
spectrum of the obtained solid in dimethyl sulfoxide, which
shows the corresponding peak with an m/z of 659.0. In
agreement with the existence of both iridium fragments Ir(η2-
C8H14)2 and Ir{κ2-C,N-[C6BrH3-py]}2 in 3, the addition of the
latter to a methanol solution of potassium acetylacetonate
(K(acac)) quantitatively yields after 72 h, at room temper-
ature, an equimolecular mixture of the previously reported
iridium(I) compound Ir(acac)(η2-C8H14)2

22 (4) and the new
iridium(III) derivative Ir(acac){κ2-C,N-[C6BrH3-py]}2 (5).
Complex 5 was isolated as a yellow solid and characterized

by X-ray diffraction analysis. Figure 1 shows a view of the
molecule. The geometry around the metal center can be
rationalized as a distorted octahedron with the pyridyl groups
occupying trans positions (N−Ir−N = 176.0(4)°). In the
perpendicular plane, the oxygen atoms of the acetylacetone
ligand lie trans to the metalated carbon atoms of the phenyl
groups (O−Ir−C = 173.7(3)°). In accordance with the high
symmetry of the molecule, the methyl groups of the acac ligand
display a singlet at 1.79 ppm in the 1H NMR spectrum.

Activations C−H and C−Br. The insolubility of 3 and the
mild conditions used for its formation suggest that the ortho-
CH bond activation of the phenyl substituent of the pyridine is
kinetically favored with regard to the ortho-CBr bond
activation, in agreement with the previously mentioned results
of Milstein and Ozerov. In order to investigate the
thermodynamic preference and the influence of the solvent,
we carried out the reaction between 1 and the pyridine, in 2-
ethoxyethanol, and at both 135 °C and room temperature, a
similar experimental procedure to those employed to prepare
the iridium(III) dimers [Ir(μ-Cl){κ2-C,N-[C6R4-py]}2]2.

23

Under these conditions, the stirring of 1 with 4.1 mol (135
°C) or 6.0 mol (r.t.) of 2-(2-bromophenyl)pyridine for 12 h

Scheme 1. Mechanisms for σ-Bond Activations in the
Presence of an Intramolecular Lewis Base

Scheme 2. ortho-CH Bond Activation of 2-(2-Bromophenyl)pyridine Promoted by 1
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also affords a very insoluble yellow solid. However, in this case,
its MALDI-TOF spectrum in dimethyl sulfoxide reveals the
presence of three different fragments Ir{κ2-C,N-[C6BrH3-py]}2
(m/z = 658.9), Ir{κ2-C,N-[C6BrH3-py]}{κ

2-C,N-[C6H4-py]}
(m/z = 578.9), and Ir{κ2-C,N-[C6H4-py]}2 (m/z = 501.0). As
expected, treatment of the yellow solid with K(acac) in
tetrahydrofuran, for 1.5 h, at 60 °C quantitatively yields a
mixture of 5, the tris-heteroleptic complex Ir(acac){κ2-C,N-
[C6BrH3-py]}{κ

2-C,N-[C6H4-py]} (6) and the previously
described compound Ir(acac){κ2-C,N-[C6H4-py]}2 (7) in a
5:82:13 molar ratio according to the 1H NMR spectrum of the
reaction crude. The composition of the mixture indicates that
the ortho-CH and ortho-CBr ruptures are competitive, from a
thermodynamic point of view, and are equally favored
(Scheme 3).
The major product, complex 6, was separated from the

mixture by column chromatography, as a yellow solid in 42%
yield with regard to 1, and was characterized by X-ray
diffraction analysis. The structure (Figure 2) proves the tris-
heteroleptic nature of the molecule. The geometry around the
iridium atom resembles that of 5 with N(1)−Ir−N(2), O(1)−
Ir−C(22), and O(2)−Ir−C(11) angles of 174.3(7)°,
172.3(7)°, and 173.6(9)°, respectively. In agreement with
the presence of two different metalated phenyl groups disposed
trans to the acac ligand, the latter displays two methyl
resonances at 1.82 and 1.79 ppm in the 1H NMR spectrum and
two methyl signals at 28.7 and 28.8 ppm and two carbonyl
resonances at 185.2 and 185.4 ppm in the 13C{1H} NMR
spectrum.
C−Br Bond Activation. The addition of 2.1 mol of 2-(2-

bromophenyl)pyridine to acetone solutions of the 1,5-
cyclooctadiene derivative 2 at room temperature produces
the instantaneous precipitation of a yellow solid, which
changes its color into white after 2 h. When the reaction is
carried out in toluene, the same white solid is obtained.
However, the intermediate yellow solid is soluble. The 1H and
13C{1H}NMR spectra of its toluene-d8 solutions at 223 K
reveal that the pyridine initially breaks the chloride bridges of
the dimer to form the square-planar iridium(I) complex
IrCl(η4-C8H12){κ

1-N-[py-C6BrH4]} (8), which displays four
olefinic CH resonances at 4.83, 4.69, 3.13, and 2.64 ppm in the

1H NMR spectrum and four olefinic C(sp2) signals at 69.0,
67.4, 59.6, and 54.3 ppm in the 13C{1H} NMR spectrum, in
addition to the resonances due to the pyridine and the CH2
groups of the diolefin. The white solid was isolated in almost
quantitative yield and characterized by X-ray diffraction
analysis as the iridium(III) derivative IrClBr{κ2-C,N-[C6H4-

Figure 1. ORTEP diagram of complex 5 (50% probability ellipsoids).
Hydrogen atoms are omitted for clarity. Selected bond lengths (Å)
and angles (deg): Ir−C = 1.988(9), Ir−N = 2.023(7), Ir−O =
2.153(6), N−Ir−N = 176.0(4), O−Ir−C = 173.7(3).

