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The omnipresence of biaryl scaffolds in natural products,
medicinal agents, and organic materials places their con-
struction amongst the key transformations of organic chemis-
try. Indeed, cross-coupling reactions leading to this C—C bond
formation have seen tremendous development over the past
decades. However, in the context of green and sustainable
chemistry, construction of these biaryl moieties by using C—H
bonds as latent functional groups through twofold direct C—H
bond functionalization has emerged as an attractive alter-
native.!!! Indeed, catalyzed cross-dehydrogenative couplings
(CDC) obviate the need for prefunctionalized coupling
partners (minimizing reaction steps and waste) and are only
accompanied by the formal formation of hydrogen as the sole
byproduct. However, multiple obstacles such as unfavorable
thermodynamics, the generally low reactivity of C—H bonds,
and selectivity issues (functionalization of one C—H bond in
the presence of others, competition between heterocoupling
and homocoupling) make this synthetic pathway particularly
challenging. Over the last few years important efforts have
been made to overcome these difficulties, and several Pd-
catalyzed dehydrogenative biaryl formations have been
reported.”! Very recently, a seminal contribution in this field
was made by Yu et al.”¥ By using Pd(OAc), as a catalyst in
combination with a “F” oxidant, they succeeded in a para-
selective CDC, consisting of C—H bond activation of benz-
amides followed by an electrophilic aromatic palladation of
simple arenes.

However, alternative methods and mechanisms are
required, since an electrophilic aromatic metalation step
limits the substrate scope (electron-rich substrates preferred)
and selectivity pattern (ortho/para-directing groups). Besides
the development of Pd-catalyzed C—H bond-functionaliza-
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tion reactions, cationic Rh™ catalysts have recently been
shown to be particularly suitable for the activation of this
latent bond,” mostly resulting in oxidative Heck reactions,
alkynylations,’! and nucleophilic addition type transforma-
tions.? Many new synthetic disconnections for the synthesis
of many highly valuable compounds (such as derivatives of
indenoles® and indoles,”® fulvenes,”! pyrroles,®¥ isoqui-
nolines,”! acenes,®¥ and anthrylazoles®") could be estab-
lished. However, to the best of our knowledge, no Rh™-
catalyzed dehydrogenative Ar—Ar bond formation proceed-
ing through C—H bond activation has been developed.”
Inspired by our very recent observation that [RhCp*(SbFy),]
(Cp* = pentamethylcyclopentadienyl) is capable of perform-
ing undirected C—H activation of bromoarenes,”™ we focused
our effort on the use of this reactivity for biaryl formation.
Herein, we report the first example of Rh-catalyzed Ar—Ar
cross-coupling by means of double C-H activation
(Scheme 1).

We commenced our study using tertiary benzamide 1a
and bromobenzene as coupling partners, [(RhCp*Cl,),]
combined with AgSbF, as the catalyst, Cu(OAc),, and
PivOH. We noticed with delight that the desired product 3a
was formed and could be isolated in 23 % yield as a 2.6:1
mixture of meta/para regioisomers (Scheme 2). Interestingly,
no coupling at the ortho position of bromobenzene was
observed. The efficiency of this reaction was, however,
compromised by a significant amount of homocoupling of
1a.”) Intriguingly, the employment of a catalytic amount of
CsOPiv (20 mol %) together with 1.1 equiv of PivOH pre-
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Scheme 2. Initial study of the CDC of benzamides and PhBr.

vented the undesired homocoupling and thus improved the
yield of 3a to 55%. Replacement of PivOH by a stoichio-
metric amount of either CsOPiv or CsOAc shut down the
reactivity. Further improvement was achieved by a slight
modification of the directing group. When benzamide 1b
bearing a NiPr, group was used, the cross-coupling product 3b
could be isolated as a meta/para mixture (2.8:1) in 81 % yield.
Control reactions showed that omission of either the Rh
precatalyst or Cu(OAc), led to total inactivity of this catalytic
system. Similarly, the use of a catalytic amount of Cu(OAc),
(25mol%) or increased concentration (0.4M and 1.0m)
resulted in a severe decrease of the efficiency of the coupling
(3b isolated in 22, 69 and 49 % yield, respectively).

