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Copper-Mediated Intermolecular C-H/C-H
and C-H/N-H Couplings via Aromatic C-H
Cleavage

Koji Hirano and Masahiro Miura

Abstract Copper salts and complexes have recently received significant attention as
less expensive and abundant alternatives to some noble transition metal catalysts such as
palladium, rhodium, and ruthenium, in the research field of C—H activation. They not
only replace the above precious metal catalysts in the known C—H transformations but
also mediate unique, otherwise challenging, cross-coupling reactions involving C-H
bond cleavage. This chapter mainly focuses on recent advances in the copper-mediated or
copper-catalyzed intermolecular C—-H/C-H and C-H/N-H aromatic couplings. Seminal
mechanistic studies on the copper-mediated C—H functionalization are also discussed.

Keywords Aromatic compounds - C—C formation - C-N formation - Copper -
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1 Introduction

Since the pioneering work on the ruthenium-catalyzed directed C-H alkylation by
Murai and coworkers [1], the transition metal-mediated C—H functionalization has
grown rapidly because of its possibility for transformation of ubiquitous C—H bonds
to versatile functional groups in atom- and step-economical manners. While the
second- and third-row transition metal catalysts such as palladium, rhodium, and
ruthenium have initially been developed, for the realistic catalyst loading, many
researchers then turned attention into less expensive and easy-to-handle first-row
transition metals. Particularly, less toxic and abundant copper salts are attractive
alternatives for the above noble metal catalysts and have great potential for ideal
but greatly challenging intermolecular C—H/C—H and C-H/N—H couplings [2-6]. In
2006, two seminal examples for the C—H/N—H coupling were reported concurrently
by Yu [7] and Chatani [8]. While not catalytic in copper, 2-phenylpyridine was
found to undergo dehydrogenative amination with tosylamide or aniline without
employing any precious metal catalysts (Eqs. 1 and 2). Since then, this research
field has greatly progressed and is now one of the hottest areas in C—H functiona-
lization. In this chapter, recent advances in the copper-mediated intermolecular
dehydrogenative C—C and C-N aromatic couplings are summarized; the intramo-
lecular version is not covered because the excellent review is now available
[9]. Additionally, some related couplings with miscellaneous heteroatom nucleo-
philes and seminal mechanistic studies on the Cu-promoted C-H functionalization
are also referred.

= = |

o Cu(OAc); (1.0 eq) Sy ;
NT o+ HNTTS TeeN 130 °C air s @

H  74%

= = ‘

| R Cu(OAc), (1.2 eq x 2) Sy
N 2 mesitylene, 160 °C Ph @

H 55%

2 C-H/C-H Coupling

The transition metal-promoted C—C cross-coupling reaction ranks as the most
important bond-forming strategy in modern organic synthesis. Traditionally,
organic halides and organometallic reagents are employed as prefunctionalized
starting materials [10—12]. On the other hand, the metal-mediated C—H activation
can skip prefunctionalization steps such as halogenation and stoichiometric
metalation. In particular, the dehydrogenative C—H/C-H coupling can be an ulti-
mate C—C formation because no preactivation of both starting materials are needed.
In this section, copper-mediated C—H/C—H aromatic couplings are divided into
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three types of alkynylation, arylation, and alkylation, and their scope and limita-
tions are described.

