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Rhodium(III)-catalyzed direct functionalization of C–H bonds under oxidative conditions leading

to C–C, C–N, and C–O bond formation is reviewed. Various arene substrates bearing nitrogen

and oxygen directing groups are covered in their coupling with unsaturated partners such as

alkenes and alkynes. The facile construction of C–E (E = C, N, S, or O) bonds makes Rh(III)

catalysis an attractive step-economic approach to value-added molecules from readily available

starting materials. Comparisons and contrasts between rhodium(III) and palladium(II)-catalyzed

oxidative coupling are made. The remarkable diversity of structures accessible is demonstrated

with various recent examples, with a proposed mechanism for each transformation being briefly

summarized (critical review, 138 references).

1. Introduction

The demand for green and sustainable chemistry has inspired

chemists to seek efficient and economic ways to construct

chemical bonds during the synthesis of complex structures.1

In particular, C–C, C–O, and C–N bonds are essential links in

most organics, and the construction of these bonds constitutes

a fundamental aspect of synthetic chemistry. On the other

hand, C–H bonds are ubiquitous in organic molecules. Thus,

direct functionalization of C–H to C–E (E = C, O, N) bonds

becomes one of the most valuable and straightforward methods

for the synthesis of value-added complex structures. Due to the

high dissociation energy of C–H bonds (105 kcal mol�1 for

methane and 110 kcal mol�1 for benzene), metal-mediation is

often necessary. Therefore, direct and catalytic functionaliza-

tion of C–H bonds has been a highly intriguing research topic

for the past two decades, and this topic has been extensively

reviewed.2–6 The strategy of metal-catalyzed C–H activation7

is advantageous in that no prior activation of C–H bonds

is necessary, and the formation of reactive organometallic

intermediates via C–H activation provides an eco-friendly

and step-economic alternative to conventional methods,8–13

for example, transmetalation using organo-main group reagents

or oxidative addition using organic halides. While the nature of

the cleavage of C–H bonds and the formation of a M–C species

can significantly vary, depending on the substrate, solvent,
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additives and nature of the transition metals and stabilizing

ligands, four general mechanisms have been invoked: oxidative

addition for electron-rich late metals, s-bond metathesis for

early metals, electrophilic C–H activation for electron-deficient

late metals, and Lewis base-assisted C–H activation.14,15

These different pathways enabled the activation of C–H bonds

in a plethora of substrates. Since various C–H bonds are

present in organic molecules, achieving regioselective C–H

activation and functionalization often represents a big

challenge. One of the most promising strategies to achieve

high selectivity is to utilize a directing group. Following the

coordination of a directing group to a transition metal, the

proximal C–H bond is activated as a result of chelation

assistance. By following this strategy, Murai pioneered in the

highly efficient and selective ruthenium-catalyzed ortho C–H

activation of aryl ketones, followed by functionalization with

alkenes and alkynes, where the carbonyl group acts as a

directing group.16 Ever since this work, a large volume of

reports have appeared, and in most cases sp2 C–H bonds were

functionalized.2–6

Construction of C–E (E = C, N, and O) bonds under

oxidative conditions is of great significance not only in funda-

mental research but also in the pharmaceutical industry and

in the production of chemical feedstock. For example, the

well-known Wacker process17 and the Fujiwara reaction18

allowed the efficient construction of C–O and C–C bonds

using palladium catalysts and oxidants. Inspired by these

pioneering works, various research groups have succeeded in

constructing C–C, C–O, and C–N bonds under oxidative

conditions, and many useful synthetic methodologies have

been developed starting from substrates with or without

chelation assistance, in which the C–H bond is typically

coupled with alkenes, alkynes, arenes and heteroarenes.2–6,8–13

These are important alternatives to traditional palladium-

catalyzed redox-neutral C–E (E = C, N, and O) coupling

reactions. Despite such exciting progress, palladium-catalyzed

oxidative coupling reactions suffer from limited substrate

scope, limited functional group compatibility, and high

catalyst loading (often 45 mol%). In addition, acids, metal

salt additives and stabilizing ligands are frequently used;

otherwise, decomposition of the palladium catalyst to inert

metallic palladium is a typical deactivation pathway of the

catalyst. These issues have limited the practicability of palladium

catalysis in the laboratory and in industry.

Analogous to the Pd(II)/Pd(0) processes, the Rh(III)/Rh(I)

cycles are widely present in catalysis, as in the well-known

Monsanto acetic acid process. In line with the well-studied

Wacker process, a rhodium-version of such process has been

extensively explored.19–21 However, rhodium-catalyzed oxida-

tion reactions have been much less explored in contrast to the

vast majority of reports on palladium-catalyzed reactions.

Despite the generally high cost of rhodium compounds,

rhodium catalysis will still be highly desirable if reaction

systems that are inaccessible under palladium catalysis can

be efficiently developed and if different reaction selectivity can

be executed under rhodium catalysis. Indeed, the last five years

has witnessed drastic progress in this field.5,22 Rhodium(III)

catalysts, in particular [RhCp*Cl2]2 (Cp*=pentamethylcyclo-

pentadienyl) and [RhCp*(MeCN)3]
2+, stand out in the func-

tionalization of C–H bonds via a C–H activation pathway

owing to the high efficiency, selectivity, and functional group

tolerance. Thus this area has been increasingly explored, and

facile construction of C–E (E = C, O, and N) bonds via C–H

activation should find widespread applications in the synthesis

of natural products, organics, and materials.

In 2010, Satoh and Miura reviewed the most recent progress in

this field.22 However, much exciting process has been made in this

rapidly growing field. Thus reports after mid 2010 fall beyond this

review. We herein summarize the most recent findings on Rh(III)-

catalyzed oxidative C–E (E = C, N, and O) coupling reactions

using both external and internal oxidants. The versatility and

practicability of these reactions in their current forms are evaluated

in terms of catalytic efficiency, substrate scope, mechanistic aspects

and problems. This has been done by categorizing the substrates.

2. General reaction patterns and mechanisms of the oxidative

coupling of arenes with alkenes and alkynes

In line with the well-studied active organopalladium species in

coupling reactions, active organorhodium intermediates can

also be functionalized, but so far the coupling partner is

mostly limited to unsaturated molecules such as alkenes and

alkynes. We noted that palladium and rhodium differ at least

in the following aspects in catalytic oxidative coupling reactions.

(1) Rh(III)-catalyzed C–H activation is mostly limited to

C(sp2)–H bonds, while catalytic activation of C(sp3)–H bonds

is quite common under palladium catalysis;23 (2) formation of

Rh–C bonds via C–H activation is generally limited to chelation

assistance. In contrast, palladation of simple arenes and

heteroarenes (such as indoles and pyridines) without chelation

assistance is well known in palladium-catalyzed oxidation

reactions, and this can be the 1st step in a catalytic cycle;24

and (3) the coupling partner that serves to functionalize Rh–C

species is mostly limited to unsaturated molecules such as

alkenes and alkynes, while the scope of the coupling partner is

much broader under palladium catalysis. Comparisons and

contrasts between rhodium and other metals in catalytic

oxidative coupling are made throughout this work.
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In Rh(III)-catalyzed coupling reactions between arenes with

alkynes, two general reaction patterns have been reported.

When a protic E–H (X = N or O) bond is present and this

anionic E atom acts as a sufficient directing group, typically

1 : 1 coupling with an alkyne is followed to give a five- or six-

membered heterocycle, as a result of C–H and E–H cleavage

(Scheme 1). In the proposed catalytic cycle of this reaction,

coordination of the anionic directing group E followed by

ortho C–H activation affords a metallacycle (1). Ligation and

insertion of an alkyne into the Rh–C bond gives an expanded

rhodacycle (2). The coupled product is generated together with

a Rh(I) species from the C–E reductive elimination of this

active species, and the active Rh(III) catalyst is regenerated

when the Rh(I) is oxidized.

In contrast, when no E–H directing group is available,

arenes functionalized by a neutral E atom typically undergo

1 : 2 coupling with alkynes to yield substituted naphthalenes

(Scheme 2). In this process, two-fold cyclometallation is

involved, and the (neutral) E donor acts as a reversible

chelator. In the proposed mechanism of a Rh(I)/Rh(III) cycle,

a five-membered metallacyclic (E^C)RhIIIX2 intermediate (3)

generated from cyclometallation undergoes insertion of the 1st

alkyne unit to give a metallacycle (4). The vinyl group in this

intermediate can act as a directing group to induce the 2nd

cyclometallation to give a metallaindene (5), together with the

loss of an HX. Subsequent insertion of a 2nd equivalent of

alkyne into the Rh–C vinyl bond produces a seven-membered

metallacycle (6), which undergoes C–C reductive elimination

to furnish the coupled product along with a Rh(I) species,

which is then oxidized to Rh(III) and completes this cycle.

Some experimental evidence and detailed studies of key

elementary steps in the catalytic cycle of Schemes 1–2 have

been documented. Stoichiometric chelation-assisted C–H acti-

vation of arenes mediated by Cp* complexes of rhodium(III)

and iridium(III) have been reported (Scheme 3).10,25–33 This

reaction applies to both electron-rich and -poor arenes, which

indicates that the electrophilic C–H activation mechanism

shouldn’t be considered as the general pathway. Indeed,

DFT (density functional theory) studies by Davies suggested

that [IrCp*Cl2]2-mediated C–H activation of PhCH2NMe2
occurred via acetate-assisted, concerted Ir–C and O–H formation

and C–H cleavage.26 Although it wasn’t termed the CMD

(concerted metallation-deprotonation) mechanism at that time,

it is essentially Lewis base ligand-promoted concerted C–H

activation and metal-C formation, referred to as the CMD

mechanism by Fagnou.34,35 Jones and others demonstrated that

the isolated cyclometalated (N^C)M(III)Cp* (M = Rh and Ir)

complexes can readily undergo insertion of an activated alkyne

in a polar solvent to afford isolable seven-membered metalla-

cycles analogous to 2.28,32 Heating these metallacycles

afforded no N–C reductive elimination product, and this may

be due to thermodynamic reasons. However, when treated with

CuCl2 as an oxidant, these rhodium (but not iridium) complexes

undergoes oxidation-promoted reductive elimination28,36 of

N(neutral) and C(vinyl) ligands at room temperature to afford

an isoquinolium salt (with CuCl3- counteranion), together

with stable [RhCp*Cl2]2 co-product. A Rh(IV)-Rh(II) mechanism

has been proposed in this transformation, and it was proposed

that the Rh(III) starting material was oxidized to a Rh(IV) species

(7), followed by N–C reductive elimination (Scheme 4). The

resulting Rh(II) species (8) was then reoxidized to the stable

[RhCp*Cl2]2. Although the Rh(IV)-Rh(II) mechanism has been

proposed in such stoichiometric reactions, the Rh(III)-Rh(I)

mechanism can still be possible in catalytic reaction systems,

where a thermodynamically unfavorable reaction can still be

attained when coupled with a highly favored step.