Under these optimized conditions, the scope of arenes
bearing no chelating group site was examined (Scheme 3, 3b-
h). Both chloro- and iodobenzene provided the cross-coupled
products 3¢ and 3d in good yields (76 and 66 %, respectively),
albeit an increased reaction temperature (160°C) was
required to reach full conversion. Intriguingly, utilization of
fluorobenzene as the coupling partner shut down the reac-
tivity and coupling of toluene with 1b afforded 3f in
drastically decreased yield (16%).l%1 When 1-bromonaph-
thalene and 1,2-bromotoluene were engaged in the reaction,
the expected products 3g and 3h were formed efficiently as
mixtures of three and two regioisomers, respectively. Fur-
thermore, an array of synthetically useful benzamides were
reacted with bromobenzene (Scheme 3, 3i-0). A number of
functional groups at either the meta or para position of the
aryl ring were compatible with our catalytic system.!'!]
Benzamides bearing electron-donating groups such as Me
or OMe in meta position were arylated smoothly to give the
desired products 3i and 3j, isolated in 82 and 72% yield,
respectively. Introduction of the OMe group in para position
of the benzamide had a beneficial effect on the efficiency of
the reaction giving corresponding 3k with an improved yield
(89%). In contrast, benzamides containing electron-with-
drawing substituents reacted more sluggishly and an increase
of the reaction temperature to 160°C was required for
completion of these CDCs. Importantly, brominated benza-
mide could also be efficiently used as coupling partner to give
the dibrominated biphenyl product 3n in 69 % of yield. When
naphthalene 2-carboxamide was used, C—H activation oc-
curred at only one position leading to 30 in good yield.

Encouraged by these results showing that steric hindrance
disfavors cross-coupling in the ortho position of bromoben-
zene, we turned our attention to 3-substituted bromoben-
zenes (Scheme 4). Gratifyingly, coupling of the standard
benzamide 1b with 1-bromo-3-methylbenzene gave the cross-
coupling product 4a as a single regioisomer (67 % yield at
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Scheme 3. CDC of benzamides with monosubstituted arenes. General
reaction conditions: 1 (1.0 mmol, 1.0 equiv), PhBr (5 mL),
[(RhCp*Cl,),] (2.5 mol %), AgSbFg (10 mol %), Cu(OAc), (2.2 mmol,
2.2 equiv), PivOH (1.1 mmol, 1.1 equiv), CsOPiv (0.2 mmol, 20

mol %), 140-160°C, 21 h. [a] At 160°C. [b] At 140°C.

160°C). Subsequently, numerous different 1,3-disubstituted
arenes turned out to be efficient coupling partners. Intrigu-
ingly, while 1-bromo-3-methylbenzene gave good to moder-
ate yields, slight improvement of the efficiency of these CDCs
was observed when electron-deficient bromoarenes were
used. Thus coupling of a mera-substituted electron-rich
benzamide with electron-poor 1-bromo-3-trifluoromethyl-
benzene led to the formation of biphenyl 4i in 84 % yield.
1-Bromo-3-methoxybenzene showed drastically lower reac-
tivity (4e isolated in 23 % yield). In addition, regioselective
cross-coupling was also successful using 1,2-dibromobenzene.

To additionally establish the power of this methodology,
a ketone directing group was also evaluated (Scheme 5). The
initial attempt to couple 2,2-dimethyl-1-phenylpropan-1-one
(5) and bromobenzene under standard reaction conditions
gave the desired product 6 a, but the reaction was significantly
more sluggish. Higher reaction temperatures led to full
conversion and 6a could be isolated in 72 % yield as a 2.1:1
mixture of metal/para regioisomers. As expected, when 1,2-
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Scheme 4. Highly regioselective CDC of benzamides using 1,3-halo-
arenes. For general reaction conditions, see Scheme 2. [a] On
a 3 mmol scale. [b] At 140°C.
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Scheme 5. CDC of ketone 5.

dibromobenzene was employed as a coupling partner, the
corresponding biphenyl ketone 6b was isolated in moderate
yield as a single regioisomer. A slight decrease of the yield
(47 %) was observed in the case of 1-bromo-3-methylbenzene.

