
A Study on Zr−Ir Multiple Bonding Active for C−H Bond Cleavage
Masataka Oishi,† Masato Oshima,‡ and Hiroharu Suzuki*,†

†Graduate School of Science and Engineering, Tokyo Institute of Technology, 2-12-1 O-okayama, Meguro-ku, Tokyo 152-8552,
Japan
‡School of Engineering, Tokyo Polytechnic University, 1583 Iiyama, Atsugi-shi, Kanagawa 243-0297, Japan

*S Supporting Information

ABSTRACT: Zr−Ir hydrido complexes with ansa-(cyclopentadienyl)-
(amide) as the supporting ligand in the zirconium fragment, e.g.,
(L1ZrR)(Cp*Ir)(μ-H)3 [L

1 = Me2Si(η
5-C5Me4)(N

tBu), R = Cl (5), Ph
(7), Me (10), alkyl, and aryl] were designed, synthesized, and isolated
as tractable early−late heterodinuclear complexes. Despite the
presence of the three supporting hydride ligands, Zr−Ir distances in
the crystal structures of 5, alkyl, and aryl complexes [2.74−2.76 Å]
were slightly longer than the sum of the element radii of Zr and Ir
[2.719 Å]. These hydrocarbyl complexes displayed the thermolytic
C−H activation of a variety of aromatic compounds and several
organometallic compounds. Also, the substrate scope and limitation in
the Zr−Ir system were studied. The regiochemical outcomes during
the C−H activation of pyridine derivatives and methoxyarenes
suggested the in situ generation of a Lewis acidic active intermediate, i.e., (L1Zr)(Cp*IrH2) (III). The existence of III and
relevant σ-complex intermediates {L1Zr(η2-R−H)}(Cp*IrH2) (IIR) (R = Me, Ph) in the ligand exchange was demonstrated by
the direct isolation of a Et3PO-adduct of III (39b) from 7 and kinetic studies. The structure of the direct Zr−Ir bonds in IIPh,
IIMe, III, and 39b were probed using computational studies. The unprecedented strong M−M′ interactions in the early−late
heterobimetallic (ELHB) complexes have been proposed herein.

■ INTRODUCTION
Direct interactions between early and late transition-metal
centers have received considerable attention since the discovery
of the promotion effects in the area of surfaced catalysis, e.g.,
the Fischer−Tropsch process.1 One of the promotion
phenomena, classically called “strong metal−support inter-
actions” (SMSI),2 undoubtedly emphasizes a potential of
superior roles of early metal-oxide support toward late metal-
catalyst centers, in which formation of a direct Mearly−Mlate
bond have been deduced to provide dramatic change in catalyst
activity and selectivity. In order to invent homogeneous CO
hydrogenation systems relevant to the above heterogeneous
catalysis, Casey and co-workers have commenced pioneering
works using homogeneous transition-metal chemistry, in
particular, the synthesis of close and disparate Mearly−Mlate
bonded binuclear carbonyl complexes with a heterodifunctional
ligand and oxocarbene formation (Scheme 1).3

While a number of early late heterobimetallic (ELHB)
complexes have been synthesized to date, the reaction
chemistry of the direct Mearly−Mlate bonds still remains limited.4

We reason that decomposition of the Mearly−Mlate single bonds
may readily occur once employed for oxidative addition of
reagents.5 Gade and co-workers have developed various new
stoichiometric reactions exploiting the advantage of the reactive
unsupported Mearly−Mlate bonds.6 Among many examples
several group 4−group 9 metal bonded complexes represented
in Chart 1 have been successfully studied on cooperative

reactivity. Bergman and Erker introduced bridged zirconocene-
based Zr−Ir and Zr−Rh ELHB complexes with a direct metal−
metal bond (A and B in Chart 1). They reported cooperative
reactivities in stoichiometric and catalytic reactions.7,8 Multiply
supported Zr−Rh and Zr−Co complexes with direct σ-bonds
and dative bonds were described by Wolczanski and Thomas
(C and D in Chart 1), whose groups studied the durable
Mearly−Mlate bonds for small molecule activations.9,10 Use of
multiple bridges in the Mearly−Mlate bonded systems is
apparently an excellent approach to protect them from
decomposition, but they sacrifice reactivity to some extent.
In our research program, reversible formation of unsup-

ported multiple bonds between early and late transition metals
is the focus. Their reactivity can be expected to be higher than
that for Mearly−Mlate σ-bonds because π- or δ-based bonding
usually lie higher in energy than the corresponding σ-bond. We
have recently disclosed oxidative addition chemistry of Ta−Ir
double bonds.11 Unlike the previous examples, with the
unsupported Mear l y−Mlate single bond,5 ,6 {Cp*Ta-
(CH2SiMe3)2}(Cp*IrH2), designed to have labile hydride
ligands and Cp* as a facial supporting ligand, enables oxidative
addition of C−H, N−H, and O−H bonds to the Ta−Ir double
bond without extensive complex decomposition (Scheme 2).
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As outlined in Scheme 3, we have also preliminarily showed
that zirconocene−Ir hydrides 3, derived from chlorido
complexes 1, displays reversible arene C−H activation and
ultimate dimerization to stable planar-square Zr2Ir2 hydrido
complex 4.12 Stoichiometric intermolecular C−H activation of
a variety of alkanes and nonactivated aromatic compounds
using neutral mononuclear Group 4 or Group 9 metal
complexes has been developed.13−15 In our system, we propose
that the reaction proceeds through a Zr−Ir directly bonded
species 2. Irreversible formation of 4 has hampered attempts to
gain a better understanding of the proposed transient species 2.
Therefore, we turned our attention to modify the early metal
supporting ligand, so that, in this study, the bis-
(cyclopentadienyl) ligand system was replaced by ansa-
mono(cyclopentadienyl)amides. Here, we report the bimetallic
C−H activation chemistry and evidence of the formation of the
Zr−Ir direct bond.

■ RESULTS AND DISCUSSION
I. Design, Synthesis, and Structure of Zr−Ir Com-

plexes. 1. Design and Synthesis. First of all, two ansa-
(cyclopentadienyl)amide ligands were used in this study: one is
commercially available, Me2Si(C5Me4)(NBu

t)2− (L1) and the
other is a nonmethylated analogue of L1, Me2Si(C5H4)-
(NBut)2− (L2). According to literature procedures,16 the
corresponding zirconium dichlorides were prepared from
Zr(NMe2)4 via amine elimination with L1H2 and L2H2,

followed by NMe2/Cl exchange with Me3SiCl. In turn, reaction
of the zirconium dichlorides with Li[Cp*IrH3] afforded
(L1ZrCl)(Cp*Ir)(μ-H)3 (5) and (L2ZrCl)(Cp*Ir)(μ-H)3 (6)
with good to excellent yields (see Scheme 4). 5 and 6 were
treated next with equimolar amounts of PhLi in C6D6 or
toluene, and phenyl complexes 7 and 8 were formed. This is in
preference to nucleophilic abstraction of the bridging hydride
ligands that were observed in the reaction of 1 with
organolithium reagents.12

Complex 7 is stable at ambient temperature in a glovebox for
more than a year, whereas 8 loses benzene in C6D12 solution
slowly at 25 °C or more quickly at 90 °C (1 h), leading to the
f o rma t i on o f d ime r i c s y n - a nd a n t i - h yd r i d e s
(L2Zr)2(Cp*Ir)2(μ3-H)4 (9). The structures of stereoisomeric
9 were determined by NMR and single-crystal XRD analysis of
eventually separated crystals of the two isomers from
cyclohexane (Figure 1). Selected bond distances and angles
of 9 are listed in Table 1. The mean Zr−Ir distances of 9 (2.73
Å) and nearly planar tetrametallic backbone are comparable
with those for the previously reported 4. Unlike the solution
structures of 4 having C2v-symmetric zirconocene units and
anti-9, in the 1H NMR spectrum of syn-9 (in C6D6 at 25 °C),
two broad resonances for the four hydride ligands were
observed at δ −8.26 and −15.87 ppm in a 1:1 integration ratio,
which should be two sets of two equivalent hydrides on each
plane of the Zr2Ir2 square. To our knowledge, this type of
planar square Zr2Ir2 tetrahydrides (e.g., 4 and 9) is likely to be
thermally quite stable and does not undergo reversible
dissociation to the corresponding binuclear species, even in
the presence of dihydrogen or aromatic compounds. Switching
L2 to a sterically more demanding L1 in the early metal
fragment could successfully prevent undesired formation of a
Zr2Ir2 analogue of 9, and allowed us to investigate the binuclear
structures and their reactivities in this work.
As summarized in Scheme 5, we examined the synthesis of

10−17 from 5 with organolithium reagents to evaluate the
generality of the organolithium synthetic method. Initial
attempts to use MeLi toward 5 in ether solvent resulted in
disruption of the bimetallic structure and isolation of
mononuclear L1ZrMe2. However, the yield of 10 was greatly
enhanced when toluene was used as a solvent (97% yield).
Similarly, treatment of 5 with other ether-free hydrocarbon-
soluble BuLi and Me3SiCH2Li gave 11 and 12 quantitatively.
Complex 11, however, slowly decomposed in C6D12 with
evolution of n-butane (1H NMR assay). In C6D6 solvent, 11
underwent ligand exchange at 25 °C to produce thermally more
stable 7-d6. Aryllithium reagents can be employed more
successfully to isolate arylation products 13−17. Bulky 2,6-
dimethoxyphenyllithium, prepared regioselectively from dime-
thylresorcinol and BuLi, was reluctant to undergo arylation,

Scheme 1. Oxidative Addition of H2 and Carbene Formation
on Mearly−Mlate Bonded Carbonyls

