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ABSTRACT: Leveraging base metal catalysis to transform small organic molecules by
forging X—N bonds (X = C, N, P, S) through nitrene transfer reactions (NTRs) renders a
robust and sustainable paradigm shift for preparing valuable amine building blocks. Over the
last four decades, 3d metal-catalyzed NTRs have received significant attention in the field of
organic synthesis. This review will thoroughly discuss the manipulation of various complexes
of base metals, such as Mn, Fe, Co, Ni, and Cu, to control the reaction pathways for X—N
bond formation using different nitrene precursors. This review will encompass exemplary,
pioneering, and pertinent synthesis in this area and will comprehensively elucidate the
mechanistic rationale behind each 3d metals. The reactivity, regioselectivity, chemo-
selectivity and enantioselectivity of those novel base-metal catalysts are an inevitable part of
this discussion. We will also address the inherent limitations and potential opportunities

within this specific field of study.
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Figure 1. A prelude and conspectus about base-metal-catalyzed NTRs.
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Scheme 1. Seminal Examples in Base-Metal-Catalyzed NTRs
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1. INTRODUCTION

It is well documented that the C—N bond is one of the most
fundamental building blocks for countless molecular scaffolds
necessary for life and technology, such as medicines,
agrochemicals, natural products, advanced materials, and so
on. The formation of C—N bonds is key to make nitrogen-
containing molecular scaffolds such as amines, amides,
heterocycles, peptides, and many more, which exhibit diverse
biological activities and industrial applications. Thus, creating
effective and sustainable approaches for establishing C—N
bonds is a primary emphasis in synthetic organic chemistry."”
Over the past decades, a series of C—N bond forming
reactions, viz., nitration, cyanation, azidation, amination,
cycloadditions, classical cross-coupling, and most notably C—
H functionalization, has collectively redefined the boundaries
of molecular design and late-stage diversification [Figure
1A].>™> Among these, C—H functionalization strategies have
emerged as exceptionally powerful because they bypass
prefunctionalized starting materials and enable direct con-
version of inert C—H bonds into value-added C—N bonds
[Figure 1Al A defining breakthrough within this broader
landscape has been the development of nitrene-transfer
reactions (NTRs), which provide streamlined and modular
access to nitrogen-containing motifs throu%h the intermediacy
of reactive metal-nitrenoid species.'” > These reactions
proceed primarily through two manifolds: (1) aziridination
of C—C double bonds, and (2) C—H bond amination, both of
which share the formation of a metal-nitrenoid species as the
key intermediate [Figure 1B]. The nitrenoid intermediate may
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engage either a 7-bond or a o-bond, and its stereoelectronic
profile, governed by metal identity, ligand architecture, and
nitrene precursor, determines whether the ensuing trans-
formation unfolds through a concerted or a stepwise
mechanistic pathway. It can acquire a radical character referred
to as “iminyl” species, and it can be described as “imido”
species or “imido-like” species based on the characteristics of
the o-bond and 7-bond. Typically, metal-nitrenoid species also
occur in singlet and triplet states, similar to nitrenes.
Interestingly, singlet nitrenoid species adhere to the concerted
mechanism, whereas triplet nitrenoid species follow a radical
intermediate pathway, specifically involving hydrogen atom
abstraction and simultaneous radical substitution.”" This ability
to oscillate between discrete electronic manifolds grants NTRs
exceptional finesse in modulating regioselectivity, stereo-
selectivity, and chemoselectivity through judicial catalyst and
ligand design.

The overwhelming influence of transition metal catalysis in
the catalytic dynasty is unequivocal.”” In this context, NTRs
catalyzed by transition metals are no exception. Notably, the
dominance of noble metal catalysts of palladium and iridium is
undeniable in the field of organic synthesis. The emergence of
base-metal catalysts (Mn, Fe, Co, Ni, Cu) has redefined the
landscape by offering sustainable, cost-effective, and environ-
mentally benign alternatives to the noble metals [Figure
1C].»*7*° Owing to their unique electronic structures and
accessible redox states, base metals often engage in single-
electron transfer (SET) processes that promote stepwise
amination through hydrogen atom abstraction and radical

