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assisted C–H activation/annulation with
diazo compounds
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Diazo compounds are a class of readily available and versatile reagents in modern organic synthesis that

have been used as valuable synthetic building blocks for a diverse range of important organic transform-

ations due to their convenient preparation and high reactivity. In this review, the advancements in the syn-

thesis of nitrogen-containing heterocycles via Rh(III)-catalyzed chelation-assisted tandem C–H activation/

carbene insertion/annulation with diazo compounds as carbene precursors have been summarized. A

variety of structurally diverse nitrogen heterocyclic scaffolds, such as indoles, isoindolones, carbazoles,

isoquinolines, isoquinolones, 2H-indazoles, indazolones, cinnolines, 2,3-benzodiazepines, azepines, and

diazepinones can be easily prepared from different diazo compounds in a highly efficient and environ-

mentally benign manner.

1. Introduction

Nitrogen-containing heterocycles are widely present in natural
products, pharmaceutical drugs, and biologically active mole-
cules. In fact, the data show that over 82% of the U.S. FDA-
approved small molecular drugs contain at least one nitrogen
heterocyclic framework.1 Nitrogen-based heterocycles, such as
indoles, isoindolones, carbazoles, isoquinolines, isoquino-
lones, isoquinoline N-oxides, 2H-indazoles, indazolones, cin-
nolines, isoindoloisoquinolones, 2,3-benzodiazepines, aze-
pines, and diazepinone are essential privileged scaffolds of
different molecules that display a broad range of biological
activities (Fig. 1).2 Moreover, the nitrogen heterocyclic skel-
etons can also serve as versatile and convenient synthetic inter-
mediates in the field of organic synthesis and materials chem-
istry.3 Given the importance of these structural units in
modern organic synthesis, medicinal chemistry, and materials
science, the construction of nitrogen heterocyclic scaffolds
and their derivatives has attracted great attention from syn-
thetic chemists, medicinal scientists, and material scientists.
Over the past few decades, tremendous efforts have been
devoted to developing novel, flexible, and efficient synthetic

Fig. 1 Representative bioactive molecules with nitrogen heterocycles.
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methods to access structurally diverse nitrogen heterocyclic
compounds.4

Over the past two decades, transition-metal-catalyzed
directing group-assisted C–H bond activation reactions have
been established as a powerful tool for the synthesis of
complex organic molecules with structural diversity and atom
economy.5 This strategy avoids the prefunctionalization of
starting materials and eliminates the stoichiometric amounts
of toxic wastes, providing an atom economical and environ-
mentally sustainable alternative to the traditional cross-coup-
ling reactions. Among the different kinds of transition metal
catalysts, such as Ru, Rh, Pd, Ir, Ni, Fe, Cu, and Co complexes,
the high-valent pentamethylcyclopentadienyl (Cp*) or a related
cyclopentadienyl (Cpx)-based Rh(III) complexes are of particular
interest owing to their high efficiency, versatile reactivity, con-
trollable reaction selectivity, excellent functional group com-
patibility and air-stability.6 Since the pioneering work by
Satoh, Miura, and co-workers in 2007 on Cp*Rh(III)-catalyzed
C–H oxidative coupling of benzoic acids with internal
alkynes,7 the half-sandwich cyclopentadienyl rhodium com-
plexes have been utilized as privileged catalysts to realize
diverse transformations with a variety of different coupling
partners such as alkenes, alkynes, allenes, diazo compounds,
azides, iodonium ylides, dioxozolones, sulfoxonium ylides,
boronic acids, alcohols, strained rings and so on. Among
them, diazo compounds are one of the most powerful and ver-
satile building blocks in modern organic synthesis, which can
participate in a wide range of transformations such as diverse
cycloaddition, cyclopropanation, metal carbene migratory
insertion, C–H functionalization, X–H (X = O, N, Si, etc.) inser-
tion, rearrangement, and others due to their convenient prepa-
ration and high reactivity.8 Since the pioneering work by Yu
and co-workers in 2012 on Cp*Rh(III)-catalyzed chelation-
assisted arene C–H bond functionalization by using
α-diazomalonates as coupling partners,9 Rh(III)-catalyzed direct
C–H activation/annulation with different diazo compounds
has been developed as a powerful and convenient method for
the rapid assembly of structurally diverse nitrogen heterocycles
via extrusion of nitrogen (Scheme 1a). The general mechanism
for the formation of nitrogen-containing heterocycles based on
carbene migratory insertion involves the following common
process (Scheme 1b): (1) Rh(III)-catalyzed chelation-assisted C–
H activation to generate a rhodacyclic intermediate A; (2) inter-
mediate A decomposes the diazo compound to afford a Rh–
carbene species B with the release of N2; (3) B undergoes
migratory insertion to provide a new rhodacyclic complex C;
(4) protonolysis of Rh(III) complex C to give intermediate D
along with the regeneration of the active Rh(III) catalyst for the
next catalytic cycle; (5) D undergoes a further cyclization reac-
tion to deliver the final nitrogen heterocyclic product.

In this review, we mainly highlight the recent advances in
the synthesis of nitrogen heterocycles via Rh(III)-catalyzed che-
lation-assisted C–H activation/carbene insertion/annulation
with diazo compounds as carbene precursors. Hopefully, this
review will provide practical guidance for the readers who are
interested in utilizing diazo compounds as building blocks in

organic synthesis. For comprehensiveness and simplicity, this
review is classified in line with different types of nitrogen het-
erocycles formed, such as indoles, isoindolones, carbazoles,
isoquinolines, isoquinolones, 2H-indazoles, indazolones, cin-
nolines, 2,3-benzodiazepines, azepines, diazepinone and so
on.

2. Synthesis of indoles and their
derivatives

Indoles and their derivatives are among the most ubiquitous
heterocycles found in a wide range of biologically active
natural products, commercial drugs, agricultural chemicals
and organic functional materials.10 Due to the widespread
applications of indole derivatives in modern organic synthesis,
medicinal chemistry, and materials science, a variety of
reliable synthetic approaches for indole scaffolds have been
established over the past decades, such as typical improved
Fischer indole synthesis, the Larock indole synthesis, intra-
molecular cyclization of o-alkynylanilines, and transition-
metal-catalyzed C–H bond activation reactions.11 Among the

Scheme 1 Rh(III)-catalyzed chelation-assisted C–H activation/annula-
tion with diazo compounds for the synthesis of nitrogen heterocycles.
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numerous strategies developed for indole synthesis, Rh(III)-
catalyzed chelation-assisted C–H activation/annulation by
using diazo compounds as carbene precursors has evolved as a
powerful and useful synthetic tool.

In 2014, Wang and co-workers reported an efficient and
direct method for the preparation of 1-aminoindole derivatives
via Rh(III)-catalyzed direct C–H activation/annulation of
2-acetyl-1-arylhydrazines with α-diazocarbonyl compounds
(Scheme 2).12 This tandem reaction could proceed smoothly in
water to deliver various aminoindoles in up to 95% yield
under redox-neutral and silver-free conditions. The developed
synthetic strategy featured readily available starting materials,
good functional group compatibility and excellent regio-
selectivity, which was further enhanced by a gram-scale syn-
thesis and deprotection of the 1-aminoindole derivatives.

A plausible mechanism for this tandem reaction is pro-
posed and depicted in Scheme 3 based on mechanistic studies
and literature precedence. Initially, a five-membered rhodacyc-
lic intermediate A is formed via coordination of 2-acetyl-1-phe-

nylhydrazine with the active Rh(III) catalyst followed by ortho
C–H bond activation. Then, intermediate A can react with
ethyl diazoacetoacetate to generate the Rh–carbene species B
with extrusion of N2, which further undergoes migratory inser-
tion to give the 6-membered rhodacyclic complex C. Next, pro-
tonolysis of the Rh(III) complex C with acetic acid provides the
intermediate D along with the regeneration of the active Rh(III)
catalyst for the next catalytic cycle. Finally, the intermediate D
undergoes a tautomerization/intramolecular condensation
process to deliver the desired 1-aminoindole product.

Later, Cui and co-workers developed a mild and efficient
approach for constructing 1H-imidazo[1,5-a]indol-3(2H)-ones
via Rh(III)-catalyzed redox-neutral [4 + 1] annulation of N-(piva-
loyloxy)-1H-indole-1-carboxamides with diazo compounds
(Scheme 4).13 This external oxidant-free C–H functionalization
featured mild reaction conditions, readily available starting
materials, broad substrate scope, and low catalyst loading. A
large number of donor/acceptor diazo compounds were appli-
cable in this catalytic system to furnish the corresponding 1H-
imidazo[1,5-a]indol-3(2H)-ones in 49–93% yields.

A N-OPiv amide-directed asymmetric C–H activation/annu-
lation of O-pivaloyl 1-indolehydroxamic acids with donor/
acceptor diazo compounds was also realized by the Song group
in 2017 (Scheme 5).14 This tandem reaction employed a chiral
binaphtyl-based half-sandwich rhodium(III) complex
(2.5 mol%) as the catalyst, AgSbF6 (20 mol%) as the additive,
CsOAc (1 equiv.) as the base, and acetone as the solvent. A new
family of enantioenriched 1,2-dihydro-3H-imidazo[1,5-a]indol-
3-one derivatives with tetrasubstituted carbon stereocenters
was obtained in up to 98% yield with excellent enantio-
selectivity (up to 98 : 2 er).

In 2015, Zhou, Yang, Zhu and co-workers reported a Rh(III)-
catalyzed chelation-assisted dual functionalization of an unac-
tivated C(sp3)–H bond and C(sp2)–H bond with
α-diazomalonates (Scheme 6).15 A series of electron-rich and
electron-poor 1-naphthylamine N-oxides could react smoothly
with α-diazomalonates to afford various biologically important

Scheme 2 Rh(III)-catalyzed preparation of 1-aminoindole derivatives
from 2-acetyl-1-arylhydrazines with α-diazocarbonyl compounds.

Scheme 3 Proposed mechanism for the synthesis of 1-aminoindole
derivatives.

Scheme 4 Rh(III)-catalyzed synthesis of 1H-imidazo[1,5-a]indol-3(2H)-
ones.
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1H-benzo[g]indolines in 50–85% yields under mild reaction
conditions. In addition, the obtained 1H-benzo[g]indoline
product could be readily transformed into 1H-benz[g]indole-3-
carboxylate in 60% yield via a cascade decarboxylation and oxi-
dation reaction. Finally, the control experiments and DFT cal-
culations indicated that an intermediate iminium was most
likely involved in this catalytic transformation.

In the same year, Kim et al. disclosed a mild and elegant
protocol for the preparation of highly substituted indoles via
Rh(III)-catalyzed coupling of aniline derivatives with α-acyl dia-
zoacetates by employing a pyridyl or pyrimidyl moiety as a

directing group (Scheme 7a).16a This transformation tolerated
a wide range of functional groups in both aniline derivatives
and α-acyl diazoacetates, enabling the formation of various
structurally diverse indole scaffolds in up to 95% yield. Almost
simultaneously, the groups of Yao and Wang in 2016 also inde-
pendently reported the efficient synthesis of indole derivatives
by using pyrimidyl-substituted anilines and diazo compounds
as substrates via C–H bond activation under Rh(III) catalysis
(Scheme 7b and c).16b,c

Later, Zhou and co-workers developed a mild and efficient
synthetic route to construct pharmaceutically important 3H-
indole-N-oxides and N-hydroxyindolines via Rh(III)-catalyzed
chelation-assisted C–H activation/[4 + 1] annulation of arylni-
trones and diazo compounds (Scheme 8a).17a The formation of
two kinds of products depended on the different types of addi-
tives used, and the PivOH additive led to the synthesis of
N-hydroxyindoline derivatives while the AgOAc additive
resulted in the construction of 3H-indole-N-oxide products.
Additionally, a one-pot protocol for the preparation of
N-hydroxyindoles from nitrones and diazomalonate via Rh(III)-
catalyzed C–H activation/annulation/decarboxylation sequence
has also been realized. In the same year, Chang and co-
workers also independently reported a Rh(III)-catalyzed C–H
activation/annulation of arylnitrones with diazo compounds to
access various structurally diverse N-hydroxyindoline deriva-
tives in 61–91% yields under mild reaction conditions
(Scheme 8b).17b

In 2016, the Zeng group described a facile and regio-
selective synthesis of pyrimido[1,6-a]indole-1(2H)-ones via
Rh(III)-catalyzed C–H activation/[4 + 1] annulation of

Scheme 5 Rh(III)-catalyzed enantioselective annulation of indole
derivatives with diazo compounds.

Scheme 6 Rhodium(III)-catalyzed coupling of 1-naphthylamine
N-oxides with α-diazomalonates.

Scheme 7 Rh(III)-catalyzed synthesis of indoles from anilines and diazo
compounds.