Chart 1. Directly Zr−Group 9 Metal-Bonded ELHB Complexes with Bridging Ligands
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even at elevated temperature for steric reasons. 2-Furyllithium
is thermally stable but hardly soluble in toluene. Unlike the
formation of 16, in the reaction between 5 and 2-furyllithium
reagent, the addition of a small amount of THF was efficacious,
giving rise to the desirable 2-furyl derivative 17.
2. Structure of (L1ZrR)(Cp*Ir)(μ-H)3. The above hydrocarbyl

Zr−Ir complexes obtained from 5 and organolithiums are air-
and moisture-sensitive, and some of them could be isolated as
single crystals by recrystallization. Crystal structures of 5 and
13b are shown in Figure 2, and selected bond distances and
angles of crystallographically characterized 5, 7, 12, 13b, and 17

are listed in Table 2. Each structure has a Zr−Ir distance of
2.739−2.778 Å, the formal shortness ratio (FSR) being 1.01−
1.02.17 These Zr−Ir distances would result from three-center
two-electron (3c−2e) interactions among the Zr, Ir, and H
atoms. However, from literature criteria,4c the FSR does not
clearly support the presence of the direct Zr−Ir bond.
Previously reported Ir−Sn bonded species contains terminal
hydrides, Cp*Ir(SnMe3)(H)3

18 in contrast to the Zr−Ir
hydride-bridged species found here. The Zr−Ir−Cp*(cent)
angles are approximately linear (174.9°−176.8°) to arrange the
Ir in a three-legged piano stool geometry (excluding the Zr

Scheme 2. Oxidative Addition of Ammonia N−H and Phenol O−H Bonds to Ta−Ir Complex

Scheme 3. Ligand Elimination of Zirconocene−Ir Hydrides

Scheme 4. Synthesis and Stability of Complexes 7 and 8
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atom from the vertices). This has been observed in other
related Zr−Ir trihydrido complexes such as 1 and (Cp*ZrR2)-
(Cp*Ir)(μ-H)3 (R = Cl, CH2SiMe3).

19 The Zr−CR lengths (ca.
2.30 Å) and Zr−N lengths (ca. 2.10 Å) in (L1ZrR)(Cp*Ir)(μ-
H)3 are both slightly longer than Zr−CPh lengths (av 2.274 Å)
and Zr−N length [2.075(4) Å] of mononuclear L1ZrPh2 while
Cp(cent)−Zr−N bite angles in the L1Zr framework lie within
the typical range (101°−102°).
The three bridging hydride ligands could be well-located and

are obviously nonequivalent in each static solid-state structure

(see Figure 2 and CIF files in the Supporting Information).
However, unlike the crystal structures, they are observed to be
equivalent in the 1H NMR spectra at ambient temperature. A
variable-temperature NMR study for 7 in a temperature range
from 25 °C to −110 °C showed rapid site exchange of the
bridging hydrides (the single resonance of the three hydrides
was w1/2 = 3.4 Hz at 25 °C, 6.3 Hz at 60 °C, and 12.0 Hz at
−110 °C) and nearly nonrestricted rotation about the Zr−CPh

bond (only broadened signals of ortho- and meta-phenyl
protons are observed below −100 °C).20

Figure 1. Molecular structures of syn-9 (left) and anti-9 (right). Cyclohexane solvent molecule and hydrogen atoms except for hydride ligands are
omitted from both crystal structures for the sake of clarity.

Table 1. Selected Bond Distances and Angles of Planar Square Zr2Ir2 Hydrides

complex syn-9 anti-9 4 (L = Cp)a 4 (L2 = Bu2SiCp2)
a

Bond Lengths (Å)
Zr−Ir 2.7239(3) 2.7299(3) 2.8158(6) 2.7711(6)

2.7278(3) 2.7253(3) 2.7987(6) 2.7957(5)

Zr−N 2.136(3) 2.122(3)

Cp(cent)−Zr 2.227 2.221 2.307 2.310
2.289 2.305

Cp(cent)−Ir 1.939 1.945 1.964 1.951

Zr−H(av) 2.36 2.38 2.43 2.33

Ir−H(av) 1.55 1.66 1.59 1.57
Bond Angles (deg)

Zr−Ir−Cp(cent) 140.2 137.04 137.25 137.78
140.3

Cp(cent)−Zr−N 100.2 100.85

Zr−Ir−Zr 79.37(1) 78.13(1) 81.05(2) 81.79(2)
79.51(1)

Ir−Zr−Ir 100.53(1) 101.87(1) 98.95(2) 98.21(2)

Ir−Zr−Ir−Zr 1.96(2) 0.00 0.00 0.00
aData taken from ref 12.
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Scheme 5. Synthesis of Complexes 10−17 by Organolithium Methods

Figure 2. Molecular structures of 5 (left) and 13b (right). Hydrogen atoms except bridging hydride ligands are omitted for the sake of clarity.

Table 2. Selected Bond Distances (Å) and Angles (deg) of (L1ZrR)(Cp*Ir)(μ-H)3 (5, 7, 12, 13b, and 17) Obtained by the
Organolithium Method

complex 5 7 12 13b 17

Bond Distances
Zr−Ir 2.7388(2 Å) 2.7448(3) Å 2.7598(4) Å 2.7447(4) Å 2.7426(5) Å
Zr−Cl or Zr−CR 2.4422(6) Å 2.296(3) Å 2.298(4) Å 2.302(4) Å 2.291(5) Å
Zr−N 2.101(2) Å 2.106(3) Å 2.102(4) Å 2.105(3) Å 2.103(4) Å
Cp(cent)−Zr 2.199 Å 2.215 Å 2.216 Å 2.202 Å 2.201 Å
Cp(cent)−Ir 1.855 Å 1.858 Å 1.893 Å 1.856 Å 1.859 Å
Zr−H(av) 2.16 Å 2.14 Å 2.19 Å 2.14 Å 2.18 Å
Ir−H(av) 1.58 Å 1.54 Å 1.63 Å 1.55 Å 1.56 Å

Bond Angles
Zr−Ir−Cp(cent) 176.55° 175.36° 174.92° 176.75° 176.30°
Cp(cent)−Zr−N 101.08° 102.13° 101.60° 101.71° 101.29°
Ir−Zr−Cl or Ir−Zr−CR 106.39(2)° 106.31(8)° 108.50(12)° 103.98(11)° 101.82(13)°
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II. Ligand Exchange. 1. Exchange with C6D6. Ligand
exchange reaction of 7, 10−12, and 13b with C6D6 (as an arene
substrate and a solvent) was carried out on an NMR scale. As
shown in Table 3, these reactions smoothly proceeded under
the given reaction conditions, yielding (L1ZrC6D5)(Cp*Ir)(μ-
D)3 (7-d8) and the corresponding elimination products.21 The
reactivity order estimated from the observed half-life (t1/2) of
the starting complexes is 11 (R = Bu) ≫ 10 (Me) > 7 (Ph) >
13b (2-naphthyl) ≫ 12 (CH2SiMe3). This trend obeys the
order of the Zr−C bond strengths.22 It was found that
exclusively protio naphthalene was eliminated (corroborated by
GC-MS analysis) from 13b in C6D6 solvent (70 °C, 22 h). The
fact that no deuterium incorporation into this organic product
under the stoichiometric reaction conditions was found
unequivocally rules out the possibility that the reaction
proceeds via σ-bond metathesis between Zr−R and C6D5−D
on the early metal side alone. At the same time, they indicate
that the reactivity is highly dependent on the hydrocarbyl group
at the Zr center in this particular ligand exchange.
2. Ligand Exchange of 7 with Aromatic and Organo-

metallic Substrates. As shown in the former section, the butyl
derivative 11 appeared to be thermally unstable to handle.
Therefore, we did not address unfunctionalized alkane C−H
activation broadly in this work, although the issue of alkane
activation is highly challenging.13,23 Because the methyl
derivative 10 appeared to be more thermally stable than 11,
only C−H activation of methane was examined using 11. A
solution of 11 in C6D12 solvent was exposed to methane
atmosphere (∼1 atm) (see Scheme 6). The reaction progress
was monitored at 25 °C by 1H NMR spectroscopy. The
formation of 10 was slow but clearly observed under the
conditions with competitive decomposition of 11. In contrast, 7

was likely to reach equilibrium with 10 at 70 °C in 6 h under
the methane atmosphere ([7]/[10] > 50).
On the basis of the above information, i.e., the thermal

stability, sufficient reactivity, and solubility of 7 in hydro-
carbons, we sought to study the scope and limitation of the
ligand exchange of 7 with structurally and electronically
divergent aromatic compounds and several organometallic
substrates other than C6D6 (Table 4).
A variety of aromatic compounds could undergo thermolysis

with 7. Simple aromatic hydrocarbons such as naphthalene and
polyalkylated benzenes were primarily tested (entries 1−4).
Eliminated benzene can apparently participate in reversible
ligand exchange, and in order to obtain better product yields,
excess amounts of aromatic substrates were employed but not
required as a solvent.24

In the presence of naphthalene (ca. 10 equiv), the
thermolysis of 7 was conducted at 60−70 °C. Regioselective
C−H activation on a naphthalene β-carbon was observed by 1H
NMR spectroscopy. The C−H activation reaction is likely to be
susceptible to sterically demanding substituents on an aromatic
ring. The tendency is further demonstrated by the reaction with
1,3-diisopropylbenzene as well, affording a regioisomerically
single product 18 (entry 2 in Table 4). In particular, a class of
polymethylated benzenes have chemoselective issues of
aromatic versus benzylic methyl C−H activations because of
thermodynamic reasons [Ph−H (113 kcal mol−1) versus
PhCH2−H (89 kcal mol−1)].25 m-Xylene and mesitylene
were chosen to simplify the chemoselective issues (entries 3
and 4 in Table 4).
Reaction with m-xylene was carried out at 90 °C to give a

mixture of isomers 14a and 14c, while reaction at 60 °C
resulted in slow but exclusive formation of 14a (after heating
for 24 h, 14a was formed in 45% yield, accompanied by only

Table 3. Exchange Reaction of (L1ZrR)(Cp*Ir)(μ-H)3 with C6D6 Solvent
a

entry R (complex) T (°C) t1/2 (h)

1 Ph (7) 25 no exchange
2 Ph (7) 70 2.6
3 Me (10) 50 32
4 Me (10) 70 2.2
5 Bu (11) 25 125
6 CH2SiMe3 (12) 80 no exchange
7 CH2SiMe3 (12) 100 18
8 2-naphthyl (13b) 70 3.9

aThe complex was heated in C6D6 (0.01 M, 0.5 mL) at the given reaction temperature until ca. 80% conversion.