https://doi.org/10.1021/acs.chemrev.5c00503
Chem. Rev. 2026, 126, 1145—1205
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substitution. Additionally, electrophilic substitution (SyAr)
and electrocyclization pathways have been identified in aryl
C—H amination, depending on the substrate and nitrenoid
electronic characteristics. Such reactivity is particularly favored
at benzylic, allylic, and tertiary C—H bonds due to their lower
bond dissociation energies. Importantly, the discovery of
nitrene transfer reactions by biomimicked iron and manganese
porphyrin complexes by Breslow provided a conceptual bridge
between enzymatic NTRs and synthetic catalysis.”” Over time,
this area has found its significant value in C—N bond
formation reactions that continues to thrive with further
advancements. Since then, base-metal porphyrin and related
complexes have emerged as versatile and tunable catalysts,
significantly broadening the scope of sustainable C—N bond
formation [Figure 1D].*%*

In this context, it is worth noting that base-metal catalysis for
the NTRs have seen significant advancements that have been
documented in numerous excellent review articles.”’™** For
example, Gallo et al. reported a comprehensive review of
metallo-porphyrins mediated strategies for creating the C—N
bond via base metal catalysis.”’ Che group has published
several review articles, with an emphasis on Fe-nitrene/imido
complexes,® 7414047 Deng et al. also explored”” a related area
utilizing iron catalysis, while the Bi group® reviewed nitrene
transfer methods to prepare aliphatic azides. In the same line,
Chattopadhyay group'® conducted an extensive assessment of
Fe-catalyzed C—N bond formation through NTRs. In that
vein, while Procter et al. highlighted36 the significance of Co-
based metalloradical catalysis, the Perez group® evaluated the
importance of Cu-catalyzed C(sp®>)—H functionalization, and
Orru et al. reviewed”” particularly NTRs to carbon monoxide
and isocyanides by iron, nickel, and copper catalysis. On the
other hand, asymmetric C—N bond formation exploiting
metal-nitrenoids was efficiently surveyed by the Ohe,*
Pelliser,>> Uchida,'® Schomaker,”’ and Phipps45 groups,
respectively. Visible-light-induced nitrene transfer reactions
were reviewed by Koeing and his team.'” The feasibility of
different dipyrrin-based and copper-scorpionate metal com-
plexes in nitrene transfer reactions was surveyed by Baudron et
al.** and Perez et al."* Regarding emerging nitrene precursors,
de Bruin®® and Xu et al.* showcased their contextual
significance in NTRs. Furthermore, Dauban et al.®? highlighted
the imminent infancy, and Power et al.* assessed the
difficulties and challenges in this context. Notably, regardless
of all these significant accounts, articles encompassing different
base metals and their achievements in the domain of NTRs are
still lacking. Given the substantial advancement and great
potential of base metals in facilitating nitrene transfer reactions,
we present comprehensive information on this topic, covering
the range of reactions, mechanistic details, the development of
catalysts and critical aspects of the developed nitrene transfer
reactions. Furthermore, this review discusses transformations
with metal nitrene intermediates, encompassing C—H
amination, aziridination, annulation, cross-coupling, rearrange-
ment, and S—N/N—N/P—N bond formation, intending to
provide readers a comprehensive and critical overview of
advancements in this promising area. We restrict our
discussion to homogeneous base metal catalysis, while enzyme
catalytic transformations fall outside the purview of this review.
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2. PIONEERING DISCOVERIES IN NITRENE TRANSFER
REACTIONS

