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Arylated heteroarenes (heterobiaryls) are ubiquitous in
natural products and pharmaceuticals, and are frequently
used in organic materials or as ligands for metals.[1] Con-
sequently, the development of efficient methods for making
heterobiaryl motifs has been a topic of immense importance
in chemical synthesis.[2] Typically, heterobiaryls have been
constructed by means of Pd-catalyzed cross-coupling reac-
tions of metalated (hetero)arenes and halogenated (hetero)-
arenes.[2] More recently, the direct C�H bond arylation of
heteroarenes with haloarenes (Het�H + Ar�X!Het�Ar)
has emerged as an area of extensive research because it can
streamline the synthesis by skipping the premetalation step in
the cross-coupling strategy.[3, 4] Although a number of useful
catalytic systems incorporating Pd,[5] Rh,[6] Ru,[7] and Cu[8]

have been developed for the C�H bond arylation of hetero-
arenes with haloarenes,[9] the repertoire of applicable cata-
lysts still remains rather limited. Fujita and Yamaguchi have
reported an interesting [(Cp*IrHCl)2]/KOtBu (Cp* = pen-
tamethylcyclopentadienyl) system that promotes the C�H
bond arylation of unactivated arenes (benzene, toluene, and
anisole) with iodoarenes.[10, 11] However, this Ir-based catalytic
system employs the arene substrate as a solvent (40 equiv-
alents), and cannot be applied to heteroaromatic sub-
strates.[10]

As an initial foray into this area,[12] we recently reported
that the system [RhCl(CO)(P{OCH(CF3)2}3)2]/Ag2CO3 pro-
moted the C�H bond arylation of arenes with iodoarenes.[12a]

To develop a new metal catalyst based on this lead, we set out
to explore the IrI/Ag2CO3 system as a platform for C�H bond
arylation. We report herein our finding that an Ir+/PCy3/
Ag2CO3 (Cy = cyclohexyl) system catalyzes the C�H bond
arylation of electron-rich heteroarenes with iodoarenes.

We began our study by applying various iridium com-
plexes with Ag2CO3 to the reaction of 2-methylthiophene
(1A, one equivalent) and iodobenzene (2a, one equivalent)
in m-xylene (140 8C, 12 h).[13] In contrast to Rh catalysis, a
cationic IrI complex with P[OCH(CF3)2]3

[12a] proved ineffec-
tive (Table 1, entry 1). Thus, the effect of the ligand was

investigated, by using [Ir(cod)2]BF4 (cod = 1,5-cycloocta-
diene) as the source of IrI. Screening of ligands indicated
that PCy3 was by far the most effective ligand, producing the
heterobiaryl 3Aa in 88% yield (Table 1, entry 6).[14] A
dramatic difference between PCy3 and other closely related
alkylphosphanes, such as PCyp3 (Cyp = cyclopentyl), is nota-
ble and intriguing. In developing a stable Ir+/PCy3 pre-
catalyst, we identified [Ir(cod)(py)PCy3]PF6 (Crabtree�s cata-
lyst;[15, 16] py = pyridine) to be very convenient (Table 1,
entry 11). A quantitative coupling using an equimolar quan-
tity of each coupling partner was possible at 160 8C with this
catalyst (Table 1, entry 12). Interestingly, the corresponding
rhodium complex [Rh(cod)(py)PCy3]PF6 was totally ineffec-
tive under otherwise identical conditions (Table 1, entry 13).
The importance of Ag2CO3 was also recognized, as other
additives, such as AgOTf, AgOAc, AgSbF6, Na2CO3, K2CO3,

Table 1: Effect of ligands in Ir-catalyzed coupling of 1A and 2a.[a]

Entry Ligand[b] Yield [%][c]

1 P[OCH(CF3)2]3 <1
2 PPh3 2
3 P(C6H4OMe-p)3 2
4 PCy2(o-biphenyl) 4
5 PCy2Ph 29
6 PCy3 88
7 PCyp3 16
8 PAd2(nBu) 9
9 P(nBu)3 5