Scheme 3. Activations ortho-CH and ortho-CBr of 2-(2-
Bromophenyl)pyridine Promoted by 1, Including IrX{κ2-
C,N-[C6R4-py]}2 Fragments of Dimers [Ir(μ-X){κ2-C,N-
[C6R4-py]}2]2

Figure 2. ORTEP diagram of complex 6 (50% probability ellipsoids).
Hydrogen atoms are omitted for clarity. Selected bond lengths (Å)
and angles (deg): Ir−C(11) = 1.977(19), Ir−C(22) = 2.002(18), Ir−
N(1) = 2.07(2), Ir−N(2) = 2.01(2), Ir−O(1) = 2.161(14), Ir−O(2)
= 2.142(14), N(1)−Ir−N(2) = 174.3(7), O(1)−Ir−C(22) =
172.3(7), O(2)−Ir−C(11) = 173.6(9).
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py]}(η4-C8H12) (9), resulting from the pyridyl-directed ortho-
CBr bond activation of the phenyl group (Scheme 4).
The structure of 9 (Figure 3) reveals that the C−Br bond

activation is a concerted oxidative addition, which takes place

along the olefin-Ir-Cl axis of 8 with the bromine on the
chloride ligand.24 Thus, the coordination polyhedron around
the iridium atom can be rationalized as a distorted octahedron
with the bromide anion disposed trans to the C(1)−C(2)
olefinic bond (Br−Ir−M(1) = 175.21(9)°; M(1) = midpoint
between C(1) and C(2)), whereas the chloride ligand lies trans
to the metalated phenyl substituent (Cl−Ir−C(9)) =
159.80(8)°), and the pyridyl group is situated trans to the
olefinic C(5)−C(6) bond (N−Ir−M(2) = 174.8(1)°; M(2) =
midpoint between C(5) and C(6)). The 1,5-cyclooctadiene
ligand takes its customary “tub” conformation.
The coordinated bonds have lengths of 1.398(4) (C(1)−

C(2)) Å and 1.388(4) (C(5)−C(6)) Å, which are longer than
the C−C double bonds in the free diolefin (1.34 Å)25 as
expected for the usual Chatt−Dewar−Ducanson model. The
difference between them is consistent with the different trans
influences of bromide and pyridine. In agreement with the
structure, the 1H NMR spectrum, in dichloromethane-d2, at
room temperature shows four resonances at 5.69, 5.24, 4.52,
and 3.21 ppm for the C(sp2)-H hydrogen atoms of the diene.
Consistently, the 13C{1H} NMR spectrum displays four signals
at 101.2, 91.8, 89.4, and 87.9 ppm for the diene C(sp2) atoms.
Like the C−H bond activation products, complex 9 reacts

with the acac anion. In this case, however, the presence of two
halides at the metal coordination sphere determines the
reaction procedure and the nature of the resulting product
(Scheme 5). Treatment of acetylacetone solutions of 9 with 2.7
mol of silver oxide, at room temperature, for 12 h produces the

abstraction of the halides and the nucleophilic attack of two
acac anions to the Ir{κ2-C,N-[C6H4-py]}(η

4-C8H12) moiety.
One of them attacks the metal center as O,O-chelate, while the
C3-carbon atom of the other one is added to the coordinated
C−C bond of 9 situated trans to the bromide ligand (C(1)−
C(2)). As a result of both attacks, complex Ir(acac){κ2-C,N-
[C6H4-py]}{κ

1-C, η2-[C8H12-(C
3-acac)]} (10) is formed. This

compound was isolated as a pale-yellow solid in 72% yield and
characterized by X-ray diffraction analysis.
The structure (Figure 4) proves both attacks. The addition

to C(1)−C(2) gives rise to an Ir−C(sp3) bond disposed trans

to an oxygen atom of the O,O-chelate acac group (O(1)−Ir−
C(2) = 176.51(7)°), in an octahedral environment. The other
oxygen atom of the O,O-chelate acac ligand lies trans to the
metalated phenyl group (O(2)−Ir−C(9) = 160.62(8)°),
whereas the pyridyl ring is situated trans to the C(5)−C(6)
double bond (N−Ir−M(2) = 173.33(8)°). The functionalized
carbocycle coordinates with three different Ir−C bond lengths
of 2.074(2) (Ir−C(2)) Å, 2.172(2) (Ir−C(5)) Å, and

Scheme 4. Pyridyl Directed ortho-CBr Activation of 2-(2-Bromophenyl)pyridine Promoted by 2

Figure 3. ORTEP diagram of complex 9 (50% probability ellipsoids).
Hydrogen atoms are omitted for clarity. Selected bond lengths (Å)
and angles (deg): Ir−Br = 2.5274(3), Ir−Cl = 2.4907(8), Ir−N =
2.096(2), Ir−C(9) = 2.075(3), Ir−C(1) = 2.190(4), Ir−C(2) =
2.190(3), Ir−C(5) = 2.218(3), Ir−C(6) = 2.225(3), C(1)−C(2) =
1.398(4), C(5)−C(6) = 1.388(4), Br−Ir−M(1) = 175.21(9), N−Ir−
M(2) = 174.8(1), Cl−Ir−C(9) = 159.80(8).

