
C�H Activation Catalysis

C�H Activation of Alkanes and Arenes Catalyzed
by an O-Donor Bis(tropolonato)iridium(iii)
Complex**

Gaurav Bhalla and Roy A. Periana*

Catalysts based on the C�H activation reaction show
potential for the development of selective hydrocarbon-
oxidation reactions.[1] One of the key challenges in this field is
developing catalysts based on C�H activation that yield
functionalized products such as alcohols.[1g] We have been
interested in O-ligated late-transition-metal complexes as a
starting point for the development of new hydrocarbon-
oxidation catalysts. Although O-donor ligands have been
investigated with early and late transition metals,[2] to our
knowledge, the only well-defined O-ligated late-transition-
metal complexes that activate alkane and arene C�H bonds
have been reported recently by our group.[3–5] Compared to
the N-, C-, or P-donor ligands generally utilized for homoge-
neous catalysts,[6] O-donor ligated complexes may have the
potential for higher stability under thermal, protic, and
oxidation conditions given the lower basicity and higher
electronegativity of O atoms. Another important reason for
the study of this class of complex is that the unique
combination of the higher electronegativity with the p-
donor[7] and “hard” properties of O-donor ligands could
allow access to higher oxidation states during catalysis that
may be required for the C�H activation as well as for the
generation of functionalized products.[1g]

Recently, we demonstrated that the bis-bidentate O-
donor complex [Ir(CH3)(py)(acac-O,O)2] (acac-O,O =k2-
O,O-acetylacetonate, py = pyridine) catalyzes the C�H acti-
vation of alkanes[3] and functionalization of arenes by the
intermolecular anti-Markovnikov hydroarylation of olefins to
selectively generate n-alkyl benzene derivatives.[4] Experi-
ments and theoretical[5] calculations reveal that this O-donor
octahedral d6 late-transition-metal complex is stable to air
and protic media under thermal conditions and activates the
C�H bonds of alkanes and arenes by a transition state that
has oxidative-addition or insertion character. This transition
state is intriguing as the use of ligands with electronegative O-
donor atoms to facilitate this mode of C�H activation may
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seem contrary to the common guiding principle that such
reactions require electron-rich metal centers.[8] However, one
possibility is that the p-donor properties of O-donor ligands
may facilitate this mode of C�H activation, whereas the s-
acceptor properties could help to stabilize the complex. This
combination of stability and C�H bond reactivity is very
attractive for the development of oxidation catalysts based on
C�H activation and we are currentlx exploring the extension
of this chemistry to other readily available O-donor ligands
such as aryloxides,[9] tropolones,[10] catechols,[11] and hydroxy-
acetophenones,[11c] .

The O-donor ligand, trop-O,O (trop-O,O = k2-O,O-tropo-
lonato) has often been speculated to be an analogue of the
acac-O,O ligand as they share many common features. Both

ligands are bidentate, mono-anionic, and both bond through
delocalized chelate rings that are formed through two oxygen
atoms. Importantly, however, significant differences in reac-
tivity could be anticipated from the smaller bite angle[12] as
well as increased delocalization over the larger tropolonato
aromatic system. Thus, for example, trop-O,O complexes may
more readily accommodate an increase in the coordination
number at the metal center[10] or potentially—because of
changes in the extent of p donation that results from the
differences in bite angle—change the reactivity of the metal
center. Rate changes related to differences in ligand bite
angle have been reported.[12a,13] Herein, we report the syn-
thesis and chemistry of the bis-bidentate, O-donor tropolon-
ato iridium complex 2-Me [Ir(CH3)(py)(trop-O,O)2]. Impor-
tantly, we find that this O-donor complex is more active for
the C�H activation of alkanes and arenes than is the
analogous bis-acac-O,O iridium complex.