Scheme 6. Attempted Methane C−H Activations
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2% of 14c). Structures of 14a and 14c were identified by 1H
NMR analysis to be 3,5-dimethylphenyl and 3-methylbenzyl
complexes, respectively. Mesitylene was incorporated rather
slowly into the bimetallic complex, yielding 3,5-dimethylbenzyl
complex 19 with no other isomer. The slow ligand exchange
would be attributable to indirect activation of a benzylic methyl
C−H bond, i.e., initial activation of the sterically less accessible

aromatic C−H bond followed by exchange to the benzylic
C−H activation. The structure of 19 was determined on the
basis of similarity of the 1H NMR spectrum to that of benzylic
complex 14c. The resonances of the bridging hydrides in 14c
and 19 were observed at δ −14.18 and −14.21 ppm,
respectively, which tend to reside between hydride resonances
of alkyl and aryl complexes. It is certainly curious to observe no

Table 4. Ligand Exchange of Complex 7

Scheme 7. Proposed Isomerization of 14 through σ-Complex Intermediates
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C−H split in the Cp*Ir fragment of 7. We attempted reaction
with hexamethylbenzene under the similar conditions, but no
reaction was observed. To understand the benzylic methyl
C−H activations, we also inspected 1H NMR monitoring result
of the reaction of 7 and m-xylene.
As can be seen from Figure S1 in the Supporting

Information, more than 80% of complex 7 was consumed in
the initial 1 h with ca. 60% formation of 14a as a major product
while both 2,4-dimethylphenyl complex 14b and 3-methyl-
benzyl complex 14c were detected as minor products (4% and
8% yields, respectively). After 6 h, 14c became the major
product, with a decreased distribution of 14a. These results
suggest occurrence of indirect benzylic C−H activation, most
probably via intramolecular isomerization of a σ-complex
intermediate (14b-int) to another σ-complex (14c-int) (see
Scheme 7),26 with the former corresponding structure being
intrinsically inaccessible with Cp* and hexamethylbenzene.
Competitive C−H activation versus C−X (X = Cl, Br, I)

oxidative addition of haloarenes is particularly interesting,
because of potential for polyfunctionalization of aromatic
compounds. Ortho-selective C−H activations of haloarenes
using iridium complexes with pincer ligands were developed.27

Chloro- and trifluoromethyl-substituted arenes were thus
applied to the thermolysis of 7 (entries 5−7 in Table 4),
giving rise to the corresponding aryl complexes in moderate to
good yields. These results indicate that the functional groups
are innocent but serve as sterically hindered groups, resulting in
the regioselective C−H activation. In marked contrast, a bromo
counterpart, 1,3-dibromobenzene (3 equiv) did not give the
corresponding C−H split complex under identical conditions.
As shown in Scheme 8, cleavage of Ar−Br bond proceeded,

affording the dihydrido complex 33 in 43% yield accompanied
by L1ZrBr2 (19% yield) and bromobenzene (82% yield, based
on 7). The cleavage of Ar−Br in preference to aromatic C−H
activation would be due to the much lower bond enthalpy of
Ph−Br (80.4 ± 1.5 kcal mol−1) from those of Ph−H (113 kcal
mol−1) and Ph−Cl (95.1 ± 2.5 kcal mol−1).25

The structure of 33 was identified by NMR and XRD
analysis. Figure S8 in the Supporting Information displays the
crystal structure of 33, which shows the presence of a terminal
Zr−Br bond [Zr−Br(av) = 2.625 Å] and a bridging Br ligand
[Zr−Br(av) = 2.835 Å, Ir−Br(av) = 2.534 Å]. The structure of
33 does not support Zr−Ir bonding [Zr−Ir(av) = 2.886 Å,
FSR = 1.06]. In the 1H NMR spectrum (C6D12 solvent at
ambient temperature), resonances of the bridging hydrides are
observed to be two nonequivalent broad signals at δ −12.12
ppm (w1/2 = 92.8 Hz) and −12.96 ppm (w1/2 = 79.0 Hz),
exhibiting swift exchange among the bridging ligands. 1H NMR
monitoring of the reaction gave no information about any Ir
fragments eliminated in the formation of L1ZrBr2. At this point,
we are not able to determine a clear mechanism for the
formation of 33.
This result led us to further examine reaction of 7 with a

nonaromatic organic halide having a weak C−Cl bond such as
CCl4 (BDE: 70.9 kcal mol−1). Similarly, the reaction smoothly
proceeded at 80 °C and elimination of benzene was observed.
1H NMR analysis of both C6D12-soluble and insoluble products
and XRD analysis of the C6D12-insoluble product unequivocally
revealed the formation of the ionic pair [(Cp*Ir)2(μ-H)3]-
[Me2ClSi(η

5-C5Me4)ZrCl4] (34) and L1ZrCl2, i.e., com-
plete disruption of Zr and Ir fragments (Figure S9 in the
Supporting Information). Mechanisms for the formation of the

Scheme 8. Reaction of 7 with 1,3-Dibromobenzene

Figure 3. Molecular structure of 23. Figure 4. Crystal structure of 35a.
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ionic product and cleavage of Zr−N and Si−N bonds remain
unclear.
We next performed reaction with other heteroatom-

containing substrates such as alkoxyarenes (entries 8 and 9 in
Table 4) and pyridine derivatives (entries 10−12 in Table 4).
Unlike halogen substituents, these Lewis basic functionalities
play an important role in directing regioselection, affording
ortho C−H split complexes 15, 23−26.
Crystal structure of 23 is shown in Figure 3. Additional

frontal coordination of the proximal methoxy group at the ortho
position to the Zr center can be seen in the structures of 15a
and 23 [Zr1−O1 = 2.6311(19) Å (15a) and 2.8451 Å (23)]
(see Figure S10 in the Supporting Information). This causes
the acute Zr1−C26−C27 angle [104.8(2)° (15a) and
109.5(2)° (23)], probably reflecting the more coordinatively
unsaturated L1Zr character than zirconocene systems.
Note that dimethylresorcinol gave no meta-metalation

product but 2,6-dimethoxyphenyl complex 15a as the major
complex, which is not available via the organolithium method as
mentioned above (Scheme 5). Regioselectivity of this particular
substrate has provided some mechanistic information in C−H
activation/functionalization by various late metal systems, i.e.,
electrophilic late metal complexes often display preference for
C−H split at the 4- or 6-position of the aromatic ring, whereas
metalation at the 5-position occurs in steric factor-oriented
systems.28 On the other hand, the C2-metalation product is
quite rare and only observed as a minor component in
transition-metal systems but as the sole product with main
group or lanthanide compounds.29 The 1H NMR monitoring of
the reaction with dimethylresorcinol at 70 °C (see Figure S2 in
the Supporting Information) revealed that 2,4-dimethoxyphenyl
complex 15b is more kinetically favored but, after heating for
6 h, the more thermodynamically stable 15a becomes the major
product while no C−H activation at the 5-position was detected
throughout the reaction. This observation underlines that the
alkoxy group serves as a “directing group” in the present Zr−Ir
system.
2,3-Benzofuran has aromatic and vinylic sp2 C−H bonds,

and it is expected to undergo C−H activation at the 2- or
7-position, based on the directing group effect of the ether
functionality. The reaction of 7 with an excess amount of
benzofuran at 80 °C was monitored by 1H NMR spectroscopy
(see Scheme 9). A 1H NMR spectrum of the major product
35a (75% yield) appeared much different from that of
2-benzofuryl derivative 16 that is accessible from the organo-
lithium method but has two nonequivalent hydrides at δ
−14.61 and −15.41 ppm (doublet, J = 8.0 Hz), as well as six
proton resonances of C(sp2)−H in aromatic and vinylic groups
(vinylic proton resonances at δ 9.09 and 6.87 ppm with 3JHH =
14.0 Hz). The minor product 35b has also two nonequivalent
hydrides (δ −13.62 and −14.96 ppm with J = 5.2 Hz) and was

observed in 10% yield based on integrations for L1, Cp*, and
hydride ligands. Single crystals of 35a were obtained from
pentane. Figure 4 shows the X-ray structure of 35a, which
reveals regioselective Cvinylic−O bond cleavage in the five-
membered ring of benzofuran and trans configuration of the
vinylic group. The related ring enlargement of an oxygen-
containing heterocyclic compound by zirconocene alkyne
complexes was reported previously.30 The Zr−Ir distance
[2.9415(3) Å, FSR = 1.08] shows absence of a direct Zr−Ir
interaction. In the solid-state structure, the vinylic functionality
is located in proximity of the Zr center [Zr1−C32 = 2.660(3)
Å, Zr1−C33 = 2.517(3) Å] but the C32−C33 bond length
(1.360(4) Å) is in a range of typical C−C double bond lengths,
implying no clear interaction between Zr and the vinylic
moiety. Based on the 1H NMR spectra of 35b, the minor
product is assignable to be the corresponding (Z)-vinylic
isomer (vinylic proton resonances at δ 8.47 and 7.92 ppm with
3JHH = 12.0 Hz).
It is known that a Ni-catalyzed ring-opening reaction of

benzofuran with methyl Grignard reagent produces a mixture of
(Z)- and (E)-o-propenyl phenols and the (Z)-product isomer-
izes to a 1:3 mixture of the (Z)- and (E)- o-propenyl phenols
under the catalytic conditions.31 Pure 35a appeared to undergo
slow partial isomerization to 35b in solution at ambient
temperature. Although the isomerization mechanism is still
unclear, we cannot rule out possibility of the mechanism via the
η2-vinyl Ir intermediate described by Crabtree.32