Scheme 5. Reaction of 9 with Acetylacetonate

Figure 4. ORTEP diagram of complex 10 (50% probability
ellipsoids). Hydrogen atoms are omitted for clarity. Selected bond
lengths (Å) and angles (deg): Ir−N(1) = 2.088(2), Ir−O(1) =
2.177(2), Ir−O(2) = 2.143(2), Ir−C(2) = 2.074(2), Ir−C(5) =
2.172(2), Ir−C(6) = 2.169(2), Ir−C(9) = 2.052(2), C(5)−C(6) =
1.391(3), O(1)−Ir−C(2) = 176.51(7), O(2)−Ir−C(9) = 160.62(8),
N−Ir−M(2) = 173.33(8).
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2.169(2) (Ir−C(6)) Å, which agree with those reported for
compounds bearing C8H12R rings similarly linked to iridium-
(III).26 The length of the coordinated C(5)−C(6) bond of
1.391(3) Å also compares well with the lengths of C(1)−C(2)
and C(5)−C(6) in 9. The iridium atom and the C3-acac group
are disposed in a position anti with regard to the C8 ring. This
suggests that the addition to C(1)−C(2) takes place outside to
the metal. The 1H and 13C{1H} NMR spectra of 10, in
dichloromethane-d2, at room temperature are consistent with
the structure shown in Figure 4 and the spectra of related
compounds.26,27 In the 1H NMR spectrum, the most
noticeable features are the two olefinic resonances at 5.05
and 4.58 ppm and the signal due to the IrC(sp3)H hydrogen
atom, which appears at 1.28 ppm. In the 13C{1H} NMR
spectrum, the resonances corresponding to the C(sp2) atoms
C(5) and C(6) are observed at 82.8 and 77.4 ppm, whereas
the signal due to C(2) appears at 10.5 ppm. The presence of
two different acac groups in the molecule is also evident in the
IR, which shows a strong ν (CO) band at 1691 cm−1 for the
acac group bonded to C(1) and two strong ν (CO) bands at
1584 and 1513 cm−1 for the O,O-chelate ligand.
The outside to metal nature of the attack to C(1)−C(2) was

confirmed by the reactions sequence shown in Scheme 6.
Complex 9 reacts with AgBF4 in acetonitrile to give the
bis(solvento) compound [Ir{κ2-C,N-[C6H4-py]}(η

4-C8H12)-
(CH3CN)2](BF4)2 (11) which was isolated as a white solid
in almost quantitative yield. The addition of 1.0 equiv of
K(acac) to methanol solutions of 11 produces the displace-
ment of the coordinated acetonitrile molecules by the O,O-
chelate acac ligand. The resulting cationic acac derivative
[Ir(acac){κ2-C,N-[C6H4-py]}(η

4-C8H12)]BF4 (12) was iso-
lated as a yellow solid in 56% yield. The addition of 5.0
equiv of K(acac) to methanol solutions of 12 leads to 10, as a
consequence of the attack of a new acac anion to the C−C
double bond disposed trans to the acac ligand. The selective
addition to one of the two possible C−C double bonds appears
to be related to the π-donor ability of the oxygen atom
disposed trans, which stabilized the π* orbital of the attacked
C−C double bond with regard to the π* of the C−C double
bond situated trans to the pyridyl ring.28 Complexes 11 and 12
were characterized by NMR spectroscopy (see the Exper-
imental Section) and X-ray diffraction analysis (see the
Supporting Information).
1,5-Cyclooctadiene also favors the C−Br oxidative addition

over the C−H bond activation under the same conditions as
cyclooctene benefits both activations, C−Br and C−H, in
approximately the same extension. Although traces of products
resulting from C−H bond activation are also observed, they
appear to be less favored than 9. Treatment of 2-ethoxyethanol
solutions of 2 with 4.1 mol of 2-(2-bromophenyl)pyridine, at

135 °C, for 12 h leads to a yellow suspension, from which
yellow (<6%) and white solids can be separated. The main
component of the first of them is the Ir{κ2-C,N-[C6BrH3-
py]}{κ2-C,N-[C6H4-py]} fragment, resulting from both
ruptures C−Br and C−H. The white solid is the soluble
component of the reaction crude and is formed by complexes 9
and IrBr2{κ

2-C,N-[C6H4-py]}(η
4-C8H12) (13), which are

products from C−Br cleavages. Complex 13 bearing two
bromide ligands mutually cis disposed is the result of the
reductive elimination of 2-(2-chlorophenyl)pyridine from 9
and the subsequent oxidative addition of a new molecule of 2-
(2-bromophenyl)pyridine to the generated metal fragment
IrBr(η4-C8H12) (Scheme 7). The mutually cis disposition of

the bromide ligands is supported by the inequivalence of the
CH groups of the coordinated diene. In agreement with this,
the 1H NMR spectrum shows four olefinic CH resonances at
5.80, 5.17, 4.64, and 3.14 ppm and the 13C{1H} NMR
spectrum displays four olefinic C(sp2) signals between 35.5
and 28.2 ppm. Complex 13 was prepared as an analytically
pure white solid by means of the reaction of [Ir(η4-
C8H12)(Me2CO)x]BF4 with 2-(2-bromophenyl)pyridine (see
the Experimental Section).