Review Organic Chemistry Frontiers

Org. Chem. Front. This journal is © the Partner Organisations 2025

Pu
bl

is
he

d 
on

 1
7 

Fe
br

ua
ry

 2
02

5.
 D

ow
nl

oa
de

d 
by

 S
H

A
N

D
O

N
G

 U
N

IV
E

R
SI

T
Y

 o
n 

3/
7/

20
25

 2
:4

6:
26

 A
M

. 
View Article Online

https://doi.org/10.1039/d5qo00111k


N-amidoindoles and α-diazocarbonyl compounds
(Scheme 9).18 The optimized reaction conditions for this
tandem reaction were determined as follows: [Cp*RhCl2]2
(2.5 mol%) as the catalyst, AgSbF6 (10 mol%) and PivOH (1
equiv.) as the additives in DCE (2 mL) at 100 °C for 24 h under
an argon atmosphere. A number of substituted
N-aminocarbonyl indoles coupled smoothly with diverse
α-diazocarbonyl compounds to afford the corresponding pyri-
mido[1,6-a]indole-1(2H)-one derivatives in 47–94% yields.
Moreover, the synthetic utilities of this methodology were
further demonstrated by versatile chemical transformations.

A convenient and efficient synthesis of N-unprotected
indoles from readily available imidamides and α-diazo-β-keto
compounds via Rh(III)-catalyzed chelation-assisted C–H acti-
vation and C–C/C–N bond cleavage was realized by Li and co-

workers in 2016 (Scheme 10).19 This coupling proceeded under
relatively mild and redox-neutral reaction conditions to gene-
rate a diverse range of N-unprotected indoles in 51–93% yields
with good functional group compatibility. Moreover, a C–H
activation-related mechanism was also proposed by the
authors based on the isolation and characterization of a rhoda-
cyclic intermediate.

In 2016, Zhu and colleagues developed a novel and efficient
synthetic protocol for the construction of indole scaffolds from
easily accessible N-nitrosoanilines and α-diazocarbonyl com-
pounds (Scheme 11).20 This reaction proceeded through a Rh
(III)-catalyzed N-nitroso-directed C–H activation/carbene inser-
tion/annulation/denitrosation sequence to provide a variety of
multi-substituted indole derivatives in 43–89% yields.

A plausible reaction pathway for the preparation of multi-
substituted indoles from N-nitrosoanilines and α-diazo-β-keto
compounds is proposed in Scheme 12 on the basis of mechan-
istic experiments. First, the C–H activation reaction of a cat-

Scheme 8 Rh(III)-catalyzed coupling of arylnitrones with diazo
compounds.

Scheme 9 Rh(III)-catalyzed synthesis of pyrimido[1,6-a]indole-1(2H)-
ones.

Scheme 10 Rh(III)-catalyzed synthesis of N-unprotected indoles from
imidamides and α-diazo-β-keto compounds.

Scheme 11 Rh(III)-catalyzed synthesis of indoles from N-nitrosoanilines
and α-diazocarbonyl compounds.
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ionic Rh(III) species with N-nitrosoaniline forms a rhodacyclic
intermediate A. The intermediate A then coordinates with a
diazo compound to generate a diazonium intermediate B, fol-
lowed by extrusion of N2 and migratory insertion to afford a
Rh(III) species D. Protonolysis of Rh(III) complex D provides the
intermediate E along with a release of the Rh(III) catalyst.
Finally, tautomerization of intermediate E gives an enol inter-
mediate F, which further undergoes a cyclization/denitrosation
sequence to furnish the desired indole product.

In 2016, the Swamy group reported a C–H activation
process for the construction of oxindole derivatives via Rh(III)-
catalyzed coupling of 2-anilinopyridines with sulfonylated
α-diazo esters by using a pyridyl moiety as a directing group
(Scheme 13).21 The reaction conditions were mild and a wide
range of functional groups on anilines were well tolerated to
provide the corresponding oxindole products in yields ranging
from 61% to 71%.

In 2017, Liu, Zhou and co-workers disclosed a convenient
synthetic route towards substituted N-hydroxyindoles via Rh
(III)-catalyzed direct C–H activation/annulation of arylnitrones
and α-diazoketoesters (Scheme 14).22 This reaction proceeded
efficiently with the Rh(III)/AgSbF6/Cu(OAc)2·H2O catalytic
system to construct various 3-carboxylate-substituted
N-hydroxyindole scaffolds by eliminating the acyl group of
α-diazoketoesters. Moreover, the synthetic utilities of this
annulation strategy were further demonstrated by a gram-scale
preparation of 3-carboxylate N-hydroxyindole and further
transformation of the obtained indole products.

Interestingly, in the same year, Chen and co-workers also
reported a convenient and efficient synthesis of various 2,3-di-
substituted NH indoles via Rh(III)-catalyzed C–H activation/[4 +
1] annulation of arylnitrones and diazo compounds
(Scheme 15).23 This coupling occurred with [Cp*RhCl2]2/
AgSbF6/NaOAc as the catalytic system in the presence of a stoi-
chiometric amount of Cu(OAc)2 (2.0 equiv.) as the additive,
and DCE (2.0 mL) as the solvent, at 120 °C for 12 h under air,
affording a number of structurally diverse indoles in up to
94% yield with excellent functional group tolerance.

In 2017, Cui and colleagues developed a facile and practical
approach for the construction of 1-aminoindoles from readily

Scheme 12 Plausible mechanism for the synthesis of indoles from
N-nitrosoanilines and α-diazo-β-keto compounds.

Scheme 13 Rh(III)-catalyzed synthesis of oxindoles from 2-anilinopyri-
dines and sulfonylated α-diazo esters.

Scheme 14 Rh(III)-catalyzed synthesis of N-hydroxyindoles from arylni-
trones and α-diazoketoesters.

Scheme 15 Synthesis of 2,3-disubstituted NH indoles from arylnitrones
and diazo compounds.
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available aryl hydrazines, ketones and diazo compounds via
Rh(III)-catalyzed intermolecular three-component coupling
(Scheme 16).24 The reaction was conducted in methanol at
80 °C for 12 h under external oxidant free conditions by using
hydrazone as a directing group, which was formed in situ via
condensation of hydrazine and ketone. A wide range of func-
tional groups were well tolerated in this transformation to
provide the corresponding 1-aminoindole derivatives in up to
87% yield.

In 2017, the Zhu group described a novel C–H activation-
based strategy for the preparation of N-amino indoles via Rh
(III)-catalyzed C–H activation/annulation of N-Boc hydrazines
and diazoketoesters (Scheme 17).25 The reaction was easy to
operate and tolerated a wide range of functional groups in
both the N-Boc hydrazine and diazoketoester substrates, pro-
viding a straightforward synthetic entry to medicinally and syn-
thetically important N-amino indoles. Interestingly, when
N-Boc hydrazones were employed as substrates instead of
N-Boc hydrazines in this annulation reaction, a variety of

N-amino isoquinolin-3-one derivatives could be selectively
formed in up to 98% yield.

A mild and efficient synthesis of highly functionalized
indoles via Rh(III)-catalyzed chelation-assisted C–H activation/
annulation of N-arylureas with α-diazo-β-keto compounds was
realized by the group of Yi in 2017 (Scheme 18).26 The devel-
oped protocol featured readily available starting materials,
good functional group tolerance, exclusive regioselectivity and
high atom- and step-economy. Moreover, the carbamoyl group
in the indole product could be readily removed with TBAF in
THF to give the valuable free-NH indole product in excellent
yield.

In 2019, Zhu et al. reported a tandem process to access 2H-
isoindoles via Rh(III)-catalyzed C–H bond functionalization of
N-chloroimines with α-diazo-α-phosphonoacetates. This coup-
ling proceeded via a C–H activation/carbene insertion/dechlor-
inative/dephosphonative sequence to provide a diverse range
of 2H-isoindole products in 28–98% yields with a good func-
tional group compatibility (Scheme 19a).27a Interestingly, in
2023, Liu, He and co-workers also independently developed a
practical and efficient protocol to construct substituted isoin-
doles via Rh(III)-catalyzed coupling of oxadiazolones with diazo
compounds (Scheme 19b).27b This transformation proceeded
through a Rh(III)-catalyzed C–H activation/annulation/an
unusual acyl migration cascade to generate a large number of
structurally diverse 2H-isoindole derivatives in up to 84%
yield.

In 2020, Dong, Chen and colleagues developed an efficient
synthetic route towards the synthesis of N-quinazoline indoles
and fused polycyclic 4-anilinoquinazolines via Rh(III)-catalyzed
selective C–H activation/annulation of 4-anilinoquinazolines
with diazo compounds (Scheme 20).28 Notably, two different

Scheme 16 Rh(III)-catalyzed three-component synthesis of
1-aminoindoles.

Scheme 17 Rh(III)-catalyzed synthesis of N-amino indoles from N-Boc
hydrazines and diazoketoesters.

Scheme 18 Rh(III)-catalyzed synthesis of highly functionalized indoles
from N-arylureas and α-diazo-β-keto compounds.
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kinds of nitrogen heterocyclic products could be selectively
formed under the control of 4-anilinoquinazoline substrates
and additives. When C6-substituted 4-anilinoquinazolines
were used as the substrates in the presence of [Cp*RhCl2]2
(5 mol%) as the catalyst, AgSO3CH3 (0.45 equiv.) as the silver
salt, and 3-hydroxypivalic acid (3.5 equiv.) as the additive in
DCE (2 mL) at 120 °C for 12 h under an air atmosphere,

various single N-quinazoline indoles were generated in
52–83% yields.

A practical and efficient synthesis of structurally diverse iso-
chromenoindolones via Rh(III)-catalyzed C–H activation/cycli-
zation of N-methoxyarylamides with 3-diazooxindoles was rea-
lized by the Lee group in 2021 (Scheme 21).29 This transform-
ation proceeded through a Rh(III)-catalyzed
N-methoxybenzamide-directed C–H activation, carbene inser-
tion, and protonolysis, followed by an intramolecular nucleo-
philic addition/elimination process to generate a series of iso-
chromenoindolones in 42–90% yields with the release of nitro-
gen and methoxyamine as the byproducts.

In 2022, Yan et al. reported a Rh(III)-catalyzed N-nitroso-
directed C–H activation/cyclization of N-nitrosoanilines with
α-sulfonyl-α-diazo-ketones (Scheme 22).30 This tandem reac-
tion occurred with [Cp*RhCl2]2/AgSbF6 as the catalytic system
in the presence of HOAc (15 mol%) as the additive in DCE at
60 °C for 12 h under a nitrogen atmosphere, leading to the for-
mation of various 3-sulfonyl indole derivatives in 46–85%
yields with good functional group tolerance.

Scheme 19 Rh(III)-catalyzed synthesis of substituted isoindoles.

Scheme 20 Rh(III)-catalyzed coupling of 4-anilinoquinazolines with
diazo compounds.

Scheme 21 Rh(III)-catalyzed synthesis of isochromenoindolones.

Scheme 22 Rh(III)-catalyzed synthesis of 3-sulfonyl indoles.

Review Organic Chemistry Frontiers
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In 2023, Liu, Zhou and co-workers developed a mild and
highly efficient method for the preparation of highly fused
polycyclic indole derivatives via Rh(III)-catalyzed redox-neutral
C–H activation/cyclization of 2-phenyl-3H-indoles with α-diazo-
β-keto compounds (Scheme 23).31 This novel coupling pro-
ceeded through two sequential C–H activations and an
unusual intramolecular [3 + 3]/[4 + 2] annulation sequence,
affording a large number of highly fused indole scaffolds
bearing a tetrasubstituted carbon stereocenter in up to 92%
yield in a one-pot manner.

More recently, the Liu group reported a Rh(III)-catalyzed
tandem C–H activation/annulation of arylhydrazines with
2-diazo-indan-1,3-diones under redox-neutral conditions
(Scheme 24).32 A wide range of functional groups, such as F,

Cl, Br, I, MeO, Me, CF3, NO2 and COOMe at different positions
of the benzene ring were well tolerated under the standard
reaction conditions to afford a variety of tetracyclic indeno[1,2-
b]indoles in 43–96% yields. Importantly, the synthetic utility of
the developed protocol was further demonstrated by a gram-
scale synthesis and derivatization of the generated indeno[1,2-
b]indole products.

3. Synthesis of isoindolones and their
derivatives

In 2013, Rovis and co-workers disclosed a mild and efficient
strategy for the construction of isoindolones bearing a tetra-
substituted carbon stereocenter via Rh(III)-catalyzed C–H acti-
vation reactions of O-pivaloyl benzohydroxamic acids with
diazo compounds (Scheme 25).33 A wide range of substituted
O-pivaloyl benzohydroxamic acids could couple very well with
different diazo compounds, leading to the formation of a large
number of isoindolones in up to 99% yield. Mechanistic
studies indicated that the C–H bond cleavage of benzamides
was irreversible and the rate-determining step, and this redox-
neutral annulation may have proceeded under a mechanism
similar to that for the Rh(III)-catalyzed dihydroisoquinolones
synthesis.

In 2014, Yu and colleagues also developed a facile and
efficient method to access functionalized isoindolones via Rh
(III)-catalyzed C–H activation/formal [4 + 1] cycloaddition of
O-acetyl benzohydroxamic acids with diazo compounds
(Scheme 26).34 The N-OAc moiety of benzamides could play a
dual role in the cyclization reaction: as a directing group for
C–H activation and as an internal oxidant to regenerate the
active Rh(III) catalyst. A diverse range of functionalized isoindo-
lones could be obtained in up to 93% yield under mild and
external oxidant-free reaction conditions.