Similarly, reaction of alkenes with arenes bearing a protic

E–H group under oxidative conditions initially affords an

ortho olefination product (Scheme 5). In the case of an

activated alkene, a tandem intramolecular Michael-type reaction

can be followed. Moreover, the ortho olefination product may

undergo a further formal oxidative C–E coupling and cyclization,

Scheme 1

Scheme 2

Scheme 3
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in which process the Michael addition product is not necessarily

an intermediate. While complicated reactivity can be possible

using activated arenes, this reaction is straightforward for

unactivated alkenes or for arenes without any protic directing

groups, where olefination is the only process. In all cases,

diolefination can be possible. Following chelation-assisted C–H

activation, a plausible Heck-type coupling mechanism is proposed

in Scheme 5.

3. Oxidative C–H funtionalization using external

oxidants

3.1 Formation of initial Rh–C species via transmetalation

(followed by subsequent C–H activation)

In contrast to the vast majority of reports on palladium-

catalyzed oxidative coupling of arylboronic acids as an activated

form of arenes,37,38 such Rh(III)-catalyzed reactions are rare. The

only examples were reported by Satoh and Miura.39,40 With

[RhCp*Cl2]2 as a catalyst and Cu(OAc)2-air as an oxidant,

arylboronic acids are smoothly coupled with two equivalents of

alkynes, leading to naphthalenes and anthracenes in high yield

(Scheme 6). When PhCRCMe was used, 1,4-dimethyl-2,3-

diphenylnaphthalene (9) was isolated as the major isomer

(70%), indicating a rather high selectivity in the insertion of

the alkyne. In the case of multiple possible sites of C–H activa-

tion, a combination of steric effect and the ligating effect of the

group ortho to the C–H bond was observed (10-11), as in the

coupling of 3-substituted phenylboronic acids. For example,

coupling occurred exclusively at the less hindered position for

3-tolylboronic acid, while both regioisomeric products were

isolated for 3-methoxyphenylboronic acid, where the major

product is derived from C–H activation at the less hindered

site. In contrast, the major product isolated for the reaction of

(3-fluorophenyl)boronic acid corresponds to C–H activation

at the more hindered position. Here the fluoro group is less

sterically bulky and it is the directing effect that dominates the

reaction selectivity. In addition, this reaction holds true for

4-pyridylboronic acid, and tetraphenylisoquinoline (12) was

isolated in 52% yield. In the proposed mechanism that involves

a Rh(III)/Rh(I) cycle (Scheme 7), the initial Rh(III) aryl species

obtained via transmetalation undergoes insertion of the 1st

alkyne to give a vinyl complex. The ortho CH bonds are

properly oriented such that cyclometallation takes place to give

a metallaindene. Migratory insertion of the Rh–C bond into the

2nd equivalent of alkyne affords a seven-membered rhodacycle.

Although in principle either Rh–C bond can undergo this

insertion, judging from the substitution pattern of the coupled

product obtained from PhCRCMe, it is more likely that the

Scheme 5

Scheme 6

Scheme 7

Scheme 4
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Rh–C(aryl) bond is involved in this migratory insertion,

assuming that the two insertion processes of alkynes follow

the same regioselectivity. C–C reductive elimination of this

rhodacylce leads to the final naphthalene product together

with a Rh(I) species, which was reoxidized to Rh(III) to complete

this catalytic cycle.

3.2 Formation of Rh–C species via initial C–H activation

3.2.1 C–H activation without chelation assistance. Oxida-

tive cross-coupling between ethylene and benzene that yields

styrene is a highly useful reaction in industry. While this

type of coupling reaction is quite common under palladium

catalysis,41 only very few reports are known for rhodium

catalysts.42,43 The rarity of this type of reaction is likely

ascribed to the lower electrophilicity of Rh(III) complexes as

well as the lower tendency to form coordinatively unsaturated

species. Matsumoto, Periana, Yoshida and coworkers reported

Rh(ppy)2(OAc)-catalyzed (ppyH = 2-phenylpyridine) direct

coupling between ethylene and benzene in acetic acid to give

styrene (major) and vinyl acetate (minor) (Scheme 8).42 This

reaction was carried out with Cu(OAc)-O2 as the oxidant.

No redox-neutral hydroarylation product (ethylbenzene) was

observed, and the typical styrene to vinylacetate ratio ranges

from 3 : 1 to 4 : 1. Screening revealed that rhodium complexes

such as Rh(ppy)2(acac) (acac=acetylacetonato), [RhCp*Cl2]2,

[RhCp*(acac)]2(BF4)2, and Rh(acac)(CO)2 are also active. In

all cases, the selectivity of styrene to vinylacetate is not

significantly affected. It should be noted that although this

direct coupling reaction seems less efficient, it is a rare example

of rhodium catalyzed oxidative coupling between alkenes and

simple arenes.

A proposed mechanism of this overall coupling reaction is

outlined in Scheme 9. Rhodation was achieved via C–H

activation of benzene starting from a Rh(III) catalyst to give

a Rh(III) phenyl species, which undergoes insertion of an incoming

ethylene to give PhCH2CH2Rh(III). Subsequent b-hydrogen
elimination gives a styrene and a Rh(III) hydride species. The

active Rh(III) catalyst is regenerated from the reaction of

Rh(III) hydride and the Cu(II) oxidant.

Very recently, Glorius reported a rare example of olefination

of arenes without chelation assistance.44 When catalyzed by

[RhCp*Cl2]2/AgSbF6, bromobenzenes are coupled with styrenes

in the presence of a Cu(OAc)2 oxidant and PivOH additive

(Scheme 10). Selectivity issues arise when a simple bromobenzene

is used; olefination products at both meta and para positions,

together with the dehalogenative olefination product and the

homo-oxidative dimerization product of the styrene have been

obtained. In most cases, meta and para olefination constitutes

the major reaction pathway. Thus a broad spectrum of

borominated stilbenes has been obtained under these conditions.

KIE studies using bromobenzene and bromobenzene-d6
revealed that the cleavage of meta and para C–H bonds

(average kH/kD = 3.4) are involved in the rate-determining

step. The authors suggested that the C–H activation results

from random collisions between mostly accessible C–H bonds

and the rhodium catalyst since the ratio of the meta to para

olefination is close to 2 : 1.

3.2.2 C–H activation via chelation assistance (cyclometallation)

3.2.2.1 Carboxylic acid as the directing group. Arylcarboxylic

acids are ubiquitous and are widely used in metal-catalyzed

coupling reactions.10,45 They can easily undergo two types of

reactions in catalysis. When decarboxylation is experienced,

they act as an activated form of arenes to give a metal aryl

species, which can be further manipulated in cross-coupling

reactions.45 In this sense, they are convenient surrogates to the

conventional organo-main group transmetallating reagents. In

a carboxyl-retentive process, the carboxyl group offers directing

effect for ortho C–H activation, leading to active cyclometa-

lated intermediates that are key to cross-coupling reactions.Scheme 8

Scheme 9

Scheme 10
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In addition, a sequential combination of these two features has

also been achieved: the carboxyl group can act as a removable

ortho directing group by first inducing ortho C–H activation

then followed by a decarboxylation process (Scheme 11). In

addition to the many examples of Pd-catalyzed reactions,

Rh(I)- and Rh(III)-catalyzed decarboxylative coupling has

been reported only recently.46

3.2.2.1.1 Carboxyl-retentive cross-coupling. The stoichio-

metric ortho rhodation between Cp*Rh complexes and

benzoic acids has been experimentally documented, and the

carboxyl group functions as a directing group for ortho C–H

activation.29 Satoh and Miura successfully extended this

cyclometallation chemistry to the catalytic coupling of carboxylic

acids with internal alkynes.47,48 In this system, the incipient

Rh(III)-aryl intermediate undergoes migratory insertion into

internal alkynes followed by O–C reductive elimination to give

an isocoumarin product. Thus this coupling reaction between a

benzoic acid and an internal alkynes (1.2 equiv.) was carried

out with a catalytic amount of [Cp*RhCl2]2 (0.5–1 mol%)

(Scheme 12). A stoichiometric amount of Cu(OAc)2 or a

catalytic amount of Cu(OAc)2 together with air can be used

as the oxidant. Thus various isocoumarin products were

obtained in high yield. In most cases, only a small amount

of the decarboxylative coupling product (naphthalene) was

isolated, and the selectivity of isocoumarin to naphthalene

is447 : 1. However, this selectivity is strongly oxidant-dependent,

and switching the Cu(II) oxidant to Ag2CO3 caused a decrease

in the selectivity of the isocoumarin formation. Thus, reactions

conducted at higher temperatures (160–180 1C, o-xylene or

mesitylene) in the presence of a silver(I) oxidant afforded a

naphthalene as the major product. Moreover, the yield of the

naphthalene product can be maximized to 79% isolated yield

when the [RhCp*Cl2]2 catalyst was replaced by its iridium

analogue [IrCp*Cl2]2 (Scheme 13).47 This oxidative functionali-

zation of C(sp2)-H bonds was successfully extended to acrylic

acids, where the C–H bond cis to the COOH group is activated

to afford 2-pyrones under essentially the same conditions

(Scheme 14).49

In addition to alkynes, activated alkenes such as acrylates

and acrylamides are also viable coupling partners. The coupling

of benzoic acid with these activated alkenes gives somewhat

different selectivities.50,51 Two equivalents of acrylates are

incorporated to give products 13 and 14 via two sequential ortho

vinylation reactions under oxidative conditions (Scheme 15),48

leading to a divinylation intermediate. Intramolecular Michael

cyclization of this intermediate should occur in situ, and

two cyclization products with different oxidation levels were

eventually obtained (Scheme 15).48 This observed diolefination

process is in contrast to Pd-catalyzed olefination of carboxylic

acids,52 where the mono-olefination is followed by a relatively

fast intramolecular Michael reaction.

