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ABSTRACT: Cross-coupling reactions involving metal−carbene are
emerging as a new type of carbon−carbon bond-forming reaction. The
aim of this JOCSynopsis is to provide an overview of the most recent
development of these reactions, focusing on the use of diazo com-
pounds (or in situ formed diazo compounds from N-tosylhydrazones)
as carbene precursors. In addition, the integration of this type of reac-
tion with C−H bond functionalization is also surveyed.

Transition-metal-catalyzed cross-coupling reactions have
achieved great success as some of the most important

methods for C−C and C−X bond formations.1 Generally, a
cross-coupling reaction consists of an electrophile, a nucleophile,
and a transition-metal catalyst. Although many cross-coupling
reactions have been established as standard methods in organic
synthesis, further studies in this area are still actively underway.
Among the various new developments in cross-coupling re-
actions, the expansion of cross-coupling partners, namely the
electrophiles and nucleophiles in the coupling reaction, is par-
ticularly attractive. In addition to the traditional halides or
pseudo halides (the electrophiles) and organometallic reagents
(the nucleophiles), other coupling partners, such as amines
and alcohols,2 carboxylic acids,3 and esters,4 have been explored.
In recent years, normally inert C−H bonds have been actively
explored as coupling partners.5

On the other hand, transition-metal-catalyzed transformations
through metal−carbene transfer represent another important
domain in synthetic methodology.6 Although transition-metal-
catalyzed cross-couplings and metal−carbene transformations
have evolved independently over the past decades, studies in the
past few years have established the connection between these
two fields. A series of novel cross-coupling reactions involving
metal−carbene processes has been reported.7 Mechanistically,
these reactions are considered as the integration of classic cou-
pling processes (oxidative addition, transmetalation, reductive
elimination, or β−H elimination) and metal−carbene processes
(carbene formation, migratory insertion). They can also be
viewed as the expansion of coupling partners to diazo com-
pounds or tosylhydrazones (the precursors for in situ generation
of diazo compounds) for transition-metal-catalyzed cross-
coupling reactions. Since this rapidly evolving area has been
reviewed very recently,7 in this JOCSynopsis we will only discuss
the latest advances in the field. We will also focus on the recent
developments on the integration of this type of reaction with
C−H bond functionalization.

■ CC DOUBLE BOND FORMATION
As shown in Scheme 1, the key step in the Pd-catalyzed cross-
coupling with carbenes is the migratory insertion of the Pd

carbene species, which is generated from diazo substrates. A
C−C bond and a new C−Pd bond are formed in this process,
which is typically followed by β-H elimination to afford a CC
bond. Thus, this process constitutes a new method for CC
double bond formation, which is one of the most fundamental
transformations in synthetic organic chemistry.
This type of CC double-bond-forming reaction has been

extensively studied in our group and several other groups in the
past few years.7 The area is quickly evolving, and we have seen
new advances since the publication of the last review.7d One of
the interesting new developments is the cascade process or
multicomponent process based on this type of CC double-
bond-forming methodology.
As an example of cascade catalytic reaction, we have recent-

ly reported a facile and convergent Pd-catalyzed synthesis of
acridines 3 using easily accessible o-dihalobenzenes 2 and
N-tosylhydrazones 1 (Scheme 2).8 The reaction proceeds
through two consecutive Pd-catalyzed processes: (1) CC
double bond formation, which is the process depicted in
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Scheme 1. CC Double Bond Formation through Pd-
Catalyzed Cross-Coupling of Halides and Diazo Compounds
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Scheme 1, and (2) C−N cross-coupling (Buchwald−Hartwig
coupling). N-Tosylhydrazones have long been known as
precursors for generating diazo substrates in situ (Bamford−
Stevens reaction).9 This one-pot protocol has wide scope with
respect to both coupling partners, providing an efficient ac-
cess to functionalized acridine derivatives, which are important
compounds but in general difficult to synthesize with previous
methods. Notably, a single palladium species is employed to
catalyze two independent steps in a one-pot fashion, which be-
longs to a process called autotandem catalysis.10 Preliminary
mechanistic investigation has revealed a favored pathway
consisting of fast carbene migratory insertion and β-H elim-
ination sequence, followed by intramolecular C−N cross-
coupling.
An example of multicomponent reactions involving Pd−