To obtain the bis trop-O,O complex of iridium, the
original synthesis of the tris complex [Ir(trop-O,O)3] was
reinvestigated in anticipation that the bis trop-O,O complex
could be isolated as an intermediate in this synthesis.[14] As
reported by Griffith et al. ,[14] heating IrCl3 with an excess of
tropolone and sodium acetate in water resulted in the
formation of [Ir(trop-O,O)3] in 40 % yield (Scheme 1). How-

ever, in addition to this material a red–black solid (1) was also
isolated, which was insoluble in dichloromethane. Attempts
to purify 1 or obtain reproducible analytical data for this
material were unsuccessful and we presume that the material
is polymeric.[15] The solid 1 is soluble in coordinating solvents
such as THF, CH3CN, DMSO, and pyridine, but NMR
spectroscopic studies suggest that multiple species are pres-
ent. Attempted separation of these species by chromatogra-
phy was also unsuccessful.[16] However, the addition of
[Zn(CH3)2] to a solution of 1 in THF followed by the addition
of pyridine, resulted in a black organometallic complex
[Ir(CH3)(py)(trop-O,O)2] (2-Me), which could be obtained
in 10% overall yield after column chromatography
(Scheme 1). This material has been fully characterized by
1H and 13C NMR spectroscopy, elemental analysis, and single-
crystal X-ray diffraction.[17] An ORTEP drawing of 2-Me is
shown in Figure 1.

We find from 1H NMR spectroscopic studies that the
methyl group bound to the iridium center in 2-Me (2.08 ppm,
Ir�CH3) is located downfield compared to that in the acac-
O,O analogue [Ir(CH3)(py)(acac-O,O)2] (1.65 ppm, Ir�
CH3),[18] which suggests possible significant electronic differ-
ences at the metal centers. A similar trend is also observed in
the 13C NMR spectrum, with the chemical shift of the Ir�CH3

group at �23.3 ppm for 2-Me compared to �27.1 ppm for the
acac-O,O analogue. However, the most significant difference
between the two complexes can be seen in the crystal
structures of these complexes. As anticipated, the bite angle
O1-Ir-O2 in 2-Me (78.4(3)8) is much smaller than that in the
acac-O,O analogue (95.17(16)8). The Ir�N bond length
(2.180(8) AL) is comparable to that in the analogous acac
complex (2.181(4) AL).

To investigate the stoichiometric C�H activation chemis-
try of this new O-donor complex we examined the reaction of
the complex in various hydrocarbon solvents. Thus, heating 2-
Me in neat mesitylene at 130 8C for 1 h cleanly yielded the
corresponding mesityl complex 2-Mes and methane as shown
in Scheme 2. 1H NMR spectroscopic analysis of the crude
reaction mixture, after solvent removal and dissolution in
CDCl3, showed that the reaction was essentially quantitative,
as in the case of the acac-O,O analogue,[3] and only theScheme 1. Synthesis of 2-Me.

Figure 1. ORTEP drawing of 2-Me. Thermal ellipsoids are at the 50%
probability level. Hydrogen atoms omitted for clarity. Selected bond
lengths [AL] and angles [8]: Ir1-C20 2.046(10), Ir1-N1 2.180(8); O1-Ir1-
O2 78.4(3).
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benzylic C�H bond of mesitylene was activated. Other
hydrocarbon substrates that react by C�H activation with 2-
Me are shown in Scheme 2. Thus, heating a solution of 2-Me
in benzene or acetone at 120 8C for 1 h results in the formation
of the corresponding hydrocarbyliridium derivatives, 2-Ph
and 2-Ace, respectively, in almost quantitative yield. Sim-
ilarly, heating 2-Me in cyclohexane resulted in the corre-
sponding cyclohexyliridium complex 2-Cy, which was purified
by flash chromatography and isolated in 35 % yield. All these
hydrocarbyliridium derivatives, 2-R (R = Cy, Mes, Ph, and
Ace) were fully characterized by 1H and 13C NMR spectros-
copy as well as by elemental analysis. Importantly, as was the
case for the acac-O,O analogues, these hydrocarbyl O-donor
iridium derivatives are all air, water, and thermally stable.
Significantly, the stoichiometric C�H activation reactions of
2-Me are faster than those of the acac-O,O analogue. Thus,
the half-life (t1/2) for the reaction of 2-Me with benzene at
120 8C is less than 5 minutes versus about 50 minutes for the
acac-O,O analogue.