The inception of metal-catalyzed nitrene transfer reactions
(NTRs) was reported by Kwart and Khan (Scheme 1A).*
They showed that benzenesulfonyl azide was able to transfer a
nitrogen atom to cyclohexene with copper powder under
heating conditions. This reaction produced a mixture of
aziridine, allylic C—H insertion and vinylic C—H insertion
products. Crucially, their findings emphasized that metal
catalysts like copper may reduce the activation energy for
azide decomposition, enabling C—N bond formation through
metal-nitrenoid inserting into o- or s-bonds. On the other
hand, in 1982, Breslow and Gellman made a groundbreaking
report on the application of biomimicked iron and manganese
porphyrin complexes in C—H amination for the first time
(Scheme 1B).”” They used PhI=NTs as the nitrogen source for
the amination of cyclohexane. Even though the yields were not
significant, Mn(TPP)Cl outperformed Fe(TPP)Cl in inter-
molecular C—H amination (Scheme 1B(i)). Notably, for
intramolecular amination, Fe(TPP)Cl exhibited greater
efficiency (Scheme 1B(ii)).> In 1984, Mansuy and co-workers
reported the aziridination of styrenes with iron and manganese
porphyrin complexes. Mn(TPP)Cl showed much greater
efficiency than its iron equivalent (Scheme 1B(iii)).”" They
further expanded their studies to aliphatic alkenes and
discovered that the chemoselectivity of NT reactions was
highly dependent on the metal center. Mn(TPP)CIlO, favored
allylic C—H amination, whereas Fe(TPP)CIO, delivered
nonselective outcomes (Scheme 1B(iv)). This was prelimi-
narily attributed to the greater electrophilicity of iron-
nitrenoids relative to Mn-nitrenoids, which led to both the
aziridination and allylic C—H amination reactions.”” At the
same time (in 1983), Groves and Takahashi first time reported
the metal nitride activation to generate aziridine scaffolds
(Scheme 1C).%

They discovered that when Mn(TMP)N; was irradiated in
benzene, it yielded an isolable manganese(V) nitride, Mn-
(TMP)N. This species, identified as diamagnetic with a low-
spin d* configuration, efficiently underwent the aziridination of
cyclooctene (yielding 84—92%) at room temperature in the
presence of trifluoroacetic anhydride. The mechanistic studies
suggested the formation of manganese(V)-imido complex,
which formed in situ from the reaction of trifluoroacetic
anhydride with Mn(TPP)N that was further supported by the
kinetic study of Bottomley and Neely.”* Around the same time,
Mansuy and co-workers also reported the synthesis of iron
porphyrin-nitrene complexes.”> When iron porphyrin [Fe-
(TPP)CI] was treated with 1-amino-2,2,6,6-tetramethylpiper-
idine in the presence of either dioxygen or iodosobenzene, they
obtained a stable pentacoordinate iron-nitrene complex
(Scheme 1D). This was characterized by X-ray crystallography,
revealing a linear Fe—N—N unit, with bond lengths indicative
of multiple bond character (Fe—N: 1.809 A; N—N: 1.232 A)
and an S = 2 spin state for the iron center. In another
noteworthy study, Motherwell and coworers*® discovered that
FeCl, can facilitate the amination of hydrocarbons using
Chloramine-T as the aminating agent (Scheme 1E). They
obtained 63% vyield of monoaminated adamantane using
almost four equivalents of FeCl, and Chloramine-T compared
to adamantane. The reaction was proposed to proceed via an
iron-nitrenoid intermediate. However, a minor amount of
chlorinated adamantane was also observed as a side product.

https://doi.org/10.1021/acs.chemrev.5c00503
Chem. Rev. 2026, 126, 1145—1205
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To further investigate the reaction pathway, they conducted an
experiment using 1-chloroadamantane as the substrate with
FeCl, and Chloramine-T. This resulted in the formation of 1,3-
dichloroadamantane (19%) and monoaminated adamantane
(49%) as the primary products. Based on these observations,
they proposed an alternative reaction mechanism involving an
initial chlorination step mediated by FeCl,/Chloramine-T,
followed by nucleophilic displacement of chlorine by nitrogen
to form the C—N bond. These early findings established the
foundation for the advancement of iron-catalyzed nitrene
transfer reactions. In the early 1990s, the Evans group’*
achieved notable progress in the aziridination of olefins using
Cu(I) and Cu(Il) catalysts. All these pioneering and seminal
studies laid a strong underpinning for the development of
modern catalytic systems for nitrene transfer reactions.

3. NITRENE TRANSFER REACTIONS TO FORM C—N
BONDS

3.1. Manganese Catalysis (Mn)

In the field of organic synthesis, owing to the broad redox
range, manganese plays a significant role as various catalysts.
Manganese and its corresponding complexes can undergo
single-electron transfer processes (SETs) and two-electron
processes as well. These complexes became a sustainable
choice due to the high abundance and low toxicity. Therefore,
in the realm of base-metal-catalyzed nitrene transfer reactions,
the idea of manganese-catalysis is highly warranted for
progressing the area of NTRs.