Scheme 6. Reaction Sequence Confirming the Outside to Metal Nature of the acac Attack to C(1)−C(2)

Scheme 7. Formation of 13
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■ CONCLUDING REMARKS
This study has revealed that dimers [Ir(μ-Cl)(η2-C8H14)2]2
and [Ir(μ-Cl)(η4-C8H12)]2 promote the activations ortho-CH
and ortho-CBr of the phenyl substituent of 2-(2-bromo-
phenyl)pyridine in a competitive manner. The olefin and
reaction conditions determine the preferred activation, which
is pyridyl directed.
Cyclooctene favors products resulting from the ortho-CH

bond activation with regard to those generated from C−Br
bond rupture, in acetone, at room temperature. Under the
same conditions, 1,5-cyclooctadiene however benefits the
ortho-CBr oxidative addition to the IrCl(η4-C8H12) metal
fragment over ortho-CH bond activation products. These facts
clearly indicate that the kinetic preference of the activation is
governed by the olefin of the iridium precursor: while
cyclooctene favors ortho-CH bond activation products, 1,5-
cyclooctadiene benefits the ortho-CBr oxidative addition. More
severe conditions help the competitive process, but the sense
of the preference does not change. Thus, both ruptures ortho-
CH and ortho-CBr occur in the same extension with the
cyclooctene dimer, in 2-ethoxyethanol, at 135 °C. Under the
same conditions, 1,5-cyclooctadiene continues to favor the
ortho-CBr oxidative addition, although traces of products
resulting from ortho-CH bond activation are also observed.
In conclusion, IrCl(olefin) complexes, which have been one

of the cornerstones in the development of the organometallic
iridium chemistry, should receive more attention as promoters
of σ-bond activation reactions in haloarenes, since they can
play a main role in the understanding of the competence
between the possible ruptures.

■ EXPERIMENTAL SECTION
General Information. All reactions were performed under argon

using a Schlenk tube or glovebox techniques and dried solvents.
Instrumental methods, NMR spectra, and X-ray diffraction analysis
information is given in the Supporting Information. The complexes
[Ir(μ-Cl)(η2-C8H14)2]2 (1) and [Ir(μ-Cl)(η4-C8H12)]2 (2) were
prepared as published.29 Chemical shifts (expressed in parts per
million) are referenced to residual solvent peaks (1H, 13C{1H}).
Coupling constants, J, are given in Hz.
Reaction of 1 with 2-(2-Bromophenyl)pyridine in Acetone:

Preparation of (η2-C8H14)2Ir(μ-Cl)2Ir{κ
2-C,N-[C6BrH3-py]}2 (3). 2-

(2-Bromophenyl)pyridine (293 μL, 1.70 mmol) was added to 1 (600
mg, 0.67 mmol) in 10 mL of acetone. The resulting suspension was
stirred for 24 h at room temperature. After this time, a very insoluble
pale-yellow solid was formed, which was washed with diethyl ether (3
× 5 mL) and dried under vacuum. Yield: 611 mg (80%). Anal. Calcd
for C38H42Br2Cl2Ir2N2: C, 39.97; H, 3.71; N, 2.45. Found: C, 40.06;
H, 3.58, N, 2.99. HR-MS (MALDI-TOF; DMSO): m/z calcd for
C22H14Br2IrN2 [M − IrCl2(η

2-C8H14)2]
+: 658.9, found 659.0.

Reaction of 3 with Potassium Acetylacetonate: Preparation
of Ir(acac){κ2-C,N-[C6BrH3-py]}2 (5). Complex 3 (350 mg, 0.307
mmol) was added to a solution of acetylacetone (94.5 μL, 0.920
mmol) and KOH (101.3 mg, 1.535 mmol) in 12 mL of methanol.
The resulting suspension was stirred for 72 h at room temperature.
After this time, the liquid was decanted and the yellow solid was
washed with methanol (3 × 5 mL) and dried under vacuum. Yield:
215 mg (46%). X-ray quality crystals were grown by slow evaporation
of a concentrated solution of the solid in dichloromethane at room
temperature. Anal. Calcd for C27H21Br2IrN2O2: C, 42.81; H, 2.79; N,
3.70. Found: C, 42.78; H, 3.07; N, 3.59. HR-MS (electrospray): m/z
calcd for C27H21Br2IrN2O2 [M]+ 757.9566; found 757.9555. IR
(cm−1): ν (CO) 1582 (m), 1605 (m). 1H NMR (300 MHz,
CD2Cl2, 298 K): δ 9.27 (d, 2H, 3JH‑H = 8.2, CH py), 8.53 (d, 2H,
3JH‑H = 6.4, CH py), 7.86 (t, 2H, 3JH‑H = 8.2, CH py), 7.27 (t, 2H,
3JH‑H = 6.4, CH py), 7.13 (d, 2H, 3JH‑H = 7.7, CH Ph), 6.47 (t, 2H,

3JH‑H = 7.7, CH Ph), 6.13 (d, 2H, 3JH‑H = 7.4, CH Ph), 5.29 (s, 1H,
acac-H), 1.79 (s, 6H, CH3 acac). The low solubility of the solid
precluded to obtain its 13C{1H} NMR spectrum. From the liquors
after decantation, Ir(acac)(η2-C8H14)2 (4) was separated.
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Reaction of 1 with 2-(2-Bromophenyl)pyridine in 2-
Ethoxyethanol: Preparation of Ir(acac){κ2-C,N-[C6BrH3-py]}{κ