Having established that 2-Me can stoichiometrically
activate the C�H bonds of alkanes and arenes, we examined
the catalytic C�H activation of this complex as a first step
towards attempting to develop stable hydrocarbon-oxidation
catalysts. The relative rates of the H/D exchange reaction with
a C6H6/[D8]toluene mixture (1:1 v/v),[19] catalyzed at 120 8C by
2-Me (0.1 mol%) and the acac-O,O analogue were used to
compare these complexes. As can be seen in Figure 2, the
trop-O,O complex, 2-Me, is at least 50 times faster than the
acac-O,O analogue. Critically, both complexes are stable over
the time period studied (ca. 5 h; turnover number (TON)
ca. 140 and turnover frequency (TOF) = 80 � 10�4 s�1 for 2-
Me, and TON ca. 2 and TOF = 1 � 10�4 s�1 for the acac-O,O
analogue). This is an important result as it shows that: 1) the

C�H activation chemistry as well as the thermal
stability to air and protic media of O-donor late-
transition-metal complexes are not unique to
the acac-O,O complex and 2) the chemistry of
O-donor late-transition-metal complexes can be
significantly changed by ligand modification.
This observation of ligand-dependent reactivity
is an important requirement for this class of O-
donor ligand–metal complex to be useful. These
results raise the expectation that further inves-
tigation of O-donor complexes of late-transi-
tion-metal complexes could lead to a broad class

of complex with desirable stability, reactivity, and ligand
control properties.

In conclusion, we have synthesized a stable O-donor late-
transition-metal complex that activates the C�H bonds of
alkanes and arenes more rapidly than does the only pre-
viously reported O-donor metal complex. Theoretical calcu-
lations and further experimental study of these complexes are
underway to understand the basis for the increased reactivity
and to determine its scope.

Received: September 21, 2004
Published online: January 26, 2005

.Keywords: C�H activation · homogeneous catalysis · iridium ·
O ligands

[1] a) B. A. Arndtsen, R. G. Bergman, T. A. Mobley, T. H. Peterson,
Acc. Chem. Res. 1995, 28, 154; b) A. E. Shilov, G. B. Shulpin,
Activation and Catalytic Reactions of Saturated Hydrocarbons in
the Presence of Metal Complexes, Kluwer, Dordrecht, 2000 ;
c) C. G. Jia, T. Kitamura, Y. Fujiwara, Acc. Chem. Res. 2001, 34,
633; d) W. D. Jones, Acc. Chem. Res. 2003, 36, 140; e) R. H.
Crabtree, J. Chem. Soc. Dalton Trans. 2001, 19, 2437; f) J. A.
Labinger, J. E. Bercaw, Nature 2002, 417, 507; g) R. A. Periana,
G. Bhalla, W. J. Tenn III, K. J. H. Young, X. Y. Liu, O. Mironov,
C. Jones, V. R. Ziatdinov, J. Mol. Catal. A 2004, 220, 7.

[2] a) W. P. Griffith, Coord. Chem. Rev. 1970, 5, 459; b) C. J.
Besecker, V. W. Day, W. G. Klemperer, Organometallics 1985,
4, 564; c) R. E. LaPointe, P. T. Wolczanski, G. D. Van Duyne,
Organometallics 1985, 4, 1810; d) S. O. Grim, S. A. Sangokoya,
I. J. Colquhoun, W. McFarlane, R. K. Khanna, Inorg. Chem.
1986, 25, 2699; e) W. Klaeui, A. Muller, W. Eberspech, R. Boese,
I. Goldberg, J. Am. Chem. Soc. 1987, 109, 164; f) M. J. Burk,
R. H. Crabtree, J. Am. Chem. Soc. 1987, 109, 8025; g) H. E.
Bryndza, W. Tam, Chem. Rev. 1988, 88, 1163; h) M. J. Burk,
R. H. Crabtree, J. Am. Chem. Soc. 1987, 109, 8025; i) M. D.
Fryzuk, C. D. Montgomery, Coord. Chem. Rev. 1989, 95, 1; j) P. P.
Power, Comments Inorg. Chem. 1989, 8, 177; k) B. O. West,
Polyhedron 1989, 8, 219; l) R. S. Tanke, R. H. Crabtree, J. Am.
Chem. Soc. 1990, 112, 7984; m) D. M. Lunder, E. B. Lobkovsky,
W. E. Streib, K. G. Caulton, J. Am. Chem. Soc. 1991, 113, 1837;
n) J. T. Poulton, K. Folting, W. E. Streib, K. G. Caulton, Inorg.
Chem. 1992, 31, 3190; o) T. T. Johnson, J. C. Huffman, K. G.
Caulton, J. Am. Chem. Soc. 1992, 114, 2725; p) D. E. Wigley,
Prog. Inorg. Chem. 1994, 42, 239; q) R. G. Bergman, Polyhedron
1995, 14, 3227; r) J. M. Mayer, Polyhedron 1995, 14, 3273; s) P. R.
Sharp, J. Chem. Soc. Dalton Trans. 2000, 2647; t) M. A. Cinellu,
G. Minghetti, Gold Bull. 2002, 35, 11.