In the same year, the enantioselective synthesis of isoindo-
lones via chiral cyclopentadienyl-rhodium(III)-catalyzed C–H

Scheme 23 Rh(III)-catalyzed synthesis of highly fused polycyclic indole
derivatives.

Scheme 24 Rh(III)-catalyzed synthesis of tetracyclic indeno[1,2-b]
indoles.

Scheme 25 Rh(III)-catalyzed synthesis of isoindolones from O-pivaloyl
benzohydroxamic acids and diazo compounds.

Organic Chemistry Frontiers Review
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activation/[4 + 1] cyclization of O-pivaloyl benzhydroxamic
acids with diazo compounds was realized by the Cramer group
(Scheme 27).35 The use of bulky OTIPS groups in the chiral
half-sandwich cyclopentadienyl rhodium(III) complex played
an important role in controlling the enantioselectivity of this
tandem reaction. A wide range of O-pivaloyl benzhydroxamic
acid derivatives could react smoothly with different diazo com-
pounds to generate the corresponding chiral isoindolones in
up to 94% yield and 96.5 : 3.5 er.

4. Synthesis of isoquinolines and
their derivatives

Isoquinolines and their derivatives are important structural
motifs commonly found in numerous bioactive natural pro-

ducts, functional materials, and pharmaceuticals, exhibiting a
diverse array of biological activities, such as antitumor, anti-
inflammatory, antiviral, anesthetic, and antimicrobial activi-
ties.36 In addition, they can also serve as versatile ligands in
homogeneous catalysis.37 Considering the significance of
these nitrogen-containing scaffolds in modern science, the
development of novel and efficient synthetic methods for the
construction of isoquinolines and their derivatives is highly
desirable.

In 2013, Glorius and co-workers developed a direct and
efficient method for the construction of multisubstituted iso-
quinoline and pyridine N-oxides via Rh(III)-catalyzed coupling
of oximes with α-diazo-β-keto compounds (Scheme 28).38 This
transformation proceeded through a Rh(III)-catalyzed oxime-
directed C–H activation/carbene insertion/annulation process
to produce the desired products in 42–99% yields with the
release of H2O and N2 as the byproducts under oxidant-free
conditions.

In 2016, Liu et al. disclosed a general protocol to access
various isoquinolines and isoquinolin-3-ols via Rh(III)-cata-
lyzed C–H activation/annulation of arylimidates with diazo
compounds under oxidant-free conditions (Scheme 29).39

When α-diazocarbonyl compounds were used as coupling part-
ners in this tandem reaction, a large number of isoquinolines
could be selectively formed in 32–95% yields with a broad sub-
strate scope. When diazotized Meldrum’s acid was employed
as a carbene precursor, the corresponding isoquinolin-3-ol
products could be also obtained in up to 90% yield via a C–H
activation/carbene migratory insertion/addition/elimination/
decarboxylation cascade.

Almost simultaneously, Zhu and colleagues also developed
a mild and efficient synthetic route for the preparation of
diverse substituted isoquinolines via Rh(III)-catalyzed direct C–
H functionalization of benzimidates by using diazo com-
pounds as C2 building blocks (Scheme 30).40 This cascade
approach featured readily available starting materials, mild
reaction conditions, excellent chemoselectivity, and broad
functional group tolerance.

Scheme 26 Rh(III)-catalyzed [4 + 1] cycloaddition of O-acetyl benzohy-
droxamic acids with diazo compounds.

Scheme 27 Chiral cyclopentadienyl-Rh(III)-catalyzed asymmetric syn-
thesis of isoindolones.

Scheme 28 Synthesis of isoquinoline and pyridine N-oxides from
oximes and diazo compounds.
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In 2016, the Li group reported a tandem process towards
7H-indolo(2,3-c)isoquinolines via Rh(III)-catalyzed imidate-
directed C–H bond functionalization of aryl imidates with
3-diazoindolin-2-imines (Scheme 31).41 The reaction condition
was mild and the catalyst loading could be lowered to 1 mol%
in this catalytic system. A wide range of electron-donating/with-
drawing groups on the benzene rings of aryl imidates were
well tolerated to afford these important fused heterocycles in
37–98% yields.

In 2016, Li and co-workers developed a site-selective
rhodium/copper-cocatalyzed C–H functionalization and
cascade annulation of benzylamines with diazo compounds
(Scheme 32a).42a This transformation proceeded via a dehydro-
genation/C–H activation/carbene insertion/annulation process
to provide diverse substituted and fused isoquinoline deriva-
tives by using atmospheric oxygen as the terminal oxidant.
Later, Cheng42b and Cui42c also independently reported an
efficient and straightforward approach for synthesizing multi-
substituted isoquinolines via Rh(III)-catalyzed C–H activation/
annulation of commercially available primary benzylamines
with α-diazo-β-keto compounds (Scheme 32b and c).

In 2018, Song and colleagues reported an elegant [4 + 2]
annulation of 2-arylimidazoles with α-diazoketoesters to access
five different kinds of imidazo[2,1-a]isoquinoline derivatives in
the presence of [Cp*RhCl2]2 as the catalyst (Scheme 33).43

Notably, the selective formation of different types of imidazo
[2,1-a]isoquinoline products, including retro-Claisen products,
decarboxylation products, and 1,2-addition products could be
controlled by the ester groups of diazo compounds. Moreover,
the synthetic utility of this methodology was further demon-
strated through the concise and efficient synthesis of some
bioactive molecules.

Interestingly, the same group in 2018 continued to develop
a convenient and efficient strategy for the synthesis of imidazo

Scheme 29 Rh(III)-catalyzed coupling of arylimidates and diazo
compounds.

Scheme 30 Rh(III)-catalyzed synthesis of isoquinolines from benzimi-
dates and diazo compounds.

Scheme 31 Rh(III)-catalyzed synthesis of indoloisoquinolines from aryl
imidates and 3-diazoindolin-2-imines.

Scheme 32 Rh(III)-catalyzed synthesis of isoquinolines from benzyl-
amines and diazo compounds.
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[2,1-a]isoquinoline derivatives from benzimidazoles and excess
diazo tert-butyl esters via Rh(III)-catalyzed dual C–H activation/
deesterification/annulation cascade (Scheme 34).44 A wide
range of benzimidazole derivatives bearing either electron-
donating groups or electron-withdrawing groups at different
positions of benzene ring all reacted very well with diazo tert-
butyl esters to provide the targeted products in 58–97% yields.

In 2018, Shang et al. developed a versatile method for the
preparation of 1-aminoisoquinoline scaffolds via rhodium(III)-
catalyzed cascade C–H bond activation/C–N bond formation of
N-aryl amidines with cyclic 2-diazo-1,3-diketones
(Scheme 35).45 This reaction occurred under mild and redox-

neutral conditions to afford a large number of 1-aminoisoqui-
noline derivatives in up to 93% yield with good functional
group tolerance.

In 2019, Liu, Zhou and co-workers reported a Rh(III)-cata-
lyzed site-selective C–H activation and cascade annulation of
N-arylbenzimidamides with diazophosphonate compounds for
the synthesis of 4-phosphorylisoquinoline derivatives
(Scheme 36).46 The optimized reaction conditions for the gene-
ration of 4-phosphorylisoquinolines were determined as
follows: [Cp*RhCl2]2 (8 mol%) as the catalyst, AgNTf2
(20 mol%), CsOAc (2 equiv.), and AcOH (2 equiv.) as the addi-
tives in DCE (2 mL) at 100 °C for 14 h under a nitrogen atmo-
sphere. Interestingly, 3-phosphorylindoles could be also selec-
tively formed when [Ru(p-cymene)Cl2]2 was used as a catalyst
instead of [Cp*RhCl2]2 in this cascade cyclization.

In 2019, the Sun group developed a practical and efficient
synthetic method to construct isochromeno[3,4-c]isoquinoline
derivatives via Rh(III)-catalyzed coupling of benzimidamides
with 4-diazoisochroman-3-imines (Scheme 37a).47a This trans-
formation proceeded via a C–H activation/carbene insertion/

Scheme 33 Rh(III)-catalyzed synthesis of imidazo[2,1-a]isoquinoline
derivatives.

Scheme 34 Rh(III)-catalyzed dual C–H activation of benzimidazoles
with diazo tert-butyl esters.

Scheme 35 Rh(III)-catalyzed synthesis of aminoisoquinolines from
N-aryl amidines and cyclic 2-diazo-1,3-diketones.

Scheme 36 Rh(III)-catalyzed synthesis of 4-phosphorylisoquinolines.
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intramolecular annulation cascade to generate a variety of
8-amino-5H-isochromeno[3,4-c]isoquinolines in up to 86%
yield with excellent functional group tolerance. In 2020, Liu,
Zhou and co-workers reported a straightforward approach for
the rapid assembly of highly fused pyrano[2,3-b]pyridines by
using benzimidates as substrates and 4-diazoisochroman-3-
imines as carbene precursors under Rh(III) catalysis
(Scheme 37b).47b Later, the same group continued to develop a
mild and efficient strategy to access highly fused isoquinoline
scaffolds via rhodium(III)-catalyzed C–H activation/annulation
of aryl azomethine imines with 4-diazoisochroman-3-imines
by employing the azomethine imine moiety as a removable
directing group (Scheme 37c).47c

In 2020, Wang, Lu and co-workers disclosed a convenient
and efficient approach towards 8-alkoxy-5H-isochromeno[3,4-c]
isoquinoline derivatives via Rh(III)-catalyzed imidate-directed
C–H activation/cascade annulation of benzimidates with 4-dia-
zoisochroman-3-imines (Scheme 38).48 This tandem reaction

could be scaled up for synthetic useful yield and the syn-
thesized products could be efficiently converted into biologi-
cally active heterocycles with a isochromenopyridinone core.
Interestingly, when 4-diazoisoquinolin-3-ones were used as
carbene precursors in this coupling, the corresponding
1-alkoxy-4-arylisoquinolin-3-ols could be also obtained in up to
98% yield via a nucleophilic addition–elimination cascade.

In 2022, Zhou and colleagues reported a facile and efficient
synthesis of 1,3,4-functionalized isoquinolines via Rh(III)-cata-
lyzed C–H activation/defluorinative [4 + 2] annulation of
N-sulfonylarylamide derivatives with ethyl 2-diazo-3,3,3-tri-
fluoropropanoate (Scheme 39).49 This reaction proceeded
through a Rh(III)-catalyzed C–H activation/carbene insertion/
dual C–F bond cleavage/cyclization/sulfonyl group migration
sequence to provide a large number of 1,3,4-trisubstituted iso-
quinoline derivatives by using 2-diazo-3,3,3-trifluoropropano-
ate as a nontraditional two-carbon synthon.

Later, the same group disclosed a similar defluorinative [4
+ 2] annulation protocol for the preparation of 6-fluoro-indolo
[2,1-a]isoquinolines from 2-aryl indoles and ethyl 2-diazo-
3,3,3-trifluoropropanoate (Scheme 40).50 Notably, the remain-
ing fluorine atom of the obtained isoquinoline products could
be used as a handle for further synthetic elaboration through
the SNAr reactions with several kinds of nucleophiles.
Moreover, the substrate scope of this transformation could be
extended to other azoles, generating a series of mono-fluori-
nated nitrogen heterocycles with a ring-junction nitrogen
atom.

A plausible mechanism for the construction of 6-fluoro-
indolo[2,1-a]isoquinolines from 2-aryl indoles and ethyl
2-diazo-3,3,3-trifluoropropanoate is shown in Scheme 41.
Initially, the Rh(III)-catalyzed indole-directed C–H/N–H bond
cleavage of 2-phenyl indole gives a five-membered rhodacyclic
intermediate A, which can react with ethyl 2-diazo-3,3,3-tri-
fluoropropanoate to form a metal–carbenoid complex B with
the release of N2. Next, migratory insertion of the Rh–C bond
into the activated carbene affords a six-membered rhodacyclic

Scheme 37 Rh(III)-catalyzed coupling of arenes with 4-diazoisochro-
man-3-imines.

Scheme 38 Rh(III)-catalyzed coupling of benzimidates with 4-diazoiso-
chroman-3-imines and 4-diazoisoquinolin-3-ones.

Scheme 39 Rh(III)-catalyzed synthesis of 1,3,4-functionalized
isoquinolines.
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intermediate C. The complex C then undergoes the first β-F
elimination to furnish a Rh(III) complex D. The intramolecular
aminorhodation of Rh(III) species D generates the rhodium
intermediate E, which undergoes the second β-F elimination
to yield the desired 6-fluoro-indolo[2,1-a]isoquinoline along
with a release of the Rh(III) catalyst for the next catalytic cycle.

5. Synthesis of isoquinolones and
their derivatives

In 2012, Yu and co-workers first demonstrated a mild and
efficient synthesis of α-aryl malonates via Cp*Rh(III)-catalyzed
oxime ether-directed ortho C–H bond functionalization of aryl
ketone oximes with α-diazomalonates as carbene precursors.9

When the substrate scope of this reaction was extended to
unprotected benzylamines, various structurally diverse isoqui-
nolone derivatives could be efficiently generated in up to 89%

yield with good functional group compatibility through a Rh
(III)-catalyzed C–H activation/annulation strategy (Scheme 42).