Under the same conditions, benzoic acid coupled with N,N-

dimethyl acrylamide and acrylonitrile afforded the 1 : 1 product

in high selectivity (Scheme 16), indicating that the selectivity of

the coupling of benzoic acid with activated alkenes is substrate-

dependent. In this system, the Michael cyclization occurs

exclusively after the incorporation of the alkene unit, suggesting

a higher rate of cyclization versus the second vinylation.47,50

Analogously, the same reaction pattern holds true for

acrylic acids, and the olefination-Michael cyclization products

Scheme 11

Scheme 12

Scheme 13

Scheme 14
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(butenolides) were isolated in moderate to high yields using

either the Cu(OAc)2 or Ag2CO3 oxidant (Scheme 17).49

3.2.2.1.2 Decarboxylative cross-coupling. Satoh and

Miura have elaborated on the oxidative coupling chemistry

of (N-phenyl)anthranilic acid (15), a functionalized benzoic

acid (Scheme 18). Depending on the reaction conditions,

competitive carboxyl-retentive and decarboxylative coupling

reactions have been observed during the reaction with alkynes.51

When [Cp*RhCl2]2 was used as a catalyst, the carbonyl-retentive

product (isocoumarin 16) was isolated as the major or sole

one, where Cu(OAc)2 is a co-oxidant and air is the terminal

oxidant. Switching to the [Rh(COD)Cl]2/C5H2Ph4 (COD= 1,5-

cyclooctadiene, C5H2Ph4 = 1,2,3,4-tetraphenylcyclopentadiene)

catalyst system in DMF gave rise to drastic changes in

chemoselectivity, and the carbazole-alkene product (17) was

isolated in 73% yield (Scheme 18). Here the alkyne unit is

incorporated ortho to the COOH group, and the formation of

this vinyl moiety is a redox-neutral process, while the

formation of the C–C bond in the carbazole unit results from

an oxidative decarboxylation process. The COOH group plays

a dual role as a movable directing group. In this overall

process, insertion of the alkyne to the ortho C–H bond should

occur prior to decarboxylation.

The role of removable carboxylic directing groups was

emphasized in the selective coupling of benzoic acids with

styrenes.53,54 Using [RhCp*Cl2]2 as a catalyst and AgOAc as

an oxidant in N,N-dimethylacetamide (DMAc), the carbonyl-

retentive olefination initially occurs, as indicated by subsequent

quenching by MeI to give the stable methyl ester (18) in high

yield (Scheme 19). In this reaction, halogens (F, Cl and Br)

and electron-donating and -withdrawing groups in the phenyl

ring are well tolerated. Moreover, the COOH group can be

effectively removed under harsh conditions (160 1C) in the

same solvent when treated with a mixture of AgOAc and

K2CO3. Thus various stilbenes (19) were synthesized in

54–80% yield by following this strategy.53 This removable

directing effect of COOH was also applied to heteroaryl

carboxylic acids. For example, indole-2-carboxylic acid under-

goes the same type of decarboxylative coupling with acrylates

under rhodium (Scheme 20)53 or palladium catalysis.55 In

contrast, when catalyzed by [Ru(p-cymene)Cl2]2, carboxyl-

retentive olefination was reached (Scheme 20).56

3.2.2.2 Hydroxy as a directing group. Hydroxyl is a widely

used directing group either in the neutral or anionic form.57

An early and the sole example of Rh(III)-catalyzed oxidative

homo-coupling of phenols was reported by Barrett

(Scheme 21).58 Under optimized conditions, Rh(III) complex

20 (10 mol%) could catalyze the dimerization of p-cresol in

PhBr at the ortho position, and the product was obtained in

67% yield when water (2.2 equiv.) was added to the reaction

mixture (Scheme 22). This coupling reaction can be extended

to other substituted cresols, although the yield was diminished

when a sterically congested cresol was used. It has been noted

Scheme 15

Scheme 16

Scheme 17

Scheme 18

Scheme 19
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that p-anisole failed to give any dimerization product under

the same conditions, indicating the necessary role of the OH

group in this reaction. This reaction is clearly catalytic. However,

the mechanism of the C–H cleavage and the nature of this

catalytic cycle are unclear, but it has been speculated that the

solvent PhBr could be the terminal oxidant. In contrast to the

rarity of Rh(III)-catalyzed oxidative homo-coupling reactions,

Pd(II)-catalyzed reactions of simple and functionalized arenes

that occur via a C–H activation pathway are well-known,59,60

where various terminal oxidants have been utilized.

Satoh and Miura successfully developed catalytic ortho CH

activation of tertiary alcohols such as triphenylmethanol

(Ph3COH).61 To avoid any undesired oxidation of alcohols,

tertiary alcohols were used. When catalyzed by a [Rh(COD)Cl]2/

C5H2Ph4 system using Cu(OAc)2 as an oxidant, oxidative coupling

between Ph3COH and internal alkynes occurred, where the

alcohol acts as a removable directing group with the loss of

benzophenone co-product (Scheme 23). Although the Rh(I)

catalyst precursor was used, the active catalyst that activates

the C–H bond might still be Rh(III) species under these

oxidative conditions. Interestingly, when conducted under

the standard conditions, 4-OMe(C6H4)CRC(C6H4)-4-OMe

undergoes 1 : 1 coupling with Ph3COH to give isochromene 21

in low yield, where the alcohol group is retained, indicating the

substrate electronic effect in this reaction (Scheme 23). In

addition to this effect, the tethering effect of the tertiary

alcohol also leads to hydroxyl-retentive oxidative coupling

(Scheme 24), where the tethering effect in alcohol 22 disfavors

any subsequent b-carbon elimination.62 The proposed mechanism

of the formation of naphthalene products involves a seven-

membered metallacycle generated from cyclometallation and

subsequent insertion of an alkyne. b-Carbon elimination63,64

follows to release the Ph2CQO by-product and to give a

metallaindene species, which undergoes insertion of the second

equiv. of alkyne. C–C reductive elimination eventually generates

the naphthalene product and Rh(I) intermediate (Scheme 25).

In the case of 4-OMe(C6H4)CRC(C6H4)-4-OMe substrate,

the rate of b-carbon elimination must be lower than that of the

Scheme 20

Scheme 21

Scheme 22

Scheme 23

Scheme 24
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C–O reductive elimination of the seven-membered metalla-

cycle, and only the vinyl ether product was obtained.

In 2008, Satoh and Miura successfully applied salicylalde-

hydes as substrates, where the OH group facilitates activation

of the aldehyde C–H bond instead of the ortho Caryl–H bond.65

Coupling of salicylaldehyde with internal alkynes under oxidative

conditions catalyzed by [Rh(COD)Cl]2/C5H2Ph4 afforded

chromone derivatives in 34–90% isolated yield (Scheme 26).

The OH group serves as a directing group. Upon coordination

to the Rh(III) catalyst with the loss of an acid molecule (HX),

it facilitates the activation of the somewhat active acyl C–H

bond. In most cases no decarbonylation was observed, indicating

that the resulting metallacyclic acyl-aryloxide intermediate is

resistant to any decarbonylation likely owing to the chelation

effect. The coordinated alkyne then undergoes migratory

insertion into the Rh–C(O) bond of this rhodacycle, followed

by C–O reductive elimination to release the chromone product.

In a sporadic example, a substituted benzofuran 23 was isolated

as a side reaction product as a result of decarbonylative

coupling likely caused by steric effects of the aryl ring.

In contrast to the success of the coupling of salicylaldehydes,

no catalytic synthesis of benzofurans via rhodium-catalyzed

oxidative ortho C–H activation of simple phenols has been

achieved starting from phenols or alkynes. This is likely due to

the oxidative decomposition of phenols and the unfavourable

formation of an initial four-membered rhodacyclic intermediate.

To effectively catalyze C–H activation of other phenols,

Satoh and Miura explored 1-naphthols and analogues.62 The

coupling of alkynes with an excess of 1-naphthols or analogues

catalyzed by [RhCp*Cl2]2 readily afforded naphtho[1,8-

bc]pyrans in 41–92% isolated yield using Cu(OAc)2-air as

the oxidant (Scheme 27). In addition to the coupling to

alkynes, the oxidative olefination of 1-naphthol with acrylate

was recently reported by Li.66 Both simple olefination and

olefination-Michael cyclization products were synthesized

under different solvent conditions using [RhCp*Cl2]2 as a

catalyst (Scheme 28).66 1-Hydroxylisoquinoline, a heterocyclic

variant of 1-naphthol, undergoes analogous reactions with

alkynes resulting in C–C and C–O coupling via peri C–H

activation (Scheme 29).67

In the reaction of 1-naphthols and alkynes, the formation of

a five-membered rhodacyclic intermediate is crucial for the

oxidative insertion of an alkyne. When the structurally related

2-phenylphenol was employed under modified conditions, a

1 : 2 coupling with alkynes was revealed and a substituted

naphthalene was generated as the only product (Scheme 30).62

In this reaction, C–H activation occurred at the ortho position

of the phenyl group to afford a six-membered rhodacyclic

intermediate, and the generic mechanism depicted in Scheme 2

is likely followed here.

3.2.2.3 Carbonyls as directing groups (ketones, esters and

tertiary amides). Ketones (Scheme 31) such as acetophenones

are among the earliest substrates studied in catalytic ortho
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C–H functionalization, as in the Murai reaction.16 This reaction

is redox-neutral; the complementary oxidative olefination of

acetophenones should offer useful functionalized alkenes. In

this context, Glorius recently reported the oxidative olefination

of acetophenones and benzamides using a [RhCp*Cl2]2/AgSbF6

catalyst system and using Cu(OAc)2 as an oxidant (t-AmOH,

120 1C).68 Both styrenes and acrylate esters are efficient

coupling partners in the olefination of acetophenones, and

the coupled products ((E)-olefins) were isolated in 40–99%

yield, where no diolefination product was observed under the

standard conditions (Scheme 32, A). Electronic and steric

effects of ketone substrates have been revealed. C–H functionali-

zation occurred at the less sterically hindered site if multisite

C–H activation is possible. Introduction of a withdrawing

group such as CF3 meta to the acyl group significantly

retarded this reaction. Both primary and tertiary benzamides

coupled with styrenes and acrylates in high yield (40–86%). In

the case of tertiary benzamides, chelation assistance should be

offered by the carbonyl group, while C–H activation of

primary and secondary amides is likely facilitated by nitrogen

metalation (see the next section). Primary benzamides such as

PhC(O)NH2 undergo two-fold oxidation with acylate esters

under the standard conditions via a sequence of oxidative

olefination-oxidative amidation, where lactams with an exo-cyclic

(Z)–CQC bond were isolated (Scheme 32, B). A direct trans

olefination product has been established as an intermediate in

this catalytic cycle.