carbene is shown in Scheme 3. A Pd-catalyzed three-component

coupling of aryl iodides 4, allenes 5, and diazo compounds 6
has been reported by our group (Scheme 3).11 This reaction
represents a new direction for 1,3-diene synthesis starting from
readily available starting materials. Mechanistically, the reaction
involves carbopalladation of the allene and migratory insertion
of palladium−carbene. An interesting feature of this three-
component coupling is the high stereoselectivity of the newly
generated double bonds. The high stereoselectivity for (E,E)-1,3-
dienes 7 formation has been interpreted by the transition state of
the syn β-H elimination process from palladium intermediate 8.
The Pd-catalyzed cross-coupling of diazo compounds has

also been applied to the synthesis of biaryls through a tandem
cross-coupling/aromatization process. Zhai and co-workers
have utilized 6-diazo-2-cyclohexenones 9 in Pd-catalyzed cross-
coupling with aryl iodides 10 (Scheme 4).12 Biaryl scaffolds
widely exist in ligands, natural products, and pharmaceutical
agents. Efficient synthesis of these structures is highly desirable.
The new synthesis of 2-arylphenols 11 from aryl iodides 10 and

6-diazo-2-cyclohexenones 9 is efficient and provides a unique
method to tackle such problem.
Interestingly, the authors also attempted the application of this

reaction to synthesize optically active biaryl compounds from
chiral 5-substituted 6-diazo-2-cyclohexenones via point-to-axial
chirality transfer. For example, enantioenriched biaryl product 14
was obtained with 72% ee from enantiomerically pure diazo
compound 12 (eq 1). Although complete chirality transfer has

not yet achieved, the preliminary results do suggest the pos-
sibility of synthesizing chiral biaryls through this type of coupling
reactions.
The aryl halides utilized in Pd-catalyzed coupling with

tosylhydrazones have recently been expanded to 2-halopyridines
(Scheme 5). Alami and co-workers reported the coupling of

N-tosylhydrazones with 2-halopyridines 15 to prepare 2-α-
styrylpyridines 16.13 The reaction involves the migratory inser-
tion of the pyridinyl group in Pd−carbene intermediate 17. They
also evaluated the biological activities of some polyoxygenated
derivatives, and some compounds exhibit excellent antiprolifer-
ative and antimitotic activities. Recently, the same group has also
reported the successful Pd-catalyzed cross-coupling reaction with
sterically hindered N-tosylhydrazones.14

The previous studies have shown that the migratory groups
of the Pd−carbene species include aryl, benzyl, vinyl, alkynyl,
and cyclopropyl groups.7d However, so far the ligand of the
palladium−heteroatom bondmigratory has not been known. Cui
and co-workers have reported the synthesis of N-vinylindoles 20
via Pd-catalyzed oxidative coupling ofN-tosylhydrazones 18with
indoles 19 (Scheme 6).15a The reaction is triggered by Pd(II)

Scheme 2. Auto-Tandem Palladium Catalysis: Synthesis of
Acridines

Scheme 3. Pd-Catalyzed Three-Component Reaction for the
Synthesis of 1,3-Dienes

Scheme 4. Pd-Catalyzed Synthesis of 2-Arylphenols

Scheme 5. Pd-Catalyzed Synthesis of 2-α-Styrylpyridines
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catalyst with O2 as oxidant to complete the catalytic cycle.
Notably, the reaction represents the first example of Pd(II)−
carbene migratory insertion into Pd−N bond. A similar reaction
has been independently reported by Alami and co-workers.15b

■ C−C SINGLE BOND FORMATION
In the Pd-catalyzed CC bond formation described above, the
C−Pd bond generated from the migratory insertion process
typically undergoes β-H elimination to afford a CC bond
(Scheme 7, path a). However, the organopalladium intermediate