10 P(tBu)3 2
11[d] [Ir(cod)(py)PCy3]PF6 85
12[d,e] [Ir(cod)(py)PCy3]PF6 >99
13[d] [Rh(cod)(py)PCy3]PF6 <1

[a] Conditions: 1 A (0.40 mmol), 2a (0.40 mmol), [Ir(cod)2]BF4

(0.02 mmol), ligand (0.02 mmol), Ag2CO3 (0.42 mmol), m-xylene
(2 mL), 140 8C, 12 h. [b] Cy = cyclohexyl, Cyp = cyclopentyl, Ad =1-ada-
mantyl, nBu = n-butyl, tBu = tert-butyl, cod = 1,5-cyclooctadiene, py =
pyridine. [c] Determined by GC analysis using n-decane as an internal
standard. [d] Isolated complex was employed as a catalyst. [e] Reaction
was conducted at 160 8C for 18 h.
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Cs2CO3, and KOtBu, did not promote the reaction with the
Ir+/PCy3 catalyst.

Having established a new and efficient Ir-based catalytic
system, the scope of iodoarenes 2 (Table 2) and heteroarenes
1 (Table 3) was examined.[13] Various electronically and
structurally diverse iodoarenes 2 were applied to this coupling

(Table 2). Efficient coupling proceeds even with equimolar
quantities of each coupling partner. Moreover, a range of
functional groups, such as ketone, ester, and nitro groups, was
tolerated in this coupling. Although ortho-methyl substitution
was detrimental (Table 2, entry 2), ortho-methoxy substitu-
tion was tolerated (Table 2, entry 5). Thiophenes, furans,
pyrroles, indoles, and benzothiophenes were applied as the
heteroarene coupling partner (Table 3). In all cases examined,
arylation took place in a regioselective fashion; a-positions
for thiophenes, furans, and pyrroles; 2-positions for benzo-
thiophenes; 3-positions for indoles. Notably, Br-containing
substrates (1D, 2o, 2 p) underwent C�H bond arylation
leaving the C�Br bond intact, which is attractive for further
synthetic elaboration.

In view of efficient aryl–aryl bond formation, the current
Ir catalysis should have broad potential for the construction of
a range of extended p-electron systems (Scheme 1).[13] For
example, when 1,4-diiodobenzene (2r) was treated with an
excess amount of 1A, a twofold C�H bond arylation took
place, which gave the thiophene–benzene–thiophene triad
3ArA, isolated in 86 % yield. A meta-linked isomer 3AsA was
also obtained from the reaction, by using 1,3-diiodobenzene
(2s) as a coupling partner for 1A. Double C�H bond arylation
of the same heteroarene core was also achieved. For example,
when 3-methoxythiophene (1J) was treated with an excess
amount of 2a, a double C�H bond arylation of the thiophene

core 1J took place at the 2- and 5-positions, furnishing the
benzene–thiophene–benzene triad 3aJa, isolated in 66%
yield.

Table 2: Scope of iodoarenes.[a]

Entry Ar (2) Product (3) Yield [%][b,c]

1 C6H5 (2a) 3Aa 87
2 o-CH3C6H4 (2b) 3Ab 10
3 m-CH3C6H4 (2c) 3Ac 69
4 p-CH3C6H4 (2d) 3Ad 58
5 o-CH3OC6H4 (2e) 3Ae 62
6 m-CH3OC6H4 (2 f) 3Af 70
7 p-CH3OC6H4 (2g) 3Ag 76
8 m-CF3C6H4 (2h) 3Ah 72
9 p-CF3C6H4 (2 i) 3Ai 74

10 m-CH3C(O)C6H4 (2 j) 3Aj 71
11 p-CH3C(O)C6H4 (2k) 3Ak 79
12 p-C2H5OC(O)C6H4 (2 l) 3Al 66
13 m-NO2C6H4 (2m) 3Am 60
14 p-NO2C6H4 (2n) 3An 78
15 m-BrC6H4 (2o) 3Ao 70
16 p-BrC6H4 (2p) 3Ap 70

[a] Conditions: 1 A (0.40 mmol), 2 (0.40 mmol), Ir catalyst (0.02 mmol),
Ag2CO3 (0.42 mmol), m-xylene (2 mL), 160 8C, 18 h. [b] Yield of isolated
product. [c] Average of two runs.