3.1.1. Manganese-Catalyzed Aziridination Reactions.
Aziridines are the smallest and simplest saturated three-
membered nitrogen heterocycle. Compared to their cousin
epoxides, this N-heterocycle is less explored.” Aziridines
tethered natural products, active pharmaceutical ingredients
and polymers are common. Consequently, because of the
distinct characteristics of this scaffold, there is an ongoing
necessity to identify an appropriate and sustainable approach
to provide this synthetically valuable molecule.

3.1.1.1. Exploiting Tosyl Amines. Although there are
multiple useful approaches to produce the aziridine moiety,
but they are in constant odds with the sustainable paradigms.*’
In that regard, inspired by the initial studies by Breslow,
Gellman and Mansuy, Stokes and co-workers’’ reported a
water-soluble manganese porphyrin-based complex ([Mn]-1)
as a catalyst for the aziridination reaction, utilizing Chlor-
amine-T as the nitrene precursor (Scheme 2). The catalytic
efficiency was found to be pH-dependent, with slightly acidic
to neutral conditions yielding the highest conversions. The

Scheme 2. Aziridination Catalyzed by a Water-Soluble
Manganese-Porphyrin Complex

5 mol% [Mn]-1
—_—

R +
Buffer (pH 4), rt

TsNNaCl
Selected Substrate Scope
NTs

NTs

75%

1149

method was found effective for the aziridination of both
aliphatic and aromatic alkenes. Notably, for aliphatic alkenes,
no allylic aminations were observed.

In 2005, Yu group reported a Merrifield’s peptide resin
(MPR)-supported manganese-porphyrin system ([Mn]-2) for
the aziridination of alkenes using a combination of PhI(OAc),
and TsNH, in a dichloromethane solvent (Scheme 3).°" While

Scheme 3. Aziridination Catalyzed by a Polymer-Supported
Manganese Porphyrin Catalyst

0.04 mol% [Mn]-2

1.25 equiv. Phl(OAc), NTs
N + TsNH
R 2 DCM, 40 °C RN
Selected Substrate Scope Me, Me

NTs

NTs NTs
©/<‘ ©/<LCH20H
20% 52%

TsN Ts

Mn]-2
Lco,ch, N O o °
)
44% O 15% Merrifield peptide resin N

good yields were achieved for the aziridination of aliphatic
alkenes, but moderate yields were obtained for aromatic
alkenes (conversion ranging from 20% to 85%). Furthermore,
the catalyst demonstrated efficiency for both benzylic and
allylic amination reactions.

3.1.1.2. Incorporating Iminoiodinanes. Realizing the great
importance of the aziridine scaffold in organic transformations,
synthetic chemists endeavored to achieve the asymmetric
synthesis of aziridine scaffolds. In 1993, Katsuki and co-
workers introduced manganese-salen catalysis for asymmetric
aziridination (Scheme 4). Their initial study with ([Mn]-3)
yielded only 9% of the aziridination from styrene with
moderate enantioselectivity (61%).%

To improve, they modified the salen complexes by
incorporating optically active binaphthyl groups as chiral
elements ([Mn]-4), which afforded enantioselectivity of up to
949%.5 Later, Peng and co-workers in 1997 demonstrated an
asymmetric aziridination strategy using a D,-symmetric
Halterman manganese-porphyrin catalyst ([Mn]-5).°* The
reaction produced good yield and moderate enantioselectivity
(ee 40—68%) with 20 times excess of alkene with respect to
PhI=NTs, and 0.5 mol % of the catalyst (Scheme 4).

Marchon group investigated the asymmetric aziridination
reaction using manganese and iron porGPhyrins having meso-
chiral cyclopropyl moieties (Scheme 4).°> Recently, Groysman
et al. reported a new manganese complex ([Mn]-7) ligated
with a bulky chelating bis(alkoxide) ligand for a similar type of
aziridination reaction (Scheme 4).%°

3.1.2. Manganese-Catalyzed C(sp®—H Amination
(Intermolecular). 3.1.2.1. Exploiting Iminoiodinanes. Che
and co-workers developed an efficient C—H bond amination
strategy using Mn(F,oTPP)CI as a catalyst (Scheme 5).°” A
diverse array of C—H bonds, including benzylic, allylic,
ethereal and tertiary C—H bonds were aminated using this
method. However, substrates containing allylic C—H bonds
showed no clear trend toward either aziridination or allylic
amination. For instance, allyl benzene yielded a mixture of
products, whereas 1-octene underwent exclusive aziridination.