In addition to the coupling of aryl ketones with olefins,

Cheng69 and Glorius70 independently applied alkynes as coupling

partners to the reaction with aryl ketones under oxidative condi-

tions using [RhCp*Cl2]2/AgSbF6 and Cu(OAc)2 (2.0 equiv.)

in t-AmOH or PhCl (120 1C). Interestingly, the coupled product

is not a substituted naphthalene. Instead, indenols were isolated

as the product when methyl, tert-butyl, phenyl, and trifluoro-

methyl ketones were used (Scheme 33). This reaction is redox-

neutral, but Cu(OAc)2 is necessary. As reported by Glorius,70

the reaction carried out in dioxane with a slightly higher loading

of the catalyst ([RhCp*Cl2]2/AgSbF6 2.5 mol%/10 mol%) can

induce further in situ dehydration, yielding fulvenes (Scheme 34).

In contrast, reactions carried out in t-AmOH tend to afford

indenols as the only product.

Aldehydes are rarely used as directing groups,71,72 especially

under oxidative conditions, likely because decarbonylation

is a common side reaction and the extruded CO can inhibit

the functioning of the catalyst. Chang achieved the

oxidative olefination of benzaldehydes using a rather high

loading of [RhCp*Cl2]2]/AgSbF6 (5 mol%/20 mol%) and

using a stoichiometric amount of Cu(OAc)2 (Scheme 35).73

However, the product was isolated in rather low yield,

and a significant amount of decarbonylation product was

detected. This indicates that aldehyde is a problematic

Scheme 31

Scheme 32

Scheme 33
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directing group, and further design of catalytic conditions is

necessary.

The oxidative olefination of related benzoate esters was

achieved by Chang and coworkers.73 The conditions optimal

for the olefination of acetophenones turned out to be less

efficient. Under an increased loading of [RhCp*Cl2)2]/AgSbF6

(2.5 mol%/10 mol%) and a catalytic amount of Cu(OAc)2
(20 mol%, DCE, 110 1C), the olefination of benzoate esters

and esters of heteroaryl carboxylic acids using acrylate esters

and styrenes afforded products in 30–80% yield (Scheme 36).

A catalytic amount of Cu(OAc)2 is necessary, and no product

was obtained when O2 was used as the sole oxidant. In line

with the olefination of acetophenones, olefination here occurred

at the ortho C–H bond that is more sterically accessible. In

addition to the tolerance of donating and withdrawing groups

in the phenyl ring, para halogens (Cl, Br, and I) are well-

tolerated, with no Heck-type coupling product or proto-

dehalogenation product being detected. This highlights an

advantage of Rh(III)-catalysis over palladium-catalysis. In

the catalytic olefination of ethyl benzoate, KIE (kinetic isotope

effect) studies on the basis of intramolecular competition

gave kH/kD = 2.3, indicating that C–H bond cleavage in

likely involved in the rate-determining step. In addition to

benzoate esters, Glorius74 applied [RhCp*Cl2)2]/AgSbF6

(2.5 mol%/10 mol%) as a catalyst to the oxidative olefination

of methacrylates with styrenes, an acrylate, and a vinyl sulfone

using Cu(OAc)2 as an oxidant (Scheme 37). In all cases,

moderate to good chemical yields were obtained but at least

two stereoisomeric products have been isolated, indicating the

low stereoselectivity in oxidative olefination of this type of

substrate.

Liu75 and Loh76 independently reported the olefination of

phenol carbamates catalyzed by [RhCp*Cl2]2/AgSbF6 using a

stoichiometric amount of Cu(OAc)2 as an oxidant under

nearly the same conditions (Scheme 38).75 The carbamate

carbonyl group acts as an efficient direct group. Although this

substrate is intrinsically different in that a six-membered

rhodacyclic intermediate is involved, the olefination conditions

are essentially the same as those for acetophenones and benzoate

esters. The olefin coupling partners are also limited to styrenes and

activated alkenes such as acrylates, and the coupled products were

isolated in high yield with similar regioselectivity. In addition,

dioelfination can be achieved when both ortho C–H bonds are

present. Comparable KIE values of 3.175 and 3.576 have been

obtained for the oxidative olefination of PhOC(O)NMe2,

indicating a close scenario in the oxidative olefination of

carbamates, benzoates, and benzamides. It is noteworthy that

Pd and Rh can offer complementary selectivity in the oxidative

olefination of apyrrole-functionalized phenol carbamate.

Rh(III)-catalysis yielded the ortho olefination product, while

Pd-catalyzed olefination occurred at the pyrrole ring.75 This

dichotomy indicates differences in reaction mechanisms.

Pd-catalysis likely follows the electrophilic C–H activation

pathway, although the detailed mechanism of C–H activation

under Rh-catalysis was not mentioned here.

Tertiary benzamides are known to undergo oxidative C–C

coupling with alkenes and alkynes, as reported by the groups

of Glorius68 and Satoh and Miura.77 While olefins and alkynes

are the most commonly used partners in oxidative coupling

reactions, it is quite important to expand the coupling partners

to other unsaturated molecules or other C–H bonds for the

construction of a broader range of C–C bonds. Kim and

coworkers recently achieved the coupling of tertiary benzamides

with aryl aldehydes to give ortho ketone-substituted benzamides.78

Among the amides examined, N,N-diethylbenzamides gave

Scheme 35
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highest reactivity. This reaction proceeded smoothly in the

presence of [RhCp*Cl2]2 (5 mol%) and AgSbF6 (20 mol%),

and Ag2CO3 (2 equiv.) is an efficient oxidant, indicating that

aldehydes and Ag(I) oxidants can be compatible (Scheme 39).

Electron-donating and -withdrawing substituents as well as

halogens are well tolerated in this reaction.

3.2.2.4 NH protic amides and amidines as the directing

groups. Amides (Scheme 40) are widely present and are

important building blocks in synthesis. Consequently, amides

have been well studied in catalytic C–H activation using

various transition metals. In line with the abundance of

palladium-catalyzed C–H activations of amides,79–81 rhodium

can also mediate the ortho C–H activation of a variety of

amides in coupling with alkenes and alkynes. Fagnou reported

the first example of Rh(III)-catalyzed oxidative coupling of

acetanilides with alkynes.82 Fagnou demonstrated that no oxidative

coupling occurred between acetanides and MeCRCPh using

[Cp*RhCl2]2 as a catalyst and Cu(OAc)2�H2O as an oxidant

in various solvents. However, the desired coupled product

N-acyl indole started to be produced when a catalytic amount

of silver salts was added. The catalytic efficiency is strongly

dependent on the nature of the counteranion of the silver salt,

and a less-coordinating anion (SbF6
�) leads to a higher yield

(Scheme 41). Initial H/D exchange studies of C6D5NHAc

under catalytic conditions in t-AmOH pointed to reversible

cyclometallation since 70% loss of deuterium was observed

exclusively at the ortho positions. This observation is inconsistent

with the traditional Friedel–Crafts mechanism. A concerted

metalation–deprotonation (CMD) mechanism has been

suggested based on studies that followed (vide infra). The

ortho C–H activation of acetanilides was probed by H/D

exchange. Acetanide-d5 was subjected to the standard catalytic

conditions ([Cp*RhCl2]2, AgSbF6, Cu(OAc)2 in t-AmOH) to

give 77% deuterium loss at both ortho positions of the starting

material, indicating that reversible CH activation takes place

prior to the C–C coupling step. Under standard catalytic

conditions, both electron-rich and -poor acetanides react with

internal alkynes in high yield (47–82%). In the case of an

unsymmetrically substituted alkyne bearing an alkyl and an

aryl group, the reaction proceeded with good regio-selectivity

with respect to alkyne insertion.

To develop a more sustainable and efficient chemistry that

covers a broad scope of substrates in Rh(III) catalysis, the same

group developed the second generation conditions for this

oxidative indole synthesis.83 Using the preformed cationic

catalyst [RhCp*(MeCN)3](SbF6)2 (5 mol%), this coupling

reaction can be carried out under significantly milder conditions

using a catalytic amount of Cu(OAc)2 oxidant and O2 (1 atm)

as the terminal oxidant (t-AmOH at 60 1C or acetone at rt).

Thus a broad scope of indole products were isolated in

comparably high or even higher yield without much loss of

regioselectivity (for unsymmetrically substituted alkynes)

(Scheme 42). An expedient synthesis of a paullone with known

Scheme 39
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bioactivity has been demonstrated by following this protocol,

indicating the real usefulness of Rh(III) catalysis in heterocycle

synthesis (Scheme 43). A KIE value of 4.2 was measured in the

coupling of PhNHAc with PhCRCMe under these second

generation conditions, indicating that C–H activation is a

rate-determining step in the catalytic cycle. This magnitude

of KIE is consistent with a concerted metalation–deprotonation

mechanism (CMD) being operative.34,35,84 On the basis of KIE

and some kinetic studies, a plausible mechanism has been

proposed (Scheme 44). Reversible ligation of an acetanilide

affords an active species that then undergoes rate-determining

C–H bond cleavage. The resulting Rh–aryl bond is proposed to

undergo reversible carbo-rhodation after the coordination of an

incoming alkyne. C–N reductive elimination of this inter-

mediate gives the coupled product along with a Cp*Rh(I). This

Rh(I) species is then reoxidized to Rh(III) by Cu(II) and O2.

To better define the scope of alkynes, conjugated enynes

have been attempted to oxidatively couple with analinides.85

Unfortunately, no desired indole product was isolated. Moving

toN-aryl ureas, Huestis et al. successfully achieved this reaction

under mild conditions (toluene, 60 1C) using a catalytic amount

of Cu(OAc)2 co-oxidant and O2 terminal oxidant. The reaction

proceeded with high regioselectivity in terms of alkyne inser-

tion; thus the indole product bearing a 2-alkenyl group was

isolated in high yield. Extension of this method to the synthesis

of 2-alkenyl pyrroles was even accomplishable at room tempera-

ture, starting from N-vinylacetamides. Thus trisubstituted pyrroles

were isolated in high yields, and the mild conditions for this

reaction are unprecedented (Scheme 45).

In 2010, Glorius extended the unsaturated coupling partner

to olefins in the reaction with acetanilides.86 Essentially the same

conditions used for the oxidative coupling of alkynes were

followed, except that a much lower loading of the catalyst

(0.5 mol% of [RhCp*Cl2]2) suffices. Using both activated and

unactivated alkenes (including ethylene), the olefination product

was isolated in moderate to high yield, where both withdrawing

and donating groups in the phenyl ring are well tolerated

(Scheme 46). Here rhodium complexes stand out with low catalyst

loading, high functional group tolerance, and high efficiency for the

functionalization of alkenes that generally hold low reactivity.

Under the higher [RhCp*Cl2]2 loading (2.5 mol%), electronically

related 2-acetamidoacrylates also smoothly coupled with olefins

such as styrenes and arylate esters.74 The chemical yield is generally

high. However, in most cases both Z and E isomers were isolated,

and Z is the major product with Z to E ratio4 5 :1 (Scheme 47).