2.1 Alkynylation

Arylacetylenes are among the most fundamental and important n-conjugated sys-
tems in various areas of organic chemistry. A powerful and reliable approach to
these molecules is the palladium/copper-catalyzed cross-coupling of aryl halides
with terminal alkynes, also known as the Sonogashira coupling [13-16]. However,
the stoichiometric halogenation of arenes is inevitable for the preparation of the
starting halogenated arenes. Ultimately, the direct coupling between arenes and
terminal alkynes via twofold C—H bond cleavage of both substrates is an ideal goal
since no preactivation step is required. The first copper-mediated dehydrogenative
alkynylation of aromatic compounds was reported by Miura and coworkers in 2010
(Eq. 3) [17]. The aromatic substrate is limited to some acidic 1,3-azoles, but
preliminary attempts to apply catalytic conditions are also successful by using
molecular oxygen as a terminal oxidant. Subsequently, the same group [18] and
Su [19], independently, succeeded in the related direct alkynylation of
polyfluoroarenes (Eqs. 4 and 5). A relatively strong base, LiOrBu, is necessary,
but the reaction proceeds well under mild conditions without special slow addition
techniques.
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In the above leading work, the aromatic C-H cleavage step is apparently
dependent on the acidity of aromatic C—H. The theoretical pK, values of represen-
tative (hetero)aromatic compounds are shown in Table 1 [20].



50 K. Hirano and M. Miura

Table 1 Theoretical pK, values of some representative (hetero)aromatic compounds in DMSO
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On the other hand, recent development of the bidentate coordination strategy
[21, 22] successfully expands the substrate scope into the more general benzene
derivatives. The first applicable directing group is the aminoquinoline-based N,N-
bidentate amide, which was originally developed by Daugulis [23]. Although the
dehydrogenative alkynylation occurs smoothly, probably because of the relatively
high acidic nature of the aminoquinoline NH, the in situ generated alkynylated
product spontaneously undergoes the subsequent annulation to provide the methy-
lene isoindolinone skeleton (Egs. 6 and 7) [24, 25]. More recently, Dai and Yu [26]
and Shi [27] successfully suppress the undesired annulation by the oxazoliny-
laniline- and pyridinylpropylamine-modified coordinating moieties, respectively,
and the desired alkynylated products were obtained in good yields (Eqs. 8 and 9).
The latter two directing groups are easily removed under base-promoted hydrolysis
conditions after the coupling reaction.
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2.2 Arylation

Since the biaryl structures are prevalent cores in pharmaceutical targets and func-
tional materials [28, 29], the dehydrogenative biaryl coupling of nonfunctionalized
simple arenes has been extensively studied in recent years. Early successful exam-
ples with copper salts alone involve the cross-coupling reaction of relatively acidic
1,3-azoles and polyfluoroarenes (Eqs. 10-13) [30-33].
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The application to less acidic, general arenes was first reported by the group of
Hirano and Miura in 2011. Under Cu(OAc),/PivOH-promoted conditions,
2-phenylpyridine directly cross-couples with some 1,3-azoles (Eq. 14) [34]. The
related dehydrogenative biaryl couplings of indoles, benzamides, and naphthyl-
amines also proceed in the presence of Cu(OAc),, with the assistance of appropriate
directing groups, to make the corresponding bi(hetero)aryl linkages efficiently
(Egs. 15-17) [35-37]. The directors except for the 2-phenylpyridine are readily
attachable and detachable: 2-pyrimidyl (Eq. 16) and 8-aminoquinolinyl (Eq. 17)
groups were removed smoothly by sodium alkoxide-mediated alcoholysis. Addi-
tionally, in some cases, the molecular oxygen renders the reaction catalytic in
copper. The copper-based C—H/C—H coupling strategy can also be applicable to
the regioselective direct heteroarylation of 2-pyridones at the C6 position
(Eq. 18) [38].
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The same research group also developed the formal dehydrogenative construc-
tion of benzofuran- and indole—azole conjugations via an annulative metalation of
ortho-alkynylphenols and ortho-anilines (Scheme 1) [39, 40]. In the case of the
aniline, the substituent on the nitrogen is spontaneously removed after the C—C

formation to form the free NH indole exclusively. This protocol requires the alkyne
and heteroatom functions in one coupling partner but can provide a unique
approach to the biologically important bi(heteroaryl)s from nonhalogenated and

nonmetalated starting materials.