Relatively unsatisfactory yields were observed with pyridine
and γ-picoline (entries 10 and 11 in Table 4), because of the
formation of an unidentified byproduct. In contrast to these
pyridine substrates, reaction with 4-dimethylaminopyridine
(DMAP) proceeded rather cleanly to afford η2-pyridyl
derivative 26 in high yield (entry 12 in Table 4). The single
incorporation of the pyridines should result from the early
metal ligand effect; thermolysis of {Cp*Zr(CH2SiMe3)2}-
(Cp*Ir)(μ-H)3 in the presence of excess pyridines gave
bis(pyridyl) complexes containing Zr−Cpy and Ir−Cpy
bonds,18 whereas no reaction of the zirconocene−iridium
system such as (Cp2ZrPh)(Cp*Ir)(μ-H)3 with pyridines was
observed.
The structure of 26 was established by NMR and X-ray

analysis. Despite successful development of the Zr-catalyzed
ortho-alkylation of pyridines by Jordan and co-workers,33 only a
handful of examples of structurally well-characterized η2-pyridyl
Zr complexes have been reported.33b,34 In the crystal structure
of 26, there are two independent molecules in the asymmetric
unit (Figure 5). These structures are rotamers with respect to
the Zr−C bond of the η2-pyridyl ligation; the pyridyl N atom is
coordinated to Zr center in the frontal or lateral site. The latter
structure has a slightly bent Zr−Ir−Cp*(cent) = 172.4°; but, in
principle, no discernible difference is found in the structural

Scheme 9. Oxidative Addition of Benzofuran Cvinylic−O Bond
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parameters of these rotamers. Krut’ko et al. assigned rotamer
structures of Cp*2ZrH(η

2-κC,N-py) by NOE and estimated a
small barrier for this type of isomerization (ΔG = 1.6 kcal
mol−1).34c Only one rotamer was observed in the solution 1H
NMR spectrum of 26 in C6D12 at ambient temperature, which
we assigned by NOESY, HMQC, and HMBC experiments to
be the frontal form. These rotamers are likely to have a labile
Zr−NPy bond and be in rapid equilibrium in solution after
initial formation of the lateral form by bimetallic ortho C−H
bond cleavage of DMAP (Scheme 10).
Thioanisole was also examined as a heteroatom-containing

substrate (entry 13 in Table 4). The thermolytic reaction
required a much longer time to obtain a sufficient conversion
of 7, while an initially formed but unidentified intermediate
disappeared after 16 h at 70 °C; 27 was then formed as the
major product in 67% yield. Based on the 1H NMR spectrum,
one thioanisole molecule was incorporated in 27. Despite the
expected role of the thioether moiety as a potential directing
group35 for ortho aryl C−H activation, five aromatic protons
were clearly observed in the NMR spectrum of 27 (C6D6
solvent, a 2:2:1 integration ratio at δ 7.52, 7.13, and 6.92 ppm).
This complex was assigned as a SCH2−H split structure (in
marked contrast to alkoxyarenes). This assignment was
supported by resonance of ZrCH2S (δ = 36.7 ppm) in 13C
NMR and HMQC spectra, as well as crystallography. The
formation of 27 was further verified by organolithium method
using 5 and a TMEDA·LiCH2SPh reagent. The selectivity may
be ascribed to the thermodynamic preference of PhSCH2−H

(93 kcal mol−1) versus Ph−H (113 kcal mol−1) and PhOCH2−
H (ca. 96 kcal mol−1).25

As listed in entries 14−18 of Table 4, several organometallic
compounds were studied as reaction substrates. The two
trimethylsilanes (entries 14 and 15 in Table 4) showed
common chemoselectivity, i.e., SiCH2−H activation took place
to afford silylmethylated complexes 28 and 29, respectively. On
the other hand, Me3SiOMe initially gave silylmethylated
complex {L1Zr(CH2SiMe2OMe)}(Cp*Ir)(μ-H)3 (30b) to a
significant extent but, after heating at 100 °C for 10 h, this
further underwent methyl ether C−H activation, leading to the
predominant formation of siloxymethyl complex 30a in high
yield (entry 16 in Table 4). Ferrocene has 10 equivalent
aromatic C−H bonds and the reaction with 7 proceeded as
smoothly as aromatic hydrocarbons, yielding the corresponding
C−H split product 31 (entry 17 in Table 4). However, the
reaction of Cp2ZrMe2, which has not only 10 equivalent C−H
bonds on the Cp rings but also two methyl groups on the Zr
atom, gave rise to methyl C−H split complex 32 exclusively
(entry 18 in Table 4).

3. Catalytic H/D Exchange. Next, we anticipated that
catalytic H/D exchange between arenes and C6D6 could
provide more information about which C−H bond can be split
by the bimetallic complex. NMR-scale exchange between
several arenes and C6D6 as solvent was carried out at 120 °C
in the presence of catalytic amounts of 7, and these results are
listed in Table 5. Total deuterium incorporations into arenes,
regioselections, and dn distributions were estimated by NMR

Figure 5. X-ray structures of 26 (two independent molecules in the asymmetric unit). Co-crystallized frontal (left) and lateral (right) rotamers.

Scheme 10. Equilibrium between Rotamers of 26
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and GC-MS analysis. In each reaction, 7-d8 was detected in the
NMR spectra throughout the H/D exchange. Therefore, we
considered that a dinuclear Zr−Ir species serves as an active
catalyst and the regioselective outcomes in the catalytic H/D
exchange should, in principle, follow those in the stoichiometric
reactions.
In fact, the observed selectivities in the catalytic H/D

exchange are fairly consistent with those expected from the
regioselective C−H bond cleavage of the substrates tested (1,3-
diisopropylbenzene, 1,3-bis(trifluoromethyl)benzene, naphtha-
lene, and methoxyarenes) with 7 under the milder conditions
(Table 4). Nevertheless, the results in Table 5 indicate that
activation of sterically less accessible C−H bonds also occur
under more forcing conditions; albeit the lower deuterium
incorporations. A significant degree of deuterium incorpo-
rations (ca. 23%) into α-C−H of naphthalene was observed
(entry 3 in Table 4).
When the previously reported {Cp*Zr(CH2SiMe3)2}-

(Cp*Ir)(μ-H)3
19 was employed with 1-methoxynaphthalene

under the identical H/D exchange conditions, chelating
complex 36 was formed via C8−H and Me−O bond cleavages,
and no further H/D exchange occurred after 20 h (see Scheme
11 and Figure S11 in the Supporting Information). Cleavage of
C−O bond of alkyl ethers was achieved by bis(indenyl)-
zirconium sandwich complexes and half-sandwich zirconocene
hydroborate-B(C6F5)3 system under mild conditions.36 On
the other hand, replacement of the Zr ligand to the ansa-
cyclopentadienyl-amide L1 retained the uniform catalyst
activity, yielding the corresponding deuterium-enriched ar-
omatic compounds (entry 4 in Table 5). Despite the favored
ortho C−H bond cleavage of heteroatom-containing arenes
(entries 8−12 in Table 4), exchanges in C2−H bond of
1-methoxynaphthalene and C1−H bond of 2-methoxynaphthalene
were both completely interfered, presumably, by the steric
repulsion between the ligand L1 and the naphthyl ring. Unlike
the cases of PhSMe and Me3SiOMe, methyl ether C−H bonds
in the aromatic substrates did not participate to H/D exchange,
even at 120 °C.
III. Attempted Isolation of Zr−Ir Bonded Species.

1. Thermolysis of 7 in the Presence of X- and L-Type

Ligands. To explore the possibility of formation of Zr−Ir
bonded intermediates, we attempted thermolytic reactions of
7 with various ligands. The proposed transient complex, i.e.,
(L1Zr)(Cp*IrH2), after benzene elimination from 7, was ex-
pected to coordinate with certain Lewis bases such as
heteroatom-containing ligands. We suggest that these coordinate
in the initial step of the regioselective C−H activations of
methoxyarenes and pyridines, which were experimentally
observed (see Table 3). Therefore, we attempted to trap this
species with Lewis bases, which would not undergo C−H
activation. However, PMe3 and THF were ineffective at trapping
the transient species, resulting in the formation of intractable
materials.
These failures led us to turn to the use of a halide as an

X-type ligand or a relatively strong oxo base as an L-type ligand
that are hoped to stabilize the Lewis acidic Zr center. Reaction
of 7 with Bu4N

+Br− in THF-d8 at 80 °C led to the moderately
clean formation of a new complex 37 (67% NMR yield
based on L1 ligand integration), along with a small amount
of (L1ZrBr)(Cp*Ir)(μ-H)3 (5′) (Scheme 12). The 1H
NMR spectrum of crude 37 contains resonances of both
C1-symmetric L1 fragment and Cp* ligand over slightly wide
chemical shift region of Me groups in L1 (CpMe4: δ 2.63−1.71
ppm; SiMe2: δ 0.41 and 0.26 ppm), as well as a hydride
resonance (δ −13.90 ppm). These characteristic chemical shifts
are observed similarly to those of phosphine oxide adducts 39
(shown later). 37 was found to be a dihydrido complex and
undergo no H/D exchange with THF-d8 under the reaction
conditions. Separation of 37 from the remaining Bu4N

+Br− was
impaired by their similar solubility and poor crystallinity.
Cleaner formation of 37 was attained via the use of an excess of
7 (1.4 equiv, 90% NMR yield based on Bu4N

+Br−). However,
37 seems to gradually decompose during the course of
recrystallization, resulting in the butylation of the Ir center
with Bu4N

+, i.e., formation of neutral butyl dihydrido complex
(L1ZrBr)(Cp*IrBu)(μ-H)2 (38) (see Figure S12 in the
Supporting Information).37 Therefore, the structure of 37 was
temporarily assigned as drawn in Scheme 12, based on the
similarity of the 1H NMR data to that of fully characterized
39b.

