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Abstract: Metal-catalyzed cyclization reactions have become a powerful and efficient approach
for the stereoselective construction of both carbocyclic and heterocyclic ring systems. Transition
metal complexes, with their ability to activate and selectively functionalize organic substrates, have
revolutionized various areas of synthetic chemistry. This review highlights recent advancements
in metal-catalyzed cyclization reactions, especially in the synthesis of nitrogen-containing heterocy-
cles like imidazoles, pyridines, pyrimidines, and indoles. These advancements have significantly
impacted fields such as natural product synthesis, pharmaceuticals, functional materials, and organic
electronics. Novel catalytic systems, ligand designs, and reaction conditions continue to expand the
capabilities of these reactions, driving further the progress made in synthetic organic chemistry. This
review provides a comprehensive overview of recent research.
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1. Introduction

The metal-catalyzed cyclization reaction has a long and rich history in organic synthe-
sis, with its importance increasing significantly over time. This approach has become an
efficient and powerful method for the stereoselective construction of both carbocyclic and
heterocyclic ring systems [1-4]. Transition metal complexes can activate and selectively
functionalize organic substrates, revolutionizing many areas of synthetic chemistry. These
catalysts facilitate a wide range of cyclization reactions, enabling the rapid assembly of
complex cyclic structures that are challenging to construct through conventional methods
(Scheme 1) [5-8]. By precisely controlling the coordination and reactivity of the metal center,
chemists can guide the cyclization reaction to achieve the desired stereochemical outcome,
leading to the formation of target cyclic compounds. The versatility and utility of transition
metal catalysts have made them indispensable tools for modern organic chemists [9-11].
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Scheme 1. Transition-metals catalyze selective hydrocarbon activation.

The applications of transition metal-catalyzed cyclization reactions span diverse fields,
from the synthesis of natural products and pharmaceuticals to the preparation of functional
materials and organic electronics. For instance, these processes have been indispensable in
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synthesizing drug molecules A-D (Scheme 2) [12-15]. The efficiency and selectivity of these
transformations make them invaluable in the total synthesis of complex natural products,
where constructing intricate ring systems is often crucial [16-20]. Additionally, the ability
to fine-tune the catalytic system has led to increasingly selective and chemoselective cycliza-
tion reactions, allowing for the formation of specific cyclic scaffolds even in the presence of
multiple reactive functional groups. Looking to the future, the advancement of transition
metal catalysis in organic synthesis promises to unlock new levels of molecular complexity
and diversity [21-23]. As researchers explore novel catalytic systems, ligand designs, and
reaction conditions, the scope and capabilities of metal-catalyzed cyclization reactions will
continue to expand, driving further the progress made in synthetic organic chemistry.
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Scheme 2. Representative nitrogen-containing heterocyclic pharmaceutical molecules.

In recent years, our research group has focused on exploring the formation of nitrogen-
containing heterocycles, such as imidazoles, pyridines, pyrimidines, and indoles, through
metal-catalyzed methods. This discussion will primarily examine synthetic methods for
these compounds and highlight the related work conducted by our team.

2. Transition Metal-Catalyzed Synthesis of Nitrogen-Containing
Heterocyclic Compounds

Transition metals play a pivotal role in organic synthesis due to their unique electronic
properties and ability to facilitate a wide range of chemical transformations (Scheme 3) [24].
These metals serve as catalysts in various reactions, enhancing reaction rates and selectivity.
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Scheme 3. Commonly used transition metals.

2.1. Manganese (Mn)-Catalyzed Cyclization

In 2019, Ji’s group reported a Mn-catalyzed cyclization method for synthesizing
pyrrolopyridine derivatives from 3-isocyano-[1,1’-biphenyl]-2-carbonitrile and arylboronic
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acid (Scheme 4) [25]. A series of pyrrolopyridine compounds were constructed through the
formation of two new C—C bonds and one C-N bond via a radical pathway. The proposed
reaction mechanism clearly illustrates the entire conversion process.
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@ New functionalized isocyanide @® Two C-C and one C-N

Scheme 4. Proposed mechanism for the synthesis of pyrrolopyridine derivatives.