2.3 Alkylation

The copper-mediated dehydrogenative alkylation of aromatic compounds is less
investigated, compared to the alkynylation and arylation in Sects. 2.1 and 2.2. The
limited successful example includes the quinoline-containing benzamide and
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Scheme 1 Formal dehydrogenative construction of bi(heteroaryl)s via annulative metalation

relatively acidic active methylene compound, namely, ethyl cyanoacetate (Eq. 19)
[41]. An initially formed alkylated product undergoes the intramolecular nucleo-
philic addition/tautomerization sequence to furnish the formally annulated product,
isoquinolinone, in a good yield. Very recently, Dai and Yu succeeded in the
annulation reaction of benzamide with malonates by the action of the oxazoliny-
laniline auxiliary (Eq. 20) [42]. While not dehydrogenative, the oxidative C—H
trifluoromethylation with TMS-CF; also appears (Eq. 21) [43].
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Due to the ubiquity of (hetero)arylamines in biologically active compounds, natural
products, and organic functional materials, the aromatic C—N formation has been

widely explored over the last two decades [44, 45].

Among them, the
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dehydrogenative coupling with readily available (hetero)arenes and amines is ideal
but difficult, particularly in an intermolecular manner, even with the noble transi-
tion metals such as palladium. The challenging aromatic C—-H/N-H coupling has
been recently achieved in copper-based systems.

The first copper-catalyzed intermolecular C-H/N-H coupling was reported by
Mori and Schreiber, independently, in 2009 (Egs. 22 and 23) [46, 47]. Although the
scope of the aromatic compound is limited to the acidic 1,3-azoles, the catalytic
turnover of copper is realized by an ideal oxidant, molecular oxygen. Subsequently,
similar aminations of polyfluoroarenes (Eq. 24) and pyridine N-oxides (Eq. 25)
were developed by Su [48] and the groups of Li [49], Wu, and Cui [50], respec-
tively. When the biologically important sulfoximine is employed as a nitrogen
source, the reaction proceeds smoothly even under ambient conditions, and the
enantiopure substrate is converted into the product without affecting the enantio-
meric excess (Eq. 26) [51].
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Meanwhile, Nicholas succeeded in the development of catalytic variants of work
by Yu and Chatani in Egs. (1) and (2). The key to the success is a careful choice of
the solvent: an anisole/DMSO cosolvent system is essential for the good conversion
(Eq. 27) [52]. Li and coworkers also reported the catalytic system with fert-butyl
peroxide (TBP) as an oxidant (Eq. 28) [53]. In the latter case, an aminyl radical
species might be involved in the C-N forming step [54], although the details are not
clear. Additionally, the sulfoximine is also a promising coupling partner for
2-phenylpyridine, albeit with a stoichiometric amount of Cu(OAc), (Eq. 29) [55].
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More general arenes and heteroarenes can be employed by the introduction of
appropriate directing groups. Shen and coworkers reported the CuOAc/O,-cata-
lyzed C2-selective amination of N-(2-pyrimidyl)indoles with phthalimide
(Eq. 30) [56].

o o
CuOAc (20 mol%)
N+ HN —_— DN 30
©E,} toluenelo-ClyCafl (171 N (30)
bym 4 150 °C, O (1 atm) bymd
pym = 2-pyrimidyl 86%

Similar to the C—-H/C-H coupling mentioned in Section 2, some N,N-bidentate
coordinating groups also work well in the C—-H/N-H coupling. Benzamides bearing
the quinoline moiety are directly aminated under the copper/silver bimetallic
catalyst system, although the exact role of the silver salt is not clear (Eq. 31)
[57]. The oxazoline-based double coordination strategy allows the otherwise diffi-
cult dehydrogenative C-N coupling of various heteroarenes and heteroarylamines
to afford heteroatom-rich diarylamines of pharmaceutical importance (Eq. 32)
[58]. Intriguingly, the scope of amines is complementary: in the former case,
strongly basic alkylamines are applicable whereas the latter conditions accommo-
date less basic arylamines and amides.
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By using a picoline-type director, anilides can also couple with alkylamines in a
dehydrogenative manner to form the corresponding 1,2-diaminobenzene deriva-
tives (Egs. 33 and 34) [59, 60]. The hypervalent I(IlIl) reagent, PhI(OAc), is a
critical oxidant, and the reaction occurs under relatively mild conditions (rt—80 °C).
The unique ortho-regioselectivity observed in the reaction of 1-naphthylamine and
preliminary deuterium-labeling experiments suggests a single electron transfer
(SET) mechanism, although the detailed pathway still remains obscure.