Using �NHAc as a directing group, Glorius achieved the

first (allylic) sp3 C–H activation of N-vinyl acetamides in the

Scheme 43

Scheme 44

Scheme 45

Scheme 46



3664 Chem. Soc. Rev., 2012, 41, 3651–3678 This journal is c The Royal Society of Chemistry 2012

coupling with alkynes catalyzed by [RhCp*Cl2]2.
87 In most

cases, allylic methyl C–H activation was achieved, and trisub-

stituted pyrroles were isolated in quite high yield. In the case of

the C–H activation of CH2CH3, a tetrasubstituted pyrrole

was generated in rather low yield (31%) even under harsh

conditions with a higher loading of the catalyst (Scheme 48, A).

It was observed that rapid H/D exchange occurred at the alpha

position of the substrate, indicating that C–H activation has

occurred at the alpha position, although no final product

corresponding to C–H activation at this site was observed. In

contrast, switching the ester group to a CN group changed the

pathway of C–H activation, and a 2-methyl substituted pyrrole

(25) corresponding to C–H activation at the a position was isolated

as the only product (Scheme 48B). Therefore, the ester group in

the substrates should play an important role in the catalytic

cycle, likely by stabilizing the Rh–C species via chelation of the

ester group (24, Scheme 48A). This contrast indicated the

significant role of the ester group in methyl C–H activation.

Compared to acetanilides, the C–H activation of N-aryl

benzamides can be more complicated with respect to chemo-

selectivity: either the C-aryl or N-aryl ring can potentially

undergo C–H activation. Similar but complementary studies

on oxidative coupling of alkynes and N-substituted benz-

amides at the ortho position of the C-ring were independently

reported by Satoh and Miura,77 Rovis88 and Li67 using

[RhCp*Cl2]2 as a catalyst. This selectivity applies to both

N-aryl and N-alkyl benzamides. In all reports, no AgSbF6 is

necessary for primary and secondary benzamides. Satoh and

Miura and Rovis used Cu(OAc)2 as an oxidant in o-xylene and

t-AmOH, respectively, while Li used Ag2CO3 (MeCN, 115 1C)

with a slightly higher loading of the catalyst. In the case

of secondary benzamides, N-substituted isoquinolones were

efficiently synthesized. These methods constitute a step-economic

and direct synthesis of isoquinolones starting from readily

available benzamides. Although both N-alkyl and -aryl groups

are generally tolerated, steric effects of the N-alkyl group

seems to play an important role. N-methyl benzamides readily

coupled with alkynes, whileN-n-butyl andN-benzyl substrates

are much less efficient under the same conditions. Both

electron-donating and -withdrawing groups in the C-ayrl ring

are well-tolerated (Scheme 49). The same reaction selectivity in

terms of the site of C–H activation and the regioselectivity in

the insertion of alkynes are followed. In the case of primary

benzamides, the reaction won’t stop at the 1 : 1 oxidative

coupling stage if an aryl-substituted alkyne is employed.

Instead, tetracyclic products resulting from 1 : 2 (amide : alkyne)

and two-fold (C–C and C–N) oxidative coupling were isolated

in high yield.67,77 The putative NH isoquinolone intermediate

was independently prepared, and it gives the condensed cyclic

product in 92% isolated yield under the standard conditions

(Scheme 50).67 This suggests that the overall reaction is a two-

fold oxidation process that involves two ortho C–H activation

processes, with the second ortho C–H occurring in the aryl ring

of the alkyne unit. In contrast, when tertiary benzamides were

applied as substrates,86 formation of the amide-functionalized

naphthalene was observed when AgSbF6 was introduced,

under which conditions, the Rh(III) catalyst is activated.

Competition reactions carried out by Rovis88 and Li67

revealed that this coupling process is favored by withdrawing

groups in both aryl rings of the N-aryl benzamide, and very

likely this suggests N-metalation upon deprotonation. This

was further supported by competition studies with respect to

Scheme 47
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electronic perturbation of the C-ring. The mechanism of this

reaction was probed to find that C–H activation is the turn-

over limiting step in the catalytic cycle. In addition to

rhodium(III) catalysis, Ackermann achieved this transforma-

tion of isoquinolones using a cost-effective [Ru(p-cymene)Cl2]2
catalyst that is isoelectronic to the rhodium catalyst.89 An

equally broad scope of substrates has been defined. KIE

studies indicate that C–H activation is involved in the rate-

determining step, consistent with the rhodium(III) catalysis.

Li successfully applied N-aryl benzamides to the oxidative

coupling with alkenes under the conditions of choice for the

coupling of alkynes.90 Consistent C–H activation at the C-ring

followed, and activated alkenes such as arylates, enones, and

acrylamides all coupled with N-aryl benzamides to afford

g-lactams in high yield and high selectivity. Coupling of

styrenes could also occur but in low efficacy. The formation

of the lactam coupling product is proposed to occur via an

olefination-Michael addition sequence. The selectivity of the

C–H activation seems governed by both steric effects of the

substituents in the C-ring and the donor ability (for hetero-

atom substituents). When heterocyclic (furan, thiophene, and

indole) carbamides were used, oxidative olefination took place

with different reactivity and selectivity. Subsequent Michael-

type cyclization might follow, depending on the stereo-

electronic effects of the substrate (Scheme 51).

By extending to a heteroaryl congener of the above benzamide

substrates such as isonicotinamides, Li reported different reactivity

and selectivity for the coupling of alkynes91 and alkenes.92

Using their conditions of choice in the coupling of benzamides

with alkynes (Ag2CO3, MeCN), the analogous isoquinolone

derivative was isolated but in rather low yield (45%), indicat-

ing poor reactivity as a result of substrate electronic effect. In

contrast, using Cu(OAc)2 or AgOAc as an oxidant, a quino-

line was isolated in high yield as a result of 1 : 2 coupling, with

the NH group intact. Clearly this reaction is oxidant-dependent

and, more precisely, there is significant anion effect of the

oxidant. Thus both N-alkyl and N-aryl isonicotinamides are

smoothly coupled with various alkynes in high efficacy and

high selectivity. Other neutral N directing groups such as

pyridines and imidazoles are also applicable (Scheme 52).

However, weak directing groups such as an oxazole failed,

indicating that the donor capacity plays an important role.

A plausible mechanism to account for this oxidant anion-

dependent transformation is given in Scheme 53. Cyclometalla-

tion followed by coordination and insertion of an alkyne affords

a key seven-membered ring intermediate (26). In the case of

AgOAc and Cu(OAc)2 oxidants, the HOAc co-product is acidic

enough to cleave the Rh–N bond to regenerate the secondary

amide functionality. Subsequent insertion of the second alkyne

and activation of the C(2)–H bond afford the quinoline product.

In contrast, when Ag2CO3 was used as an oxidant, water or

H2CO3 was generated and the integrity of the Rh–N bond

remained. Subsequent C–N reductive elimination furnishes the

isoquinolone product (Scheme 53). A KIE value of 2.8 was

measured for the C(2)–H bond (the second C–H bond that is

cleaved), suggesting that cleavage of this C–H bond is involved in

the rate-determining step.

Similarly,N-aryl isonicotinamides undergo oxidative olefination

in a selectivity different from that of its carbocyclic counterparts

(N-aryl benzamides).92 Using [RhCp*Cl2]2 as catalyst and

Cu(OAc)2 as an oxidant in MeCN, although C–H activation

occurred consistently at the C-aryl ring, the product is an

exo-cyclized g-lactone, formation of which involved two-

fold oxidation. This current E-selectivity is in contrast to

the Z-selectivity reported by Glorius in related systems.68

Significant solvent effects were also observed for this reaction.Scheme 51

Scheme 52

Scheme 50
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Using MeCN as a solvent, the major product is the mono-

olefination but two-fold oxidation product, and it was isolated

in 29–80% yield. In contrast, using THF as a solvent, the

corresponding diolefination, three-fold oxidation product was

isolated in somewhat lower yield. In addition, the monoolefi-

nation product is not a precursor leading to the diolefination

one. These results indicate that moving to electronically

different heteroarylcarboxamides, the reaction selectivity is

significantly adjusted and is further fine-tuned by solvents

and other conditions (Scheme 54).

In line with the successful b C–H activation of acrylic acids

reported by Satoh and Miura,49 Li93 and Rovis94 indepen-

dently reported the coupling ofN-substituted acrylamides with

alkynes using [RhCp*Cl2]2 as a catalyst. In principle, three

possible oxidation products could be generated: a 2-pyridone,

an iminoester, and an indole. Li detailed the formation of all

these three types of products as a result of the electronic and

steric effects of the acrylamide substrates. In most cases,

2-pyridones were isolated as the product in high yield even

under 0.5 mol% loading of the catalyst in acetone. Introduc-

tion of a bulky N-Mes (Mes = 2,4,6-trimethylphenyl) group

favored the formation of the iminoester coupling product, as a

result of steric perturbation. Electronically, when aN-(p-C6H4NO2)

group was introduced, a mixture of the 2-pyridone and the

iminoester was obtained. This reaction seems limited to a-sub-
stituted acrylamides; the coupling of a simple N-aryl acrylamides

afforded the pyridone product in only 48% yield under the

same conditions (Scheme 55). Rovis explored a similar system

by focusing on the coupling of simple N-alkyl acrylamides or

b-substituted N-alkyl acrylamides using improved catalyst

architecture. By resorting to [RhCpt(MeCN)3](SbF6)2 (Cpt =

1,3-di-tert-butylcyclopentadienyl) as a catalyst, challenging

substrates were readily coupled with alkynes with an improved

degree of regioselectivity in the alkyne insertion. A wide scope

of alkynes and acrylamides is tolerated (Scheme 55). Mechanistic

studies on cinnamamides in competition reactions and KIE

measurements indicated that this reaction likely follows a

mechanism different from that in the reactions of N-aryl

benzamides. KIE of 2.2 was obtained for the reaction ofN-methyl

cinnamamide. However, a KIE value of 1.2 was obtained for

Scheme 54
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N-methyl-(para-trifluoromethyl)cinnamamide (Scheme 56). Both

KIE data and Hammett plot data pointed to a proposal that

C–H activation is rate-limiting for cinnamamide substrates

with an electron-rich aryl group, while in the case of a

substrate with strongly withdrawing groups at the beta position,

a subsequent step (either alkyne insertion or C–C reductive

elimination) is turnover limiting.