In 2021, Wang’s group presented Mn-catalyzed [3 + 2] cyclization reaction involving
ketones and isocyanates through inert C-H activation (Scheme 5) [26]. The method not only
offers an efficient synthetic route but also underscores the catalytic role of manganese in this
transformation. Through detailed experimental validation and exploration of the reaction
mechanism, the distinctive features and potential applications of this reaction are elucidated.
This research introduces a new paradigm in the field of manganese-catalyzed oxidative
cyclization reactions, offering valuable insights for further research and development in
related areas.
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Scheme 5. Manganese-catalyzed cyclization of ketones and isocyanates.

2.2. Iron (Fe)-Catalyzed Cyclization

As an inexpensive metal, iron catalysis plays an important role in the synthesis of many
nitrogen-containing heterocyclic compounds. In 2015 and 2018, we reported iron-catalyzed
syntheses of highly substituted imidazoles and pyrimidines from readily available «,f-
unsaturated ketones and amidines (Scheme 6) [27,28]. In these reactions, two C-N bonds
were simultaneously constructed via metal catalysis.

In 2016, Guan’s group developed a novel and efficient iron-catalyzed cyclization of
ketoxime carboxylates with dialkylanilines or aldehydes (Scheme 7) [29,30]. The reaction
begins with the cleavage of the N-O bond in ketoxime carboxylates, facilitated by an iron
catalyst. The catalytic effect of iron is highly effective, resulting in a reaction yield of up to
95%. In addition, the product yield of the gram-scale reaction is also excellent.
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Scheme 6. Synthesis of imidazole and pyrimidine compounds catalyzed by iron.
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Scheme 7. Synthesis of pyridine compounds catalyzed by iron.

In 2018, Guan’s group also described the iron-catalyzed radical cycloaddition of
2H-azirines and enamides as a novel strategy for the synthesis of pyrroles (Scheme 8) [31].
The efficient protocol showcases the versatility of iron catalysis in the construction of pyrrole
frameworks. Through a systematic investigation of the reaction conditions and mechanistic
pathways, this research elucidates the synthetic route and highlights the significance of
iron catalysis in enabling the formation of pyrroles. The developed methodology offers a
valuable tool for accessing diverse pyrrole derivatives and contributes to the advancement
of synthetic methodologies in heterocyclic compound synthesis.
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Scheme 8. Synthesis of pyrrole compounds catalyzed by iron.

2.3. Cobalt (Co)-Catalyzed Cyclization

Cobalt catalysts are commonly used in C-H activation to target specific hydrogen sites.
Utilizing a direct C-H activation strategy, an efficient Co-catalyzed redox-neutral [4 + 2]
annulation of aryl amidines and diazo compounds has been accomplished (Scheme 9) [32].
The reaction proceeds under mild conditions, eliminates the need for oxidants, produces
only N, and H,O as byproducts, and features a broad substrate scope.
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@ C-H/N-H Functionalization @® N,&H,0 as the by-products

Scheme 9. Cobalt(III)-catalyzed synthesis of isoquinolines through C-H functionalization.

Zhong's group also established Co(lI)-catalyzed regioselective and stereoselective
[5 + 2] C(sp?)-H annulation of o-arylanilines with alkynes through sequential C~C/C-N
bond formation (Scheme 10) [33].

il ~N 1) CoCl, (20 mol%)
L NF R3 Mn(OAc); (20 mol%)
H | NaOPiv (2 equiv)
N - * | | 1atm of O,, TFE, 120 °C
RZ_I o
> o) Ré 2) EtOH, NaOH, 75 °C
@ CoCl,-catalyzed [5+2] C-H annulation @ Catalytic amount of manganese
and oxygen as cooxidants

Scheme 10. Cobalt(Ill)-catalyzed synthesis of dibenzo-[b,d]azepines.

In 2018, Yi’s group developed a protocol for Co-catalyzed annulation reactions between
anilines and alkynes involving C-H activation [34,35]. This method features a broad sub-
strate range, a simple operational protocol, and moderate-to-good yields. DMSO/paraform-
aldehyde liquor served both as the solvent and as the source of the quinoline C1 prod-
uct (Scheme 11). This method enriches the synthesis methods of quinolines and lays a
foundation for their future application.