[ S
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4 C-H/X-H Coupling with Other Heteroatom
Nucleophiles

Some heteroatom nucleophiles other than amines also couples with aromatic C—H
bonds under appropriate copper-based conditions to make the corresponding C—X
bonds efficiently.
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4.1 S-Nucleophiles

Several copper salts have been found to promote the dehydrogenative thiolation of
1,3-azoles with both aromatic and aliphatic thiols [61-66]. Especially, N-heterocy-
clic carbenes (NHCs)-ligated copper complexes show the high catalytic activity
(Eq. 35) [66]. The thiolation of less acidic aromatic substrates is possible with the
aid of Daugulis’s quinoline-type bidentate coordinating group (Eq. 36) [67]. In this
case, the corresponding disulfides, for example, F3CS—-SCF;, are also effective
thiolation reagents (Eq. 37) [68].
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4.2 O-Nucleophiles

The C-H/O-H coupling of 2-phenylpyridine with primary and secondary aliphatic
alcohols occurs in the presence of a Cu(OAc), catalyst and AgOT{/O, dual oxidants
(Eq. 38) [69]. Unfortunately, phenols in place of the alcohols result in no formation
of the C-O coupling products, due to the dominant self-coupling under oxidative
conditions. The use of the quinoline auxiliary overcomes this limitation, and phenol
derivatives as well as easily-oxidizable allylic and benzylic alcohols can be
employed (Eq. 39) [70]. Interestingly, with 3-aminophenol, the selective C-O
formation over C—N formation is observed. Very recently, the group of Niu and
Song introduced the unique N,O-bidentate directing group based on
2-aminopyridine N-oxide and succeeded in the copper-mediated dehydrogenative
C-O coupling of aromatic compounds with both aromatic and aliphatic alcohols
(Egs. 40 and 41) [71, 72]. Unusual compatibility with aryl iodide as well as
hexafluoro-2-propanol (HFIP) is observed.
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4.3 Miscellaneous Nucleophiles

The potential of P-based nucleophiles in the copper-promoted dehydrogenative
aromatic coupling was reported by the research group of Chen and Yu (Eq. 42)
[73]. With the assistance of the N,N-bidentate coordination of the aminoquinoline,
the copper-catalyzed C—P formation of aromatics with dialkylphosphonates pro-
ceeds to produce the corresponding aryl phosphonates in good yields.

o Cu(OAC); (20 mol%) o)
aQ H _ 3%803 (1.0 eq) N Q
nY o, poiPy, _NMO(20eq) H (42)
H 8 DMSO, 55 °C POPY),
O 78%

Some halogen sources, such as LiCl, NCS, and NIS, also couple with aromatic
C-H bonds to form the corresponding C-halogen bonds under appropriate copper
catalysis [7, 74-78]. Some representative examples are illustrated in Eqgs. (43) to
(45).
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5 Mechanistic Studies

The detailed mechanism of copper-mediated dehydrogenative couplings mentioned
above remains largely elusive because under oxidative conditions, copper com-
plexes can have several oxidation states including Cu(0), Cu(I), Cu(Il), and Cu(III).
Despite such complications, seminal studies recently appear. In an early work by
Yu in 2006 (Eq. 1) [7], a SET mechanism is proposed on the basis of deuterium-
labeling experiments: no kinetic isotope effect (KIE) is observed in the intramo-
lecular competition (Scheme 2). As exemplified by the chlorination, the pyridine
directing group can coordinate to the Cu center to form ate-type complexes and
induce the one-electron oxidation followed by ligand transfer regioselectively at the
ortho-position. The second SET process by an additional Cu(Il) species provides
the observed C—H functionalized product.