Later, the asymmetric synthesis of various 1,4-dihydroiso-
quinolin-3(2H)-ones from diarylmethanamines and diazomalo-
nate in the presence of [Cp*RhCl2]2/chiral carboxylic acid cata-
lytic system was also disclosed by the Matsunaga group
(Scheme 43).51 A newly designed 3,4,5-trifluorophenyl substi-
tuted binaphthyl-based chiral monocarboxylic acid was found
to be the most efficient chiral additive to achieve high enantio-
selectivity in this catalytic process. This chiral carboxylic acid-
enabled transformation proceeded via an enantioselective C–H
activation/annulation/decarboxylation sequence to provide a
diverse range of 1,4-dihydroisoquinolin-3(2H)-ones in up to
87% yield with high enantioselectivities (up to 98.5 : 1.5 er).

In 2015, Yi and co-workers developed a simple and efficient
synthetic method to construct structurally diverse
N-methoxyisoquinolinediones via Rh(III)-catalyzed regio-
selective C–H activation/annulation of N-methoxybenzamides
with α-diazotized Meldrum’s acid (Scheme 44).52 A wide range

Scheme 40 Rh(III)-catalyzed synthesis of 6-fluoro-indolo[2,1-a]isoqui-
nolines and related heterocycles.

Scheme 41 Plausible mechanism for the synthesis of 6-fluoro-indolo
[2,1-a]isoquinolines.

Scheme 42 Rh(III)-catalyzed coupling of N-benzylmethylamines with
diazoesters.

Scheme 43 Asymmetric synthesis of 1,4-dihydroisoquinolin-3(2H)-
ones.
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of functional groups on the benzene ring of
N-methoxybenzamides, such as F, Cl, Br, NO2, COOMe, MeO,
and Me, were all well tolerated to afford the corresponding pro-
ducts in 37–83% yields. To further demonstrate the practicality
of this reaction, the synthesized N-methoxyisoquinolinediones
could be efficiently converted into N-methoxyisoquinolinones
via a selective reduction/dehydration sequence.

In 2015, Wang et al. disclosed a mild and efficient protocol
for the preparation of various multisubstituted isoquinolones
and pyridones via Rh(III)-catalyzed N-methoxyamide-directed
C–H activation/annulation of N-methoxybenzamides or
N-methoxymethacrylamides with α-diazocarbonyl compounds
(Scheme 45).53 Notably, the methoxy group of the
N-methoxyisoquinolinone product could be readily removed.
Treatment of N-methoxyisoquinolinone with sodium hydride
in DMF afforded the corresponding isoquinolin-1(2H)-one in
synthetic useful yield.

In 2016, Lin, Yao and colleagues reported a Rh(III)-catalyzed
amide-directed ortho C–H activation/annulation of primary
benzamides with α-diazo-β-keto compounds under redox-
neutral conditions, leading to the formation of a large number
of isoquinolinones in up to 98% yield (Scheme 46).54

Importantly, the obtained isoquinolinone derivatives could be
readily transformed into various multifunctionalized isoquino-
lines via a bromination/coupling sequence.

In 2018, Guo et al. developed a practical and efficient syn-
thetic approach towards isoindolo[2,1-b]isoquinoline-7-carbox-
ylate derivatives via Rh(III)-catalyzed oxidative C–H activation/[4
+ 1] annulation of isoquinolones with diazo compounds fol-
lowed by an in situ deacylation process (Scheme 47).55 A series
of 7-carboxylate substituted isoindolo[2,1-b]isoquinoline
derivatives could be obtained in up to 93% yield with broad

Scheme 44 Synthesis of N-methoxyisoquinolinediones from
N-methoxybenzamides and α-diazotized Meldrum’s acid.

Scheme 45 Rh(III)-catalyzed coupling of N-methoxybenzamides or
N-methoxymethacrylamides with α-diazocarbonyl compounds.

Scheme 46 Rh(III)-catalyzed annulation of primary benzamides with
α-diazo-β-keto compounds.

Scheme 47 Rh(III)-catalyzed oxidative annulation of isoquinolones with
diazo compounds.
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substrate scope. Notably, the synthesized isoindolo[2,1-b]iso-
quinoline-7-carboxylate products could be further transformed
into rosettacin analogues via a hydrolysis/decarboxylation
sequence, which are widely present in synthetic drugs and bio-
logically active alkaloids.

In 2019, Wang, Lu and co-workers reported a Rh(III)-cata-
lyzed tandem C–H bond activation/formal [4 + 2] annulation of
N-methoxybenzamides with 4-diazoisochroman-3-imines,
leading to the formation of a variety of 3-amino-4-arylisoquino-
linones in up to 84% yield (Scheme 48).56 This one-pot
approach possessed the advantages of readily available starting
materials, mild reaction conditions, and broad substrate
scope. Furthermore, the obtained products could be efficiently
converted into dibenzo[c,f ][1,8]naphthyridines via a chlori-
nation/cyclization sequence.

In 2020, Volla and colleagues developed a practical and
effective strategy to access structurally diverse indolo[2,3-c]iso-
quinolin-5-ones via Rh(III)-catalyzed N-methoxyamide-directed
C–H activation/annulation of N-methoxybenzamides and 3-dia-
zoindolin-2-imines (Scheme 49).57 A wide range of
N-methoxybenzamides coupled smoothly with different substi-
tuted 3-diazoindolin-2-imines to furnish the corresponding
indole fused tetracyclic isoquinolinone derivatives in 54–77%
yields.

Later, Chen and co-workers disclosed a one-pot three-com-
ponent synthesis of isoquinolone derivatives from phenyloxa-
zoles, diazo compounds, and carboxylic acids via Rh(III)-cata-
lyzed direct C–H activation and tandem annulation
(Scheme 50).58 This transformation provided a number of mul-
tifunctionalized isoquinolones through the ring opening of
oxazolines with various commercially available carboxylic
acids under redox-neutral conditions. Interestingly, when
adipic acid was used as an acid additive in this tandem reac-
tion, a series of structurally diverse isocoumarin derivatives
could be selectively formed in good yields.

Scheme 48 Rh(III)-catalyzed synthesis of 3-amino-4-
arylisoquinolinones.

Scheme 49 Rh(III)-catalyzed synthesis of indolo[2,3-c]isoquinolin-5-
ones.

Scheme 50 Rh(III)-catalyzed three-component synthesis of isoquino-
lone derivatives.

Scheme 51 Rh(III)-catalyzed synthesis of N-substituted
indenoisoquinolinones.
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In 2023, the Cui group reported an efficient synthetic route
towards N-substituted indenoisoquinolinones via Rh(III)-cata-
lyzed oxazoline-directed C–H activation/annulation of 2-pheny-
loxazolines with 2-diazo-1,3-indandiones under redox-neutral
conditions (Scheme 51).59 This developed protocol featured
mild reaction conditions, easily accessible substrates, good
functional group compatibility, and excellent atom- and step-
economy, providing a variety of valuable indenoisoquinoli-
nones in up to 93% yield.

6. Synthesis of cinnolines and their
derivatives

Cinnolines and their derivatives are ubiquitous structural
motifs found in a large number of bioactive molecules and
functional materials with antitumor, antimicrobial, anti-
cancer, and anti-inflammatory activities, as well as lumine-
scence and optical properties.60 Therefore, the development of
practical and straightforward synthetic methods to construct
such N-heterocycles would be highly desirable.

In 2015, Lee and co-workers disclosed a one-pot three-com-
ponent synthesis of cinnolin-3(2H)-one derivatives from azo-
benzenes, diazotized Meldrum’s acid, and alkyl alcohols via
Rh(III)-catalyzed cascade C–H alkylation/annulation reactions
by employing an azo moiety as a directing group under redox-
neutral conditions (Scheme 52a).61a Almost simultaneously,
the group of Kim in 2015 also independently reported a
rhodium(III)-catalyzed azo-directed tandem C–H alkylation/
annulation of azobenzenes with diazotized Meldrum’s acid in
MeOH, affording diverse substituted cinnolin-3(2H)-ones in
moderate to good yields (Scheme 52b).61b

In 2016, Lin, Yao and colleagues developed an efficient and
economical synthetic route for the construction of cinnoline
derivatives via Rh(III)-catalyzed coupling of azo substrates with
α-diazocarbonyl compounds under mild and redox-neutral
conditions (Scheme 53).62 A wide range of substituted azo sub-
strates with a tert-butoxycarbonyl group (Boc) could react
efficiently with various α-diazocarbonyl compounds to afford
the corresponding cinnolines in up to 96% yield. Notably, the
synthesized cinnoline products could undergo further trans-

formation to generate several bioactive nitrogen heterocyclic
scaffolds.

In the same year, the Zhu group disclosed a mild and
efficient protocol to access diverse substituted cinnoline
derivatives via Rh(III)-catalyzed N-amino-directed C–H acti-
vation/cascade annulation of 1-alkyl-1-phenylhydrazines with
α-diazo-β-ketoesters (Scheme 54).63 The kinetic isotope studies
(KH/KD = 4.9) indicated that the Rh(III)-catalyzed ortho C–H
bond activation process was the likely rate-determining step in
the tandem reaction.

In 2018, Lin, Yao and co-workers developed an efficient and
straightforward Rh(III)-catalyzed pyrazolidin-3-one-directed C–
H bond functionalization of 1-phenylpyrazolidinones with
α-diazocarbonyl compounds (Scheme 55).64 The reaction pro-
ceeded with good functional group tolerability and excellent
regioselectivity to deliver a series of pyrazolo[1,2-a]cinnolines
in 44–87% yields under mild and redox-neutral conditions.
The only formed byproducts of this coupling were environ-
mentally benign H2O and N2.

A catalytic cycle for the pyrazolo[1,2-a]cinnolines synthesis
from pyrazolidinones and α-diazo-β-keto compounds is pro-
posed in Scheme 56. First, the active catalyst [Cp*Rh(SbF6)2] is

Scheme 52 Rh(III)-catalyzed coupling of azobenzenes with diazotized
Meldrum’s acid.

Scheme 53 Rh(III)-catalyzed coupling of azo substrates with
α-diazocarbonyl compounds.

Scheme 54 Rh(III)-catalyzed annulation of 1-alkyl-1-phenylhydrazines
with α-diazo-β-ketoesters.
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formed through the reaction of the precatalyst [Cp*RhCl2]2
with AgSbF6. Subsequently, the C–H activation of 1-phenylpyra-
zolidin-3-one with the active catalyst [Cp*Rh(SbF6)2] affords a
five-membered rhodacyclic intermediate A. Then, the inter-
mediate A reacts with α-diazo-β-keto compound to give rise to
a Rh–carbene B with extrusion of nitrogen gas. Next, a
migratory insertion of rhodium carbene species B generates
the six-membered rhodacycle C. Protonolysis of Rh(III) species
C with HSbF6 provides the intermediate D along with the
regeneration of the active Rh(III) catalyst for the next catalytic
cycle. Finally, the intermediate D further undergoes an intra-
molecular nucleophilic addition/dehydration sequence to
deliver the desired pyrazolo[1,2-a]cinnoline product.

In 2018, the Li group described a Rh(III)-catalyzed azo-
directed C–H activation/annulation between azobenzenes and
α-diazo-β-keto compounds, providing a straightforward syn-
thetic route to functionalized cinnolinium triflates in up to
quantitative yield (Scheme 57).65 The zinc trifluoromethanesul-

fonate used in the tandem reaction may play a dual role: as a
Lewis acid for further cyclization and as a triflate source for
the generation of cinnolinium salts.

In the same year, Sakhuja and co-workers developed an
additive-modulated strategy for the preparation of phthalazino
[2,3-a]cinnolines and unprecedented hydroxy-dihydroindazolo
[1,2-b]phthalazines via Rh(III)-catalyzed coupling of
N-arylphthalazine-1,4-diones with α-diazocarbonyl compounds
(Scheme 58).66 When the cascade reaction was conducted by
using [Cp*RhCl2]2 as the catalyst and AgSbF6 as the additive in
DCE at 110 °C under a nitrogen atmosphere, the expected [4 +
2] annulated products phthalazino[2,3-a]cinnolines could be
selectively generated in up to 83% yield with high atom
efficiency. Interestingly, when CsOAc was used as the additive
in DCE at room temperature under an air atmosphere, the un-
precedented [4 + 1] annulated products hydroxy-dihydroinda-
zolo[1,2-b]phthalazines could be also isolated in up to 88%
yield with good functional group tolerance.

In 2019, Ruan, Xu and colleagues reported a rapid synthetic
method for the construction of structurally diverse 12H-inda-
zolo[2,1-a]cinnolin-12-ones via Rh(III)-catalyzed secondary
amine-directed redox-neutral [4 + 2] annulation of 2-phenylin-
dazolones with α-diazocarbonyl compounds (Scheme 59).67 A

Scheme 55 Rh(III)-catalyzed synthesis of pyrazolo[1,2-a]cinnolines.