In 2022, Lu’s group presented cobalt-catalyzed cyclization of 2-aminoaryl alcohols
with ketones or nitriles synthesis of quinolines and quinazolines (Scheme 12) [36]. The
innovative protocol demonstrates the effectiveness of cobalt catalysis in the construction
of these heterocyclic structures. The developed methodology provides a valuable ap-
proach for accessing diverse derivatives of quinoline and quinazoline, contributing to the
advancement of synthetic strategies in heterocyclic compound synthesis.
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Scheme 11. Co(Ill)-catalyzed and DMSO involved in synthesizing quinolines.
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Scheme 12. Cobalt-catalyzed synthesis of quinolines and quinazolines.

2.4. Nickel (Ni)-Catalyzed Cyclization

Nickel (Ni) has gained prominence as an alternative to palladium, particularly in
recent years. Nickel’s ability to undergo multiple oxidation states makes it suitable for
various transformations, including C-H activation and polymerization processes. Its
catalytic efficiency in forming complex molecules from simpler substrates is increasingly

recognized, making it a valuable tool for synthetic chemists.

Then, Liu’s group reported the Ni(II)-catalyzed ortho C(sp?)-H oxidative cycloaddition
of aromatic amides with alkynes, resulting in the isoquinolone cycloaddition product
shown in Scheme 13 [37]. Furthermore, the reaction mechanism was thoroughly studied,
promoting the development of other transition metal-catalyzed C-H functionalization
reactions with alkynes. Similarly, You’s group reported an efficient method for synthesizing

pyrrolidinoindolines via Ni catalysis (Scheme 14) [38].

Additionally, our group disclosed an efficient, operationally simple and scalable nickel-
catalyzed inactivated C(sp?)-H bond activation and cyclization for the synthesis of diver-
gent isoindolinones with excellent selectivity from readily available gem-dibromoalkenes

(Scheme 15) [39].
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Scheme 13. Ni-catalyzed ortho C(sp?) -H oxidative cycloaddition of aromatic amides.
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Scheme 14. Ni-catalyzed intermolecular allylic dearomatization reaction.
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Scheme 15. Ni-catalyzed C(sp?)-H activation and intramolecular annulation.

2.5. Copper (Cu)-Catalyzed Cyclization

Copper is another transition metal that has found extensive application in organic
synthesis, particularly in the formation of carbon—nitrogen bonds. In 2016, we reported
copper-catalyzed synthesis of 1,3,5-trisubstituted 1H-1,2,4-triazoles (Scheme 16) [40]. This
protocol demonstrates the efficiency of copper catalysis in constructing these valuable hete-
rocyclic compounds. The established methodology provides a direct route for synthesizing
diverse derivatives of triazoles, contributing significantly to the advancement of synthetic
methodologies in heterocyclic compound synthesis.

/O + BO/ ot [CU] N= N -
R | /,
S

Scheme 16. Cu-catalyzed synthesis of triazole compounds.

Using acetophenone as the raw material, we developed various methods for synthe-
sizing pyridine compounds using copper catalysis (Scheme 17) [41-43]. This method is
simple to operate and exhibits excellent regioselectivity. Notably, while the third synthesis
method is environmentally friendly under solvent-free conditions, it produces a single sub-
stituent on the product, limiting diversity compared to the first two methods. Additionally,
methane gas is generated in this synthesis, which is a highlight of the paper.

Recently, we synthesized indolizine using pyridine, acetophenone, and nitroolefin
under CuBr catalysis (Scheme 18) [44]. This reaction underscores the importance of catalysts
and oxidants in facilitating chemical transformations and producing valuable organic
compounds. Furthermore, the reaction occurs under solvent-free conditions, reflecting
environmental friendliness.

2.6. Ruthenium (Ru)-Catalyzed Cyclization

The use of inexpensive metals in coupling reactions is widespread, yet noble metals
remain essential in many C-H activation reactions due to their excellent coordination
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ability. Noble metals play an irreplaceable role in catalytic cyclization reactions. Moreover,
metal-catalyzed C-H activation/cyclization serves as an attractive alternative to classical
cross-coupling reactions, which often require organohalides and organometallic reagents,
thanks to the abundance and relatively low cost of various hydrocarbons.

Ph

[Cu] oxidant N
)\ solvent
-

Ph
0w G
[Cu] oxidant ~
2 AP
solvent Ar? N Ar®
A
o
5 J\ [Cu], NH,OAc | N +  CH,
Al solvent-free z
APT TNT AP
@ Solvent-free @ Novel by-product

Scheme 17. Cu-catalyzed synthesis of polysubstituted pyridine.
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N 130°C, 5 h Art
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=
@ Solvent-free @® Broad substrate scope
@ Available starting materials @ Excellent regioselectivity

Scheme 18. Synthesis of indolizines from pyridine, acetophenone, and electron-deficient alkenes.