[3] A. G. Wong-Foy, G. Bhalla, X. L. Liu, R. A. Periana, J. Am.
Chem. Soc. 2003, 125, 14292.

Scheme 2. Stoichiometric C�H activation reactions of 2-Me with RH to generate 2-R.

Figure 2. Comparison of catalytic C�H activation of trop-O,O and
acac-O,O complexes.

Zuschriften

1566 � 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.de Angew. Chem. 2005, 117, 1564 –1567

http://www.angewandte.de


[4] a) R. A. Periana, X. Y. Liu, G. Bhalla, Chem. Commun. 2002,
3000; b) T. Matsumoto, R. A. Periana, D. J. Taube, H. Yoshida, J.
Mol. Catal. A 2002, 180, 1; c) T. Matsumoto, R. A. Periana, D. J.
Taube, H. Yoshida, J. Catal. 2002, 206, 272; d) T. Matsumoto,
D. J. Taube, R. A. Periana, H. Taube, H. Yoshida, J. Am. Chem.
Soc. 2000, 122, 7414.

[5] a) J. Oxgaard, R. P. Muller, W. A. Goddard III, R. A. Periana, J.
Am. Chem. Soc. 2004, 126, 352; b) J. Oxgaard, W. A. God-
dard III, J. Am. Chem. Soc. 2004, 126, 442.

[6] a) J. R. Fulton, A. W. Holland, D. J. Fox, R. G. Bergman, Acc.
Chem. Res. 2002, 35, 44; b) W. D. Jones, F. J. Feher, Acc. Chem.
Res. 1989, 22, 91; c) T. G. P. Harper, R. S. Shinomoto, M. A.
Deming, T. C. Flood, J. Am. Chem. Soc. 1988, 110, 7915; d) C. M.
Wang, J. W. Ziller, T. C. Flood, J. Am. Chem. Soc. 1995, 117,
1647; e) M. W. Holtcamp, J. A. Labinger, J. E. Bercaw, J. Am.
Chem. Soc. 1997, 119, 848; f) R. A. Periana, D. J. Taube, S.
Gamble, H. Taube, T. Satoh, H. Fujii, Science 1998, 280, 560;
g) L. Johansson, O. B. Ryan, M. Tilset, J. Am. Chem. Soc. 1999,
121, 1974; h) U. Fekl, K. I. Goldberg, Adv. Inorg. Chem. 2003,
5454, 259; i) F. C. Liu, E. B. Pak, B. Singh, C. M. Jensen, A. S.
Goldman, J. Am. Chem. Soc. 1999, 121, 4086; j) S. Nuckel, P.
Burger, Angew. Chem. 2003, 115, 1670; Angew. Chem. Int. Ed.
2003, 42, 1632.

[7] a) D. M. Lunder, E. B. Lobkovsky, W. E. Streib, K. G. Caulton, J.
Am. Chem. Soc. 1991, 113, 1837; b) T. C. Flood, J. K. Lim, M. A.
Deming, W. Keung, Organometallics 2000, 19, 1166.

[8] a) F. A. Cotton, G. Wilkinson, Advanced Inorganic Chemistry,
5th ed. , Wiley, New York, 1988, pp. 1189 – 1194; b) J. P. Collman,
Acc. Chem. Res. 1968, 1, 136; a) D. M. Tellers, S. J. Skoog, R. G.
Bergman, T. B. Gunnoe, W. D. Harman, Organometallics 2000,
19, 2428; b) D. M. Tellers, R. G. Bergman, J. Am. Chem. Soc.
2000, 122, 954; c) D. M. Tellers, C. M. Yung, B. A. Arndtsen,
D. R. Adamson, R. G. Bergman, J. Am. Chem. Soc. 2002, 124,
1400; d) H. A. Zhong, J. A. Labinger, J. E. Bercaw, J. Am. Chem.
Soc. 2002, 124, 1378; e) J. S. Owen, J. A. Labinger, J. E. Bercaw,
J. Am. Chem. Soc. 2004, 126, 8247.