For obtaining mechanistic insight, and determining the
values of the kinetic isotope effects (KIEs) for both benz-
amide and bromobenzene, a series of cross-coupling reactions
involving deuterated coupling partners were performed
(Scheme 6). An intermolecular competition experiment
between bromobenzene and [Ds]bromobenzene, with sub-
strate 1b as the reaction partner, showed a significant KIE of
3.5 (experiment A). Likewise, when the deuterated benz-
amide [Ds]-1b was submitted to the same reaction conditions,
a similar KIE of 3.4 was measured (experiment C).*”
Furthermore, KIEs of 1.8-2.0 on the benzamide were
determined by comparison of the initial reaction rate of the
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Scheme 6. Study of the kinetic isotope effect.

coupling between a 1:1 mixture of 1b and [Ds]-1b and either
bromobenzene (experiment B) or [Ds]bromobenzene (exper-
iment D).

These results clearly suggest that true C—H bond activa-
tion occurs on both coupling partners.'Y The important KIEs
observed for experiments A and C, combined with data from
previous reports on CDCs indicate that the C—H bond
cleavage of the simple arene is of substantial importance for
the total rate of this cross-coupling. Additionally to these
KIEs studies, a noticeable H/D scrambling on both reaction
partners was observed. Likewise, H/D exchange was observed
when 3b was submitted to the reaction conditions in the
presence of pentadeuterated bromobenzene (solvent). These
observations clearly indicate the reversible nature of both C—
H activation events.

On the basis of the data above and precedent literature,
a plausible catalytic cycle is proposed in Scheme 7. It is
postulated that, in the presence of AgSbF,, a Rh precatalyst
generates a highly electrophilic Rh species A, which coor-
dinates to the carbonyl group of the benzamide. A chelate-
assisted reversible C—H activation occurs at the ortho position
and could proceed by means of a base-assisted concerted
metalation/deprotonation (CMD) pathway.™ The five-mem-
bered rhodacycle B has a free coordination site and could
therefore coordinate bromobenzene in a 1> manner. At this
stage of the catalytic cycle, two distinct pathways are
plausible. In the first case, pathway a, the n’>-coordinated
bromobenzene would undergo C—H activation (probably by
o-bond metathesis or CMD mechanism) affording the neutral
rhodium complex D. After sequential reductive elimination
of the cross-coupling product and reoxidation of the Rh'
intermediate E, the regenerated Rh™ catalyst A could re-
enter the catalytic cycle. In contrast, pathway b starts with
a C—H activation of bromobenzene affording the rhodium(V)
hydride complex F. This high oxidation state of rhodium
would enhance the reductive elimination of the biphenyl
adduct,'® and a subsequent hydride abstraction/oxidation
would provide the regenerated catalyst A. The experimental
observations of important H/D scrambling on both coupling
partners and the biaryl product could be explained either by
the existence of Rh—H intermediates (which support path-
way b) or by the protonolysis of intermediate D. The
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existence of a rhodium(V) hydride species bearing a Cp*
ligand has already been evoked;!'" ' however, no direct proof
of its existence in this case could be obtained so far.
Consequently, it is difficult to draw a conclusion concerning
the mechanism of this transformation. Moreover, the role of
Cu(OAc), and the particular effectiveness of bromoarenes as
coupling partners (which could potentially act as an oxi-
dant”® and/or a catalyst modifier™) remain unclear.

Finally, in order to highlight the synthetic value of this new
strategy, we investigated possible transformations of the
generated biaryl products (Scheme 8). Gratifyingly, product
4h underwent smooth bromine/lithium exchange, and sub-
sequent quenching of the reaction with water led to the
formation of the one meta-Br substituted biaryl product 7. An
additional advantage of this transformation is the fact that
many different electrophiles can be introduced. We were
pleased to see that under unoptimized conditions the Suzuki
coupling of 4b with 4-methoxyphenylboronic acid gave the
desired product 8 in 51% yield. This new triphenyl moiety
still bears a chloro substituent, allowing for further function-
alization.