On the other hand, a very unique redox system involving Cu(I)/Cu(Il)/Cu(III)
oxidation states was reported by Ribas, Stahl, and coworkers [79-81]. They exten-
sively studied the reactivity of the triazamacrocyclic ligand with Cu(Il) and suc-
cessfully characterized C—H activated Ar—Cu(II) and Cu(I) complexes. The careful
investigation of the reaction stoichiometry revealed that 0.5 eq of Ar—Cu(III) and
0.5 eq of Ar—Cu(I) are formed from 1.0 eq of Cu(Il), thus suggesting an dispropor-
tionation of Cu(Il) into Cu(IIl) and Cu(I) during the C—H activation event (Eq. 46).
Upon treatment of the isolated Ar—Cu(Ill) complex with MeOH as an oxygen
nucleophile, the C—H alkoxylated product and Cu(I) salt are obtained quantitatively
(Eq. 47). A similar C-N bond formation occurs when NH pyridone is used as a
nitrogen nucleophile.
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Based on the above outcomes, the mechanism of the Cu(Il)/O,-catalyzed C—H/
O-H coupling of the macrocyclic arene with MeOH is proposed as shown in
Scheme 3. An initial complexation of the arene with Cu(Il) (A) is followed by C—
H cupration with concomitant disproportionation by additional Cu(II) to form Ar—
Cu(III) intermediate (B). Subsequent reaction with MeOH probably through reduc-
tive elimination furnish the C-O coupling product-ligated Cu(I) complex (C). The
formed Cu(l) species is reoxidized by O, (D), and final ligand exchange with the
starting arene liberates the product and regenerates the starting Cu(Il) complex (A)
to complete the catalytic cycle.

Additionally, the research group of Ertem and Stahl recently reported a
condition-dependent, divergent mechanism in the Cu(Il)-mediated C—H functiona-
lization of the benzamide with Daugulis’s auxiliary (Scheme 4) [82]. Under acidic
chlorination conditions with a CuCl catalyst and LiCl in AcOH, the SET mecha-
nism is operative, and the C—H chlorination occurs selectively at C5 position of the
quinoline ring. A KIE value of 1.0 also supports the electron transfer system. In
sharp contrast, under relatively basic conditions, the Cu(OAc),-mediated C—-H/O-H
coupling with MeOH proceeds exclusively at the ortho-position of the benzamide
ring. A large KIE value of 5.7 as well as the observed site selectivity apparently
indicates a different C—H activation mechanism. In the latter case, the reaction
involves a Cu(I)/Cu(II)/Cu(IIl) organometallic pathway similar to that in Scheme 3.
Particularly notable is the C—H activation at the Cu(Il) center prior to the oxidation
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Ar—H Ar—OMe
HN H NH + MeOH Cu'XAr-OMe CullXy*Ar-H
LN\_,) (solvent) D A
\ H20 X Cu''X,
O,, HX Cu'X
Cu(ClO,)7*6H,0 Cu'X-Ar-OMe Ar-CullX]X
(10 mol%) HN  OMeNH c (e ; ]
rt, O, (1 atm) N
I
72% HX MeOH

Scheme 3 A unique one-electron redox mechanism in Cu(II)-mediated C—H/O-H coupling
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Scheme 4 A condition-dependent, divergent mechanism in Cu(II)-mediated C—H activation: SET
vs organometallic pathway

(disproportionation) into the Cu(Ill), which is supported by DFT calculations
(Scheme 5).