Table 5. 7-Catalyzed H/D Exchange between Arenes and C6D6
a

entry arene ([arene]0/[7]0)
b time (h) total D into Ar-H (%)c regioselectionb

1 C6H4-1,3-iPr2 (118) 100 22 H5 (81%) ≫ H4, H6, H2

2 C6H4-1,3-(CF3)2 (129) 15 26 H5 (>99%)≫ H4, H6, H2

3 C10H8 (48) 113 53 Hβ (83%) ≫ Hα

4 C10H7-1-OMe (40) 100 48 H3 (90%), H6, H7 ≫ H4, H5 > H8 > H2

5 C10H7-2-OMe (40) 114 55 H3 (93%), H6, H7 ≫ H4, H5, H8 > H1

aNMR-scale reaction of 7 and the given arene was carried out in C6D6 (0.6 mL) at 120 °C. [7] = 0.006−0.01 M. bAs determined by 1H NMR
analysis. cAs determined by comparison with the starting arene samples in GCMS analysis.

Scheme 11. C−H Activation of 1-Methoxynaphthalene in C6D6

Inorganic Chemistry Article

dx.doi.org/10.1021/ic500258g | Inorg. Chem. 2014, 53, 6634−66546644



Phosphine oxides are known to effectively stabilize Lewis
acidic metal centers, such as early transition metals, lanthanides,
and actinides, whose Lewis acid−base adducts have been well-
characterized.38 Next, we addressed the thermolysis of 7 at
80 °C in the presence of several commercially available phos-
phine oxides R3PO (R = Me(a), Et(b), Bu(c)) as L-type ligands;
these results are summarized in Scheme 13 and Table 6.

Among the phosphine oxides tested in this study, ethyl and
butyl derivatives led to the clean formation of the desired
adducts 39b and 39c, respectively. 39b and 39c are soluble in
pentane, and 39b was isolated as pure crystals, whereas the
high solubility of 39c prevented isolation. In contrast, Me3PO
gave an unsatisfactory result with only a small amount of the
corresponding adduct 39a detected by 1H NMR analysis. It
was not possible to improve the yield higher than 25%, with
the formation of an unidentified byproduct always observed
despite the reaction conditions (the temperature, reaction
time, and amounts of Me3PO).

39

The Gutmann acceptor number (AN) is used for quantitative
measurement of Lewis acidity in a variety of solvents.40 The AN
is based on the 31P NMR chemical shift of Et3PO as a probe
molecule. From the data for 39b in Table 6, the Gutmann AN
for the ligand-free transient species is estimated to be 64. As a
result, the Zr center is thought to have Lewis acidity in a region
between TiCl4 (AN = 70) and SnCl4 (AN = 59),41 and helps to
account for the above regioselective C−H activation of N- and
O-containing substrates (see Table 4).

2. Structure of 39b. Complex 39b was recrystallized from
pentane at −10 °C, affording an orange chunk. The structure
was determined by X-ray analysis (Figure 6). The molecular
structure may be contrasted with those of the trihydrido
complexes in Figure 2. The Zr−Ir distance of 39b is
substantially contracted to 2.5491(4) Å, the FSR being
0.938.17 The Zr−Ir distance is significantly shorter than that
of the reported Zr−Ir single bonds (2.60−2.64 Å).7 The P−O
bond length [1.517(3) Å] is comparable to those of free tertiary
phosphine oxides.42 The bending angle Zr−Ir−Cp*(cent) =
161.3° indicates that the Zr atom occupies one of the vertices
of the distorted tetrahedron of the Ir geometry, likely
facilitating stronger Zr−Ir interactions. Two hydride ligands
could be well-located in the difference-Fourier map and could
be refined. The Zr−IrH2 core structure is comparable with the
recently reproted {Cp*Ta(CH2SiMe3)2}(Cp*IrH2) [Ta−Ir =
2.4457(3) Å, Ta−Ir−Cp*(cent) = 163.7°].11 The long H1−H2
distance (>2.1 Å), as determined by the X-ray analysis and the
spin−lattice relaxation time for the hydride resonance (T1 >
460 ms) rule out 39b as a nonclassical hydrido complex (see
Figure S3 in the Supporting Information).
The 1H NMR spectrum of 39b shows a single resonance for

the two hydride ligands at ambient temperature, although they
are nonequivalent hydrides in the solid state. Therefore, we
examined a VT-NMR study for 39b (Figure 7). The hydride
resonance appeared as a single peak at a temperature higher
than −60 °C, began broadening at −80 °C, and ultimately

Scheme 12. Reaction of 7 and Bu4N
+Br−

Scheme 13. Formation of 39

Table 6. 31P NMR data of R3PO and Their Adducts
(Solvent: THF-d8)

chemical shift (δ/ppm)a

R free R3PO adduct

Me 32.3 39a 63.8
Et 46.1 39b 73.4

TiCl4·OPEt3 72.7b

SnCl4·OPEt3 67.4b

Bu 42.3 39c 69.1
aReferenced to 85% H3PO4 in D2O.

bData taken from ref 41 (solvent:
ether).

Figure 6. X-ray structure of 39b. Hydrogen atoms (except Ir−H) are
omitted for the sake of clarity. Selected bond lengths (Å) and angles
(deg): Zr1−Ir1, 2.5491(4) Å; Zr1−N1, 2.149(3) Å; Zr1−O1,
2.156(3) Å; P1−O1, 1.517(3) Å; Zr1−Cp(cent), 2.246 Å; and Ir1−
Cp(cent), 1.931. Zr1−Ir1−Cp(cent), 161.33°; O1−Zr1−Ir1v,
105.97(7)°, N1−Zr1−Ir1, 112.46(9)°; Ir1−Zr1−Cp(cent) , 122.77°;
N1−Zr1−Cp(cent), 101.16°; and O1−Zr1−Cp(cent), 105.04°.
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decoalesced at −110 °C into two broad signals at δ −12.22 and
−14.69 ppm (1:1). The hydride site exchange likely proceeds
via oscillation between terminal and bridging hydride
structures; this process may alter the Zr−Ir interactions to a
significant extent. The IR spectrum of 39b includes character-
istic absorption bands at 2154 and 1244 cm−1, the former
absorption is assigned to terminal Ir−H stretching vibration
and the latter is ν(PO). Based on these data we would conclude
that the proposed Zr−Ir bonded structure with terminal
hydrides has a major contribution to the structure of 39b.
IV. Mechanism through Zr−Ir Bonded Intermediates.

1. Proposed Mechanism. We considered the likelihood that
C−H activation of 7 involves Zr−Ir directly bonded
intermediates such as σ-arene, σ-alkane complex, and ligand-
free transient species analogous to the well-defined {Cp*Ta-
(CH2SiMe3)2}(Cp*IrH2),

11 a postulated mechanism for the
(reversible) reaction between IR1 and R2−H is displayed in
Scheme 14. As mentioned in the above section (exchange
between C6D6 and complexes 7, 10−12, and 13b, see Table 3),
the reactivity for the ligand exchange can vary, depending on
the combination of R1 group in IR1 and substrate R2 group for
different Zr−C bond strengths22 and the number of accessible
C−H bonds. The proposed mechanism is as follows. The
reaction is initiated from reductive coupling of IR1 to form a
σ-complex intermediate IIR1, followed by ligand dissociation to
give a ligand-free intermediate III. In turn, coordination of an
external ligand R2−H to the endo-dihydride III affords another
σ-complex intermediate IIR2, and finally oxidative cleavage of
the C−H bond provides the product IR2. Here, we define two
dihydride orientations on the Ir with respect to L1Zr geometry
in IIR1 and IIR2 as exo-form and in III as endo-form (These
forms for II and III are based on the DFT results, shown later).
Moreover, in the presence of phosphine oxide, Lewis acidic III
could be trapped to form endo-dihydride 39. The process is
irreversible and the kinetic study for the reaction of 7 to 39b
may also provide useful information.
Apparently, both the reductive elimination and oxidative

addition involve a process which is neither associative nor
dissociative, i.e., IR1 → IIR1 and IIR2 → IR2, while the
dissociative process IIR1 → III and the associative process
III → IIR2 are also contained in the proposed exchange

mechanism. Activation parameters obtained and kinetic isotope
effects (KIEs) observed in the following kinetic studies may
address which process is the rate-determining step, although
the key step can be altered, depending on the reactants
employed. In this kinetic study, we decided to exploit 7 and 10
as starting complexes I.