22 can be trapped by a nucleophile (path b), or it can undergo
transmetalation with an organometallic reagent followed by re-
ductive elimination (path c). These transformations further
expand the scope of the catalytic reactions based on Pd−carbene.
Moreover, these transformations result in the generation of C−C
single bond to the carbenic center.
The path b transformation was mostly explored by Van

Vranken and co-workers. They used Pd-catalyzed reactions of
allyl halides 23 with diazo compounds 24 to generate allyl-
palladium species 25, which could be trapped by amines or
enolates (Scheme 8).16 Recently, the same group reported the

use of N-tosylhydrazones as carbene precursors in a cascade
reaction, in which the generated η3-allylpalladium species was

trapped by an intramolecular amino group. The reaction affords
pyrrolidine and piperidine products in good yields.16d

Liang and co-workers reported a Pd-catalyzed synthesis of
cyclic amino esters through insertion of α-diazocarbonyl com-
pounds (Scheme 9).17 Pd-catalyzed reaction of o-iodoanilines 26

with arylvinyldiazoacetates 27 affords cyclic α,β-unsaturated
γ-amino esters 28. This reaction explores the nucleophilic attack
of the π-allylpalladium species 29 by an internal amino group.
Additionally, aryl diazoacetates 30 lead to cyclic α-amino

esters 31 with an α-quaternary carbon center in the presence of
CO (Scheme 10).17 In this case, the nucleophilic attack occurs

in palladium species 32, which is generated by CO insertion/
Pd−carbenemigratory insertion cascade. Recently, Liang and co-
workers expanded this method to Pd-catalyzed insertion of
α,β-unsaturated N-tosylhydrazones for the synthesis of isoindo-
lines.18

The path c transformation was first explored by Van Vranken’s
group in their Pd-catalyzed three-component reaction of
trimethylsilyldiazomethane, aryl iodide, and tributylphenyltin,
affording benzhydryl derivatives.19 In 2010, we reported a Pd-
catalyzed three-component coupling reaction of N-tosylhydra-
zones, terminal alkynes, and aryl bromides (Scheme 11).20 In this
reaction, the palladium intermediate 34 does not have a β-H. It
undergoes transmetalation with the in situ generated alkynyl
species 35 to form 36, which is followed by reductive elimination.
Notably, in product 33, one C(sp2)−C(sp3) bond and one
C(sp)−C(sp3) bond are formed at the same carbon in a single
catalytic reaction.
In the path c transformation, if R′ is hydride, then the over-

all transformation is a reductive coupling reaction. We have
recently reported a Pd-catalyzed reaction of diarylmethanone
N-tosylhydrazones with aryl bromides (Scheme 12).21 In this
protocol, the Pd species 39 generated from Pd−carbene

Scheme 6. Pd-Catalyzed Synthesis of N-Vinylindoles

Scheme 7. β-H Elimination versus Other Transformations

Scheme 9. Pd-Catalyzed Synthesis of Cyclic α,β-Unsaturated
γ-Amino Esters

Scheme 10. Pd-Catalyzed CO Insertion/Migratory Insertion
Cascade

Scheme 8. Van Vranken’s Pd-Catalyzed Three-Component
Coupling Reaction
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migratory insertion is reduced by HCO2NH4 to afford 38
(through 40). The use of CH3CO2NH4 as additive is critical in
this reaction since it can significantly suppress the side reaction,
namely the direct reduction of the bromide. The ligand also
imposes significant effect on the reaction and phosphine ligand
37 provides the optimal results. This reaction represents a new
method for the synthesis of triarylmethanes, which have found
wide applications in material sciences and medicinal chemistry.
The carbene-based C−C single bond formation strategy has

also been utilized for the introduction of a trifluoromethyl group
into organic molecules. Hu and co-workers have recently re-
ported a synthesis of α-trifluoromethyl esters 41 by employing a
mild Cu-mediated trifluoromethylation of α-diazo esters with
TMSCF3 (Scheme 13).22 This reaction represents the first fluo-

roalkylation of a nonfluorinated carbene precursor. The reac-
tion mechanism involves the formation of Cu−carbene species
42 from the reaction of diazo substrate with trifluoromethylcop-
per (CF3Cu) species. Subsequently, migratory insertion of the
carbene ligand into F3C−Cu bond generates the F3C−C bond.
The authors have suggested that water plays a critical role in
activating the “CF3Cu” intermediate generated from CuI/
TMSCF3/CsF.