Scheme 56 A catalytic cycle for the synthesis of pyrazolo[1,2-a]
cinnolines.

Scheme 57 Rh(III)-catalyzed synthesis of cinnolinium salts.

Scheme 58 Rh(III)-catalyzed coupling of 2-arylphthalazine-1,4-diones
with α-diazocarbonyl compounds.
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wide range of electron-donating/withdrawing groups at
different positions of phenylindazolones were all well toler-
ated, affording the indazolo[2,1-a]cinnoline scaffolds in up to
99% yield under mild reaction conditions. Notably, the fluo-
rescent properties of the generated products were also investi-
gated and the results showed that many synthesized indazolo
[2,1-a]cinnoline derivatives represent a new kind of fluoro-
phore with large Stokes shifts (>100 nm).

In 2021, the Sun group developed a novel and efficient pro-
tocol for the preparation of pyrazolone-fused cinnolines via Rh
(III)-catalyzed [4 + 2] annulation reactions of N-aryl pyrazolones
with diverse diazo compounds (Scheme 60).68 When α-diazo
ester/ketone, phosphate diazo compounds were employed as
carbene precursors in the tandem reaction, a variety of dihy-
dropyrazolo[1,2-a]cinnolines could be generated in up to 95%
yield with excellent functional group compatibility. When

different cyclic 2-diazo-1,3-diketones were used as coupling
partners in this transformation, a series of dihydrobenzo[c]pyr-
azolo[1,2-a]cinnoline-1,8-dione products could be also
obtained in up to 88% yield with a broad substrate scope.

7. Synthesis of 1,2-benzothiazines
and their derivatives

In 2015, Bolm and co-workers developed an efficient and
straightforward method to access various 1,2-benzothiazines
via Rh(III)-catalyzed sulfoximine-directed [4 + 2] annulation of
NH-sulfoximines with α-diazo-β-keto compounds
(Scheme 61a).69a This tandem reaction proceeded via a C–H
activation/carbene migratory insertion/condensation sequence
to afford diversely substituted 1,2-benzothiazine derivatives in
up to 99% yield with excellent functional group compatibility.
In 2019, the Wu group also reported a recyclable and mild
process for the construction of a large number of 1,2-ben-
zothiazines via Rh(III)-catalyzed tandem C–H activation/annula-
tion of NH-sulfoximines with α-diazocarbonyl compounds in
ionic liquids (Scheme 61b).69b Notably, the Rh(III)/[BMIM][PF6]
catalytic system exhibited satisfactory catalytic activity even
after ten cycles.

A mild and enantioselective preparation of diverse 1,2-ben-
zothiazines from readily available diaryl sulfoximines and
α-diazo-β-keto compounds was realized by the Cramer group
in 2018 (Scheme 62).70 The combination of a binaphthyl-based
half-sandwich chiral rhodium(III) complex with a N-protected
amino acid was employed as the asymmetric catalytic system
for the generation of various enantioenriched 1,2-benzothia-
zines with a sulfur-central chirality in up to 96% yield with
excellent enantioselectivity (up to 96 : 4 er).

Scheme 59 Rh(III)-catalyzed synthesis of indazolo[2,1-a]cinnolines.

Scheme 60 Rh(III)-catalyzed synthesis of pyrazolone-fused cinnolines
from N-aryl pyrazolones and diazo compounds.

Scheme 61 Rh(III)-catalyzed synthesis of 1,2-benzothiazines from sul-
foximines and diazo compounds.
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Almost simultaneously, the group of Li in 2018 also inde-
pendently reported a mild and efficient desymmetrization
reaction of diaryl sulfoximines and α-diazocarbonyl com-
pounds to access a large number of chiral 1,2-benzothiazine
derivatives by using a chiral cyclopentadiene-Rh catalyst
(Scheme 63).71 Notably, the selective formation of R or
S-configured 1,2-benzothiazine products could be controlled
by the use of different achiral carboxylic acid additives.

In 2017, Lee and colleagues disclosed an efficient and
straightforward approach for the construction of indolo-1,2-
benzothiazines via rhodium-catalyzed redox-neutral annula-
tion of sulfoximines with 3-diazoindolin-2-imines
(Scheme 64).72 A wide range of functional groups in both S-aryl
sulfoximine and 3-diazoindolin-2-imine substrates were well
tolerated to provide a series of indolo-1,2-benzothiazine deriva-
tives in 48–99% yields along with the release of p-toluenesulfo-
namide and N2 as the byproducts.

In 2019, the Bolm group further demonstrated a regio-
selective preparation of 1,2-benzothiazine 1-imines via Rh(III)-
catalyzed C–H/N–H activation and [4 + 2] annulation of sulfon-
diimines with α-diazo-β-ketoesters (Scheme 65).73 Various sub-
stituted sulfondiimines could couple smoothly with different
α-diazo-β-ketoesters to generate structurally diverse 1,2-ben-
zothiazine 1-imines in 27–99% yields by using [Cp*Rh
(MeCN)3][SbF6]2 as the catalyst under redox-neutral conditions.

In 2020, Liu, Li and co-workers developed a Rh(III)-catalyzed
sulfoximine-directed C–H activation and tandem annulation of
S-phenylsulfoximides with 4-diazoisochroman-3-imines,
enabling the synthesis of various fused isochromeno-1,2-ben-
zothiazines (Scheme 66).74 The standard conditions for the
tandem reaction were [Cp*RhCl2]2 (5 mol%) as the catalyst and
AgOPiv (20 mol%) as the additive in TFE at room temperature
for 18 h under an air atmosphere. A large number of isochro-

meno-1,2-benzothiazine derivatives could be obtained in up to
93% yield with a broad substrate scope under mild reaction
conditions.

In 2021, the same group further achieved a facile synthesis
of highly fused tetracyclic indeno-1,2-benzothiazines via Rh
(III)-catalyzed sulfoximine-directed [4 + 2] annulation of sulfoxi-
mides with 2-diazo-1,3-indandiones (Scheme 67).75 It is worth

Scheme 62 Enantioselective synthesis of 1,2-benzothiazines from
diaryl sulfoximines and α-diazo-β-keto compounds.

Scheme 63 Rh(III)-catalyzed enantiodivergent coupling of sulfoximines
with diazo compounds.

Scheme 64 Rh(III)-catalyzed synthesis of indolo-1,2-benzothiazines.

Review Organic Chemistry Frontiers

Org. Chem. Front. This journal is © the Partner Organisations 2025

Pu
bl

is
he

d 
on

 1
7 

Fe
br

ua
ry

 2
02

5.
 D

ow
nl

oa
de

d 
by

 S
H

A
N

D
O

N
G

 U
N

IV
E

R
SI

T
Y

 o
n 

3/
7/

20
25

 2
:4

6:
26

 A
M

. 
View Article Online

https://doi.org/10.1039/d5qo00111k


mentioning that some of the synthesized fused indeno-1,2-
benzothiazine products exhibited a good optical property,
showing potential value in live cell imaging as these com-
pounds can emit bright fluorescence in live cells.

8. Synthesis of carbazoles and their
derivatives

Carbazoles and their derivatives are important fused nitrogen-
containing heterocycles that are present in a wide range of
natural alkaloids, pharmacologically active compounds, and
functional materials.76 Due to their widespread applications in
medicinal chemistry and materials science, considerable
efforts have been devoted to the development of efficient and
straightforward synthetic routes for the preparation of structu-
rally diverse carbazoles.77 Among the developed synthetic
methods, transition-metal-catalyzed direct C–H functionali-
zation of inert C–H bonds has been considered as an attrac-
tive, efficient and atom-economic strategy to construct functio-
nalized carbazoles.

In 2015, Wang, Huang and co-workers reported a mild and
efficient Rh(III)-catalyzed pyrimidyl-directed C–H activation
and Brønsted acid-catalyzed tandem cyclization from readily
available indole derivatives and enaldiazo esters/ketones,
leading to the formation of a diverse array of functionalized
carbazoles in up to 98% yield (Scheme 68).78 Moreover, the
benzannulation of pyrrole derivatives with enaldiazo esters
was also accomplished under the same reaction conditions,
allowing the facile preparation of several indole products in up
to 88% yield.

In 2016, Yao, Lin and colleagues disclosed a novel and prac-
tical 1,4-rhodium migration strategy to construct benzo[a]car-
bazoles by using o-ethynylanilines and α-diazo-β-keto com-
pounds as the substrates (Scheme 69).79 The combination of
[Cp*RhCl2]2 as the catalyst and Cu(OAc)2 as the additive was

Scheme 65 Synthesis of 1,2-benzothiazine 1-imines.

Scheme 66 Rh(III)-catalyzed synthesis of isochromeno-1,2-benzothia-
zine derivatives.

Scheme 67 Rh(III)-catalyzed synthesis of indeno-1,2-benzothiazines.
Scheme 68 Synthesis of carbazoles from indoles and enaldiazo esters
or ketones.
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the most effective catalytic system for this cascade annulation,
providing the corresponding benzo[a]carbazole products in up
to 92% yield with excellent functional group compatibility.

In 2017, the Fan group developed a practical and efficient
synthetic route towards benzo[a]carbazole derivatives via a Rh
(III)-catalyzed NH-indole-directed C–H activation/cascade cycli-
zation of 2-arylindoles or 2-arylindole-3-carbonitriles with
α-diazocarbonyl compounds (Scheme 70).80 A wide range of
substituted 2-arylindoles could react efficiently with
α-diazocarbonyl compounds to provide structurally diverse
benzo[a]carbazoles in moderate to good yields with
[Cp*RhCl2]2 (5 mol%) as the catalyst and Cu(OAc)2 (20 mol%)
as the additive. Interestingly, when 2-arylindole-3-carbonitriles
were used as substrates in the cascade reaction, 6-amino
benzo[a]carbazole derivatives could be selectively formed in
63–75% yields with the [Cp*RhCl2]2/AgSbF6/AgOAc catalytic
system.

In the same year, Zeng and co-workers also independently
reported a NH-indole-directed synthesis of 1,2-benzocarbazoles
and isoquinoline-based polycyclic heteroaromatics from 2-ary-
lindoles and α-diazo-β-keto compounds under Rh(III) catalysis
(Scheme 71).81 The standard conditions for the preparation of
1,2-benzocarbazoles were [Cp*RhCl2]2 (5 mol%) as the catalyst,
CuCl (50 mol%) as the co-catalyst, NaOAc (30 mol%) the addi-
tive, and Na2CO3 (2.0 equiv.) as the base in acetonitrile at

80 °C for 8 h under an argon atmosphere. A large number of
2-arylindoles could couple efficiently with different
α-diazocarbonyl compounds to afford the corresponding mul-
tisubstituted 1,2-benzocarbazoles in good yields. Interestingly,
when the reaction was conducted in TFE with [Cp*RhCl2]2
(5 mol%) as the catalyst, AgOAc (30 mol%) as the co-catalyst,
and PivOH (2.0 equiv.) as the additive, the double cyclization
products isoquinoline-based polycyclic heteroaromatics could
be isolated as the major products in moderate yields.

In 2017, Shang and co-workers developed a convenient and
efficient approach for constructing dihydrocarbazole deriva-
tives via Rh(III)-catalyzed amide-directed C–H activation/
tandem annulation of N-arylamides with easily available cyclic
diazo-1,3-diketones (Scheme 72a).82a A wide range of func-
tional groups such as fluoro, chloro, bromo, trifluoromethyl,
methyl, methoxyl, and tert-butyl were well tolerated in this
transformation to deliver the corresponding N-acyl-2,3-
dihydro-1H-carbazol-4(9H)-ones in up to 90% yield.
Additionally, the acyl groups of dihydrocarbazole products
could be easily removed under basic conditions. Treatment of
N-acyl dihydrocarbazoles with NaOH in EtOH at room temp-
erature for 10 min provided the corresponding free NH pro-
ducts in excellent yields. Later, the Nemoto group also
reported a facile preparation of functionalized hydrocarbazo-
lones via a Rh(III)-catalyzed regioselective C–H activation/
cascade annulation of 3-enone tethered indoles with
α-diazomalonates (Scheme 72b).82b The α,β-unsaturated enone
group in indole substrates may play a dual role in the tandem
reaction: as a directing group for C2–H alkylation and as an
electrophile for further cyclization.

Scheme 69 Rh(III)-catalyzed coupling of o-ethynylanilines with diazo
compounds.

Scheme 70 Synthesis of benzo[a]carbazole derivatives from 2-arylin-
doles and α-diazocarbonyl compounds.

Scheme 71 Rh(III)-catalyzed coupling of 2-arylindoles with diazo
compounds.
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A Rh(III)-catalyzed [4 + 2] annulation of 3-(1H-indol-3-yl)-3-
oxopropanenitriles with α-diazo-β-ketoesters was accomplished
by Cheng and co-workers in 2018, enabling the formation of
various polysubstituted carbazoles in 72–85% yields under
acidic conditions (Scheme 73).83 Notably, this reaction could
be also performed under weak basic conditions by using sul-
foxonium ylides as a carbene sources.