Table 3: Scope of heteroarenes.[a]

Product/yield[b]

3Fa/57%[c]

3Ba (R = Et)/80%
3Ca (R = OMe)/60%

3Ga/31%[d]

3Da (R = H)/69%
3Dk (R = Ac)/72%
3Dp (R = Br)/68%

3Ha/63%[d]

3Ea (R = H)/55%
3Ek (R = Ac)/54%
3Eq (R = CN)/72%

3Ia/61%[e]

[a] Conditions: 1 (0.40 mmol), 2 (0.40 mmol), Ir catalyst (0.02 mmol),
Ag2CO3 (0.40 mmol), m-xylene (2 mL), 160 8C, 18 h. [b] Yield of isolated
product. [c] Reaction for 24 h. [d] 1 mL of m-xylene was employed.
[e] Reaction for 36 h.

Scheme 1. Multiple C�H bond arylation producing extended p-electron
systems.
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Although the mechanism of this newly developed Ir-
catalyzed reaction remains unknown, one possibility involves
IrI/IrIII redox catalysis initiated by the oxidative addition of an
iodoarene 2 (Ar�I) to a cationic IrI complex 4 yielding an
[Ar�IrIII�I]+ species 5. Subsequently, abstraction of iodide
from 5 by Ag2CO3 takes place to generate a highly electro-
philic [Ar�IrIII]2+ species 6, and subsequent electrophilic
metalation of heteroarene 1 (Het�H). The resulting [Ar�
IrIII�Het]+ intermediate 7 then undergoes heteroaryl–aryl
reductive elimination, furnishing heterobiaryl 3 with concur-
rent regeneration of 4. A preliminary kinetic isotope effect
study was also performed. From the inter- and intramolecular
competitive reactions of deuterium-labeled thiophenes with
iodobenzene, the kH/kD value for thiophene arylation was
estimated to be 1.9 (See the Supporting Information).

To gain more insight into the C�H bond cleaving process,
anisole was utilized as a substrate (Table 4). Although low-
yielding (9% yield), the reaction of anisole and 2n under our
standard Ir-catalyzed conditions afforded the ortho-, meta-,
and para-arylated anisoles with 37:17:46 molar ratio (Table 4,
entry 1). Similar site-selectivity (o/m/p = 39:13:48) was
detected when 2a was used instead of 2 n (Table 4, entry 2).
Although a non-negligible amount of meta-isomer is pro-
duced, the current Ir-based catalytic system manifests a clear
ortho/para preference, which is consistent with the electro-
philic metalation mechanism, as is the case for our previous
Rh/P[OCH(CF3)2]3/Ag2CO3 system. The site-selectivities
reported by Fujita, for [(Cp*IrHCl)2]/KOtBu[10] (Table 4,
entry 3), and Fagnou, for Pd(OAc)2/DavePhos/tBuCO2H/
K2CO3

[5m] (Table 4, entry 5), as well as that in the Ir-catalyzed
borylation reaction by Ishiyama and Miyaura[11a] (Table 4,
entry 6) are also different from those for this arylation
reaction. Further detailed study for the elucidation of the
reaction mechanism and development of second-generation
catalysts based on these findings are currently underway.

In summary, a new Ir-based catalytic system for the C�H
bond arylation of electron-rich heteroarenes with iodoarenes
has been established. The dramatic ligand effect on reaction
efficiency was uncovered, which led to the discovery that
[Ir(cod)(py)PCy3]PF6 (commercially available Crabtree�s cat-
alyst[15, 16]) is optimal as a catalyst precursor. In many
instances, efficient coupling using equimolar quantities of
the coupling partners was achieved with this catalyst. Multiple

C�H bond arylation reactions (two-
fold C�H arylation and double C�
H arylation) are also possible to
construct extended p-electron sys-
tems very quickly. This newly dis-
covered reactivity of iridium should
open an avenue for a range of new
catalytic C�H bond transforma-
tions by merging it with the unique
reactivity of iridium in other
organic transformations.
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Gourlaouen, F. Maseras, C. Bruneau, P. H. Dixneuf, J. Am.
Chem. Soc. 2008, 130, 1156; g) L. Ackermann, M. Mulzer, Org.
Lett. 2008, 10, 5043; h) S. Oi, R. Funayama, T. Hattori, Y. Inoue,
Tetrahedron 2008, 64, 6051.