The first Rh(III)-catalyzed oxidative C–H activation-carbonyla-

tion that leads to C–C and C–N coupling was not reported until

very recently, although many examples have been known under

palladium catalysis. Rovis95 successfully applied simple N-alkyl

benzamides as substrates, and in the presence of CO (1 atm), a

cationic Rh(III) complex readily catalyzed the oxidative carbonyl-

ation reaction, leading to useful substituted phthalimides in

moderate to high yield and in high selectivity (Scheme 57). It

has been shown that donating groups in the phenyl ring

tend to favor this reaction, while substrates bearing bulky

N-substitutents or some halogen groups in the phenyl ring

reacted less efficiently.

Being isoelectronic to CO, isonitriles are expected to undergo

analogous coupling with benzamides under Rh(III) catalysis.

Indeed, this type of reaction was reported by Zhu very recently.96

Various N-sulfonyl benzamides, which are known to give high

reactivity in C–H activation, are oxidatively coupled with both

N-alkyl and -aryl isonitriles, leading to 3-(imino)isoindoli-

nones in 41–82% yield under simple reaction conditions

(Scheme 58). In most cases, the obtained 3-(imino)isoindoli-

nones exist in a mixture of E and Z isomers. In contrast, no

reaction occurred for less reactive benzamides such as

PhC(O)NHR (R = Ph and OMe).

As a special class of secondary N-aryl amide, NH isoquino-

lones bearing an aryl group at the 3-position are known to

react with alkynes to afford polycyclic amides.67 The related

oxidative olefination was also achieved,66 where the amide

nitrogen acts as an efficient directing group for ortho C–H activa-

tion. Interestingly, both terminal and 1,2-disubstituted activated

olefins are suitable substrates when catalyzed by [RhCp*Cl2]2
using Cu(OAc)2 as an oxidant. The coupled product is a

polycyclic amide as a result of oxidative olefination followed

by intermolecular aza-Michael addition. A broad scope of the

NH isoquinoline has been demonstrated. In addition, this

reaction can be one-pot. Starting fromN-methoxylbenzamides

and alkynes under Rh(III) catalysis, the NH isoquinoline is

generated in situ,97 followed by treatment with olefins and

Cu(OAc)2 oxidant. In this reaction system, the Heck-like

mechanism cannot be simply assumed. For example, N-methyl-

maleimide, a cyclic olefin, reacted to afford the same type of

product 27, where the Heck-type mechanism is not operable

because no b-H elimination can be achieved. Instead, aWacker-

type amidation followed by intramolecular C–C coupling was

proposed (Scheme 59).
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Benzamidines are structurally related to benzamides, and

oxidative coupling with alkynes is expected. However, these

two classes of substrates are intrinsically different. Benzami-

dines are deemed bifunctional with two NH protons, and thus

multi-insertion of an alkyne can be possible. In addition, the

low thermal stability of benzamidines might pose complica-

tions. Li achieved the oxidative coupling of N-aryl and -alkyl

benzamidines with alkynes under mild conditions using

[RhCp*Cl2]2 as a catalyst, and 1-aminoisoquinolines were

obtained as the only isolable products.98 In the case of N-aryl

benzamidines, moderate to good selectivity was reached, while

even high selectivity and efficiency were secured for N-alkyl

benzamidines. Steric bulk of the N-group is well tolerated,

suggesting that the benzamidine NH group acts as a directing

group. However, steric bulk of the C-aryl ring has a significant

effect on the selectivity and efficiency of this reaction. For

example, when an o-Me group is introduced into the C-phenyl

ring of N-phenyl benzamidine, a 1 : 2 coupling between this

benzamidinde and PhCRCPh was achieved to give an indole

derivative. Here steric assistance caused by the introduction of

the ortho-Me group leads to a conformation that favors

subsequent C–H activation in the N-phenyl ring. Thus the

oxidative incorporation of the second alkyne unit is allowed

(Scheme 60).

3.2.2.5 Imine, pyrazole or pyridine as the directing group in

arenes. Satoh and Miura developed the coupling between

1-phenylpyrazoles and various alkenes under oxidative condi-

tions (Scheme 61).99 Thus using [Cp*RhCl2]2 as a catalyst and

Cu(OAc)2�H2O as an oxidant, 1-phenylpyrazole and styrene

are successfully coupled. This olefination reaction has the

selectivity of mono- versus divinylation. When carried out at

relatively low temperature (60 1C), monovinylation is the

major reaction pathway. However, catalysis conducted at

100 1C with an excess of styrene (2.4 equiv.) only gave the

divinylation product. These represent two standard conditions

that can be applied to control the reaction selectivity. By

following this strategy, two different vinyl groups can be

sequentially introduced to the ortho positions leading to

non-symmetrical products (Scheme 62). The selectivity of

mono- versus divinylation can be further tuned by substrate

control (steric effect). Thus the introduction of a 5-methyl

group to the pyrazole ring of the 1-phenylpyrazoles leads to

only mono-vinylation product since the steric repulsion

between the methyl and vinyl groups renders the second

cyclometallation kinetically and thermodynamically unfavorable.

In all cases, the alkene substrates are limited to styrenes and

acrylates.

Satoh andMiura observed diversified reactivity and selectivity

in the coupling of alkynes with phenylazoles such as 2-phenyl-

imidazoles,N-phenylpyrazoles, and 2-phenyloxazoles, depending

on the heterocyclic starting materials and reaction conditions.

Under similar reaction conditions, the same 1-phenylpyrazole
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Scheme 61

Scheme 62



This journal is c The Royal Society of Chemistry 2012 Chem. Soc. Rev., 2012, 41, 3651–3678 3669

substrates coupled with internal alkynes to give N-naphthyl-

pyrazoles, where two alkyne units are incorporated.100,101

When catalyzed by [RhCp*Cl2]2/C5H2Ph4 under Cu(OAc)2
oxidant, 1 : 2 coupling between N-phenylpyrazoles and alkynes

afforded naphthylpyrazoles.100 In line with this type of

reactivity, four equivalents of PhCRCPh can be incorporated

in the reaction with 1-phenylpyrazoles and 1-phenyloxazoles under

harsh conditions to give anthrylazole derivatives (Scheme 63). The

generic mechanism given in Scheme 2 is likely followed.

In contrast, when Na2CO3 was introduced to the reaction of

alkynes and 1-phenylpyrazoles,101 1 : 1 oxidative C–C coupling

was reached to give pyrazolequinolines in high isolated yield.

In this reaction,N-directed ortho C–H activation and subsequent

roll-over C–H activation of the pyrazole ring are key steps

(Scheme 64). In contrast, no such reactivity was observed for

2-penylpyridines, indicating that dechelation of the pyridine

nitrogen and roll-over C–H activation are likely high in kinetic

barrier. In addition, protic 2-phenylbenzimidazoles or 2-phenyl-

imidazoles undergo oxidative C–C and C–N coupling with

alkynes in 1 : 1 ratio to afford new azacycles. This is due to the

facile N–C reductive elimination of the seven-membered Rh(III)

metallacyclic intermediate generated for the insertion of the (first)

alkyne. A similar type of intramolecular C–N oxidative has also

been reported for Pd.102 In addition to oxidative coupling

reactions, redox-neutral ortho C–H activation of 2-phenyl-

pyridines can be coupled withN-sulfonyl imines, N-Boc imines

or activated aldehydes when catalyzed by [RhCp*Cl2]2/

AgSbF6, and aminoalkylation103,104 and hydroxyalkylation105

products were isolated in high yield.

Satoh and Miura also reported the coupling of similar NH

protic 2-phenylindole with alkynes catalyzed by [RhCp*Cl2]2.

Indolo[2,1-a]isoquinolines were isolated as a result of C–H

activation and N–H cleavage.106 The use of a base additive

(Na2CO3) ensured formation of this new six-membered azacycle

in high yield. In the case of dialkyl-substituted alkynes, an

exo-cyclized product was isolated as the major product

(Scheme 65). Similar to this reaction system, Li recently

succeeded in the coupling of NH 5-phenyl-pyrazols with

alkynes to give related azacyclic products in high yield using

[RhCp*Cl2]2 as a catalyst and Cu(OAc)2 as an oxidant.107 In

addition, coupling with acrylates is high in selectivity: only the

oxidative diolefination–aza-Michael addition product was isolated

(Scheme 66). This indicates that the second olefination should be

faster than the intramolecular hydroamination reaction.

Conversion of arenes to organic products with additional

functionality may find extensive applications in organic synthesis.

In this context, Liang and Zhang108 extended the oxidative

functionalization of 2-arylpyridines in the three-component

coupling with CO and alcohols. Thus [Rh(COD)Cl]2 catalyzed

the oxidative coupling between 2-phenylpyridines, CO, and

Scheme 63
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primary aliphatic alcohols (pentanol, ethanol) to give esters.

Oxone is the most efficient oxidant, and pentyl 2-(pyridin-2-

yl)benzoate was obtained in 82% yield, while other single

electron oxidants such as Cu(OAc)2, CAN (diammonium

cerium(IV) nitrate), or TEMPO (2,2,6,6-tetramethylpiperidine

1-oxyl radical) gave either low yields. Other analogous direct-

ing groups such as pyrazoyl, quinolyl and pyrimidyl afforded

analogous products in comparable yields. In the coupling of

substituted 2-phenylpyridines, it has been demonstrated that

the boiling point and the steric hindrance of the alcohol

substrate has quite significant influence. Ethanol and isopro-

panol gave lower yields of the ester products. Similarly only

low conversion was obtained when tBuOH was employed,

while essentially no coupling product was observed for phenol

substrates (Scheme 67).

Impressively, Shi109 extended the concept of C–H activation

to C–C activation in 2-arylpyridines under Rh(III) catalysis,

and also compared the tendency of C–C versus C–H activation

in this system. Phenyl(2-(pyridin-2-yl)phenyl)methanols coupled

with styrenes under conditions typical for oxidative C–H

activation reactions ([RhCp*Cl2]2 (2.5%), Ag2CO3, EtOH,

70 1C) (Scheme 68). Surprisingly, olefination preferentially

occurred in high selectivity as a result of ortho C–C bond

activation, while C–H olefination did occur but only after C–C

functionalization if an excess of the olefin and the oxidant was

provided. These results indicate that C–H activation should

proceed at a higher kinetic barrier. The formation of PhCHO

co-product has been confirmed during C–C activation. This

system works for both 21 and 31 alcohols and represents a

rather rare case of C–C activation versus C–H activation. The

preference for C–C activation likely originates from the extra

chelation assistance offered by the alcohol oxygen atom, so

that the resulting seven-membered metallacyclic intermediate

can undergo intramolecular C–C activation via a b-carbon
elimination process, leading to a stable five-membered metalla-

cycle. The formation of the initial seven-membered metallacycle

is a key factor. If the N,O metallacycle is too floppy, the bond

activation will likely take place at the less sterically hindered

C–H bond. On the other hand, if the initial metallacycle is too

rigid, subsequent b-carbon elimination will be inhibited (see

Scheme 22 for a similar scenario). Thus simple C–C activation-

olefination and dual (C–C and C–H) activation-olefination

can be reached, leading to the formation of 2-arylpyridines

with diversified styryl groups.