2-
C,N-[C6H4-py]} (6). 2-(2-Bromophenyl)pyridine (312 μL, 1.83
mmol) was added to 1 (400 mg, 0.446 mmol), in 10 mL of 2-
ethoxyethanol. The mixture was stirred overnight at reflux (135 °C),
leading a yellow suspension, which was dried under vacuum, and the
residue was treated with 3 × 5 mL of diethyl ether to afford 581 mg of
an insoluble yellow powder. HR-MS (MALDI-TOF; DMSO): m/z
calcd. for [C22H14Br2IrN2] 658.9, found: 658.4. Calcd for [C22H15-
BrIrN2]: 579.0, found: 579.1. Calcd for [C22H16IrN2]: 501.0, found:
501.1). Acetylacetone (67.4 μL, 0.666 mmol) and KOH (44.0 mg,
0.666 mmol) in 2 mL of methanol was added to the yellow powder
(439.5 mg, 0.317 mmol) in 15 mL of THF. The mixture was stirred at
60 °C, for 90 min, in a closed system. Then, the solvent was removed
under vacuum and the residue was treated with 15 mL of CH2Cl2.
The resulting suspension was filtered over Celite to afford a yellow
solution, which was concentrated almost to dryness under vacuum.
The addition of 5 mL of pentane led to a yellow solid, which was
washed with 2 × 4 mL of pentane and dried under vacuum. The solid
was purified by silica column chromatography using toluene-pentane-
ethyl acetate (1-3-1) as eluents. Yield: 180.6 mg (42%). X-ray quality
crystals were grown by a slow diffusion of pentane in a concentrated
solution of the solid in dichloromethane at 4 °C. Anal. Calcd for
C27H22BrIrN2O2: C, 47.79; H, 3.27; N, 4.13. Found: C, 47.78, H,
3.66, N, 4.16. HR-MS (electrospray): m/z calcd. for C22H15BrIrN2
[M − acac]+ 579.0027; found 579.0032. 1H NMR (300 MHz,
CD2Cl2, 298 K): δ 9.26 (m, 1H, CH py), 8.61 (m, 1H, CH py), 8.43
(m, 1H, H py), 7.85 (m, 3H, CH py), 7.60 (dd, 1H, 3JH‑H = 7.8; 4JH‑H
= 1.4, CH Ph), 7.23 (m, 2H, CH py), 7.13 (d, 1H, 3JH‑H = 7.8, CH
Ph), 6.87 (dt, 1H, 3JH‑H = 7.5; 4JH‑H = 1.3, CH Ph), 6.70 (dt, 1H,
3JH‑H = 7.4; 4JH‑H = 1.4, CH Ph), 6.46 (t, 1H, 3JH‑H = 7.6, CH Ph),
6.26 (dd, 1H, 3JH‑H = 7.5; 4JH‑H = 1.2, CH Ph), 6.12 (dd, 1H, 3JH‑H =
7.5; 4JH‑H = 1.3, CH Ph), 5.29 (s, 1H, CH acac), 1.82 (s, 3H, CH3
acac), 1.79 (s, 3H, CH3 acac).

13C{1H} NMR (75 MHz, CD2Cl2, 298
K): δ 185.4, 185.2 (CO acac), 168.2, 167.2 (C py), 153.5 (C Ph),
149.0, 148.5 (CH py), 147.3, 145.4, 142.6 (C Ph), 137.8, 137.0 (CH
py), 133.4, 132.9, 129.5, 129.3, 128.2, 124.4 (CH Ph), 123.8, 123.1,
122.4 (CH py), 121.5 (CH Ph), 119.5 (C-Br), 119.1 (CH py), 100.8
(CH acac), 28.8, 28.7 (CH3 acac).

Reaction of 2 with 2-(2-Bromophenyl)pyridine at 223 K:
Preparation of IrCl(η4-C8H12){κ

1-N-[py-C6BrH4]}(8). An NMR
tube was charged with 2 (11.2 mg, 0.0167 mmol) and 0.5 mL of
toluene-d8. After the tube was frozen with a cold bath of solid CO2
and iPrOH, 2-(2-bromophenyl)pyridine (5.7 μL, 0.033 mmol) was
added. After 30 min, the quantitative formation of 8 was observed. 1H
NMR (400 MHz, tol-d8, 223 K): δ 8.93 (d, 1H, 3JH‑H = 7.7, CH py),
8.46 (d, 1H, 3JH‑H = 5.6, CH py), 7.24 (d, 1H, 3JH‑H = 8.1, CH Ph),
7.07 (m, 1H, CH py), 6.71 (m, 2H, CH Ph), 6.53 (t, 1H, 3JH‑H = 7.7,
CH py), 6.25 (t, 1H, 3JH‑H = 6.7, CH Ph), 4.83 (m, 1H,CH COD),
4.69 (m, 1H, CH COD), 3.13 (m, 1H, CH COD), 2.64 (m, 1H,
CH COD), 2.19 (m, 2H, CH2 COD), 1.63 (m, 2H, CH2 COD),
1.29 (m, 2H, CH2 COD), 1.00 (m, 2H, CH2 COD).

13C{1H} NMR
(100 MHz, tol-d8, 223 K): δ 157.7 (C py), 150.4 (CH py), 139.6 (C
Ph), 135.5 (CH py), 132.1 (CH Ph), 130.8 (CH Ph), 129.1 (CH py),
128.7 (CH py), 126.9 (CH Ph), 123.8 (CH Ph), 121.6 (C-Br Ph),
69.0, 67.4, 59.6, 54.3 (CH COD), 33.4, 31.5, 30.9, 30.4 (CH2
COD).