In 2020, Huang et al. disclosed a practical and efficient syn-
thetic route to access 5H-benzo[a]carbazol-6-ols or benzo[6,7]
cyclohepta[1,2-b]indol-6-ols from 2-phenyl-1H-indole-3-alde-
hyde derivatives and diazo compounds in the presence of a Rh
(III) catalyst (Scheme 74a).84a This coupling proceeded via a
NH-indole-directed C–H activation/carbene insertion/aldol-
type condensation sequence to generate the expected products
in up to 94% yield with a broad substrate scope. Later, Li and
co-workers also independently reported a straightforward and
efficient approach for the preparation of 5-carbonyl substituted

benzo[a]carbazoles via Rh(III)-catalyzed NH-indole-directed [5 +
1] annulation of 2-aryl-3-acyl-1H-indoles with chain α-diazo
carbonyl compounds (Scheme 74b).84b A large number of
structurally diverse 5-carbonyl substituted benzo[a]carbazole
derivatives could be selectively formed in up to 94% yield via a
cascade C–H activation/carbenoid insertion/intramolecular
nucleophilic addition/deacylative aromatization. Interestingly,
when the reaction was conducted in alcohol solvents by using
cyclic α-diazo-1,3-diketone compounds as the carbene precur-
sors, a diverse array of 5-ester group substituted benzo[a]carba-
zoles could be also obtained in up to 91% yield via a Rh(III)-
catalyzed one-pot cascade C–H bond alkylation, ring-opening
and reannulation of 2-aryl-1H-indole-3-carbaldehydes, cyclic
α-diazo-1,3-diketone compounds and alcohols.

In 2021, the Liu group developed a mild and effective syn-
thetic strategy towards highly functionalized carbazoles via a

Scheme 72 Rh(III)-catalyzed synthesis of functionalized
hydrocarbazolones.

Scheme 73 Rh(III)-catalyzed coupling of 3-(1H-indol-3-yl)-3-oxopro-
panenitriles with α-diazo-β-ketoesters.

Scheme 74 Rh(III)-catalyzed coupling of 3-carbonyl substituted
2-phenyl-1H-indoles with diazo compounds.

Scheme 75 Rh(III)-catalyzed [5 + 1] annulation of indole-enaminones
with α-diazo-β-keto compounds.
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Rh(III)-catalyzed enaminone-directed unexpected [5 + 1] annu-
lation of indole-enaminones with α-diazo-β-keto compounds
(Scheme 75).85 A wide range of functional groups such as
methoxyl, methyl, fluoro, chloro, bromo, iodine and ester at
different positions of the indole moiety could be well tolerated
to afford the [5 + 1] annulation carbazole derivatives in up to
95% yield with a release of acetyl and N,N-dimethyl group
from the two substrates.

9. Synthesis of seven-membered
nitrogen heterocycles

Seven-membered nitrogen heterocycles are key structures that
widely exist in numerous natural products, pharmaceuticals,
and functional materials, which possess important pharmaco-
logical and biological activities, such as anxiolytic, anti-HIV-1,
antiallergic, antibacterial, anticonvulsant, antitumor, anti-
oxidant, and anti-inflammatory properties.86 Traditionally, the
synthetic approaches for the seven-membered N-heterocyclic
compounds are common via cycloaddition reactions.87

Recently, transition-metal-catalyzed C–H activation/annulation
reactions with diazo compounds have been extensively
explored as a powerful and efficient tool to access diverse
seven-membered N-heterocycles.

In 2013, Cui and co-workers reported a facile and efficient
synthesis of azepinones via Rh(III)-catalyzed C–H activation/[4
+ 3] annulation of N-(pivaloyloxy)benzamides with vinyldiazoa-
cetates by using N-OPiv amide as an oxidizing directing group
(Scheme 76).88 It is worth noting that the vinyldiazoacetates
could be used as a C3 synthon to generate a variety of structu-
rally diverse azepinones in up to 97% yield with excellent func-
tional group compatibility under external oxidant-free
conditions.

A plausible mechanism for the formation of azepinones is
proposed in Scheme 77. Initially, the C–H activation reaction
of the activated Rh(III) catalyst with N-(pivaloyloxy)benzamide

forms a five-membered rhodacycle A. Subsequently, coordi-
nation of vinyldiazoacetate to the Rh center followed by extru-
sion of N2 generates the Rh–carbene complex B, which can
undergo a 1,1-migratory insertion to afford a six-membered
rhodacyclic species C. The intermediate C then further under-
goes a 1,3-allylic migration to provide the key eight-membered
rhodacycle D. Next, a rhodium(III) complex E can be obtained
via a reductive elimination/oxidative addition sequence of the
intermediate D. Finally, protonolysis of Rh(III) species E with
acetic acid delivers the desired product azepinone along with a
release of the Rh(III) catalyst for the next catalytic cycle.

In 2016, Huang and colleagues developed a practical and
efficient approach for accessing azepinone derivatives via Rh
(III)-catalyzed free-amine-directed C–H activation/amidation of
aminobiaryls with α-diazomalonates (Scheme 78).89 The
optimization studies revealed that the HOAc additive was criti-
cal for the high conversion of this transformation.
Aminobiaryls bearing a wide range of electron-withdrawing or
electron-donating functional groups could couple smoothly
with α-diazomalonates, providing a large number of new azepi-
none derivatives in 53–94% yields.

Later, the Wang group demonstrated a Rh(III)-catalyzed
tandem C–H activation/annulation of 3-(indolin-1-yl)-3-oxopro-
panenitriles with diazo compounds, leading to the formation
of a variety of hydrogenated azepino[3,2,1-hi]indoles, which
are fused polycyclic compounds with five-, six-, and seven-
membered rings (Scheme 79).90 The formation of different
kinds of products depends on the different types of diazo com-
pounds used, and when ethyl 2-diazo-3-oxobutannoate was
used as a carbene precursor in this tandem reaction, two
isomers were obtained.

In 2017, Zhu and co-workers disclosed an elegant protocol
for the preparation of 2,3-benzodiazepines via Rh(III)-catalyzed
hydrazone-directed ortho C–H activation/annulation of N-Boc

Scheme 76 Rh(III)-catalyzed coupling of benzamides with
vinyldiazoacetates.

Scheme 77 Plausible mechanism for the synthesis of azepinones from
benzamides and vinyldiazoacetates.
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hydrazones with α-diazo-β-ketoesters (Scheme 80).91 The reac-
tion proceeded through a Rh(III)-catalyzed C–H activation, car-
benoid formation, migratory insertion, and protonolysis
sequence followed by intramolecular condensation and selec-
tive cleavage of the N-Boc moiety, providing a series of structu-
rally diverse 2,3-benzodiazepines in 37–80% yields.

In 2019, the Sun group demonstrated an efficient Rh(III)-
catalyzed C–H functionalization strategy for the construction
of indolo/pyrrolo-fused diazepines by using o-indolo/pyrrolo

anilines and diazo compounds as substrates (Scheme 81).92

The reaction proceeded through a Rh(III)-catalyzed free amine-
directed C–H activation and intramolecular amidation
sequence, leading to the formation of a diverse array of indolo/
pyrrolo-fused diazepine derivatives in a highly selective
manner under redox-neutral conditions. Interestingly, when
the metal catalyst was switched to [Ru(p-cymene)Cl]2, the six-
membered indolo/pyrrolo-fused quinoxalines could be selec-
tively isolated in moderate to excellent yields by using CuO as
an oxidant.

In the same year, Huang and co-workers developed a mild
and efficient synthetic route towards seven-membered azepino
[3,2,1-hi]indole derivatives via Rh(III)-catalyzed C–H activation
of 7-phenylindoles with diazo compounds followed by DBU-
catalyzed intramolecular amidation (Scheme 82).93 A wide
range of functional groups at the benzene rings of 7-phenylin-
doles, such as F, Cl, CF3, MeO, CN, NO2, SiMe3, OH, CHO, and

Scheme 78 Synthesis of azepinone derivatives from 2-aminobiaryls
and α-diazomalonates.

Scheme 79 Rh(III)-catalyzed synthesis of hydrogenated azepino[3,2,1-
hi]indoles.

Scheme 80 Rh(III)-catalyzed coupling of N-boc hydrazones with
α-diazo-β-ketoesters.

Scheme 81 Rh(III)-catalyzed annulation of o-indolo/o-pyrrolo anilines
with diazo compounds.

Organic Chemistry Frontiers Review
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CO2Me were all well tolerated in this catalytic system, enabling
the synthesis of a variety of functionalized azepino[3,2,1-hi]
indoles in up to 98% yield.

A highly atom-economical and environmentally benign syn-
thesis of benzo[f ]pyrazolo[1,5-a][1,3]diazepine scaffolds via Rh
(III)-catalyzed free amine-directed tandem C–H activation/annu-
lation of 1-aryl-5-aminopyrazoles with cyclic 2-diazo-1,3-dike-
tones was realized by the Shang group in 2020 (Scheme 83).94

This transformation proceeded smoothly through sequential
C–C/C–N bond formation under oxidant- and additive-free con-
ditions to afford a large number of medically important benzo
[f ]pyrazolo[1,5-a][1,3]diazepine derivatives in 56–83% yields
with the release of N2 and H2O as the byproducts.

In 2021, Fan, Zhang and colleagues developed a practical
and efficient protocol for the construction of various pyrazoli-

dinone fused 1,3-benzooxazepine derivatives via Rh(III)-cata-
lyzed hydrazine-directed C–H activation/formal [4 + 3] annula-
tion of 1-phenylpyrazolidinones with diazonaphthalen-2(1H)-
ones (Scheme 84).95 The pyrazolidinone moiety of 1-phenylpyr-
azolidinones may play a dual role in this transformation: as an
embedded directing group for ortho C–H alkylation and as a
cyclic iminium precursor to participate in the cascade cycliza-
tion. A series of pyrazolidinone fused 1,3-benzooxazepine pro-
ducts could be generated in 43–77% yields with excellent func-
tional group compatibility.

10. Synthesis of nitrogen-containing
spirocycles

Spirocyclic skeletons are one of the most prevalent motifs that
are found in numerous natural products, pharmaceutically
active compounds, semiconductors, dyes, new ligands, and
catalysts with unique biological, chemical and physical pro-
perties.96 Among various spirocyclic compounds, the nitrogen-
containing spirocycles constitute the essential structural back-
bone of many approved drugs and drug candidates, possessing
multiple pharmaceutical activities.97 Due to the wide array of
applications, the development of practical and efficient syn-
thetic methods towards structurally diverse nitrogen-contain-
ing spirocyclic compounds has attracted significant interest
from the synthetic community. Recently, Rh(III)-catalyzed che-
lation-assisted C–H bond activation/annulation reactions by
using cyclic diazo compounds as intriguing coupling partners
have been proved to be a powerful and environmentally
friendly tool for the construction of a variety of important
spiro polycyclic scaffolds.

In 2019, Guo and co-workers developed a practical and
efficient strategy towards the regioselective synthesis of three
different kinds of spiro compounds through Rh(III)-catalyzed
oxidative annulation of isoquinolones with cyclic α-diazo-1,3-

Scheme 82 Rh(III)-catalyzed C–H activation/annulation of 7-phenylin-
doles with diazo compounds.

Scheme 83 Rh(III)-catalyzed coupling of 1-aryl-5-aminopyrazoles with
cyclic 2-diazo-1,3-diketones.

Scheme 84 Rh(III)-catalyzed synthesis of pyrazolidinone fused 1,3-
benzooxazepines.

Review Organic Chemistry Frontiers
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diketones (Scheme 85).98 When various 4-arylsubstituted iso-
quinolones were treated with α-diazo-1,3-diketones in the pres-
ence of [Cp*RhCl2]2 as the catalyst and AgOAc as the oxidant
in 1,4-dioxane at 140 °C, the expected N-spiro products could
be isolated in up to 87% yield with good functional group
compatibility. In contrast, when the oxidative spirocyclization
reactions were conducted by using 4-unsubstituted isoquino-
lones or 4-alkylsubstituted isoquinolones as the substrates, the
corresponding C-spiro products or the new spiro products with
all-carbon quaternary centers could be also selectively formed.

Later, Zhang, Fan and colleagues also disclosed an elegant
protocol for the preparation of indandione-derived spiro dihy-
drophthalazine derivatives via Rh(III)-catalyzed [5 + 1] spiroan-
nulation of aryl azomethine imines with α-diazo-1,3-indan-
diones (Scheme 86a).99a Notably, diazopyrazolones could be
also used as carbene precursors in the oxidative spirocycliza-
tion reactions to deliver a series of spiropyrazolonyl dihy-
drophthalazine products in up to 87% yield. In 2023, Guo, Fan
and co-workers continued to report a practical and efficient
method for the construction of spirocyclic indole-N-oxide
derivatives via rhodium(III)-catalyzed [4 + 1] spiroannulation
reactions of N-aryl nitrones with 2-diazo-1,3-indandiones
(Scheme 86b).99b N-Aryl nitrones bearing different kinds of
substitutes could react smoothly with various cyclic α-diazo-
1,3-diketones at room temperature to provide the corres-
ponding spirocyclic products in up to 98% yield. Moreover, the
generated spirocyclic indole-N-oxide compounds could be
easily converted to maleimide-fused polycyclic scaffolds via a
1,3-dipolar cycloaddition reaction with maleimides.