Fagnou developed an original method for the preparation

of isoquinolines using rhodium-catalyzed oxidative coupling

between N-tert-butyl imines and internal alkynes.110 In this

system, cationic complex [RhCp*(MeCN)3](PF6)2 catalyzed

the coupling between N-tert-butylbenzaldimines and internal

alkynes in the presence of Cu(OAc)2�H2O oxidant. The

isoquinoline products were obtained in yields ranging from

30 to 81%. When unsymmetrical alkynes are employed, the

bulky alkyl substituent prefers to be placed away from the

nitrogen atom (Scheme 69). Catalysis performed with 20 mol%

of the catalysts in the absence of any Cu(OAc)2 afforded the

coupled product in 18% yield. This indicates that Cu(II) is not

Scheme 67
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necessary for C–N bond formation. Therefore the Rh(IV)-Rh(II)

mechanism is not likely. Thus the proposed mechanism involves

a Rh(III)-Rh(I) catalytic cycle, similar to that demonstrated in

Scheme 2. The imine group serves as a directing group to

facilitate orthometallation, followed by insertion of the alkyne

to give a seven-membered metallacycle. The isoquinoline

product is obtained from the C–N reductive elimination with

a loss of isobutene. Here the cationic environment and the

high electrophilicity of the Rh(III) intermediate likely facilitates

the heterolytic cleavage of the N-CMe3 bond. Introduction of

an N-tert-butyl group has been reported in various substrates

as a protecting group and it acts as a latent H atom when

isobutene is subsequently eliminated.111

Satoh and Miura demonstrated that the N-group in the

aldimines can play a similar role in the coupling with alkynes

under conditions similar to Fagnou’s.112 A formal twofold C–H

cleavage was observed for N-phenylbenzaldimine in the coupling

with PhCRCPh to give indenone-derived imines, and this

reaction proceed under mild conditions [Cu(OAc)2�H2O, 80 1C]

in DMF. The imine functionality is retained even though water

and acetic acid are released from Cu(OAc)2�H2O (Scheme 70).

When Ph2CQNH, a protic imine, was applied as a substrate,

the coupling with alkynes follows a different pattern and a

substituted isoquinoline was isolated in high yield (Scheme 71).

However, only this protic NH imine substrate has been demon-

strated. The products of this reaction and those in Scheme 69 are

analogous, and the high reactivity of Ph2CQNH may be

ascribed to the high probability of cyclometallation considering

that four ortho C–H bonds are available,113 and undesired

hydrolysis of this imine must be relatively slow. In addition,

when Ph2CQNPh and PhCRCPh were subjected to the same

reaction conditions, the product results from a redox neutral

process in low yield, although Cu(OAc)2 oxidant was provided

(Scheme 71). In comparison, using a Rh(I) catalyst Zhao achieved

a redox neutral coupling of these substrates to give tertiary

carbinamines in high yield and high selectivity (Scheme 72).113

Satoh and Miura subsequently used primary benzyl amines as

precursors to the protic imines.114 The conditions ([RhCp*Cl2]2
(2 mol%), Cu(OAc)2�H2O (2 equiv.), alkyne (2 equiv.), 1,4-

diazabicyclo[2.2.2]octane (DABCO, 2 equiv.), o-xylene, 130 1C)

they used are capable of achieving both dehydrogenation of the

benzyl amine and the subsequent oxidative coupling with an

internal alkyne in a one-pot fashion, leading to isoquinolines

(Scheme 73). However, the authors didn’t mention whether

molecular hydrogen is released or one equivalent of alkyne

acts as a sacrificial hydrogen acceptor.

A mechanism that can account for the catalytic transformations

in Scheme 71 is proposed in Scheme 74. A seven-membered

rhodacycle was generated from imine chelation-assisted C–H

activation and subsequent insertion of an alkyne unit. In the

case of N-phenyl aldimine substrates, the incipient vinyl group

undergoes migratory insertion into the CQN bond unit to give

an amido complex. Subsequent b-hydrogen elimination and

loss of HX affords the final imine product and a Rh(I) species.

However, when a N-hydrogen group is present in the imine

substrate, loss of HX readily takes place and the resulting

seven-membered iminyl intermediate undergoes C–N reductive

elimination to give the isoquinoline product. In contrast,

when no N-hydrogen or aldimineformyl hydrogen is present,

oxidative coupling cannot proceed. Alternatively, the seven-

membered Rh(III) imine species can only be protonolyzed to

give a redox-neutral product (Murai-type reaction).

Studer achieved the rhodium-catalyzed ortho CH activation

of various 2-aryl and 2-heteroarylpyridines.115 Instead of coupling

the active metallacycle with unsaturated molecules, they used

Scheme 70
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arylboronic acids under oxidative conditions (TEMPO, 130 1C).

Organoboron reagents are rarely used as a coupling partner

in Rh(III)-catalyzed C–H functionalization. [Rh(COD)Cl]2/

P[p-(CF3)C6H4]3 was used as the catalyst precursor. Various

aryl groups can be selectively introduced into the ortho position

of 2-aryl and 2-heteroarylpyridines (Scheme 75), and in most

cases only minor diarylation product was observed. The

substrate is not limited to 2-arylpyridine, and N-arylbenzaldimine

can couple with arylboronic acids to give similar Caryl–Caryl

coupled product (Scheme 75). In all cases, no oxidative homo-

coupling of arylboronic acids (biaryls) was detected, although this

is known to occur under very similar conditions.116 In a proposed

mechanism (Scheme 76), transmetalation proceeds first to give a

Rh(I) aryl species. Single electron oxidation of Rh(I) species by

TEMPO affords the Rh(III) aryl species, which interacts with a

2-aryl or 2-heteroarylpyridine, leading to C–H activation.

Subsequent C–C reductive elimination regenerates the Rh(I)

species. Although the authors proposed that C–H activation

occurs at the stage of Rh(III) species, it remains unclear

whether C–H activation can occur on Rh(I) species, followed

by transmetalation (Scheme 76).

By introducing a NH linker group between the 2-pyridyl

and the aryl groups, Li explored the oxidative coupling of

N-aryl-2-aminopyridines with alkynes and alkenes.117 Coupling

with alkynes proceeded in high efficiency when catalyzed

by [RhCp*Cl2]2 (2 mol%) in the presence of Cu(OAc)2. The

N-(2-pyridyl)indole products were isolated in 47–96% yield.

Here the resemblance of coupled products with those obtained

from PhNHC(O)Me may suggest that they follow a similar

reaction pathway (Scheme 77). To probe which N atom offers

directing effect, competition reactions using N-aryl-2-amino-

pyridines with differentN-aryl groups revealed that an electron-

rich N-aryl group favors this coupling reaction. The observed

electronic effect seems inconsistent with the coordination of the

deprotonated NH group. Instead, chelation assistance is more

likely provided by the pyridine ring nitrogen. Interestingly, the

coupling with acrylates occurred under a lower loading of

[RhCp*Cl2]2 (1 mol%) and affordedN-(2-pyridyl)isoqinolones

(28) as a result of olefination followed by intramolecular
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amidation (Scheme 77). A plausible pathway for this coupling

reaction is give in Scheme 78. Cylometallation affords a

six-membered rhodacycle, followed by insertion of an acrylate

to give a chelated Rh(III) alkyl species. b-Hydrogen elimina-

tion then occurs to generate a (metal-bond) trans-olefin, which

is proposed to isomerize to the cis isomer in the catalytic

cycle.118,119 Intramolecular attack of the NH group at the ester

carbonyl of this cis isomer furnishes the coupled product and a

Rh(I) species, and the catalytic cycle is completed when Rh(I)

intermediate is oxidized to the active Rh(III) species.

Ellman and Bergman reported oxidative ortho olefination of

N-methoxyaryl ketoimines catalyzed by [RhCp*Cl2]2/AgSbF6

using Cu(OAc)2 as an oxidant.120 Importantly, styrenes, acrylates,

and even unactivated alkenes (including beta-branched ones) are

suitable coupling partners under conditions that are compatible

with common functional groups (halogen, hydroxyl, and CN).

Trans olefins were isolated in moderate to good yield with no

migration of the double bond being detected (Scheme 79). Despite

the relatively high loading of [RhCp*Cl2]2 (5 mol%) and AgSbF6

(20 mol%) necessary for high conversion, this reaction represents

one of the few Rh(III)-catalyzed oxidative olefination reactions

where unactivated aliphatic alkenes can be applied.86

3.2.2.6 Sulfonamide directing group. Sulfonamides are

sometimes used as directing groups, as in palladium-catalyzed

oxidative olefinations.52,121,122 However, Rh(III)-catalyzed

sulfonamide-directed C–H activation is rare. Li recently discovered

the oxidative olefination of N-(1-naphthyl)sulfonamide at the peri

position using [RhCp*Cl2]2 catalyst and Cu(OAc)2 oxidant.123

Three classes of terminal olefins reacted with this sulfonamide

to afford three different types of product in high yields.

Coupling of activated olefins such as acrylates, acrylonitrile,

and ethyl vinyl ketone followed a sequence of oxidative

olefination-hydroamination (29). Unactivated olefins such as

aliphatic alkenes coupled to give the corresponding trans olefin

products (30), with no isomerization of the double bond being

detected. In contrast, allylbenzenes coupled withN-(1-naphthyl)-

sulfonamides to give five-membered azacycles (31, Scheme 80). A

rhodiun(III) Cp* acetate sulfonamidate complex was isolated

from the stoichiometric reaction of [RhCp*Cl2]2,N-(1-naphthyl)-

sulfonamide, and NaOAc and is a likely intermediate in the

catalytic cycle. Notably, only the simple olefination product was

achieved when this sulfonamide was replaced by a pivalamide.

Thus by introducing an appropriate directing group, C–H activa-

tion and oxidative olefination using activated and unactivated

alkenes can be carried out in high yield and high selectivity.