6 Conclusion

Over the last decade, the copper-mediated or copper-catalyzed C—H functiona-
lization has been developed rapidly and greatly by significant efforts of many
researchers, and cheap and abundant copper salts now can replace, to some extent,
precedented noble transition metal catalysts such as Pd, Rh, and Ru. Moreover,
some unique features of copper salts and complexes are observed. The
intermolecular dehydrogenative cross-couplings mentioned in this chapter are
such good examples, and they are otherwise challenging even under known noble
transition metal catalysis. However, there is still a large room for further
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MeOH (ligand exchange)
AG =11.4 kcal

—Q— > MeO— Cu” -N

C—H activation
AGY = 11.4 kcal

reasonable order

Cu(ll) Cu(ll)
AG = 39.4 kcal | oxidation AG = 1.2 kcal |oxidation
(disproportionation) (disproportionation)
=
~ MeOH (ligand exchange)
N AG = -26.8 keal
O-Cu'—N_O — — = [MeO
(‘) C-H activation

AG* = 20.3 kcal

Scheme 5 DFT calculations for C-H activation: Cu(II) vs Cu(III)

development: improvement of turnover number (or frequency), use of atmospheric
oxygen as an ideal terminal oxidant, activation of even more challenging sp®> C—H
bonds [83-85], and application to asymmetric catalysis. The clarification of
detailed mechanisms and design of new Cu-based catalysis can address these
problems and open a door to truly useful and practical synthetic transformation
based on C—H activation chemistry.

References

1. Murai S, Kakiuchi F, Sekine S, Tanaka Y, Kamatani A, Sonoda A, Chatani N (1993) Nature
366:529

. Daugulis O, Do H-Q, Shabashov D (2009) Acc Chem Res 42:1074

. Kulkarni AA, Daugulis O (2009) Synthesis 24:4087

. Wendlandt AE, Suess AM, Stahl SS (2011) Angew Chem Int Ed 50:11062

. Hirano K, Miura M (2012) Chem Commun 48:10704

. Hirano K, Miura M (2014) Top Catal 57:878

. Chen X, Hao X-S, Goodhue CE, Yu J-Q (2006) J] Am Chem Soc 128:6790

. Uemura T, Imoto S, Chatani N (2006) Chem Lett 35:842

. Guo X-X, Gu D-W, Wu Z, Zhang W (2015) Chem Rev 115:1622

. de Meijere A, Diederich F (2004) Metal-catalyzed cross-coupling reactions, 2nd edn. Wiley-
VCH, Weinheim

11. Tsuji J (2004) Palladium reagents and catalysts, 2nd edn. Wiley, Chichester

12. Miyaura N (2002) Top Curr Chem 2002:219

13. Chinchilla R, Néjera C (2007) Chem Rev 107:874

14. Doucet H, Hierso J-C (2007) Angew Chem Int Ed 46:834

15. Chinchilla R, Najera C (2011) Chem Soc Rev 40:5084

16. Thomas AM, Sujatha A, Anilkumar G (2014) RSC Adv 4:21688

17. Kitahara M, Hirano K, Tsurugi H, Satoh T, Miura M (2010) Chem Eur J 16:1722

18. Matsuyama N, Kitahara M, Hirano K, Satoh T, Miura M (2010) Org Lett 12:2358

[s=RENoRNe RN e R R ]

—_



64

19.
20.

21

28
29

34,
. Nishino M, Hirano K, Satoh T, Miura M (2012) Angew Chem Int Ed 51:6993
36.
37.
38.
39.
40.
41.
42.

43.

44.
45.
46.
47.
48.
49.
50.
51.
52.
53.
54.
55.
56.
57.
58.
59.
60.
61.
62.
63.
64.

65.
66.

67

K. Hirano and M. Miura

Wei Y, Zhao H, Kan J, Su W, Hong M (2010) J Am Chem Soc 132:2522
Shen K, Fu Y, Li J-N, Liu L, Guo Q-X (2007) Tetrahedron 63:1568

. Corbet M, Campo FD (2013) Angew Chem Int Ed 52:9896
22.
23.
24.
25.
26.
217.
. Hassan J, Sévignon M, Gozzi C, Schulz E, Lemaire M (2002) Chem Rev 102:1359
. Baumann M, Baxendale IR (2013) Beilstein J Org Chem 9:2265

30.
31.
32.
33.