■ C−H BOND FUNCTIONALIZATION

The reactions described above suggest that the metal−carbene
process can be well integrated into the cross-coupling reactions.
The key issue of these transformations is the formation of the
intermediates containing a C−M bond (M = Pd, Cu, Rh, etc.),
which can decompose the diazo compounds to generate metal−
carbene species. As has been well-documented in the literature,
the C−M bond formation can be achieved through direct C−H
bond activations.5 Therefore, it is conceivable that metal−
carbene migratory process can be integrated with transition-
metal-catalyzed C−H activation.
We have demonstrated an example of such process as shown in

Scheme 14. This is a Cu-catalyzed direct benzylation or allylation

of 1,3-azoles 44 with N-tosylhydrazones.23 The C−H function-
alization by secondary benzyl group has been a problem with
other transition-metal-catalyzed direct C−H bond functionaliza-
tion methods. In the reaction mechanism, the key step is the
migratory insertion of Cu−carbene species 47. The Cu species
48 generated from migratory insertion is then protonated to
afford the product 45. An alternative mechanism involving direct
Cu−carbene insertion into C−H bond has been removed by
experiments. Hirano and Miura late reported direct C−H
functionalization of similar 1,3-azoles by using Ni(II) or Co(II)
catalysts.24 In their report, the reaction was extended to more
general alkyl-substituted N-tosylhydrazones.
Recently, we have reported another similar Cu-catalyzed C−H

functionalization of heteroaromatics as shown in Scheme 15.

This is a Cu-catalyzed direct alkylation of N-iminopyridinium
ylides 49 with N-tosylhydrazones.25 In recent years, the devel-
opment of synthetic methodologies toward substituted pyridine
derivatives has attracted significant attentions. This reaction

Scheme 11. Pd-Catalyzed Three-Component Coupling
Reaction

Scheme 12. Palladium-Catalyzed Diarylmethyl C(sp3)−C(sp2)
Bond Formation

Scheme 13. Cu-Mediated Trifluoromethylation of α-Diazo
Esters

Scheme 14. Cu(I)-Catalyzed Direct Benzylation of 1,3-Azoles

Scheme 15. Cu-Catalyzed Direct Alkylation of
N-Iminopyridinium Ylides
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represents an alternative approach toward both primary and
secondary o-alkyl-substituted pyridine derivatives. The proposed
reaction mechanism, which is supported by DFT calculations, is
similar to that shown in Scheme 14. The N-iminobenzoyl (NBz)
moiety functions as directing group to control the regioselectivity
through chelation-assisted ortho-metalation.
Although palladium complexes have been extensively em-

ployed in the study of C−H functionalization, similar integration
of C−H functionalization with Pd−carbene migratory insertion
so far has not been successful. This may be attributed to the fact
that diazo substrates are not compatible with the acidic reaction
conditions normally employed in Pd-catalyzed C−H function-
lization.5 On the contrary, Rh complexes have been recently
shown as promising catalysts for C−H functionalization with
diazo compounds.26

In 2012, Yu and co-workers reported Rh(III)-catalyzed inter-
molecular carbenoid functionalization of aromatic C−H bonds
by α-diazomalonates 52 (Scheme 16).27 The reaction is under

base-free conditions and uses oxime, carboxylic acid, and amine
as directing groups. The reaction mechanism involves the
chelation-assisted electrophilic metalation of the ortho C(sp2)−
H bond to form rhodacyclic intermediate 54, followed by Rh−
carbene 55 formation, migratory insertion to form 56, and finally
protonation to afford 53. More recently, Li and co-workers
reported similar reactions with other directing groups including
pyrazole, pydimidine, and oxazole.28