In 2019, the Dai group developed a mild and efficient syn-
thetic route towards spirooxindole pyrrolones via Rh(III)-cata-
lyzed C–H activation/annulation of N-pivaloyloxy acrylamides
with diazo oxindoles (Scheme 87).100 Both aryl and aliphatic
acrylamide substrates could couple efficiently with different
substituted diazo oxindoles, leading to the formation of a

large number of spirooxindole derivatives in 62–92% yields
under base- and silver-free conditions. Further mechanistic
studies revealed that this tandem reaction proceeded via a
N-OPiv amide-directed C–H activation, carbene insertion,
Lossen rearrangement, and nucleophilic addition sequence.

Later, a Rh(III)-catalyzed scaffold-divergent preparation of
spirooxindole-isooxindole and spirooxindole-oxindole deriva-
tives from N-pivaloyloxy acrylamides and different protected

Scheme 85 Rh(III)-catalyzed oxidative annulation of isoquinolones with
α-diazo-1,3-indandiones.

Scheme 86 Synthesis of spirocyclic compounds from arenes and
2-diazo-1,3-indandiones.

Scheme 87 Rh(III)-catalyzed coupling of N-pivaloyloxy acrylamides
with diazo oxindoles.

Organic Chemistry Frontiers Review
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diazooxindoles was realized by Waldmann and co-workers in
2023 (Scheme 88).101 Notably, when N-methanesulfonyl dia-
zooxindoles were used as the carbene precursors in this trans-
formation, a series of spirooxindole-oxindole derivatives could
be generated in up to 94% yield by combining Rh(III)-catalyzed
C–H functionalization and Lossen rearrangement.

In 2021, Zhang, Fan and co-workers reported a practical
and efficient method for the construction of 3-spirooxindole
3H-indoles via Rh(III)-catalyzed [4 + 1] spirocyclization of N-aryl
amidines with diazo oxindoles under redox-neutral conditions
(Scheme 89).102 A large number of functional groups at both
the N-aryl amidine and diazo oxindole substrates were well tol-
erated to provide the corresponding 3-spirooxindole 3H-indole
derivatives in 24–78% yields. The mechanistic studies revealed
that the reaction proceeded through an amidine-directed C–H
activation, carbene insertion, intramolecular nucleophilic
addition and ammonia elimination sequence.

One year later, the same group continued to develop a coup-
ling reagent-dependent C–H bond functionalization of
N-phenoxyacetamides by using [Cp*RhCl2]2 as the catalyst,
enabling the formation of various sophisticated spirocyclic
compounds (Scheme 90).103 When diazo oxindoles were used

as the carbene precursors in this transformation, a variety of
bispirooxindoyl dihydrobenzofuran derivatives could be gener-
ated in up to 76% yield with excellent functional group com-
patibility. Interestingly, when diazopyrazolones were employed
as coupling partners in the cascade reaction, a series of bio-
logically valuable spiropyrazolonyl indazoles could be also
obtained in 40–75% yields with a broad substrate scope.

In 2020, Li and co-workers disclosed an axial-to-central
chirality transfer strategy for the construction of spirocyclic
N-oxide derivatives via a chiral cyclopentadienyl-Rh(III)-cata-
lyzed enantioselective spiroannulation of nitrones with
quinone diazides (Scheme 91).104 This tandem reaction first
proceeded via the Rh(III)-catalyzed nitrone-directed C–H acti-
vation with quinone diazides to provide an atropomerically
metastable biaryl, which further underwent a SET oxidative
cyclization to generate the N-oxide products by employing AgF2
as an oxidant. A large number of structurally diverse nitrones
with an all-carbon quaternary center could be obtained in
good yields with high enantioselectivities (up to 96% yield and
97% ee) under mild reaction conditions.

Later, the same group continued to develop a mild and
efficient approach for the preparation of spirocyclic isoindole

Scheme 88 Rh(III)-catalyzed scaffold-divergent preparation of spiroox-
indole derivatives.

Scheme 89 Synthesis of 3-spirooxindole 3H-indoles from N-aryl ami-
dines and diazo oxindoles.

Scheme 90 Spiroannulation of N-phenoxyacetamides with cyclic diazo
compounds.

Scheme 91 Rh(III)-catalyzed asymmetric spirocyclization between
nitrones and quinone diazides.

Review Organic Chemistry Frontiers
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N-oxides via Rh(III)-catalyzed C–H activation and spiroannula-
tion of oximes with 1-diazonaphthelen-2(1H)-ones
(Scheme 92).105 This oxidative coupling proceeded smoothly
by using [Cp*RhCl2]2 as the catalyst, AgOAc as the oxidant and
PivOH as an additive in MeCN at 40 °C, leading to the rapid
assembly of various N-spiro products in up to 94% yield with
broad substrate scope.

A plausible catalytic cycle for the formation of spirocyclic
isoindole N-oxides is depicted in Scheme 93. Initially, a rhoda-
cyclic intermediate A is formed via coordination of oxime with
the active Rh(III) catalyst and a subsequent C–H activation reac-
tion. The Rh(III) complex A then reacts with diazonaphthalen-2
(1H)-one to generate the rhodium carbenoid intermediate B
with the release of N2. Next, migratory insertion of Rh–carbene
B into the C–Rh bond furnishes a six-membered rhodacycle C.
Finally, the intermediate C further undergoes reductive elimin-
ation to provide the N-spiro product along with the elimination
of HX and a Rh(I) intermediate. Finally, the Rh(I) species is
reoxidized by the stoichiometric AgOAc to regenerate the Rh
(III) catalyst for the next catalytic cycle.

In 2021, Yu and colleagues reported an efficient and
straightforward approach for constructing spirocyclic indazole
derivatives via Rh(III)-catalyzed oxidative coupling of
N-arylphthalazine-1,4-diones (N-arylpyridazine-1,4-diones)
with 1-diazonaphthalen-2(1H)-ones (Scheme 94a).106a Later,
Guo, Fan and co-workers also developed a Rh(III)-catalyzed oxi-
dative [4 + 1] spiroannulation of isoquinolones by using 1-dia-
zonaphthalen-2(1H)-ones as an efficient C1 reagent, providing
an efficient synthetic route towards diverse isoquinolone-con-
taining N-spirocyclic compounds in up to 98% yield
(Scheme 94b).106b In 2023, the Cui group disclosed a mild and
efficient method for the preparation of structurally diverse
spirooxazine-pyrans via Rh(III)-catalyzed oxazine-directed C–H
activation/[3 + 3] spiroannulation of benzoxazines with 1-dia-
zonaphthalen-2(1H)-ones under redox-neutral conditions
(Scheme 94c).106c Recently, Sun and co-workers also developed
a practical and efficient strategy for the construction of various
spiro benzimidazole-fused isoindole naphthalen-2-ones via Rh
(III)-catalyzed oxidative [4 + 1] spiroannulation of 2-arylbenzi-
midazoles with 1-diazonaphthalen-2(1H)-ones as a C1 synthon
(Scheme 94d).106d

In 2021, Li and co-workers disclosed a mild and efficient
synthetic route towards the enantioselective preparation of
spirocyclic imines via a chiral rhodium(III)-catalyzed asym-
metric [4 + 1] spiroannulations of O-pivaloyl oximes with
α-diazo homophthalimides under redox-neutral conditions
(Scheme 95).107 A wide range of O-pivaloyl oximes could
couple efficiently with different substituted α-diazo homo-
phthalimides, leading to the generation of a large number of
chiral spirocyclic imines in up to 98% yield and 97% ee.

In 2022, Zhang, Fan and co-workers reported a facile and
efficient three-component synthesis of spiro[benzo[d][1,3]
oxazine-4,4′-isoquinoline]s via a Rh(III)-catalyzed [4 + 1 + 1]

Scheme 92 Rh(III)-catalyzed synthesis of spirocyclic isoindole N-oxides
from oximes and 1-diazonaphthelen-2(1H)-ones.

Scheme 93 Plausible mechanism for the synthesis of spirocyclic isoin-
dole N-oxides.

Scheme 94 Rh(III)-catalyzed synthesis of diverse N-spiro compounds
from arenes and 1-diazonaphthelen-2(1H)-ones.
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spirocyclization of N-aryl amidines with diazo homophthali-
mides by using air as the O source (Scheme 96a).108a One year
later, they also developed a condition-dependent tandem reac-
tion to selectively construct two different types of imidazoindo-
lone spiroisoquinolinones via a Rh(III)-catalyzed
N-alkoxycarboxamide-directed C–H activation and spiroannu-
lation of N-alkoxycarboxamide indoles with diazo homophtha-
limides (Scheme 96b).108b The synthetic utility of this devel-
oped protocol was further demonstrated by a gram-scale syn-
thesis and structure derivations of the spiro products. In 2023,
Zhang, Fan and colleagues reported a convenient and efficient
synthetic route towards homophthalimide spironaphthale-
nones via a Rh(III)-catalyzed carbonyl group-directed C–H acti-
vation and [5 + 1] spiroannulation of aryl/alkenyl enaminones
with diazo homophthalimides (Scheme 96c).108c Recently, the
same research group disclosed an elegant protocol for the
preparation of spiroindoline derivatives via a Rh(III)-catalyzed
[4 + 1] spiroannulation of N-methyl-N-nitrosoanilines by using
diazo homophthalimides as carbene precursors
(Scheme 96d).108d The mechanistic studies demonstrated that
this transformation proceeded through a nitroso-directed
C(sp2)–H alkylation followed by a C(sp3)–H spiroannulation,
furnishing a series of structurally diverse spiroindoline deriva-
tives in up to 91% yield with excellent functional group
compatibility.

In 2021, Liu, Zhou and colleagues developed a reaction con-
dition-controlled strategy for the preparation of two different
kinds of spiropyrazolone derivatives via a Rh(III)-catalyzed C–H
activation/[4 + 1] annulation of 1-arylpyrazolidinones with dia-
zopyrazolones (Scheme 97).109 When 1-arylpyrazolidinones
were treated with diazopyrazolones by using [Cp*RhCl2]2
(4.0 mol%) as the catalyst and Na2CO3 (1 equiv.) as the additive

in MeCN/H2O (4/1) at 60 °C for 4 h under an air atmosphere,
the expected N-spiro products could be selectively isolated in
40–82% yields with a broad substrate scope. In contrast, when
the reaction was conducted in the presence of [Cp*RhCl2]2
(4.0 mol%), AgOAc (2 equiv.), citric acid (2 equiv.), and 4 Å MS
(100 mg) in MeCN at 80 °C for 4 h under an argon atmosphere,
the unexpected C-spiro products could be also obtained in
22–81% yields and good diastereoselectivity.

In 2023, the Wu group reported an efficient and straight-
forward approach for the synthesis of spiro benzothiadiazine
derivatives via a Rh(III)-catalyzed C–H activation/spiroannula-
tion of benzothiadiazine-1,1-dioxides by using diazopyrazolone
as the coupling reagent (Scheme 98).110 A set of different sub-
stituents on the aryl group of benzothiadiazine-1,1-dioxides
were found to be well tolerated to give the expected products
in 26–78% yields. Moreover, a scale-up reaction and some
transformations of obtained products have also been con-
ducted to further demonstrate the synthetic applications of
this strategy.

Recently, Lu, Wang and co-workers developed a practical
and efficient method to construct diverse spiro[isobenzofuran-
1,4′-isoquinoline]-3,3′-diones via Rh(III)-catalyzed carboxylic
acid-directed C–H activation and spiroannulation of benzoic
acids with 4-diazoisoquinolin-3-ones (Scheme 99).111 A wide

Scheme 95 Rh(III)-catalyzed asymmetric [4 + 1] spiroannulation of
O-pivaloyl oximes with α-diazo homophthalimides.

Scheme 96 Rh(III)-catalyzed synthesis of diverse N-spiro compounds
from arenes and α-diazo homophthalimides.
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array of readily available benzoic acids with either electron-
donating groups or electron-withdrawing groups all reacted
very well with different 4-diazoisoquinolin-3-ones to provide
the highly substituted spirocyclic scaffolds in 29–84% yields.

11. Synthesis of miscellaneous
nitrogen heterocycles

In 2015, Zeng and co-workers demonstrated a Rh(III)-catalyzed
C(sp3)–H bond functionalization of N-(2-pyridyl)ketoimines
with α-diazo-β-keto compounds by utilizing pyridine as a
directing group (Scheme 100a).112a This reaction was con-
ducted in CH3CN by using [Cp*RhCl2]2 as the catalyst and
AgSbF6 as the additive at 80 °C for 8 h to produce a variety of
polysubstituted N-(2-pyridyl)pyrroles in up to 95% yield with
excellent functional group tolerance. Subsequently, the same
group also accomplished a Rh(III)-catalyzed double C(sp2)–H
bond carbenoid functionalization of N-aryl ketoimines with
α-diazo-β-ketoesters, leading to the construction of
π-conjugated 1-azaphenalenes (Scheme 100b).112b Importantly,
the resulting products could be easily converted to
π-conjugated polycyclic nitrogen heterocyclic molecules, which
exhibit promising potential as an electron donor in organic
photovoltaic devices due to their relative low-lying HOMO
energy levels.