2. Kinetic Study for Ligand Exchange. Several groups have
reported comprehensive studies on mechanisms and KIEs in
alkane and arene C−H bond activation mediated by transition-
metal alkyl and aryl hydrido complexes featuring cyclo-
pentadienyl ligands.43−45 In our system, we attempted the
synthesis of (L1ZrPh)(Cp*Ir)(μ-D)3 (7-d3) from (L1ZrCl)-
(Cp*Ir)(μ-D)3 (5-d3) (>99% D incorporation) in toluene
solvent at 25 °C. However, because of the presence of the three
bridging deuterides in once formed 7-d3, a rather complicated
mixture of 7-d3 isomers, i.e., {L1Zr(C6DnH5−n)}(Cp*Ir)(μ-
D)3−n(μ-H)n (n = 0−3) was observed, namely, the intra-
molecular H/D scrambling seemed to occur much more rapidly at
the temperature than the intermolecular exchange with the solvent;
in fact, no isomers of predictable tolyl and benzyl derivatives
were formed. The desirable 7-d3 could not be synthesized cleanly.
Thus, we decided to employ naphthalene(-d8) as a labeled arene
substrate, which we regard to be relatively close to benzene
compared to other arene substrates in terms of the number of the
sterically equivalent accessible hydrogens (four vs six) and the
C−H bond strength (111.9 ± 1.4 kcal mol−1 vs 112.9 ± 0.5
kcal mol−1).25 Also, complex 7 shows a 1H NMR spectrum
distinctive from that of 13b, which is helpful in performing the
kinetic studies utilizing NMR spectrometry.
The reaction of 7 with naphthalene is reversible (Scheme

14), and the equilibrium lies on the side of 13b in the presence
of excess naphthalene. We simply used a large excess of
naphthalene to measure pseudo-first-order rate constants. In
the presence of >10 equiv of naphthalene, the reaction plots
nicely fit first-order kinetics in [7] at least 60% conversion (see
Table 7 and Figure S4 in the Supporting Information),46 while
a reduced amount of naphthalene decreased the reaction rate
(entries 3 and 4 in Table 7). Based on the kobs (see entries 1−3,
6, and 7 in Table 7), activation parameters were estimated for
the exchange reactions of 7 with naphthalene to be ΔH⧧ =
28.7 ± 0.5 kcal mol−1, ΔS⧧ = 6.9 ± 1.3 eu, and ΔG298

⧧ = 26.6 ±
0.8 kcal mol−1 (Figure 8). The small value of |ΔS⧧| indicates
two possibilities: (i) the rate-determining step is involved in
either a unimolecularly C−H bond forming or breaking
process, namely 7 → IIPh or IINaph → 13b, and (ii) the dis-
sociative and associative processes (IIPh → III and III→ IINaph)
in the proposed mechanism have energetically similar level of
the transition states, because of the almost-identical reactivity
of benzene and naphthalene. In addition, we obtained rate
constants using 7 and naphthalene-d8 (see entry 5 in Table 7) or
using (L1ZrC6D5)(Cp*Ir)(μ-D)3 (7-d8) and naphthalene (see
Table S2 in the Supporting Information), giving significant
estimated KIEs (353.1 K) = 1.25(2) and 0.78(1), respectively.
The latter kinetic measurements using 7-d8 and naphthalene
(see Table S2 and Figure S5 in the Supporting Information)
provide activation parameters similar to the above: ΔH⧧ =
29.2 ± 0.6 kcal mol−1, ΔS⧧ = 8.7 ± 1.6 eu, and ΔG298

‡ = 26.6 ±
1.1 kcal mol−1. These data imply that the exchange rates depend
upon unimolecular C−H(D) bond formation of eliminating
organic ligands or C−H(D) bond cleavage of incoming organic
molecules.
As mentioned above, unlike the reaction of aryl complexes

such as 7 with methane, methane C−H activation was clearly

Figure 7. VT-NMR spectra of 39b (hydride region). The asterisks
denote impurities.
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Scheme 14. Proposed Mechanism for the Reversible Ligand Exchange through Zr−Ir Bonded Intermediates and Formation
of 39b

Table 7. Pseudo-First-Order Rate Constants for the Reaction
of 7 with Naphthalenea

entry [C10H8]0/[7]0 T (K) kobs (× 104 s−1)

1 10.5 333.15 0.269 ± 0.002
2 14.6 347.64 1.79 ± 0.01
3 14.6 352.67 3.37 ± 0.02
4 3.1 353.09 3.04 ± 0.04
5b 14.6 353.09 2.70 ± 0.04
6 14.6 357.64 5.79 ± 0.04
7 14.6 362.41 9.48 ± 0.12

aThe reaction was carried out [7]0 = 9.7 mM in C6D12 under the given
reaction conditions and monitored by 1H NMR analysis at least until
60% conversion was achieved. bNaphthalene-d8 was used.

Figure 8. Eyring plot for the reaction of 7 and naphthalene.

Table 8. Pseudo-First-Order Rate Constants for the Reaction
of 10 with Naphthalenea

entry T (K) kobs (× 104 s−1)

1 333.15 0.259 ± 0.003
2 338.15 0.437 ± 0.002
3 342.88 1.14 ± 0.01
4 347.89 1.98 ± 0.01
5 352.98 3.54 ± 0.03
6 357.85 5.91 ± 0.05
7 362.97 9.64 ± 0.06

aThe reaction was carried out using [10]0 = 7.9 mM in C6D12 and
[naphthalene]0/[10]0 = 11.0 at the given reaction temperature and
monitored by 1H NMR analysis at least until 55% conversion of
complex 10.

Table 9. Pseudo-First-Order Rate Constants for the Reaction
of 7 and Et3PO

a

entry [Et3PO]0/[7]0 T (K) kobs (× 104 s−1)

1 0.60 357.04 4.67 ± 0.02
2 1.05 357.04 4.68 ± 0.02
3 5.56 357.04 4.68 ± 0.03
4b 10.74 357.04 4.41 ± 0.03
5c 2.44 339.15 0.485 ± 0.005
6 1.48 346.86 1.45 ± 0.01
7 1.48 351.48 2.50 ± 0.01
8 1.48 356.87 4.47 ± 0.03
9 1.48 361.58 7.23 ± 0.05

aThe reaction was carried out using complex 7 in THF-d8 ([7]0 =
9.5 mM) at the given temperature and monitored by 1H NMR analysis
at least until second half-lives of 7. bAfter 1 h, 81% conversion of 7 and
43% yield of 39b were observed by 1H NMR assay. cHeated in an oil
bath.
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observed by using butyl derivative 11. This should be ascribed
to the large difference in reaction rates of proposed III toward
methane and arene C−H bonds. Thus, we anticipated that IIMe
lay higher in energy than IINaph, and so, the step of IIMe → III
would be nearly irreversible in the exchange of 10 and excess
naphthalene. Therefore, a kinetic study using 10 and
naphthalene would more clearly explain about whether the
rate-limiting step is 10→ IIMe or IIMe → III. As for the reaction
of 7 and naphthalene, kinetic plots for the conversion of 10 in
the presence of excess naphthalene (11.0 equiv) in C6D12
solvent showed that the rate law could be approximated as first-
order in [10] (see Table 8). Since the data obtained at the
lower temperatures were deviated (entries 1 and 2),21 the
activation parameters were obtained from the Eyring plot using
the rate constants at 343−363 K: ΔH⧧ = 25.8 ± 0.3 kcal mol−1,
ΔS⧧ = −1.2 ± 0.9 eu, and ΔG298

⧧ = 26.2 ± 0.6 kcal mol−1

(entries 3−7 in Table 8 and Figure S6 in the Supporting
Information). The small |ΔS⧧| may indicate the proposed
reductive coupling process 10 → IIMe to be the rate-limiting
step.

3. Kinetic Study of the Formation of 39b. Kinetic study of
the formation of 39b was carried out in THF-d8 solvent since
Et3PO appeared to be the better trapping agent for the
proposed III. One may think that the reaction obeys second-
order kinetics in [7] and [Et3PO], i.e., rate = k[7][Et3PO]. We
primarily performed the reaction at 357 K with varied ratios of
[Et3PO]0/[7]0 (from 0.60 to 10.74). The natural logarithm of
[7]/[7]0, as a function of time, was found to have linearity, and
the rate law was thus regarded as pseudo-first-order in [7]; as a
result, the rate constants (kobs) were almost uniform at this
temperature, irrespective of [Et3PO]0/[7]0 ratio (entries 1−4 in
Table 9). This implies that the associative step of III and Et3PO

Table 10. Geometrical Parameters (Bond Lengths and Bond Angles) of Optimized Complexes IR, IIR, III, and 39ba

complex 7 10 12 13b 13b′ IIPh IIMe IINaph III 39b

Bond Lengths (Å)

Zr−Ir 2.805 (2.1) 2.817 2.811 (1.8) 2.802 (2.1) 2.804 2.516 2.498 2.512 2.476 2.530 (0.8)

Zr−N 2.115 (0.4) 2.123 2.126 (1.1) 2.116 (0.5) 2.113 2.126 2.124 2.131 2.128 2.158 (0.4)

Zr−CR or Zr−O 2.282 (0.6) 2.271 2.289 (3.9) 2.282 (0.9) 2.285 2.830 2.942 2.824 2.197 (1.9)

Zr−H(av) 2.27 (5.6) 2.27 2.27 (3.5) 2.26 (5.6) 2.27 2.28 2.31 2.29 2.34 2.39 (5.8)

Ir−H(av) 1.64 (5.8) 1.63 1.63 (0.0) 1.63 (5.2) 1.63 1.65 1.65 1.65 1.66 1.64 (4.4)

H−H 2.28 2.29 2.27 2.24 2.25 (4.1)

Cp(cent)−Zr 2.261 (2.0) 2.268 2.275 (2.6) 2.262 (2.7) 2.261 2.281 2.289 2.286 2.247 2.292 (2.0)

Cp(cent)−Ir 1.960 (5.2) 1.960 1.961 (3.5) 1.960 (5.6) 1.963 2.050 2.053 2.055 2.057 2.066 (6.5)

Bond Angles (deg)

Zr−Ir−Cp(cent) 178.8 (1.9) 178.5 177.2 (1.3) 178.9 (1.2) 179.1 162.3 159.6 161.8 155.5 156.3 (3.2)

Cp(cent)−Zr−N 100.7 (1.4) 100.7 100.4 (1.2) 100.6 (1.1) 100.7 99.8 99.8 99.6 100.9 99.7 (1.5)
aValues given in parentheses show the percentage deviation from the experimental values.