Rouquet G, Chatani N (2013) Angew Chem Int Ed 52:11726

Zaitsev VG, Shabashov D, Daugulis O (2005) J Am Chem Soc 127:13154

Dong J, Wang F, You J (2014) Org Lett 16:2884

Zhang Y, Wang Q, Yu H, Huang Y (2014) Org Biomol Chem 12:8844

Shang M, Wang H-L, Sun S-Z, Dai H-X, Yu J-Q (2014) J] Am Chem Soc 136:11590
Liu Y-J, Liu Y-H, Yin X-S, Gu W-J, Shi B-F (2015) Chem Eur J 21:205

Mao Z, Wang Z, Xu Z, Huang F, Yu Z, Wang R (2012) Org Lett 14:3854

Fan S, Chen Z, Zhang X (2012) Org Lett 14:4950

Qin X, Feng B, Dong J, Li X, Xue Y, Lan J, You J (2012) J Org Chem 77:7677

Zou L-H, Mottweiler J, Priebbenow DL, Wang J, Stubenrauch JA, Bolm C (2013) Chem EurJ
19:3302

Kitahara M, Umeda N, Hirano K, Satoh T, Miura M (2011) J Am Chem Soc 133:2160

Nishino M, Hirano K, Satoh T, Miura M (2013) Angew Chem Int Ed 52:4457

Odani R, Hirano K, Satoh T, Miura M (2013) J Org Chem 78:11045

Odani R, Hirano K, Satoh T, Miura M (2014) Angew Chem Int Ed 53:10784

Hachiya H, Hirano K, Satoh T, Miura M (2011) Org Lett 13:3076

Oda Y, Matsuyama N, Hirano K, Satoh T, Miura M (2012) Synthesis 2012:1515

Zhu W, Zhang D, Yang N, Liu H (2014) Chem Commun 50:10634

Wang H-L, Shang M, Sun S-Z, Zhou Z-L, Laforteza BN, Dai H-X, Yu J-Q (2015) Org Lett
17:1228

Shang M, Sun S-Z, Wang H-L, Laforteza BN, Dai H-X, Yu J-Q (2014) Angew Chem Int Ed
53:10439

Surry DS, Buchwald SL (2011) Chem Sci 2:27

Monnier F, Taillefer M (2009) Angew Chem Int Ed 48:6954

Monguchi D, Fujiwara T, Furukawa H, Mori A (2009) Org Lett 11:1607

Wang Q, Schreiber SL (2009) Org Lett 11:5178

Zhao H, Wang M, Su W, Hong M (2010) Adv Synth Catal 352:1301

Li G, Jia C, Sun K (2013) Org Lett 15:5198

Zhu C, Yi M, Wei D, Chen X, Wu Y (2014) Cui X 16:1840

Miyasaka M, Hirano K, Satoh T, Kowalczyk R, Bolm C, Miura M (2011) Org Lett 13:359
John A, Nicholas KM (2011) J Org Chem 76:4158

Shuai Q, Deng G, Chua Z, Bohle DS, Li C-J (2010) Adv Synth Catal 352:632

Santoro S, Liao R-Z, Himo F (2011) J Org Chem 76:9246

Wang L, Priebbenow DL, Dong W, Bolm C (2014) Org Lett 16:2661

Xu H, Qiao X, Yang S, Shen Z (2014) J Org Chem 79:4414

Tran LD, Roane J, Daugulis O (2013) Angew Chem Int Ed 52:6043

Shang M, Sun S-Z, Dai H-X, Yu J-Q (2014) J Am Chem Soc 136:3354

Martinez AM, Rodriguez N, Arrayas RG, Carretero JC (2014) Chem Commun 50:2801

Li Q, Zhang S-Y, He G, Ai Z, Nack WA, Chen G (2014) Org Lett 16:1764

Fukuzawa S-I, Shimizu E, Atsuumi Y, Haga M, Ogata K (2009) Tetrahedron Lett 50:2374
Zhang S, Qian P, Zhang M, Hu M, Cheng J (2010) J Org Chem 75:6732