In conclusion, a novel RhCp*-catalyzed aryl-aryl bond
formation has been disclosed, a selective dehydrogenative
cross-coupling between arenes bearing a directing group and
halogen-substituted (I, Br, Cl) benzene derivatives. The scope
of this transformation is broad with regard to both coupling
partners and the employment of 1,3-disubstituted bromo-
arenes leads to the regioselective formation of valuable meta-
substituted biphenyl products with moderate to good yields.
Finally, mechanistic studies indicate that this catalytic system,
in contrast to other Pd-catalyzed CDCs, proceeds by “real”
C—H activations on each coupling partner. This discovery
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Scheme 8. Potential synthetic applications of halogen-substituted
biaryls. For reaction conditions, see the Supporting Information.

opens opportunities for the development of new Rh'-
catalyzed C—H bond activations, leading to more efficient
and milder transformations .!""

Received: November 7, 2011
Published online: January 27, 2012

Keywords: aryl-aryl bond formation - biaryls - C—H activation -
cross-dehydrogenative coupling - rhodium catalysis

[1] For recent reviews on aryl—aryl bond formation, see : a) C.S.
Yeung, V. M. Dong, Chem. Rev. 2011, 111, 1215-1292; b) G. P.
McGlacken, L. M. Bateman, Chem. Soc. Rev. 2009, 38, 2447 -
2464; c) S.-L. You, J.-B. Xia, Top. Curr. Chem. 2010, 292, 165 -
194; d) J. A. Ashenhurst, Chem. Soc. Rev. 2010, 39, 540-548.
For recent examples of Pd-catalyzed CDCs of two arenes see:
a) R. Li, L. Jiang, W. Lu, Organometallics 2006, 25, 5973 -5975;
b) J.-B. Xia, S.-L. You, Organometallics 2007, 26, 4869 —4871,;
¢) K. L. Hull, M. S. Sanford, J. Am. Chem. Soc. 2007, 129, 11904 —
11905; d) T. W. Lyons, K. L. Hull, M. S. Sanford, J. Am. Chem.
Soc. 2011, 133, 4455-4464; e) B.-J. Li, S.-L. Tian, Z. Fang, Z.-J.
Shi, Angew. Chem. 2008, 120, 1131 -1134; Angew. Chem. Int. Ed.
2008, 47,1115-1118; f) H. Li, J. Liu, C.-L. Sun, B.-J. Li, Z.-J. Shi,
Org. Lett. 2011, 13,276-279; g) G. Brasche, J. Garcia-Fortanet,
S. L. Buchwald, Org. Lett. 2008, 10,2207 -2210;h) Y. Wei, W. Su,
J. Am. Chem. Soc. 2010, 132, 16377-16379; i) X. Zhao, C.S.
Yeung, V. M. Dong, J. Am. Chem. Soc. 2010, 132, 5837-5844;
j) C.S. Yeung, X. Zhao, N. Borduas, V. M. Dong, Chem. Sci.
2010, 7, 331-336; k) X. Wang, D. Leow, J.-Q. Yu, J. Am. Chem.
Soc. 2011, 133, 13864—-13867. For the seminal report on Pd-
catalyzed CDCs involving heteroaromatic compounds see: D. R.
Stuart, K. Fagnou, Science 2007, 316, 1172-1175.

For recent reviews on the Rh-catalyzed C—H bond activation,
see: a) T. Satoh, M. Miura, Chem. Eur. J. 2010, 16, 11212 -11222;
b) J. Bouffard, K. Itami, Top. Curr. Chem. 2010, 292, 231 -280;
c) D. A. Colby, R. G. Bergman, J. A. Ellman, Chem. Rev. 2010,
110, 624-655; D. A. Colby, A.-S. Tsai, R. G. Bergman, J. A.
Ellman, Acc. Chem. Res. 2012, DOI: 10.1021/ar200190g.

For selected examples of Rh'!-catalyzed oxidative Heck reac-
tions see: a) K. Ueura, T. Satoh, M. Miura, Org. Lett. 2007, 9,
1407 -1409; b) N. Umeda, K. Hirano, T. Satoh, M. Miura, J. Org.