Reaction of 2 with 2-(2-Bromophenyl)pyridine in Acetone:
Preparation of IrClBr{κ2-C,N-[C6H4-py]}(η

4-C8H12) (9). 2-(2-
Bromophenyl)pyridine (268.9 μL, 1.56 mmol) was added to 2 (500
mg, 0.744 mmol) in 8 mL of acetone. The mixture was stirred for 2 h
to afford a white suspension. The colorless liquor was decanted, and
the white solid was washed with 3 × 5 mL of diethyl ether and dried
in vacuo. Yield: 806 mg (90%). X-ray quality crystals were grown by a
slow diffusion of diethyl ether in a concentrated solution of the solid
in dichloromethane at 4 °C. Anal. Calcd for C19H20BrClIrN: C, 40.04;

Organometallics Article

DOI: 10.1021/acs.organomet.8b00500
Organometallics XXXX, XXX, XXX−XXX

F

http://pubs.acs.org/doi/suppl/10.1021/acs.organomet.8b00500/suppl_file/om8b00500_si_001.pdf
http://dx.doi.org/10.1021/acs.organomet.8b00500


H, 3.54; N, 2.46. Found: C, 39.70; H, 3.43; N, 2.44. HR-MS
(electrospray): m/z calcd for C19H20BrIrN [M − Cl]+ 534.0391;
found 534.0387. 1H NMR (300 MHz, CD2Cl2, 298 K): δ 10.10 (ddd,
1H, 3JH‑H = 6.2; 4JH‑H = 1.5; 5JH‑H = 0.7, CH py), 7.98(m, 3H, Ph),
7.83 (m, 2H, CH Ph + CH py), 7.47 (m, 1H, CH Ph), 7.30 (m, 2H,
CH py), 5.69 (t, 1H, 3JHH = 7.9, CH COD), 5.24 (m, 1H, CH
COD), 4.52 (td, 1H, 3JH‑H = 8.7, 4.6, CH COD), 3.51 (m, 1H,
CH2 COD), 3.21 (m, 1H, CH COD), 2.81−2.61 (m, 2H, CH2
COD), 2.43 (m, 1H, CH2 COD), 2.11 (m, 2H, CH2 COD), 1.68−
1.46 (m, 2H, CH2 COD).

13C{1H} NMR (75 MHz, CD2Cl2, 298 K):
δ 165.2 (CN py), 149.7 (CH py), 143.1 (C Ph), 142.2 (Ir-C Ph),
139.3 (CH py), 135.3, 132.4, 125.31 (CH Ph), 124.8, 123.0 (CH py),
120.24 (CH Ph), 101.2, 91.8, 89.4, 87.9 (CH COD), 34.1, 33.3,
29.2, 28.7 (CH2 COD).
Reaction of 9 with Acetylacetonate: Preparation of Ir(acac)-

{κ2-C,N-[C6H4-py]}{κ
1-C, η2-[C8H12-(C

3-acac)]} (10). Silver oxide
(87.1 mg, 0.376 mmol) was added to 9 (200 mg, 0.342 mmol) in 5
mL of acetylacetone. The mixture was stirred overnight in the absence
of light, and the solvent was removed under vacuum. The residue was
treated with 15 mL of dichloromethane, and the resulting suspension
was filtered over Celite to afford a pale-yellow solution, which was
concentrated almost to dryness. The addition of 5 mL of pentane gave
rise to the precipitation of a pale-yellow solid which was washed with
3 × 5 mL of pentane and dried under vacuum. Yield: 160 mg (71.7%).
X-ray quality crystals were grown by a slow diffusion of pentane in a
concentrated solution of the solid in dichloromethane at 4 °C. Anal.
Calcd for C29H34IrNO4: C, 53.36; H, 5.25; N, 2.15. Found: C, 53.33;
H, 5.44; N, 2.33. HR-MS (electrospray): m/z calcd for C24H27IrNO2
[M − acac]+ 554.1666; found 554.1698. IR (cm−1): ν (CO) 1691
(s), 1584 (s), 1513 (s). 1H NMR (300 MHz, CD2Cl2, 298 K) δ 8.85
(d, 1H, 3JH‑H = 6.02, CH py), 7.96 (s, 1H, CH py), 7.93 (s, 1H, CH
Ph), 7.76 (ddd, 1H, 3JH‑H = 8.4, 7.3; 4JH‑H = 1.6, CH py), 7.66 (dd,
1H, 3JH‑H = 7.6, 4JH‑H = 1.8, CH Ph), 7.25 (m, 1H, CH py), 7.19 (m,
1H, CH Ph), 7.12 (m, 1H, CH Ph), 5.30 (s, 1H, CH acac), 5.05 (td,
1H, 3JH‑H = 9.1, 3.0, CH COD), 4.58 (m, 1H, CH COD), 3.59
(d, 1H, 3JH‑H = 11.3, CH acac COD), 2.90 (td, 1H, 3JH‑H = 11.6, 6.4,
CCH COD), 2.24 (s, 3H, CH3 acac), 2.05 (s, 3H, CH3 acac COD),
1.63 (s, 3H, CH3 acac COD), 1.56 (s, 3H, CH3 acac), 2.45−1.79 (m,
6H, CH2 COD), 1.68−0.76 (m, 2H, CH2 COD), 1.28 (d, 1H,