Figure 9. Zr−Ir bonding molecular orbitals for optimized IIPh (left) and 39b (right) and schematic atomic orbital overlaps between Zr and Ir
(center).
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is not the rate-determining step. The use of a large excess of
Et3PO (>10 equiv) or relatively high reaction temperature
reproducibly caused undesired side reactions to a considerable
extent. C6D12 can also be used as a reaction solvent with more-
soluble Bu3PO reagent but slightly decreased the rate and
chemical yield of adduct 39c [353 K: kobs = 1.89(3) × 10−4 s−1

(THF-d8), 1.54(3) × 10−4 s−1 (C6D12)]. Therefore, to obtain
activation parameters of the reaction, kinetic data were
collected with a small excess use of Et3PO in THF-d8 solvent
(entries 5−9 in Table 9).
Activation parameters were estimated using the Eyring plot

(see Figure S7 in the Supporting Information) to be ΔH⧧ =
28.5 ± 1.0 kcal mol−1, ΔS⧧ = 6.1 ± 2.7 eu, and ΔG298

⧧ = 26.7 ±
1.8 kcal mol−1. These values are quite comparable to those
obtained in the reaction of 7 with naphthalene. The small value
of |ΔS⧧|, as well as the reaction rates independent from
[Et3PO], clearly indicate that the rate-determining step is
involved in the formation of σ-complex IIPh from 7 (reductive
coupling), which is an only nonassociative and nondissociative
step in the proposed mechanism (Scheme 14).
4. Theoretical Consideration. DFT calculations at the

B3LYP level were performed on the geometrical and electronic
structures of IR (R = Ph (7), Me (10), CH2SiMe3 (12), 2-
naphthyl (13b), and its naphthyl ring rotamer (13b′)), IIR (R =
Ph, Me, and 2-naphthyl), III, and 39b. Although the naphthyl-
ring rotamer 13b′ was slightly higher in energy than 13b (see
Table S3 and Figure S13 in the Supporting Information), the
former was found to have more structural relation to the
corresponding transition state. Therefore, the reaction profiles
from 7 or 10 to 13b′ via the transition states TS(IR-IIR) (R =
Ph or Me and 2-naphthyl) and intermediates IIR (R = Ph or Me
and 2-naphthyl) were calculated. As listed in Table 10, the
structural parameters of the DFT-optimized 7, 13b, and 39b
were found to be in good accordance with those of their crystal
structures except for the M−H, H−H, and Cp(cent)−Ir
distances. Optimized structures of II share several structural
features with those of optimized 39b in terms of key atomic
distances, Zr−Ir (2.50−2.52 Å vs 2.53 Å), Ir−H(av) (1.65 Å vs
1.64 Å), and H−H (2.27−2.29 Å vs 2.25 Å), and the three-
legged piano stool geometries of each metal but differ from 39b
in the Ir ligand endo/exo conformation.
The common geometrical features of IIR (R = Ph, Me, and

2-naphthyl) and 39b, and bonding orbital interactions between
Zr and Ir atoms in these species were explored. MO131 and
MO138 for IIPh and MO141 and MO149 for 39b are shown in
Figure 9 (MO114 and MO122 for IIMe in Figure S14 in the
Supporting Information and MO143 and MO151 for IINaph in
Figure S15 in the Supporting Information). The Zr−Ir σ-
bonding interaction is explicitly observed in HOMO-8 for IIPh
and 39b while their HOMOs display large but incomplete
Zr(dπ)−Ir(dπ) orbital overlaps and two antibonding orbital
interactions between Ir and three cyclopentadienyl-ring
carbons. In each complex, the two intermetal bonding
interactions might not exclude a possibility of Zr−Ir double
bonding. Similarly, Zr−Ir bonding and antibonding molecular
orbitals for optimized III are shown in Figure 10. The two
bonding orbital interactions of HOMO and HOMO-8 are
comparable to those of IIPh, IIMe, IINaph, and 39b. The LUMO
of III displays Zr-based dz2 orbital, probably reflecting its Lewis
acid character. These orbital interactions of III are quite similar
to those of the reported {Cp*Ta(CH2SiMe3)2}(Cp*IrH2).

11

As listed in Table 11, NBO analysis revealed that the Zr−Ir
interaction involves at least a single covalent bond [Wiberg

bond index = 1.064−1.103 (II), 1.156 (III), and 1.021 (39b)]
while much smaller values were observed in I [Zr−Ir: Wiberg
bond index = 0.364−0.378].47 Also, the Cp*IrH2 fragment in
each structure proved to have more ionic character in
comparison to that in {Cp*Ta(CH2SiMe3)2}(Cp*IrH2)

11 and
(Cp*Ir)(μ-H)3 fragment of I [NBO total charge for Cp*IrH2
fragment: −0.520 to −0.559 (II), −0.574 (III), −0.697 (39b),
and −0.254 ({Cp*Ta(CH2SiMe3)2}(Cp*IrH2)); NBO total
charge for (Cp*Ir)(μ-H)3 fragment: −0.166 to −0.192 (I)],
although the Zr−Ir covalent bond connecting the two
fragments is thought to be intrinsically polarized. In other
words, the presence of a secondary ionic interaction, in addition
to the covalent σ-bond between Zr and Ir, could be considered
for the Zr−Ir bonding structure of II, III, and 39b rather than
covalent double bonds (see Chart 2). According to the
calculation data (Table 11), the degree of the charged Zr−Ir
single bond or covalent double bond in {L1Zr(L)}(Cp*IrH2)
(L = none, R−H, OPEt3) seems to be dependent upon the
nature of the ligand L on the Zr; The greater electron donation
of L [charge of L: none < Me−H < Ph−H, Naph−H < OPEt3]
has a tendency to decrease the covalent bond index.
On the basis of the calculation for finding saddle point

reaction diagrams for 7→ 13b′ and 10→ 13b′ are described in
Figure 11 and Figure S16 in the Supporting Information,
respectively. Although we have not been able to determine
transition state structures for two reaction steps by the DFT
method (II → III and III → 39b), the existence of III as the
common intermediate in the reaction diagrams is energetically
feasible.48

The calculated ΔG298
⧧ values for 7 → IIPh (23.5 kcal mol−1)

and 10→ IIMe (26.1 kcal mol
−1) have good agreement with the

Figure 10. HOMO-8 (−6.89 eV), HOMO (−4.48 eV), and LUMO
(−1.95 eV) of optimized III.
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experimental values [7 → 13b: 26.6(8) kcal mol−1; 10 → 13b:
26.2(6) kcal mol−1]. Calculations for the reaction of 7 to form
IIPh in cyclohexane solvent were also examined, resulting
in negligible differences from the gas-phase calculations (see
Table S3 in the Supporting Information). Since the free energy
of the common species III in the reactions of 7 → III and
10 → III can be anchored, the free-energy difference at 298 K
between IIMe + C6H6 and IIPh + CH4 is ∼1.18 kcal mol−1 (see
Table S4 in the Supporting Information) (greater difference
between TS(10-IIMe) + C6H6 and TS(7-IIPh) + CH4: 2.86
kcal mol−1; see Table S5 in the Supporting Information), and may
account for the slightly disfavored ligand exchange of 7 → 10.
V. Attempted Transmetalation. Zirconocene-catalyzed

hydro- and carbo-aluminations provide stereoselective prepara-
tion of carbon nucleophiles from alkenes and alkynes.49,50 In
contrast to these ubiquitous unsaturated substrates, utility of
aromatic hydrocarbons has been much less developed for the
key transmetalation using aluminum reagents.51 Since we

developed incorporation of various aromatic substrates into the
Zr−Ir complex via C−H activation, transmetalation from the
Zr−Ir system to Al was thus investigated. In early works by
Schwartz and co-workers on stoichiometric hydrozirconation of
C−C unsaturations with Cp2Zr(H)Cl and subsequent trans-
metalation to aluminum reagents, they demonstrated that
R2AlCl (R = Cl, Me, iBu) are the choice of reagents and the
transmetalated products display higher synthetic values than the
raw hydrozirconation intermediates.52

Reactions of 7 with Me3Al and Me2AlCl were thus tested in
C6D12 solvent and the reaction progress was traced by

1H NMR
spectroscopy. These reactions led to the formation of desirable
transmetalated Me2AlPh under the given conditions, accom-
panied by complexes 10 and 5 (Scheme 15).
The former reaction was rather sluggish, even with use of

excess Me3Al. In addition, increasing the reaction temperature
caused a side reaction of the once-formed 10 with the
remaining Me3Al. The reaction of 10 and Me3Al at 60 °C was
carefully monitored by 1H NMR analysis; after heating for 10 h,
dihydrido complex (L1ZrMe)(Cp*IrAlMe2)(μ-H)2 (40) was
formed in high yield, with the evolution of methane (see
Scheme 16). 40 was readily isolated as light yellow crystals and
the structure was confirmed by spectroscopic, X-ray crystallo-
graphic, and combustion analyses. The Zr−Ir distance in the
solid-state structure of 40 (2.6853(3) Å; see Figure 12) is
significantly longer than that in the aforementioned dihy-
dride 39. The bond distances and angles of Ir in 40 suggest a

Table 11. Wiberg Index and Natural Charge of Optimized Complexes IR, IIR, III, and 39b (NBO Basis)

complex 7 10 12 13b 13b′ IIPh IIMe IINaph III 39b

Wiberg Index
Zr−Ir 0.378 0.364 0.369 0.377 0.375 1.064 1.103 1.065 1.156 1.021

Zr−N 0.771 0.746 0.744 0.769 0.773 0.761 0.754 0.747 0.699 0.654

Zr−H 0.216 0.212 0.213 0.213 0.215 0.233 0.222 0.230 0.209 0.216
0.241 0.235 0.237 0.243 0.240 0.283 0.273 0.279 0.258 0.232
0.215 0.218 0.218 0.215 0.214

Ir−H 0.530 0.539 0.535 0.533 0.530 0.550 0.564 0.553 0.572 0.571
0.514 0.519 0.517 0.512 0.515 0.516 0.521 0.520 0.527 0.554
0.536 0.537 0.534 0.535 0.537