[8] Selected examples of Cu catalysis: a) H.-Q. Do, O. Daugulis, J.
Am. Chem. Soc. 2007, 129, 12404; b) H.-Q. Do, O. Daugulis, J.
Am. Chem. Soc. 2008, 130, 1128; c) R. J. Phipps, N. P. Grimster,
M. J. Gaunt, J. Am. Chem. Soc. 2008, 130, 8172; d) H.-Q. Do,
R. M. Kashif Khan, O. Daugulis, J. Am. Chem. Soc. 2008, 130,
15185; e) T. Yoshizumi, H. Tsurugi, T. Satoh, M. Miura,
Tetrahedron Lett. 2008, 49, 1598; f) L. Ackermann, H. K.
Potukuchi, D. Landsberg, R. Vincente, Org. Lett. 2008, 10,
3081; g) F. Besseli�vre, S. Piguel, F. Mahuteau-Betzer, D. S.
Grierson, Org. Lett. 2008, 10, 4029.

[9] Selected recent examples of other type of C�H bond arylation of
arenes: a) F. Kakiuchi, Y. Matsuura, S. Kan, N. Chatani, J. Am.
Chem. Soc. 2005, 127, 5936; b) D. R. Stuart, K. Fagnou, Science
2007, 316, 1172; c) R. Giri, N. Maugel, J.-J. Li, D.-H. Wang, S. P.
Breazzano, L. B. Saunders, J.-Q. Yu, J. Am. Chem. Soc. 2007, 129,

3510; d) S. Yang, B. Li, X. Wan, Z. Shi, J. Am. Chem. Soc. 2007,
129, 6066; e) Z. Shi, B. Li, X. Wan, J. Cheng, Z. Fang, B. Cao, C.
Qin, Y. Wang, Angew. Chem. 2007, 119, 5650; Angew. Chem. Int.
Ed. 2007, 46, 5554; f) T. Vogler, A. Studer, Org. Lett. 2008, 10,
129; g) B.-J. Li, S.-L. Tian, Z. Fang, Z.-J. Shi, Angew. Chem. 2008,
120, 1131; Angew. Chem. Int. Ed. 2008, 47, 1115; h) S.-D. Yang,
C.-L. Sun, Z. Fang, B.-J. Li, Y.-Z. Li, Z.-J. Shi, Angew. Chem.
2008, 120, 1495; Angew. Chem. Int. Ed. 2008, 47, 1473; i) J.
Norinder, A. Matsumoto, N. Yoshikai, E. Nakamura, J. Am.
Chem. Soc. 2008, 130, 5858; j) S. H. Cho, S. J. Hwang, S. Chang, J.
Am. Chem. Soc. 2008, 130, 9254; k) D.-H. Wang, T.-S. Mei, J.-Q.
Yu, J. Am. Chem. Soc. 2008, 130, 17676.

[10] A sole example using Ir catalysts for C�H bond arylation of
arenes (benzene derivatives) with iodoarenes: K. Fujita, M.
Nonogawa, R. Yamaguchi, Chem. Commun. 2004, 1926.

[11] Selected examples of Ir-catalyzed C�H bond functionalization
of arenes: a) T. Ishiyama, N. Miyaura, Pure Appl. Chem. 2006,
78, 1369; b) T. Matsumoto, D. J. Taube, R. A. Periana, H. Taube,
H. Yoshida, J. Am. Chem. Soc. 2000, 122, 7414; c) Y. Nishinaka,
T. Satoh, M. Miura, H. Morisaka, M. Nomura, H. Matsui, C.
Yamaguchi, Bull. Chem. Soc. Jpn. 2001, 74, 1727; d) T. Yasu-
kawa, T. Satoh, M. Miura, M. Nomura, J. Am. Chem. Soc. 2002,
124, 12680; e) R. Dorta, A. Togni, Chem. Commun. 2003, 760;
f) I. A. I. Mkhalid, D. N. Coventry, D. Albesa-Jove, A. S. Batsa-
nov, J. A. K. Howard, R. N. Perutz, T. B. Marder, Angew. Chem.
2006, 118, 503; Angew. Chem. Int. Ed. 2006, 45, 489; g) K. Ueura,
T. Satoh, M. Nomura, J. Org. Chem. 2007, 72, 5362; h) B. Lu,
J. R. Falck, Angew. Chem. 2008, 120, 7618; Angew. Chem. Int.
Ed. 2008, 47, 7508.