3JH‑H =
6.4, HC-Ir). 13C{1H} NMR (75 MHz, CD2Cl2, 298 K) δ 205.2 (C
O acac COD), 204.8 (CO acac COD), 187.1 (CO acac), 183.2
(CO acac), 165.6 (C py), 145.7 (CH py), 143.7 (C Ph), 143.0 (C-
Ir), 137.8 (CH py), 135.6 (CH Ph), 130.4 (CH Ph), 124.5 (CH Ph),
122.6 (CH Ph), 122.0 (CH py), 119.5 (CH py), 101.0 (CH acac),
82.8, 77.4 (CH COD), 73.4 (CH κ1-acac-C) 39.5 (CO κ1-acac-
C), 39.4 (CH COD), 30.3 (CH3 acac COD), 30.1 (CH3 acac), 29.5
(CH3 acac COD) 28.5 (CH2 COD), 28.4 (CH3 acac), 27.4 (CH2
COD), 27.1 (CH2 COD) 10.5 (CH COD).
Reaction of 9 with AgBF4 in Acetonitrile: Preparation of

[Ir{κ2-C,N-[C6H4-py]}(η
4-C8H12)(CH3CN)2](BF4)2 (11). Silver tetra-

fluoroborate (358.6 mg, 1.84 mmol) was added to 9 (500 mg, 0.877
mmol) in 10 mL of acetonitrile. The solution was stirred for 48 h in
the absence of light. The resulting suspension was filtered over Celite
to afford a colorless solution, which was concentrated almost to
dryness. The addition of 5 mL of diethyl ether gave rise to a white
solid which was washed with 3 × 5 mL of diethyl ether and dried
under vacuum. Yield 458 mg (97%). X-ray quality crystals were grown
by a slow diffusion of diethyl ether in a concentrated solution of the
solid in dichloromethane at 4 °C. Anal. Calcd for C23H26IrN3(BF4)2:
C, 38.89; H, 3.69; N, 5.92. Found C, 38.78; H, 3.97, N, 6.05. HR-MS
(electrospray): m/z calcd for C19H19IrN [M − (CH3CN)2]

+

454.1150; found 454.1142. IR (cm−1): ν (BF4) = 1050, 1021 (s).
1H NMR (300 MHz, CD2Cl2, 298 K): δ 9.27 (d, 1H,

3JH‑H = 6.0, CH
py), 8.09 (m, 2H, CH py), 7.89 (m, 2H, CH Ph), 7.69 (m, 1H, CH
py) 7.58 (td, 1H, 3JH‑H = 7.6, 4JH‑H = 1.9, CH Ph), 7.51 (m, 1H, CH
Ph), 6.50 (t, 1H, 3JH‑H = 7.5, CH COD), 5.86 (q, 1H, 3JH‑H = 7.9,
CH COD), 5.44 (m, 1H,CH COD), 3.91 (t, 1H, 3JH‑H = 7.4,
CH COD), 2.99 (s, 3H, CH3 CH3CN), 3.23−2.72 (m, 6H, CH2
COD), 2.41 (s, 3H, CH3 CH3CN), 2.36−2.17 (m, 2H, CH2 COD).
13C{1H} NMR (75 MHz, CD2Cl2, 298 K): δ 163.4 (C py), 151.1

(CH py), 142.0 (CH py), 134.8 (CH Ph), 133.9 (CH Ph), 131.6 (C
Ph), 127.7 (CH Ph), 126.8 (CH py), 126.6 (CH py), 123.0 (C py),
121.6 (CH Ph), 109.3, 99.7, 98.9, 91.8 (CH COD), 33.9, 32.0,
28.1, 27.6 (CH2 COD), 30.1, 30.0 (CH3CN), 5.2, 4.3 (CH3CN).

Preparation of [Ir(acac){κ2-C,N-[C6H4-py]}(η
4-C8H12)]BF4 (12).

Complex 11 (100 mg, 0.141 mmol) was added to a solution of
acetylacetone (14.5 μL, 0.141 mmol) and KOH (1.83 μL, 0.224 M)
in 10 mL of methanol. The mixture was stirred at room temperature
for 24 h, and the solvent was removed under vacuum. The residue was
treated with 15 mL of dichloromethane, and the resulting suspension
was filtered over Celite. The yellow solution was concentrated under
vacuum, and 5 mL of diethyl ether was added to precipitate a pale-
yellow solid, which was washed with more diethyl ether (3 × 5 mL)
and dried under vacuum. Yield: 50.3 mg (56%). X-ray quality crystals
were grown by a slow diffusion of diethyl ether in a concentrated
solution of the solid in dichloromethane at 4 °C. Anal. Calcd for
C24H27IrNO2(BF4): C, 45.01; H, 4.25; N, 2.19. Found C, 45.13, H,
4.59, N, 2.05. HR-MS (electrospray): m/z calcd for C24H27IrNO2
[M]+ 554.1666; found 554.1699. IR (cm−1): ν (BF4) = 1049 (s). 1H
NMR (300 MHz, CD2Cl2, 298 K): δ 8.47 (ddd, 1H,