In 2016, the Li group disclosed an efficient and straight-
forward strategy for the preparation of naphtho[1′,2′:4,5]

Scheme 97 Rh(III)-catalyzed synthesis of spiropyrazolone derivatives
from pyrazolidinones and diazopyrazolones.

Scheme 98 Rh(III)-catalyzed synthesis of spiro benzothiadiazine
derivatives.

Scheme 99 Rh(III)-catalyzed coupling of benzoic acids with 4-diazoi-
soquinolin-3-ones.

Scheme 100 Synthesis of polysubstituted N-(2-pyridyl)pyrroles and
π-conjugated 1-azaphenalenes.

Organic Chemistry Frontiers Review
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imidazo[1,2-a]pyridine derivatives via Rh(III)-catalyzed carbocy-
clization between 2-phenylimidazo[1,2-a]pyridines and diazo-
malonates (Scheme 101a).113a The reaction proceeded through
a Rh(III)-catalyzed C–H activation and dialkylation sequence
followed by PivOH-mediated intramolecular nucleophilic cycli-
zation, furnishing a number of naphtho[1′,2′:4,5]imidazo[1,2-
a]pyridine products in 26–99% yields. Later, Li, Fan and co-
workers also developed a practical and efficient protocol to
access structurally diverse naphtho[1′,2′:4,5]imidazo[1,2-a]pyri-
dines via a Rh(III)-catalyzed C–H activation/cascade annulation
of 2-arylimidazo[1,2-a]pyridines or 2-arylimidazo[1,2-a]pyri-
dine-3-carbaldehydes with α-diazo-β-keto compounds
(Scheme 101b).113b In 2020, the same group continued to
report a one-pot three-component synthesis of functionalized
naphtho[1′,2′:4,5]imidazo[1,2-a]pyridines from 2-arylimidazo
[1,2-a]pyridines, cyclic α-diazo-1,3-diketones, and methanol via
a Rh(III)-catalyzed C–H carbenoid functionalization/ring-
opening/[5 + 1] annulation cascade (Scheme 101c).113c

In 2017, Dong and colleagues developed a convenient and
efficient method for the synthesis of π-conjugated azaindole
derivatives via a Rh(III)-catalyzed 7-azaindole-directed double
C–H activation/annulation of N-aryl-7-azaindoles with
α-diazocarbonyl compounds (Scheme 102).114 A number of
N-aryl-7-azaindoles with both electron-donating substituents
and electron-withdrawing substituents could react well with
diverse diazo compounds, affording a variety of unique
π-conjugated 7-azaindole products in moderate to high yields.
However, two isomers were always observed in most cases due
to the relatively low regioselectivity.

In 2017, Yang, Wang and co-workers disclosed a practical
and efficient protocol for the construction of nitrogen-fused

heterocycles via a Rh(III)-catalyzed azole-directed C–H acti-
vation and annulation of arylazoles with α-diazo-β-keto com-
pounds (Scheme 103).115 Three different types of nitrogen
heterocyclic compounds were efficiently prepared from the
corresponding arylpyrazole, arylbenzimidazole and aryl 1,2,4-
triazole substrates by using diazo compounds as coupling part-
ners in the presence of the [Cp*RhCl2]2/AgSbF6 catalytic
system.

Later, the Fan group reported a novel and efficient approach
for the preparation of two different kinds of large π-conjugated
naphthoquinolizinone derivatives via a Rh(III)-catalyzed pyri-
dine-directed double C–H activation/cascade annulation of
2-aryl-3-cyanopyridines by using α-diazo-β-ketoesters as
carbene precursors (Scheme 104).116 The notable advantages
of this developed protocol include readily available starting
materials, tunable chemoselectivity and excellent functional
group tolerance.

Scheme 101 Rh(III)-catalyzed synthesis of naphtho[1’,2’:4,5]imidazo
[1,2-a]pyridines.

Scheme 102 Rh(III)-catalyzed synthesis of π-conjugated azaindole
derivatives.

Scheme 103 Rh(III)-catalyzed annulation of arylazoles and α-diazo-
β-keto compounds.
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A highly regio and chemoselective synthesis of 2H-indazole
derivatives via Rh(III)-catalyzed azoxy-directed cascade C–H
alkylation/intramolecular decarboxylative annulation of azoxy
compounds with diazo compounds was realized by You and
colleagues in 2017 (Scheme 105).117 Both azoxybenzenes and
monoaryldiazene oxides could couple efficiently with various
diazoesters, enabling the formation of a variety of [4 + 1] annu-
lation products 3-acyl-2H-indazoles rather than classic [4 + 2]
annulation products in 34–96% yields without further removal
of the azoxy oxygen atom from the final products.

In 2017, Ellman and co-workers developed a mild and
efficient synthetic route for the construction of [5,6]-bicyclic
nitrogen heterocycles via Rh(III)-catalyzed alkenyl C–H acti-
vation and cascade annulation of alkenyl azoles with diazo
compounds under redox-neutral conditions (Scheme 106a).118a

Three different kinds of alkenyl azoles, namely alkenyl imid-
azoles, alkenyl pyrazoles as well as alkenyl triazoles, could
react very well with α-diazocarbonyl compounds, affording the
corresponding azolopyridine derivatives in 42–92% yields.
Later, they also disclosed a similar protocol for the synthesis
of azolopyrimidines by using N-azolo imines and diazoketones
as substrates in the presence of a cationic rhodium complex
[Cp*Rh(MeCN)3](SbF6)2 as a catalyst (Scheme 106b).118b In

2019, the same group continued to report an effective three-
component reaction to synthesize pyrido[1,2-a]pyrimidin-4-
ones from 2-aminopyridines, aldehydes, and diazo esters in
the presence of 3 Å molecular sieves (Scheme 106c).118c This
transformation proceeded via an in situ imines formation/Rh
(III)-catalyzed imidoyl C–H activation/intramolecular annula-
tion cascade to deliver a series of structurally diverse pyrido
[1,2-a]pyrimidin-4-ones in 39–94% yields with excellent func-
tional group compatibility.

In 2018, Samanta and colleagues disclosed a straight-
forward and efficient strategy for the synthesis of indolopyri-
done scaffolds via Rh(III)-catalyzed oxime-directed C2-alkyl-
ation of indoles with bis(2,2,2-tri-fluoroethyl) 2-diazomalonate
followed by an intramolecular annulation (Scheme 107a).119a A
wide range of functional groups at different positions of
indole derivatives were well tolerated in the catalytic system,
providing the desired indolopyridone products in 43–95%
yields. Afterwards, the same group then reported a tandem
process to construct highly substituted 2-pyridone derivatives
via a Rh(III)-catalyzed cycloaddition reaction of α,β-unsaturated
oximes with fluorinated diazomalonate (Scheme 107b).119b

Notably, the developed protocol could be further applied to
synthesize a bioactive compound with acetylcholinesterase
inhibitory activity via N–OMe bond cleavage of the 2-pyridone
product.

A selective and efficient preparation of 5,6-disubstituted or
5-substituted indazolo[2,3-a]quinolone derivatives via Rh(III)-
catalyzed tandem C–H activation/annulation of 2-aryl-2H-inda-
zoles with α-diazo-β-keto compounds under redox-neutral and
silver-free conditions was achieved by Guo, Fan and co-workers
in 2020 (Scheme 108).120 When 2-aryl-2H-indazoles were
employed as the substrates in this tandem reaction, the
α-diazocarbonyl compounds could act as a C2 synthon to
provide various 5,6-disubstituted indazolo[2,3-a]quinolones in
up to 97% yield with a broad substrate scope. In contrast,
when 3-formyl 2H-indazoles were applied in the catalytic reac-

Scheme 104 Rh(III)-catalyzed synthesis of naphthoquinolizinones.

Scheme 105 Rh(III)-catalyzed synthesis of 2H-indazoles from azoxy
compounds and diazoesters.

Scheme 106 Synthesis of fused heterocycles via alkenyl and imidoyl
C–H activation.
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tion instead of 2-aryl-2H-indazoles, 5-substituted indazolo[2,3-
a]quinolone derivatives could be also selectively formed via a
Rh(III)-catalyzed cascade C–H activation/[5 + 1] annulation.

In 2021, the Shang group developed a practical and
efficient protocol to construct isoxazolone-fused phenanthri-
dines starting from 3-aryl-5-isoxazolones and cyclic 2-diazo-
1,3-diketones through a rhodium(III)-catalyzed cascade C–H
activation/[4 + 2] annulation (Scheme 109).121 A wide range of
substituted 3-arylisoxazolones could couple efficiently with
different 2-diazo-1,3-diketones to provide structurally diverse
isoxazolo[2,3-f ]phenanthridine derivatives in 46–83% yields
under redox-neutral and silver-free conditions.

In 2022, Xu, Zhou and co-workers disclosed a novel and
efficient approach for the synthesis of highly fused indano[1,2-
b]azirines via Rh(III)-catalyzed oxime-directed C–H activation/
cascade annulation of α-keto oximes with α-diazo-β-ketoesters
(Scheme 110).122 The reaction proceeded through a Rh(III)-cata-
lyzed unusual [4 + 1 + 1] cascade annulation to afford the

corresponding indano[1,2-b]azirine derivatives by using diazo
compounds as a one-carbon synthon with the removal of the
acyl group under mild and redox-neutral reaction conditions.
Moreover, the practicality and efficiency of the developed pro-
tocol could be further demonstrated by a large-scale synthesis
and derivatization of the obtained indano[1,2-b]azirine
scaffolds.

A plausible mechanism for the generation of indano[1,2-b]
azirine compounds from α-keto oximes and α-diazo-
β-ketoesters is proposed in Scheme 111. First, a six-membered
rhodacyclic complex A is formed via coordination of α-keto
oxime with the active Rh(III) catalyst followed by ortho C–H
bond activation. The rhodacyclic intermediate A then reacts
with the diazo compound to give a rhodium–carbene species B
with the release of N2. Then, the insertion of carbene moiety
into the C–Rh bond affords the seven-membered rhodacyclic
intermediate C, which further proceeds through a C–N bond
formation/N–O bond cleavage cascade process to provide the

Scheme 108 Rh(III)-catalyzed synthesis of indazolo[2,3-a]quinolones.

Scheme 109 Rh(III)-catalyzed coupling of 3-arylisoxazolones with
cyclic 2-diazo-1,3-diketones.

Scheme 107 Rh(III)-catalyzed synthesis of pyridone derivatives using
fluorinated diazomalonates.

Scheme 110 Rh(III)-catalyzed synthesis of highly fused indano[1,2-b]
azirines.
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rhodium complex D. Next, intermediate E is formed through
the nucleophilic addition of a hydroxyl group to the acyl
moiety followed by aziridination along with the elimination of
an acetic acid molecule. Finally, protonolysis of intermediate E
leads to the formation of highly fused indano[1,2-b]azirine
with the regeneration of the Rh(III) catalyst for the next catalytic
circle.

12. Conclusion and outlook

Diazo compounds are a class of readily available and versatile
reagents in modern organic synthesis that have been used as
valuable synthetic building blocks for a diverse range of impor-
tant organic transformations due to their convenient prepa-
ration and high reactivity. In this review, the advancements in
the synthesis of nitrogen-containing heterocycles via Rh(III)-
catalyzed chelation-assisted tandem C–H activation/carbene
insertion/annulation with diazo compounds as carbene pre-
cursors have been summarized. A variety of structurally diverse
nitrogen heterocyclic scaffolds, such as indoles, isoindolones,
carbazoles, isoquinolines, isoquinolones, 2H-indazoles, inda-
zolones, cinnolines, 2,3-benzodiazepines, azepines, diazepi-
nones can be easily prepared from different diazo compounds
in a highly efficient and environmentally benign manner via
this C–H activation/carbene insertion/annulation strategy.

Despite the rapid progress of this research area in the last
13 years, there are still several challenges remaining to be
addressed in the field of Rh(III)-catalyzed C–H bond
functionalization with diazo compounds: (1) almost all the
reported examples in this review focus on C(sp2)–H bond
functionalization, whereas the catalytic functionalization of
unactivated C(sp3)–H bond is still rare. Therefore, continued

effort could be devoted towards this challenging area; (2) it is
well known that the rhodium(III) complexes are the most used
and efficient catalysts for the synthesis of heterocycles via
carbene migratory insertion, both in chiral and achiral syn-
thesis. Thus, the use of Ir, Ru, and Pd-based catalysts for the
construction of nitrogen heterocyclic compounds is of particu-
lar interest, and even the first-row transition metals such as
Co, Ni, Cu, and Fe complexes need to be further explored due
to their earth abundance and low cost; (3) in many cases, the
exact reaction mechanisms are not clear and not currently sup-
ported by the experimental results. Further detailed mechanis-
tic studies (both experimental and computational approaches)
should be investigated and the useful insights gathered could
be helpful for the design of simple and efficient catalytic
systems, particularly for accomplishing complex natural
product and bioactive molecule syntheses.
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