[9] D. C. Bradley, R. C. Mehrotra, I. P. Rothwell, A. Singh, Alkoxo
and Aryloxo Derivatives of Metals, Academic Press, San Diego,
2001.

[10] a) E. L. Muetterties, C. M. Wright, J. Am. Chem. Soc. 1965, 87,
4706; b) E. L. Muetterties, C. M. Wright, J. Am. Chem. Soc.
1965, 87, 21; c) E. L. Muetterties, H. Roesky, C. M. Wright, J.
Am. Chem. Soc. 1966, 88, 4856; d) J. Narbutt, J. Krejzler, Inorg.
Chim. Acta 1999, 286, 175.

[11] a) C. G. Pierpont, R. M. Buchanan, Coord. Chem. Rev. 1981, 38,
45; b) C. G. Pierpont, C. W. Lange, Prog. Inorg. Chem. 1994, 41,
331; c) Robert Martin, Handbook of Hydroxyacetophenones,
Kluwer, Dordrecht, 1997.

[12] a) P. W. N. M. van Leeuwen, P. C. J. Kamer, J. N. H. Reek, P.
Dierkes, Chem. Rev. 2000, 100, 2741; b) P. C. J. Kamer,
P. W. N. M. van Leeuwen, J. N. H. Reek, Acc. Chem. Res. 2001,
34, 895; c) Z. Freixa, P. W. N. M. van Leeuwen, Dalton Trans.
2003, 1890.

[13] W. Keim, R. P. Schulz, J. Mol. Catal. A 1994, 92, 21.
[14] W. P. Griffith, C. A. Pumphrey, A. C. Skapski, Polyhedron 1987,

6, 891.
[15] M. A. Bennett, T. R. B. Mitchell, Inorg. Chem. 1976, 15, 2936.
[16] K. H. Johri, H. C. Mehra, Separ. Sci. Technol. 1976, 11, 171.
[17] Crystal data for C20H18IrNO4: Mr = 528.55, monoclinic, space

group P2(1), a = 8.463(2), b = 11.060(3), c = 9.924(3) A L, a = 90,
b = 94.721(4), g = 908, V= 925.6(4) A L3, F(000) = 508, 1calcd (Z =

2) = 1.896 mg m�3, m = 0.7236 mm�1, approximate crystal dimen-
sions 0.28 � 0.06 � 0.01 mm3, q range = 2.06–27.508, MoKa (l =

0.71073 A L), T= 153 K, 5610 measured data (Bruker 3-circle,
SMART APEX CCD with c axis fixed at 54.748 by using the
SMART V 5.625 program, Bruker AXS: Madison, WI, 2001), of
which 3120 (Rint = 0.0436) unique. Lorentz and polarization

correction (SAINT V 6.22 program, Bruker AXS: Madison, WI,
2001), absorption correction (SADABS program, Bruker AXS:
Madison, WI, 2001). Structure solution by direct methods
(SHELXTL 5.10, Bruker AXS: Madison, WI, 2000), full-
matrix least-squares refinement on F2, data to parameters
ratio: 13.2:1, final R indices [I> 2s(I)] : R1 = 0.0396, wR2 =

0.0676, R1 = 0.0511, wR2 = 0.0698 (all data), GOF on F2 =
1.008. CCDC 250327 contains the supplementary crystallo-
graphic data for this paper. These data can be obtained free of
charge via www.ccdc.cam.ac.uk/conts/retrieving.html (or from
the Cambridge Crystallographic Data Centre, 12 Union Road,
Cambridge CB21EZ, UK; fax: (+ 44)1223-336-033; or deposit@
ccdc.cam.ac.uk).

[18] G. Bhalla, R. A. Periana, unpublished results.
[19] The H/D exchange rates were quantified by GC/MS analyses.

This was achieved by deconvoluting the mass fragmentation
pattern obtained from mass spectroscopy by using a program
developed with Microsoft EXCEL. See the Supporting Infor-
mation for details.

Angewandte
Chemie

1567Angew. Chem. 2005, 117, 1564 –1567 www.angewandte.de � 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

http://www.angewandte.de