Zr−CR or Zr−O 0.622 0.706 0.650 0.619 0.618 0.111 0.104 0.113 0.333

CR−H or P−O 0.858 0.884 0.864 0.936
Natural Charge

Zr 1.443 1.471 1.485 1.445 1.447 1.291 1.309 1.308 1.492 1.471

Ir 0.152 0.144 0.142 0.144 0.144 −0.072 −0.067 −0.083 −0.082 −0.145

N −1.273 −1.284 −1.282 −1.274 −1.274 −1.273 −1.285 −1.282 −1.313 −1.315

H −0.066 −0.053 −0.067 −0.064 −0.067 −0.080 −0.070 −0.078 −0.085 −0.094
−0.076 −0.080 −0.064 −0.077 −0.076 −0.100 −0.101 −0.100 −0.122 −0.108
−0.039 −0.058 −0.055 −0.035 −0.037

CR or O −0.453 −1.139 −1.434 −0.445 −0.445 −0.305 −0.874 −0.302 −1.133

(Cp*Ir)(μ-H)3 or Cp*IrH2 −0.166 −0.192 −0.176 −0.167 −0.172 −0.541 −0.520 −0.559 −0.574 −0.697

R−H or OPEt3 0.082 0.064 0.085 0 0.186

Chart 2. Two Possible Structural Extremes of Zr−Ir Bonding
in IIR
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three-legged piano stool geometry of Cp*Ir with two non-
equivalent bridging hydrides and covalently bonded Al [Ir−Al =
2.5134(1) Å, Ir−H(av) = 1.54 Å; Al−Ir−H = 84.9° and 89.1°;
H−Ir−H = 94.3°].53 Therefore, the structural features imply the
absence of strong Zr−Ir bonding interaction.
Two mechanistic scenarios can be drawn for the formation of

40. One is a concerted mechanism via four-centered σ-bond
metathesis between Ir−H and Al−Me on the (Cp*Ir)(μ−H)3
fragment only, and the other reductive elimination of methane
from 10, followed by oxidative addition of Al−Me bond into
III. No (labeling) experiment to address the mechanism has

been attempted, because ready scrambling between the Zr−Me
bond in 10 and AlMe3 can be expected. Because of the relative
ease of methane elimination from 10, in comparison to benzene
elimination from 7 and steric repulsion between the Ir ligand
set and Me3Al, the latter reductive elimination/oxidative
addition mechanism is thought to be more plausible. Apart
from the analysis, thermal robustness of 40 did not allow
reversible Me3Al elimination from 40 in the presence of excess
benzene that had been hoped to regenerate 7 or the key
intermediate III to activate C−H bond of external arene
substrates for a catalytic cycle.54

Figure 11. Reaction coordinates for the reaction of 7 to 13b′. Values shown in parentheses indicate zero-point energies.

Scheme 15. Phenyl Group Transfer from 7 to Aluminum

Scheme 16. Formation of 40
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■ CONCLUSIONS
Dinuclear Zr−Ir hydrides (L1ZrR)(Cp*Ir)(μ-H)3 were de-
signed and synthesized to investigate the C−H bond activation
of aromatic and organometallic compounds under thermolytic
conditions. The regioselective C−H bond cleavage of pyridine
and methoxyarene substrates with complex 7 was observed,
suggesting the formation of a Lewis acidic active intermediate
(III), which could undergo precoordination at the Zr center
with the heteroatoms and successive oxidative addition of the
ortho C−H bond in these substrates. The trapping of III with
Lewis basic reagents was then undertaken. The isolation and
characterization of the corresponding Et3PO-adduct of III
(39b) was successfully achieved. This outcome proved that the
unsupported Zr−Ir bond of 39b was formed from the starting
complex 7, which did not have strong Zr−Ir interactions (>7%
contraction, compared to that in 7). The kinetic studies of the
ligand exchange using either 7 or 10 with excess naphthalene
and the formation of 39b clearly revealed that these reactions
proceeded through the σ-complexes of III (IIPh or IIMe) as the
transient intermediates. In addition, the experimental observa-
tions were supported by the results of the DFT calculations.
Moreover, the results of the NBO analysis suggested that the
bonding structures in the intermediates (II and III) and adduct
(39b) were commonly composed of both covalent and ionic
bonds (multiple bonding interactions). This was reminiscent of
the more covalent Ta−Ir bonding observed in our recent
work.11 Our analysis underscored the fact that strong and
reactive bonding phenomena between early and late transition
elements could occur in such molecular systems as well.
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(b) Goḿez-Gallego, M.; Sierra, M. A. Chem. Rev. 2011, 111, 4857.
(44) Group 6 and 7 metal complexes; see: (a) Bullock, R. M.;
Headford, C. E. L.; Kegley, S. E.; Norton, J. R. J. Am. Chem. Soc. 1985,
107, 727. (b) Bullock, R. M.; Headford, C. E. L.; Hennessy, K. M.;
Kegley, S. E.; Norton, J. R. J. Am. Chem. Soc. 1989, 111, 3897.

Inorganic Chemistry Article

dx.doi.org/10.1021/ic500258g | Inorg. Chem. 2014, 53, 6634−66546653



(c) Parkin, G.; Bercaw, J. E. Organometallics 1989, 8, 1172.
(d) Churchill, D. G.; Janak, K. E.; Wittenberg, J. S.; Parkin, G. J.
Am. Chem. Soc. 2003, 125, 1403. (e) Labella, L.; Chernega, A.; Green,
M. L. H. J. Chem. Soc., Dalton Trans. 1995, 395. (f) Green, J. C.;
Jardine, C. N. J. Chem. Soc., Dalton Trans. 1998, 1057. (g) Conway, S.
L. J.; Dijkstra, T.; Doerrer, L. H.; Green, J. C.; Green, M. L. H. J. Chem.
Soc., Dalton Trans. 1998, 2689. (h) Gould, G. L.; Heinekey, D. M. J.
Am. Chem. Soc. 1989, 111, 5502.
(45) Group 9 metal complexes; see: (a) Jones, W. D.; Feher, F. J. J.
Am. Chem. Soc. 1985, 107, 620. (b) Jones, W. D.; Feher, F. J. J. Am.
Chem. Soc. 1985, 107, 1650. (c) Jones, W. D.; Feher, F. J. J. Am. Chem.
Soc. 1986, 108, 4814. (d) Buchanan, J. M.; Stryker, J. M.; Bergman, R.
G. J. Am. Chem. Soc. 1986, 108, 1537. (e) Periana, R. A.; Bergman, R.
G. J. Am. Chem. Soc. 1986, 108, 7332.
(46) Three-trial experiments and experiments with varied [7]0 for the
reaction at ca. 359 K showed identical results (see Table S1 in the
Supporting Information).
(47) Bond orders between early and late transition-metal centers are
often underestimated by DFT calculations, because of the significant
contribution of electrostatic interactions and electron delocalizations.
(See refs 4c and 4d.) Hence, the bond order of Zr−Ir in II, III, and
39b (>1) can imply the presence of the strong covalency between
single and double bonds.
(48) In Figure 11 and Figure S15 in the Supporting Information, we
located the ΔG value of the unknown transition states TS(II−III) at a
lower level of energy than those of TS(I−II) because, upon going
from II to III, the energy was increased linearly, and the experimental
results ruled out that the dissociative step II→III is the rate-
determining one in the ligand elimination process.
(49) (a) Van Horn, D. E.; Negishi, E. J. Am. Chem. Soc. 1978, 100,
2252. (b) Negishi, E.; Yoshida, T. Tetrahedron Lett. 1980, 21, 1501.
(d) Negishi, E.; Van Horn, D. E.; Yoshida, T. J. Am. Chem. Soc. 1985,
107, 6639. (e) Kondakov, D. Y.; Negishi, E. J. Am. Chem. Soc. 1996,
118, 1577.
(50) Reviews; see: (a) Negishi, E. Acc. Chem. Res. 1987, 20, 65.
(b) Eisch, J. J. In Comprehensive Organometallic Chemistry II; Abel, E.
A., Stone, F. G. A., Wilkinson, G., Eds.; Pergamon Press: Oxford, U.K.,
1995; Vol. 11, Chapter 6. (c) Negishi, E.; Tan, Z. Diastereoselective,
Enantioselective, and Regioselective Carboalumination Reactions Catalyzed
by Zirconocene Derivatives, In Metallocenes in Regio- and Stereoselective
Synthesis; Takahashi, T., Ed.; Topics in Organometallic Chemistry,
Vol. 8; Springer: Berlin, 2005; p 139. (d) Parfenova, L. V.; Khalilov, L.
M.; Dzhemilev, U. M. Russ. Chem. Rev. 2012, 81, 524.
(51) (a) Mole, T.; Jeffery, E. A. Organoaluminum Compounds;
Elsevier: Amsterdam, 1972. (b) Eisch, J. J. In Comprehensive
Organometallic Chemistry II; Abel, E. A., Stone, F. G. A., Wilkinson,
G., Eds.; Pergamon Press: Oxford, U.K., 1995; Vol. 1, Chapter 10.
(c) Oishi, M. Sci. Synth. 2004, 7, 261.
(52) (a) Carr, D. B.; Schwartz, J. J. Am. Chem. Soc. 1977, 99, 638.
(b) Shoer, L. I.; Gell, K.; Schwartz, J. J. Organomet. Chem. 1977, 136,
C19. (c) Carr, D. B.; Schwartz, J. J. Am. Chem. Soc. 1979, 101, 3521.
(53) Covalently Ir−Al bonded complexes; see: (a) Fryzuk, M. D.;
Huang, Li.; McManus, N. T.; Paglia, P.; Rettig, S. J.; White, G. S.
Organometallics 1992, 11, 2979. (b) Golden, J. T.; Peterson, T. H.;
Holland, P. L.; Bergman, R. G.; Andersen, R. A. J. Am. Chem. Soc.
1998, 120, 223.
(54) Cp2NbH3-catalyzed alumination of benzene C−H bond has
been proposed as the first catalytic C−H functionalization using metal
hydrido complexes. See: Parshall, G. W. Acc. Chem. Res. 1975, 8, 113.

Inorganic Chemistry Article

dx.doi.org/10.1021/ic500258g | Inorg. Chem. 2014, 53, 6634−66546654