NTs
nem N

63%

QA O

Me’
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Scheme 4. Manganese-Catalyzed Aziridination Reactions
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Later, the Katsuki group developed an asymmetric amination
using optically active cationic Mn(salen) complexes bearing
electron-withdrawing substituents.*®

In 2018, White et al. reported a highly selective benzylic
amination catalyzed by ([Mn]-8) (Scheme 6).°” This
amination reaction was found to be so selective that only the
benzylic C—H bonds underwent activation and amination even
in the presence of multiple reactive C—H bonds. This
developed strategy overcomes the challenge in Rh-catalyzed
intermolecular amination reactions,”® where a mixture of
products is typically formed due to poor site selectivity.
Notably, substrates-containing basic nitrogen, masked by both
Bronsted and Lewis acids, are well tolerated, enabling access to
aminated N-heterocycles. Furthermore, the reaction exhibits
high efficacy in the selective benzylic amination of bioactive
complex molecules. Parallel competition kinetic isotope effect
(KIE) measurements (2.5 + 0.2) and intramolecular
competition KIE (3.0 + 0.1) suggest that C—H bond cleavage
is likely the rate-determining step. Contemporary DFT studies
by the Wang group’' unveiled that the C—H cleavage occurs
via an ionic mechanism rather than a radical pathway, i.e,
hydride transfer (HYT) rationale involving concerted hydro-
gen atom and electron transfers.

In this context, it is important to note that the nitrene
transfer to alkene having allylic C—H bond poses a formidable
challenge of chemo-selectivity between competitive aziridina-
tion and allylic amination. Generally, aziridination is preferred
over allylic amination in both intermolecular and intra-
molecular reaction under a Rhodium-based catalytic system.
Importantly, the White group demonstrated a highly site-
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selective and chemo-selective intermolecular allylic amination
of a diverse array of alkenes using a manganese-phthalocyanine
catalyst ([Mn]-9) (Scheme 7).”” The exceptional site
selectivity and chemo-selectivity are attributed to the bulky
and electrophilic nature of the phthalocyanine ligand, which
preferentially activates the less hindered allylic C—H bonds
while suppressing aziridination. This rationale was supported
by DFT calculations conducted by the Qian group.”” It has
been found that the developed amination strategy is broadly
applicable, accommodating cyclic, acyclic, linear, and styrenyl
olefins. Additionally, its utility has been showcased in the late-
stage modification of complex natural product derivatives.
3.1.2.2. Incorporating Dioxazolones. In 2023, Bao et al.
reported a manganese-catalyzed, visible-light-promoted para-
digm-shift for the benzylic amination using dioxazolone as the
nitrene source (Scheme 8).”* While the reaction exhibits broad
functional group tolerance, but its application is limited to only
activated diarylmethane and cyclic ethereal C—H bonds.
Mechanistic studies, supported by both experiment and theory
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Scheme 7. Chemoselective and Site-Selective
Intermolecular Allylic Amination
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Scheme 8. Visible-Light-Induced Manganese-Catalyzed
Amidation using Dioxazolone
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indicated that the formation of a Mn-acyl nitrene intermediate
and follows a stepwise radical pathway.

3.1.3. Manganese-Catalyzed C(sp®)—H Amination
(Intramolecular). In 2005, the Che group”® reported first
chiral metallosalen-catalyzed enantioselective intramolecular
amidation of sulfamate esters under mild conditions
accomplishing moderate enantioselectivity (up to 79%) with
exclusive cis-selectivity (Scheme 9). Interestingly, although the
neutral [Mn]-10 complex shows optimal performance for this
amidation reaction in the presence of Al,O;, it was previously
found to be less effective in intermolecular C—H amination
reaction.”® The trend in the ee values suggests that through-
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Scheme 9. Mn-catalyzed Enantioselective Intermolecular
Amination of Sulfamate Esters
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space electrostatic interaction (field effect) as well as steric
effect is responsible for chiral induction.