[12] a) S. Yanagisawa, T. Sudo, R. Noyori, K. Itami, J. Am. Chem.
Soc. 2006, 128, 11748; b) S. Yanagisawa, T. Sudo, R. Noyori, K.
Itami, Tetrahedron 2008, 64, 6073; c) I. Ban, T. Sudo, T.
Taniguchi, K. Itami, Org. Lett. 2008, 10, 3607; d) S. Yanagisawa,
K. Ueda, T. Taniguchi, K. Itami, Org. Lett. 2008, 10, 4673; e) G.
Deng, K. Ueda, S. Yanagisawa, K. Itami, C.-J. Li, Chem. Eur. J.
2009, 15, 333; f) H. Omachi, K. Itami, Chem. Lett. 2009, 38, 186.

[13] In this study, we used the following 29 (hetero)aryl units for
coupling partners (1 and 2). For simplicity, we assigned them
alphabetically, as following, and used them in compounds
assignment. Heteroarenes (1): 5-methylthiophen-2-yl (A), 5-
ethylthiophen-2-yl (B), 5-methoxythiophen-2-yl (C), 5-bromo-4-
methylthiophen-2-yl (D), 4,5-dimethylfuran-2-yl (E), 5-methyl-
4-(methylthio)furan-2-yl (F), 1-tosyl-1H-pyrrol-2-yl (G), 1-
methyl-1H-indol-3-yl (H), benzo[b]thiophen-2-yl (I), 3-methoxy-
thiophen-2,5-diyl (J). Iodoarenes (2): C6H5- (a), o-CH3C6H4- (b),
m-CH3C6H4- (c), p-CH3C6H4- (d), o-CH3OC6H4- (e), m-
CH3OC6H4- (f), p-CH3OC6H4- (g), m-CF3C6H4- (h), p-
CF3C6H4- (i), m-CH3C(O)C6H4- (j), p-CH3C(O)C6H4- (k), p-
C2H5OC(O)C6H4- (l), m-NO2C6H4- (m), p-NO2C6H4- (n), m-
BrC6H4- (o), p-BrC6H4- (p), p-NCC6H4- (q), benzene-1,4-diyl (r),
benzene-1,3-diyl (s).

[14] No reaction occurred at 80 8C under otherwise identical
conditions.

[15] a) R. H. Crabtree, Acc. Chem. Res. 1979, 12, 331; b) R. H.
Crabtree, M. W. Davis, J. Org. Chem. 1986, 51, 2655.

[16] Commercially available from Strem Chemicals, Inc.

Angewandte
Chemie

3701Angew. Chem. 2009, 121, 3698 –3701 � 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.de