In 2018, Zeng’s group achieved the synthesis of 1,2-benzothiazines through Ru-
catalyzed cyclization of S-phenyl sulfoximine with o-benzoyl sulfoxonium ylide
(Scheme 19) [45]. Based on literature reports, the resulting 1,2-benzothiazines can be
converted into various 4-substituted analogs for versatile synthetic applications.

Q\ R2 [RuCly(p-cym)], 10 mol% l_R?

AgSbFg (20 mol% EX
N SsN\H « ﬂ\/ll/ gSbFg (20 mol%) - AN N
R9r P pivalic acid (100 mol%) A~ s
DCE, 100 °C, Ar, 12 h R
@ Ru(ll)-catalyzed C(sp?)- H activation @ Coupling-cyclization

Scheme 19. Ru (II)-catalyzed coupling—cyclization reaction.

Similarly, a Ru(ll)-catalyzed approach was developed for the rapid assembly of iso-
quinolinones, enabling the coupling—cyclization of aryl C(sp?)-H bonds with diazo com-
pounds via the C(spz)—H activation process (Scheme 20) [46].

In 2022, Hirano’s group reported Ru-catalyzed synthesis of conjugated iminotrienes
followed by an intramolecular cyclization process, leading to the formation of polysubsti-
tuted pyrroles (Scheme 21) [47]. The efficient protocol demonstrates the utility of ruthenium
catalysis in the construction of complex pyrrole structures. The developed methodology
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provides a valuable approach for accessing diverse pyrrole derivatives and contributes to
the advancement of synthetic strategies in heterocyclic compound synthesis.

(0]
OAc
RuChpoymly il N N
CsOAc N R?
R3
@ Ruthenium-carbene @ Multicomponent reaction
Scheme 20. Ruthenium-catalyzed synthesis of isoquinolinones.
R3
R1 1. [Ru(naphthalene)(cod)]
°N benzene CO,Me
I + N come - U N7
R2 S 2. AcOH (7 mol%) R N
A methanol !
R R’

Scheme 21. Ru-catalyzed synthesis of pyrrole compounds.

2.7. Rhodium (Rh)-Catalyzed Cyclization

Rhodium’s ability to activate C—H bonds has opened new avenues for the functional-
ization of complex organic molecules, further enhancing its significance in organic synthesis.
In recent years, the activation and cyclization of hydrocarbons has become a hot research
topic in organic synthesis, with numerous results emerging. Our research group has also
conducted in-depth studies in this area, and our findings are as follows.

We developed a novel strategy for synthesizing indole using arylnitrones and diazo
compounds under rhodium catalysis. Compared to traditional coupling reactions, this
method is both innovative and practical, providing new insights for activating hydrocar-
bons to form indole rings. Moreover, a range of functional groups can be applied to this
reaction, yielding corresponding products with high selectivity (Scheme 22) [48].

~ 3
X TR [RhCp*Cly], (5 mol%)
| e 9 AgSbFg (20 mol%) CO,Et
h N _
e AN T\o_ . )J\[HJ\OEt NaOAc (1 equiv) R1_: \ @
R'TT _ N, Cu(OAc), (2 equiv) = H /\RZ
DCE 120 °C

@ Wild substrate scope @ Mild reaction conditions

Scheme 22. Rhodium(III)-catalyzed C-H activation of arylnitrones and diazo compounds.

Subsequently, we achieved [3 + 3] cyclization to functionalized 4-quinolones through
C(sp?)-H activation under rhodium catalysis (Scheme 23). This transformation involves
the breaking of C-C bonds and the formation of new C-N and C-C bonds, resulting
in a target product with good regioselectivity using unsymmetrical meta-substituted N-
nitrosoanilines. We obtained a variety of quinolinone series compounds with high yields
through substrate expansion [49].