2

—

[3

—_

[4

—_—

Angew. Chem. Int. Ed. 2012, 51, 2247 —2251


http://dx.doi.org/10.1021/cr100280d
http://dx.doi.org/10.1039/b805701j
http://dx.doi.org/10.1039/b805701j
http://dx.doi.org/10.1039/b907809f
http://dx.doi.org/10.1021/om060889d
http://dx.doi.org/10.1021/om700806e
http://dx.doi.org/10.1021/ja074395z
http://dx.doi.org/10.1021/ja074395z
http://dx.doi.org/10.1021/ja1097918
http://dx.doi.org/10.1021/ja1097918
http://dx.doi.org/10.1002/ange.200704092
http://dx.doi.org/10.1002/anie.200704092
http://dx.doi.org/10.1002/anie.200704092
http://dx.doi.org/10.1021/ol102688e
http://dx.doi.org/10.1021/ol800619c
http://dx.doi.org/10.1021/ja109383e
http://dx.doi.org/10.1021/ja100783c
http://dx.doi.org/10.1039/c0sc00231c
http://dx.doi.org/10.1039/c0sc00231c
http://dx.doi.org/10.1021/ja206572w
http://dx.doi.org/10.1021/ja206572w
http://dx.doi.org/10.1126/science.1141956
http://dx.doi.org/10.1002/chem.201001363
http://dx.doi.org/10.1021/cr900005n
http://dx.doi.org/10.1021/cr900005n
http://dx.doi.org/10.1021/ol070406h
http://dx.doi.org/10.1021/ol070406h
http://dx.doi.org/10.1021/jo901485v
http://www.angewandte.org

5

[6

[7

Angew. Chem. Int. Ed. 2012, 51, 2247 —2251

—_

[

—

Chem. 2009, 74,7094 -7099; c) S. Mochida, K. Hirano, T. Satoh,
M. Miura, J. Org. Chem. 2011, 76, 3024-3033; d) X. Li, M. Zhao,
J. Org. Chem. 2011, 76, 8530-8536; ) S. H. Park, J. Y. Kim, S.
Chang, Org. Lett. 2011, 13,2372-2375; f) A. S. Tsai, M. Brasse,
R. G. Bergman, J. A. Ellman, Org. Lett. 2011, 13, 540-542; g) J.
Chen, G. Song, C.-L. Pan, X. Li, Org. Lett. 2010, 12, 5426 — 5429,
h) F. Wang, G. Song, X. Li, Org. Lett. 2010, 12, 5430-5433; i) F.
Wang, G. Song, Z. Du, X. Li, J. Org. Chem. 2011, 76,2926 —2932;
j) E. W. Patureau, F. Glorius, J. Am. Chem. Soc. 2010, 132, 9982 —
9983; k) F. W. Patureau, T. Besset, F. Glorius, Angew. Chem.
2011, 723, 1096-1099; Angew. Chem. Int. Ed. 2011, 50, 1064 -
1067; 1) S. Rakshit, C. Grohmann, T. Besset, F. Glorius, J. Am.
Chem. Soc. 2011, 133, 2350-2353; m) T. Besset, N. Kuhl, F. W.
Patureau, F. Glorius, Chem. Eur. J. 2011, 17, 7167-7171; n) H.
Li, Y. Li, X.-S. Zhang, K. Chen, X. Wang, Z.-J. Shi, J. Am. Chem.
Soc. 2011, 133, 15244-15247; o) J. Willwacher, S. Rakshit, F.
Glorius, Org. Biomol. Chem. 2011, 9, 4736 —4740.

For selected examples of Rh'"-catalyzed alkynylation reactions
see: a) N. Umeda, H. Tsurugi, T, Satoh, M. Miura, Angew.
Chem. 2008, 120, 4083 -4086; Angew. Chem. Int. Ed. 2008, 47,
4019-4022; b) S. Mochida, N. Umeda, K. Hirano, T. Satoh, M.
Miura, Chem. Lett. 2010, 39, 744 —746; c) N. Umeda, K. Hirano,
T. Satoh, N. Shibata, H. Sato, M. Miura, J. Org. Chem. 2011, 76,
13-24; d) T. Fukutani, K. Hirano, T. Satoh, M. Miura, J. Org.
Chem. 2011, 76, 2867-2874; ¢) P. C. Too, Y.-F. Wang, S. Chiba,
Org. Lett. 2010, 12, 5688 -5691; f) T. K. Hyster, T. Rovis, J. Am.
Chem. Soc. 2010, 132, 10565-10569; g) M. P. Huestis, L. Chan,
D. R. Stuart, K. Fagnou, Angew. Chem. 2011, 123, 1374-1377,
Angew. Chem. Int. Ed. 2011, 50,1338 —1341; h) N. Guimond, S. I.
Gorelsky, K. Fagnou, J. Am. Chem. Soc. 2011, 133, 6449 — 6457,
i) S. Rakshit, F. W. Patureau, F. Glorius, J. Am. Chem. Soc. 2010,
132,9585-9587;j) F. W. Patureau, T. Besset, N. Kuhl, F. Glorius,
J. Am. Chem. Soc. 2011, 133, 2154 -2156.