Notably, the Rh(III)-catalyzed reaction discussed above all use
the diazo compounds bearing two electron-withdrawing groups.
Rovis and co-workers reported Rh(III)-catalyzed coupling of
donor/acceptor diazo compounds with O-pivaloyl benzhydroxa-
mic acids, providing isoindolones in high yields (eq 2).29 KIE

experiment has suggested that C−H activation is the rate-
limiting step. Moreover, intramolecular competition studies
show that insertion of the diazo compound favors electron-
deficient substrates, which contrasts to the classic Rh(II)−
carbene C−H insertions.6,26 The reaction likely involves a Rh(I)/
Rh(III) cycle and the directing group also functions as oxidant.
Very recently, Glorius and co-workers disclosed their study on

Rh(III)-catalyzed reaction of oximes and diazo compounds
(Scheme 17).30 The reaction affords multisubstituted isoquinoline

and pyridine N-oxides as products in good yields. The reac-
tion mechanism involves similar directing group-assisted
C−H bond activation to form rhodacycle intermediate 63.
Subsequently, 63 reacts with diazo compound 64 to form Rh−
carbene, which is followed by migratory insertion to generate 65.
From 65, protonation, keto−enol tautomerization and cycliza-
tion occur to deliver the final product 62. Notably, this reaction
needs no external oxidants and releases N2 and H2O as by-
products. Moreover, this study represents the first example of
alkenyl C−H functionalization in Rh−carbene-involved reac-
tions.
Another Rh(III)-catalyzed C−H functionalization with diazo

compounds was recently reported by Cui and co-workers.31

They use vinyl diazoacetate as carbene precursor. Upon com-
pletion of the C−H bond activation/Rh−carbene migratory
insertion, the Rh(III) species 70 undergoes 1,3-allylic migratory
to generate intermediate 71, which is finally converted into
azepinone product 68 through C−N bond formation/N−O
bond cleavage and protonation (Scheme 18). Since 7-membered

ring product azepinones are formed exclusively against the pos-
sible 5-membered ring products from intermediate 70, the 1,3-allylic
migratory of 70 to 71 must be a rapid process. This work nicely
demonstrates the application of vinylcarbenoids as three-carbon
components in ring structure construction through C−H bond
activation.
Compared with C(sp2)−H functionalization, C(sp3)−H func-

tionalization is amore challenging problem.Althoughmetal−carbene
C−H bond insertion is well-known as a unique way to activate an
inert sp3 C−H bond, this type of reactions is limited by regio- and
chemoselectivity.6 For example, Rh(II)−carbene insertion occurs to

Scheme 16. Rh(III)-Catalyzed C−H Functionalization with
α-Diazomalonates

Scheme 17. Rh(III)-Catalyzed Synthesis of Isoquinolines and
Pyridine N-Oxides from Oximes and Diazo Compounds

Scheme 18. Rh(III)-Catalyzed C−H Activation/[4 + 3]
Cycloaddition with Vinylcarbenoids
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electron-rich C−H bonds, and electron-deficient C−H bonds, such
as those adjacent to carbonyl groups, usually do not react with
Rh(II)−carbene.32 Wang and co-workers have recently reported
a Rh(I)-catalyzed coupling of (quinolin-8-yl)methanone with
N-tosylhydrazones (Scheme 19).33 The formal C−H bond insertion

occurs at an electron-deficient C−H bond in this case. The pro-
posed key intermediate is Rh−carbene 74, which undergoes
migratory insertion, followed by β-H elimination to afford the final
products 73.

■ CONCLUSION
The transition-metal-catalyzed cross-coupling reaction involving
carbene is a rapidly growing area, as can be seen from the
publications appeared very recently. These transformations not
only enrich the metal−carbene chemistry but also constitute
a new type of cross-coupling reaction. It is expected that the
combination of metal−carbene migratory insertion with
other processes will lead to the further development of novel
transformations. Moreover, the metal−carbene migratory pro-
cess can also be utilized to tackle the problems of C−H bond
functionalization, affording some unique solutions to these im-
portant issues.
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