4. Oxidative C–H funtionalization using internal

oxidants

Oxidative coupling reactions are generally carried out in the

presence of an external oxidant, which is usually involved

in the regeneration the active catalyst. Consequently,

Scheme 78

Scheme 79

Scheme 80



3674 Chem. Soc. Rev., 2012, 41, 3651–3678 This journal is c The Royal Society of Chemistry 2012

the reduced product of the oxidant is generated often as a

waste by-product. An alternative emerging green strategy is

to use an oxidizing directing group (an internal oxidant)

that both offers directing effect and regenerates the catalyst

(Scheme 81).124,125

4.1 N-Methoxyl benzamides as internal oxidants

A pioneering example of rhodium(III) catalyzed, overall redox

neutral synthesis of NH isoquinolones was achieved by catalytic

ortho C–H activation of N-methoxybenzamides with an

alkyne.97 Instead of acting as a simple directing group,126,127

the N-methoxyamide group is both a directing group and an

oxidant, and it was converted to an amide functionality after

the reaction. This methodology complements those reported

by Satoh and Miura,77 and Li67 in that here NH isoquinolones

were obtained as the final products, while the Rh(III)-catalyzed

coupling between primary benzamides and alkynes using

external oxidants won’t stop at the stage of NH isoquinolone

intermediate, and polycyclic heterocycles were obtained.

Screening of various substrates indicated that the N-pivalate

andN-benzoate benzamides are even more reactive substrates,128

and the reaction can be performed at room temperature. Under

these improved conditions with 0.5 mol% loading of the

[RhCp*Cl2]2 catalysts at room temperature, simple internal

alkynes, alkynes bearing heteroatoms, sterically hindered alkynes,

and even terminal alkynes all smoothly coupled to give a broad

spectrum of isoquinolones. It should be noted that terminal

alkynes and alkynes bearing heteroatoms are often inapplicable

under conditions with an external oxidant. Furthermore, both

electron-rich and poor internal and terminal olefins readily

coupled with N-Piv benzamides, yielding dihydroisoquinolones.

These results indicate the powerful and extremely versatile

coupling partners that enable rare room temperature C–H activa-

tion compatible with various functional groups (Scheme 82).

In contrast, Glorius demonstrated that under slightly different

conditions [RhCp*Cl2]2-catalyzed redox-neutral coupling of

N-methoxybenzamides with alkenes (such as styrenes and acrylate

esters) afforded ortho-olefinated primary benzamides.129 In most

cases, mono-olefination was observed (Scheme 83). This is in

contrast to the formation of dihydroisoquinolones using N-Piv

benzamides and alkenes,128 and clearly the different selectivity

results from substrate control. Glorius and coworkers have

demonstrated that the ortho-olefinated primary benzamides are

not possible intermediates during the formation of dihydroiso-

quinolones using N-Pivalate benzamides.

Deuteration studies by Guimond and coworkers indicated

that in the formation of isoquinolones, C–H activation readily

occurs with the retention of the N–O bond, and thus N–O

bond oxidative addition is not the first step in the catalytic

cycle.128 On the basis of experimental and DFT studies, a

likely mechanism was proposed. Cyclometallation and dissocia-

tion of a HOAc is followed by the insertion of an incoming

alkyne to give a seven-membered rhodacycle. Subsequently

C–N reductive elimination gives a Rh(I) species chelated by

the neutral N and the acetate O atoms, which then undergoes

N–O oxidative addition, leading to a rhodium(III) acetate amido

intermediate. Protonolysis of the Rh–N bond furnishes the final

product with the regeneration of the Rh(III) catalyst. The

identification of this chelated Rh(I) intermediate in DFT work

seems consistent with experimental results, where no cross over

between N-methoxybenzamide and N-methoxy isoquinolone

was observed in the reaction with PhCRCMe. This result

indicates that the oxidative addition of N–O bond to Rh(I)

center should occur faster than de-coordination of the neutral

N–O chelator in the catalytic cycle, which likely holds true

considering the chelation effect (Scheme 84).

As variants of N-methoxybenzamides, N-methoxy-N0-aryl

ureas are analogous internal oxidants and are expected to

couple with olefins. Interestingly, using various external
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oxidants failed to give coupled products in high efficacy. In

contrast, when the same N-methoxy-N0-aryl urea was used as

an oxidant as well as a substrate (2 equiv.) in the coupling with

acrylates,130 the dihydroquinazolinone product was isolated in

high yield resulting from an oxidative olefination-hydroamination

sequence, and the integrity of the N–OMe bond remains. Thus

the N–O bond of the urea shows superior behavior to other

external oxidants. It has been shown that the hydroamination

can be simply catalyzed by NaOAc (Scheme 85).

4.2 Oximines and derivatives as internal oxidants

Chiba131 and Li132 independently applied the O-acyloximines

and simple oximines of aryl ketone as internal oxidants for the

synthesis of isoquinolines viaRh(III) catalyzed C–H activation.

The two substrate systems were carried out under slightly

different conditions. When O-acyloximines were used, a NaOAc

additive is needed,131 while for aryl ketone oximines, CsOAc was

used as an additive under a slightly lower loading of the

[RhCp*Cl2]2 catalyst.
132 In both systems, comparably high yields

of isoquinolines were isolated (Scheme 86). In contrast to the high

yielding synthesis using aryl ketone oximines, aryl aldoximines

only coupled with dialkyl-substituted alkynes to afford the

isoquonoline in lower yield. Interestingly, when 3-phenylisoxazol-

5-ones were employed as cyclic N-carboxylateoximine substrates,

cleavage of the N–O bond and decarboxylation followed to

afford isoquinolines in high yield. In addition to the NaOAc

additive, redox active Cu(OAc)2 was also an efficient additive,

where bulky aryl ketone O-acyloximines are well-tolerated,

and synergetic Rh–Cu bimetallic cooperation has been

suggested.133 Plausible mechanisms have been suggested based

on some preliminary experimental data, however it remains

unsolved how the C–N bond is formed since C–N coupling

may follow stepwise C–N reductive elimination and N–OAc/

N–OH oxidative addition or a concerted all–Rh(III) process. In

addition, the mechanism of the N–O bond cleavage is not well

described.

Subsequent independent studies by Rovis134 and the colla-

borative studies of Li and Chiba135 revealed that oximines of

a,b-unsaturated ketones or aldehydes can undergo directly

analogous reactions with a variety of internal alkynes under

similar conditions (Scheme 87), where olefinic sp2 C–H bonds

were activated. Rovis focused on the regioselectivity of the

reaction of unsymmetrically substituted alkynes and it has

been shown that the regiochemistry of the alkyne insertion is

under control of both electronic and steric effects of both

coupling partners. Li and Chiba’s studies indicated that this

oxidative coupling proceeded well under air, while a longer

reaction time is necessary when the reaction was conducted

under argon. In both studies, a broad scope of substrate has

been demonstrated.

Very recently, another type of redox-neutral C–N coupling

under chelation-assistance was independently reported by Yu

and Glorious, and this new methodology differs from the

previous system in that the oxidants are embedded in the

partner that couples with the arene, instead of in the arene.

Although the loading of the [RhCp*Cl2]2 catalyst is somewhat

high (5 mol%), Glorius achieved C–N coupling between

N-pivaloyloxy benzamides and N-chloroamines even at room

temperature, leading to the installation of secondary amide

groups at the ortho position (Scheme 88).136 A stoichiometric

Scheme 84

Scheme 85

Scheme 86
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amount of base such as CsOAc or AgOAc is necessary to

neutralize the HCl released from the reaction. Other oxidizing

coupling partners such as N-benzoyloxy morpholine only

show significantly lower efficiency and this reaction failed to

occur when Pd(OAc)2 was used as a catalyst, indicative of the

unique role of Rh(III) catalysis. A rather large KIE (8.1) was

obtained in the coupling of N-pivaloyloxy benzamides with

N-chloromorpholine, indicating that C–H activation is involved in

the rate-determining step. The authors proposed that following

cyclometallation, electrophilic amination might occur when the

rhodacyclic intermediate interacts with N-chloromorpholine.

However, no detailed evidence has been provided, and Rh(V)

species cannot be ruled out.137

The same type of reaction was independently reported by

Yu using different directing groups. Using a lower loading of

[RhCp*Cl2]2 (2.5 mol%) and 0.5 equiv. of CsOAc, but a

stoichiometric amount of AgSbF6, an O-methyl oxime of

acetophenone has been readily coupled with N-chloroamines

at 40 1C.138 The C–N coupled products were isolated in yields

ranging from 35% to 87%.Mechanistic studies gave a KIE= 2.7,

consistent with typical values reported in Rh(III) C–H activation.

However, the authors suggest that the C–H activation follows

an electrophilic mechanism, which may or may not hold true.

A similar electrophilic amination mechanism via aryl migration

to the nitrogen together with chloride substitution has been

suggested (Scheme 89).

Conclusions

We have presented an overview of Rh(III)-catalyzed C–H

activation and oxidative functionalization of arenes assisted

by chelating groups. Neutral and cationic rhodium complexes

stabilized by a Cp* group proved highly efficient in activating

C–H bond with the assistance of proximal neutral and anionic

nitrogen and oxygen groups. While alkenes and alkynes are

typically employed as coupling partners, other reagents such

as arylboronic acids, aldehydes, and alcohols are occasionally

used, leading to the construction of C–C, C–O, and C–N

bonds under mild conditions. Cu(II), Ag(I), N–O species, O2

and air are commonly used oxidants. The recently emerging

Rh(III) catalysis has shown high functional group tolerance

and unique reactivity and selectivity, as a result of the unique

properties of Rh(III) species in mediating C–H activation that

is compatible with subsequent functionalization reactions.

This method has proved powerful in delivering molecular

complexity, especially in the synthesis of a variety of useful

heterocycles and some natural products.

Despite the success, when compared with palladium(III)-

catalyzed oxidative C–H functionalization reactions, rhodium(III)

is still in its early stage of development. The scope of Rh(III)

catalyzed oxidative coupling reactions are limited in terms of

both coupling partners. For example, the C–H bond in the

substrate is limited to sp2 C–H ones that are subject to

chelation-assistance in almost all the examples, while both

electron-rich, -poor, and -neutral arenes without directing

groups are known to be oxidatively coupled under palladium

catalysis. Furthermore, the other coupling partner is mostly

limited to alkenes and alkynes in rhodium(III) catalysis. Thus

coupling of more than two partners or coupling via C–H

activation in a complex tandem process is still rather limited.

Scheme 88

Scheme 87

Scheme 89
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Clearly, while many novel catalytic processes have been uncovered

in the past several years, we expect that many additional important

reactions will be explored in the next decade, and the development

of these reactions should be grounded on previous mechanistic

studies. We believe other rich synthetic methods will be developed

on the basis of the intrinsic reactivity of such Rh–C intermediates.

These new methods should serve to take up the challenge

posed by the molecular complexity found in natural products

and in synthetic chemistry.
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