For selected examples of Rh™-catalyzed nucleophilic addition
type reactions, see: a) A. S. Tsai, M. E. Tauchert, R. G. Bergman,
J. A. Ellman, J. Am. Chem. Soc. 2011, 133, 1248-1250; b) K. D.
Hesp, R. G. Bergman, J. A. Ellman, J. Am. Chem. Soc. 2011, 133,
11430-11433; ¢) Y. Li, B.-J. Li, W.-H. Wang, W.-P. Huang, X.-S.
Zhang, K. Chen, Z.-J. Shi, Angew. Chem. 2011, 123, 2163 -2167,
Angew. Chem. Int. Ed. 2011, 50, 2115-2119; d) L. Yang, C. A.
Correia, C.-J. Li, Adv. Synth. Catal. 2011, 353, 1269-1273; ¢) J.
Park, E. Park, A. Kim, Y. Lee, K.-W. Chi, J. H. Kwak, Y. H. Jung,
L. S. Kim, Org. Lett. 2011, 13, 4390-4393.

In 1993 Barrett et al. reported the homocoupling of phenols in
the presence of a Rh™ catalyst; however, this reaction probably
does not occur by means of C—H bond activation: A. G. M.
Barrett, T. Itoh, E. M. Wallace, Tetrahedron Lett. 1993, 34,2233 —
2234,

(8]
]

[10]

(11]

(12]

[13]

[14]

[15]

[16]

(17)

(18]

[19]

Angewandte

itermationalediion. CHEIMIIE

F. W. Patureau, C. Nimphius, F. Glorius, Org. Lett. 2011, 13,
6346 -6349.

High-resolution ESI mass spectrometric analysis of the crude
reaction mixture shows also the presence of dehalogenated
biaryl product. During the whole project, the formation of trace
amounts of these dehalogenated products was observed.
Application of benzene as a coupling partner led to the
formation of only trace amounts of the desired coupling product
(reaction run at 140°C).

Introduction of a methyl substituent at the ortho position of the
benzamide led to inhibition of the reaction and the desired
product was not obtained.

A comparable KIE for the undirected Pd-catalyzed C-H
activation of simple arenes was previously observed by Dong
etal?

a) Recently, Bergman and Ellman have reported a KIE of 2 for
the Rh'-catalyzed C—H bond activation of acetanilides./”"!
b) Likewise, for the alkynylation of an acetanilide a KIE of 4.2
was measured for the C—H activation step; see: D. R. Stuart, P.
Alsabeh, M. Kuhn, K. Fagnou, J. Am. Chem. Soc. 2010, 132,
18326-18339. Chang et al. measured a KIE of 2.3 for the C—H
bond activation of arenes bearing an ester as a directing group.!
For a Pd-catalyzed CDC reaction in which significant KIEs were
observed for both coupling partners, see: Y. Rong, R. Li, W. Lu,
Organometallics 2007, 26, 4376—4378.

For a Rh'!!-catalyzed chelate-assisted C—H bond activation likely
occurring by means of a CMD mechanism, see: a) Ref. [13b];
b) L. Li, W. W. Brennessel, W. D. Jones, Organometallics 2009,
28, 3492 -3500.

In the case of Pd-catalyzed C—H activation reactions, high-
oxidation-state Pd species (typically Pd" species) are proposed
to enhance the reductive elimination step. For recent reviews on
Pd" chemistry, see: a) L.-M. Xu, B.-J. Li, Z. Yang, Z.-J. Shi,
Chem. Soc. Rev. 2010, 39, 712-733; b) K. Muiiiz, Angew. Chem.
2009, 121, 9576-9588; Angew. Chem. Int. Ed. 2009, 48, 9412 -
9423.