Zhou A-X, Liu X-Y, Yang K, Zhao S-C, Liang Y-M (2011) Org Biomol Chem 9:5456
Ranjit S, Lee R, Heryadi D, Shen C, Wu J, Zhang P, Huang K-W, Liu X (2011) J Org Chem
76:8999

Dai C, Xu Z, Huang F, Yu Z, Gao Y-F (2012) J Org Chem 77:4414

Inomata H, Toh A, Mitsui T, Fukuzawa S-I (2013) Tetrahedron Lett 54:4729

. Yan X-B, Gao P, Yang H-B, Li Y-X, Liu X-Y, Liang Y-M (2014) Tetrahedron 70:8730



Copper-Mediated Intermolecular C-H/C-H and C-H/N-H Couplings via. .. 65

68.
69.
70.

71

72.

73.
74.

75

71.
78.
79.

80.
81.

82.
83.
84.

85

Tran LD, Popov I, Daugulis O (2012) J Am Chem Soc 134:18237
Bhadra S, Matheis C, Katayev D, Goosen LJ (2013) Angew Chem Int Ed 52:9279
Roane J, Daugulis O (2013) Org Lett 15:5842

. Hao X-Q, Chen L-J, Ren B, Li L-Y, Yang X-Y, Gong J-F, Niu J-L, Song M-P (2014) Org Lett

16:1104

Zhang L-B, Hao X-Q, Zhang S-K, Liu K, Ren B, Gong J-F, Niu J-L, Song M-P (2014) J Org
Chem 79:10399

Wang S, Guo R, Wang G, Chen S-Y, Yu X-Q (2014) Chem Commun 50:12718

Wang WH, Pan CD, Chen F, Cheng J (2009) Chem Commun 2009:6460

. Mo S, Zhu YM, Shen ZM (2013) Org Biomol Chem 11:2576
76.

Urones B, Martinez AM, Rodriguez N, Arrayas RG, Carretero JC (2013) Chem Commun
49:11044

Du Z-J, Gao L-X, Lin Y-J, Han F-S (2014) ChemCatChem 6:123

Li B, Liu B, Shi B-F (2015) Chem Commun 51:5093

Ribas X, Jackson DA, Donnadieu B, Mahia J, Parella T, Xifra R, Hedman B, Hodgson KO,
Llobet A, Stack TDP (2002) Angew Chem Int Ed 41:2991

Huffman LM, Stahl SS (2008) J Am Chem Soc 130:9196

King AE, Huffman LM, Casitas A, Costas M, Ribas X, Stahl SS (2010) J Am Chem Soc
132:12068

Suess AM, Ertem MZ, Cramer CJ, Stahl SS (2013) J Am Chem Soc 135:9797

Wang Z, Ni J, Kuninobu Y, Kanai M (2014) Angew Chem Int Ed 53:3496

Wu X, Zhao Y, Zhang G, Ge H (2014) Angew Chem Int Ed 53:3706

. Wang Z, Kuninobu Y, Kanai M (2014) Org Lett 16:4790



	Copper-Mediated Intermolecular C-H/C-H and C-H/N-H Couplings via Aromatic C-H Cleavage
	1 Introduction
	2 C-H/C-H Coupling
	2.1 Alkynylation
	2.2 Arylation
	2.3 Alkylation

	3 C-H/N-H Coupling
	4  C-H/X-H Coupling with Other Heteroatom Nucleophiles
	4.1 S-Nucleophiles
	4.2 O-Nucleophiles
	4.3 Miscellaneous Nucleophiles

	5 Mechanistic Studies
	6 Conclusion
	References