In 2021, we successfully devised a straightforward and efficient method for synthe-
sizing isocoumarins and isoquinolinones through a one-pot reaction involving the ring
opening and ring closure of phenyloxazoles using diazo compounds (Scheme 24) [50].
This innovative approach, catalyzed by Rh(IlI), offers the advantage of chemodivergent
annulation, allowing for controlled reaction outcomes by adjusting acidity. Moreover, this
transformation demonstrates operational simplicity and remarkable compatibility with
various functional groups.
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Scheme 23. Rh-catalyzed [3 + 3] annulation reactions of N-nitrosoanilines and cyclopropenones to

obtain functionalized 4-quinolones.
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Scheme 24. Rhodium(III)-catalyzed annulations between phenyloxazoles and diazo compounds.

In 2023, Wan's group reported the three-component synthesis of N-naphthyl pyrazoles
utilizing a Rh(III)-catalyzed cascade pyrazole annulation and Satoh-Miura benzannulation
strategy (Scheme 25) [51]. The innovative protocol showcases the efficacy of Rh(III) catalysis
in the construction of these complex heterocyclic compounds. Through a systematic
examination of the reaction conditions and mechanistic pathways, this research elucidates
the synthetic route and emphasizes the crucial role of Rh(IIl) catalysis in enabling the
formation of N-naphthyl pyrazoles. The developed methodology offers a valuable tool for
accessing diverse derivatives of pyrazoles, contributing significantly to the advancement of
synthetic methodologies in heterocyclic compound synthesis.

]\
N

o) [Cp*RhCly], (5 mol%) R r
NaOA .
R + Ar—NHNH; + Ar—=—R =c A

DMF, 110 °C, Ar, 18 h @O

NM62 Ar'

R

@ First three-component Satoh-Miura reaction @ Construction of 2 aryl rings in one-step operation

Scheme 25. Rh-catalyzed synthesis of pyrazole compounds.

2.8. Palladium (Pd)-Catalyzed Cyclization

Palladium is arguably the most prominent transition metal in organic synthesis, par-
ticularly in cross-coupling reactions. The Suzuki, Heck, and Sonogashira reactions utilize
palladium catalysts to form carbon—carbon bonds efficiently. These reactions are essen-
tial for constructing complex molecules, making palladium invaluable in pharmaceutical
and materials chemistry. The versatility of palladium also extends to facilitating carbon—
heteroatom bond formations. The ability of palladium to adopt various oxidation states
and form stable complexes enhances its utility in diverse synthetic pathways.
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Lu’s group reported a Pd-catalyzed cyclization reaction for synthesizing isatoic anhy-
drides from CO,, CO, and o-iodoanilines (Scheme 26) [52], where CO, and CO served as
C1 building blocks for the isatoic anhydride products. In the following year, Fan’s group
also reported the synthesis of isoindolo[2,1-bJisoquinoline-5,7-diones through Pd-catalyzed
cyclization of isoquinolones with CO (Scheme 27) [53].

! Pd(PPha), (1 mol%) o
* + CO CsOAc (1.0 equiv) )%
NH > N” o

| THF, 60°C, 16 h |

R R
@ Selective palladium-catalyzed @CO, and CO are indispensable
cyclization C1 building blocks

Scheme 26. Pd-catalyzed cyclization of o0-iodoanilines with CO and CO,.

o 0
Pd(OAc), (10 mol%)
. AN N

AgOTFA (2 equiv) RHL
+ CO (1 atm) > | /J

Na,CO3 (0.5 equiv) NF \

PhCI, 120 °C, 15 h e =R
@ Aryl C(sp?)- H bond activation @ User-friendly manner

Scheme 27. Pd-catalyzed oxidative cyclocarbonylation of isoquinolones with CO.

A mechanism has been proposed for this reaction, as shown in Scheme 25. Firstly, the
amide group of 1 chelates with CO-ligated Pd species to give a five-membered palladacycle
A. Then, the intermediate A through migratory insertion affords a six-membered Pd
complex B. Finally, the intermediate B undergoes a reductive elimination to produce
product 2 (Scheme 28).

Il
Pd"(OR)2(CO)m 2Ag°

2AgOTFA

Cco
(C?)m R=Ac or TFA
N—Pd

Scheme 28. Plausible catalytic cycle.

In 2022, Xu’s group disclosed the palladium-catalyzed synthesis of carbazoles using
peresters as key reactants. The efficient protocol showcases the versatility of palladium
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catalysis in constructing complex carbazole structures (Scheme 29) [54]. Through a sys-
tematic investigation of reaction conditions and mechanisms, this research elucidates the
synthetic pathway and highlights the significance of palladium catalysis in carbazole
synthesis. The developed methodology provides a valuable tool for accessing carbazole
derivatives and contributes to the advancement of synthetic methodologies in heterocyclic
compound synthesis.