A RhY species was evoked in hydrosilylation reactions. For some
examples, see: a) S. B. Duckett, R. N. Perutz, Organometallics
1992, 71, 90-98; b) S. F. Vyboishchikov, G. I. Nikonov, Organo-
metallics 2007, 26, 4160 -4169.

A Rh" species was evoked in borylation reactions. For some
examples, see : a) I. A. I. Mkhalid, J. H. Barnard, T. B. Marder,
J. M. Murphy, J. F. Hartwig, Chem. Rev. 2010, 110, 890-931;
b) X. Wan, X. Wang, Y. Luo, S. Takami, M. Kubo, A. Miyamoto,
Organometallics 2002, 21, 3703 -3708.

For a recent review on C—H activations under mild conditions,
see: J. Wencel-Delord, T. Droge, F. Liu, F. Glorius, Chem. Soc.
Rev. 2011, 40, 4740-4761.

© 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

www.angewandte.org

2251


http://dx.doi.org/10.1021/jo901485v
http://dx.doi.org/10.1021/jo200509m
http://dx.doi.org/10.1021/jo201530r
http://dx.doi.org/10.1021/ol200600p
http://dx.doi.org/10.1021/ol102890k
http://dx.doi.org/10.1021/ol1022596
http://dx.doi.org/10.1021/ol102241f
http://dx.doi.org/10.1021/jo2002209
http://dx.doi.org/10.1021/ja103834b
http://dx.doi.org/10.1021/ja103834b
http://dx.doi.org/10.1002/ange.201006222
http://dx.doi.org/10.1002/ange.201006222
http://dx.doi.org/10.1002/anie.201006222
http://dx.doi.org/10.1002/anie.201006222
http://dx.doi.org/10.1021/ja109676d
http://dx.doi.org/10.1021/ja109676d
http://dx.doi.org/10.1002/chem.201101340
http://dx.doi.org/10.1021/ja205228y
http://dx.doi.org/10.1021/ja205228y
http://dx.doi.org/10.1039/c1ob05636k
http://dx.doi.org/10.1002/ange.200800924
http://dx.doi.org/10.1002/ange.200800924
http://dx.doi.org/10.1002/anie.200800924
http://dx.doi.org/10.1002/anie.200800924
http://dx.doi.org/10.1246/cl.2010.744
http://dx.doi.org/10.1021/jo1021184
http://dx.doi.org/10.1021/jo1021184
http://dx.doi.org/10.1021/jo200339w
http://dx.doi.org/10.1021/jo200339w
http://dx.doi.org/10.1021/ol102504b
http://dx.doi.org/10.1021/ja103776u
http://dx.doi.org/10.1021/ja103776u
http://dx.doi.org/10.1002/ange.201006381
http://dx.doi.org/10.1002/anie.201006381
http://dx.doi.org/10.1021/ja201143v
http://dx.doi.org/10.1021/ja104305s
http://dx.doi.org/10.1021/ja104305s
http://dx.doi.org/10.1021/ja110650m
http://dx.doi.org/10.1021/ja109562x
http://dx.doi.org/10.1021/ja203495c
http://dx.doi.org/10.1021/ja203495c
http://dx.doi.org/10.1002/ange.201007464
http://dx.doi.org/10.1002/anie.201007464
http://dx.doi.org/10.1002/adsc.201100232
http://dx.doi.org/10.1021/ol201729w
http://dx.doi.org/10.1016/S0040-4039(00)77581-2
http://dx.doi.org/10.1016/S0040-4039(00)77581-2
http://dx.doi.org/10.1021/ol202557w
http://dx.doi.org/10.1021/ol202557w
http://dx.doi.org/10.1021/ja1082624
http://dx.doi.org/10.1021/ja1082624
http://dx.doi.org/10.1021/om700418h
http://dx.doi.org/10.1021/om9000742
http://dx.doi.org/10.1021/om9000742
http://dx.doi.org/10.1039/b809912j
http://dx.doi.org/10.1021/om00037a022
http://dx.doi.org/10.1021/om00037a022
http://dx.doi.org/10.1021/om070238x
http://dx.doi.org/10.1021/om070238x
http://dx.doi.org/10.1021/cr900206p
http://dx.doi.org/10.1021/om020112u
http://dx.doi.org/10.1039/c1cs15083a
http://dx.doi.org/10.1039/c1cs15083a
http://www.angewandte.org