http://dx.doi.org/10.1021/ja075599i
http://dx.doi.org/10.1002/asia.200700206
http://dx.doi.org/10.1002/ange.200702141
http://dx.doi.org/10.1002/anie.200702141
http://dx.doi.org/10.1002/anie.200702141
http://dx.doi.org/10.1021/ja071845e
http://dx.doi.org/10.1021/ja710731a
http://dx.doi.org/10.1021/ja710451s
http://dx.doi.org/10.1021/ja710451s
http://dx.doi.org/10.1021/ja7107068
http://dx.doi.org/10.1021/ja7107068
http://dx.doi.org/10.1021/ja802533u
http://dx.doi.org/10.1021/ja802533u
http://dx.doi.org/10.1002/ange.200804517
http://dx.doi.org/10.1002/anie.200804517
http://dx.doi.org/10.1002/anie.200804517
http://dx.doi.org/10.1002/ange.200390005
http://dx.doi.org/10.1002/anie.200390037
http://dx.doi.org/10.1016/j.tetlet.2003.09.151
http://dx.doi.org/10.1021/ol035985e
http://dx.doi.org/10.1021/ol035985e
http://dx.doi.org/10.1021/ja050279p
http://dx.doi.org/10.1021/ja050279p
http://dx.doi.org/10.1021/ja0576684
http://dx.doi.org/10.1002/ange.200504289
http://dx.doi.org/10.1002/ange.200504289
http://dx.doi.org/10.1002/anie.200504289
http://dx.doi.org/10.1002/ange.200604988
http://dx.doi.org/10.1002/anie.200604988
http://dx.doi.org/10.1002/anie.200604988
http://dx.doi.org/10.1021/ja803154h
http://dx.doi.org/10.1021/ja803154h
http://dx.doi.org/10.1021/ja8059396
http://dx.doi.org/10.1021/ar800042p
http://dx.doi.org/10.1021/ol016257z
http://dx.doi.org/10.1021/ol025851l
http://dx.doi.org/10.1021/ol051216e
http://dx.doi.org/10.1002/ange.200504450
http://dx.doi.org/10.1002/anie.200504450
http://dx.doi.org/10.1002/anie.200504450
http://dx.doi.org/10.1002/ange.200701727
http://dx.doi.org/10.1002/anie.200701727
http://dx.doi.org/10.1002/anie.200701727
http://dx.doi.org/10.1021/ja710276x
http://dx.doi.org/10.1021/ja710276x
http://dx.doi.org/10.1021/ol802252m
http://dx.doi.org/10.1021/ol802252m
http://dx.doi.org/10.1016/j.tet.2007.12.060
http://dx.doi.org/10.1021/ja075802+
http://dx.doi.org/10.1021/ja075802+
http://dx.doi.org/10.1021/ja077862l
http://dx.doi.org/10.1021/ja077862l
http://dx.doi.org/10.1021/ja801767s
http://dx.doi.org/10.1021/ja805688p
http://dx.doi.org/10.1021/ja805688p
http://dx.doi.org/10.1016/j.tetlet.2008.01.042
http://dx.doi.org/10.1021/ol801078r
http://dx.doi.org/10.1021/ol801078r
http://dx.doi.org/10.1021/ja043334n
http://dx.doi.org/10.1021/ja043334n
http://dx.doi.org/10.1126/science.1141956
http://dx.doi.org/10.1126/science.1141956
http://dx.doi.org/10.1021/ja0701614
http://dx.doi.org/10.1021/ja0701614
http://dx.doi.org/10.1021/ja070767s
http://dx.doi.org/10.1021/ja070767s
http://dx.doi.org/10.1002/ange.200700590
http://dx.doi.org/10.1002/anie.200700590
http://dx.doi.org/10.1002/anie.200700590
http://dx.doi.org/10.1021/ol702659a
http://dx.doi.org/10.1021/ol702659a
http://dx.doi.org/10.1002/ange.200704092
http://dx.doi.org/10.1002/ange.200704092
http://dx.doi.org/10.1002/anie.200704092
http://dx.doi.org/10.1002/ange.200704619
http://dx.doi.org/10.1002/ange.200704619
http://dx.doi.org/10.1002/anie.200704619
http://dx.doi.org/10.1021/ja800818b
http://dx.doi.org/10.1021/ja800818b
http://dx.doi.org/10.1021/ja8026295
http://dx.doi.org/10.1021/ja8026295
http://dx.doi.org/10.1021/ja806681z
http://dx.doi.org/10.1039/b407116f
http://dx.doi.org/10.1351/pac200678071369
http://dx.doi.org/10.1351/pac200678071369
http://dx.doi.org/10.1021/ja0009830
http://dx.doi.org/10.1246/bcsj.74.1727
http://dx.doi.org/10.1021/ja0280269
http://dx.doi.org/10.1021/ja0280269
http://dx.doi.org/10.1039/b211672c
http://dx.doi.org/10.1002/ange.200503047
http://dx.doi.org/10.1002/ange.200503047
http://dx.doi.org/10.1002/anie.200503047
http://dx.doi.org/10.1021/jo070735n
http://dx.doi.org/10.1002/ange.200802456
http://dx.doi.org/10.1002/anie.200802456
http://dx.doi.org/10.1002/anie.200802456
http://dx.doi.org/10.1021/ja064500p
http://dx.doi.org/10.1021/ja064500p
http://dx.doi.org/10.1016/j.tet.2008.01.053
http://dx.doi.org/10.1021/ol8013717
http://dx.doi.org/10.1021/ol8019764
http://dx.doi.org/10.1002/chem.200801893
http://dx.doi.org/10.1002/chem.200801893
http://dx.doi.org/10.1246/cl.2009.186
http://dx.doi.org/10.1021/ar50141a005
http://dx.doi.org/10.1021/jo00364a007
http://www.angewandte.de