More importantly, palladium catalysts have shown significant effects in C(sp®)-H
activation processes. In this regard, Yu's research group has accomplished noteworthy
work, achieving various hydrocarbon functionalization.

In 2023, Yu’s group achieved double y-C(sp®)-H activation of linear free carboxylic
acids under palladium catalysis, along with intramolecular cyclization (Scheme 30) [55].
The coordination of amido-type ligands was key to the success of this reaction, stabilizing
the reactive intermediate. In the same year, Yu's team reported [3 + 2] cyclization involving
double B-C(sp®)-H activation under palladium catalysis, representing a crucial step in
synthesizing the natural product (£)Echinolactone D (Scheme 30) [56].

TsHN -II\—IS
O O Pd(OAc), (5 mol%), TBPB, Na,CO;
THF or Water, 40 °C
@ Performing well in water @ Broad substrate scope

Scheme 29. Pd-catalyzed synthesis of carbazole compounds.
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Scheme 30. Pd-catalyzed C(sp®)-H activation.

2.9. Osmium (Os)- and Iridium (Ir)-Catalyzed Cyclization

Osmium and iridium catalysts have become increasingly important in organic syn-
thesis, particularly in cyclization reactions. These precious metal catalysts offer unique
reactivity and selectivity that are often irreplaceable in synthesizing complex, specialized
compounds. For example, the high oxophilicity of osmium allows it to activate carbonyl
groups and other polar functional groups, enabling the formation of new carbon-carbon
bonds in a selective and efficient manner. Similarly, iridium catalysts have shown great
promise in enantioselective cyclization reactions. The unique electronic and steric proper-
ties of iridium can be tailored to achieve highly stereoselective transformations, leading to
the formation of complex cyclic structures with precise control over stereochemistry. This
capability is particularly valuable in the synthesis of natural products and other biologically
active compounds, where the stereochemistry of the final product is often critical to its
function [57,58].

Yi’s group developed Os(Il)-catalyzed redox-neutral C-H activation/[4 + 2] annula-
tion of N-methoxybenzamides with alkynes for the one-pot assembly of isoquinolones
(Scheme 31) [59]. In 2018, Pawar’s group first developed Ir(Ill)-catalyzed cyclization of
sulfoximines with diazocarbonyl compounds for synthesizing 1,2-benzothiazines under
redox-neutral conditions (Scheme 32) [60]. This reaction is performed at room temperature
and exhibits good yields and functional group tolerance.
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2
o) O
A\ /Rz (0] AN S\\N
N S\\NH . Rt [CPIrChL (25 mol%) il
R'T P + R PivOH (2 equiv) PN g3
H N, TFE, rt R4
@® Room temperature @ Sliver free protocol

Scheme 32. Ir-catalyzed C-H/N-H functionalization of sulfoximines for the synthesis of
1,2-benzothiazines.

3. Conclusions

This review highlights the significant role of transition metal-catalyzed cyclization re-
actions in synthesizing nitrogen-containing heterocycles. These reactions have emerged as
powerful tools for the efficient and stereoselective construction of diverse cyclic structures,
contributing to various fields, including drug discovery, natural product synthesis, and ma-
terials science. The versatility of transition metal catalysts has been demonstrated through
numerous examples. Notably, the development of new catalytic systems, ligand designs,
and reaction conditions continues to expand the scope and capabilities of metal-catalyzed
cyclization reactions, opening new avenues for molecular complexity and diversity. Our
group has successfully developed novel methodologies for synthesizing various hetero-
cyclic compounds. These studies demonstrate the potential of both metal-catalyzed and
non-metal-catalyzed approaches for efficiently and selectively constructing these valuable
building blocks.

Looking forward, continued exploration of both metal-catalyzed and reactions will
undoubtedly lead to further advancements in organic synthesis. The development of
novel catalysts, reaction conditions, and methodologies will enable the synthesis of a wider
range of complex and functionalized heterocycles, paving the way for discovering new
drugs, materials, and technologies. At the same time, the ongoing exploration of transition
metals will undoubtedly lead to innovative strategies for the synthesis of pharmaceuticals,
agrochemicals, and advanced materials, reinforcing their integral role in modern chemistry.
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