3JH‑H = 6.1; 4JH‑H
= 1.5; 5JH‑H = 0.8, CH py), 8.10 (m, 1H, CH Ph), 8.03 (m, 1H, CH
py), 7.87 (m, 3H, CH Ph), 7.49 (m, 2H, CH py), 5.55 (s, 1H, CH
acac), 5.47 (m, 1H, CH COD), 4.86 (m, 1H, CH COD), 3.92
(m, 1H,CH COD), 2.96 (m, 1H,CH COD), 2.75 (m, 3H, CH2
COD), 2.42 (s, 3H, acac), 2.30 (m, 3H, CH2 COD), 1.80 (m, 2H,
CH2 COD), 1.66 (s, 3H, CH3 acac). 13C{1H} NMR (75 MHz,
CD2Cl2, 298 K): δ 187.7 (CO acac), 186.4 (CO acac), 164.5 (C
py), 150.5 (C Ph), 145.2 (CH py), 142.2 (C Ph), 141.5 (CH py),
134.4 (CH Ph) 132.9 (CH py), 126.8 (CH py) 125.4 (CH Ph) 124.5
(CH Ph) 121.4 (CH Ph), 101.9 (CH acac), 96.9, 92.5, 87.5, 85.6 (
CH COD), 34.8, 34.2, 29.6, 28.2 (CH2 COD), 29.0, 27.7 (CH3 acac).

Reaction of 12 with Acetylacetonate. Complex 12 (25 mg,
0.039 mmol) was added to a solution of KOH (12.9 mg, 0.195 mmol)
and acetylacetone (40.0 μL, 0.390 mmol) in 5 mL of methanol. The
mixture was stirred at room temperature for 24 h and dried under
vacuum. The residue was treated with 15 mL of dichloromethane.
The resulting yellow suspension was filtered over Celite. The yellow
solution was concentrated almost to dryness. The subsequent addition
of 5 mL of pentane led to 13, which was washed with 3 × 5 mL of
pentane and dried under vacuum. Yield: 21.2 mg (83%)

Reaction of (2) with 2-(2-Bromophenyl)pyridine in 2-
Ethoxyethanol. 2-(2-Bromophenyl)pyridine (210.3 μL, 1.22
mmol) was added to 2 (200 mg, 0.298 mmol) in 8 mL of 2-
ethoxyethanol. The resulting suspension was stirred at 135 °C
overnight and subsequently was cooled to room temperature, dried
under vacuum, and washed with methanol (3 × 5 mL). The obtained
yellow solid was treated with 2 × 5 mL of dichloromethane to afford a
new yellow suspension. The solid (21.4 mg) was separated by
decantation and treated with acetylacetone to yield 6 (<6%). The
supernatant solution was filtered over Celite and concentrated under
vacuum. The addition of pentane (5 mL) led to a white solid (113.7
mg) which was characterized as a 1.3:1 mixture of 9 (19%) and 13
(14%) by 1H NMR spectroscopy.

Preparation of IrBr2{κ
2-C,N-[C6H4-py]}(η

4-C8H12) (13). Silver
tetrafluoroborate (303.7 mg, 1.56 mmol) was added to 2 (500 mg,
0.744 mmol) in 20 mL of acetone. The mixture was stirred for 1 h in
the absence of light. The resulting suspension was filtered over Celite
to obtain an orange solution, which was treated with 2-(2-
bromophenyl)pyridine (525 μL, 3.05 mmol). After 1 h, at room
temperature, a white suspension was formed. The liquor was decanted
and the white solid was washed with methanol (3 × 5 mL). Yield:
304.2 mg (37%). Anal. Calcd for C19H20Br2IrN: C, 37.34; H, 3.28; N,
2.28. Found: C, 37.68; H, 3.25; N, 2.55. HR-MS (electrospray) m/z
calcd. for C19H20BrIrN [M − Br]+ 534.0373; found 534.0391. 1H
NMR (300 MHz, CD2Cl2, 298 K): δ 10.38 (d, 1H, 3JH‑H = 6.1, CH
py), 8.01 (m, 1H, CH Ph), 7.97 (m, 1H, CH py), 7.83 (m, 2H, CH
Ph + CH py), 7.48 (m, 1H, CH Ph), 7.31 (ddd, 1H, 3JH‑H = 8.0, 7.1;
4JH‑H = 1.0, CH Ph), 7.25 (ddd, 1H, 3JH‑H = 7.6, 6.2; 4JH‑H = 1.6, CH
py), 5.80 (m, 1H, CH COD), 5.17 (q, 1H, 3JH‑H = 8.3, CH
COD), 4.64 (td, 1H, 3JH‑H = 8.6, 4.4, CH COD), 3.62 (tt, 1H,
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3JH‑H = 13.8, 7.1, CH2 COD), 3.14 (m, 1H, CH COD), 2.74 (td,
3H, 3JH‑H = 13.5, 8.5, CH2 COD), 2.14 (m, 2H, CH2 COD) and 1.65
(m, 2H, CH2 COD).

13C{1H} NMR (75 MHz, CD2Cl2, 298 K): δ
171.1 (C, py), 162.3 (C, Ph), 152.3 (CH, py), 143.9 (C, Ph), 139.2
(CH, Ph), 134.9 (CH, Ph), 132.5 (CH, Ph), 125.3 (CH, py), 124.9
(CH, Ph) 123.4 (CH, py), 120.4 (CH, py), 99.0, 90.8, 87.5, 85.2 (
CH, COD), 35.5, 33.7, 30.0, 28.2 (CH2 COD).
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Olivań, M. Dehalogenation of Hexachlorocyclohexanes and Simulta-
neous Chlorination of Triethylsilane Catalyzed by Rhodium and
Ruthenium Complexes. Organometallics 2004, 23, 3891−3897.
(e) Buil, M. L.; Esteruelas, M. A.; Niembro, S.; Olivań, M.;
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