In 2015, White and co-workers reported a highly chemo-
selective intramolecular C(sp®)—H amination using manga-
nese-phthalocyanine ([Mn]-11) as a catalyst (Scheme 10).”°
Traditional noble metal rhodium catalysts, which stereospecifi-
cally functionalize aliphatic C—H bonds (secondary and
tertiary), often suffer from poor chemo-selectivity due to
competitive oxidation of z-bonds. In contrast, Mn catalysts
demonstrate high chemo-selectivity for allylic C—H amination
compared to the aziridination but exhibit only moderate
reactivity toward stronger aliphatic C—H bonds.

This iron catalyzed method efficiently aminates a broad
range of allylic C—H bonds, including primary aliphatic and
propargylic C—H bonds. Additionally, this method demon-
strated excellent competence for the late-stage modification of
complex molecules; specifically, sulfamate ester-derived ste-
roids like pregnenolone and stigmasterol efficiently underwent
aminative cyclization, producing five-membered heterocycles
with good yields. Notably, the ([Mn]-11) catalyst showed
good reactivity and exceptional chemoselectivity with a ratio of
>20:1, which stands in stark contrast to the 1:1 ratio observed
when using the rhodium catalyst [Rh,(esp),] (bis[rhodium-
(a,a,' @ -tetramethyl-1,3-benzenedipropionic acid)).”® Mech-
anistic investigations suggest a stepwise pathway involving
hydrogen atom abstraction followed by a rapid radical rebound
process. This mechanism is supported by Hammett correlation
data and olefin isomerization experiments. In a recent
computational study by the Zhan group,”” delineated the
good planarity, skeletal-nitrogen atoms and good stereorigidity
of the macrocylic ligand renders the metallonitrene adequately
electrophilic and make it enough susceptible to undergo
amination over aziridination. Despite these advancements, the
lack of an enantioselective version of this reaction limits its
applicability in medicinal chemistry and drug discovery.
Therefore, the development of an enantioselective variant is
highly desirable.

3.1.4. C(sz)—H Amination. In 2018, the Xu group
developed an efficient manganese-catalyzed ortho C(sp*)—H
amidation of aromatic ketones using sulfonyl azides (Scheme
11).”® A diverse range of ketones, including fused and biaryl
systems smoothly transformed to the desired product under
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Scheme 10. Chemoselective Intramolecular C(sp*)—H Amination Catalyzed by Manganese-Phthalocyanine Complex
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Scheme 11. Manganese-Catalyzed ortho-C—H Amidation of
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the reaction conditions. The developed protocol addresses the
key limitation in the previously reported method where late-
transition metals (Ru, Ir) were used.””®" Based on the
literature precedents, a mechanistic pathway was proposed.
The catalytic cycle begins with the formation of MnMe(CO);
through transmetalation of MnBr(CO); with Me,Zn, accom-
panied by the release of methane gas. Intermediate (A) is
generated through the complexation of MnMe(CO); with
acetophenone. Subsequent ortho-C(sp*)—H metalation of (A)
leads to the formation of manganacycle intermediate (B). The
reversible coordination of tosyl azide to the manganese center,

followed by amido insertion, results in Mn-intermediate (C)
with the concurrent release of N,. The subsequent trans-
metalation of intermediate (C) with Me,Zn forms inter-
mediate (D), which undergoes ligand exchange with
acetophenone to regenerate intermediate (A), thus propagat-
ing the catalytic cycle. Simultaneously, intermediate (E) is
formed and undergoes hydrolysis to yield the final amination
product.

3.1.5. Manganese-Catalyzed Annulation Reaction
(Leveraging Tetrazoles). In 2021, the Chattopadhyay
group reported a manganese-catalyzed denitrogenative annu-
lation reaction involving benzonitrile and pyridotetrazole
(Scheme 12).*" The reaction employs a catalytic combination
of Mn(TPP)Cl, Zn dust, and Cul. Mechanistic studies revealed
that Zn dust reduces Mn(III) to Mn(II) in situ, generating

Scheme 12. Mn-Catalyzed Denitrogenative Annulation of
Tetrazole with Nitriles
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Mn(II)(TPP) as the active catalyst. This Mn(II) species
facilitates the denitrogenation of the tetrazole to generate a 2-
pyridyl nitrene intermediate. Simultaneously, Cul coordinates
with the nitrile group, enhancing its electrophilicity and
enabling the manganese-nitrene species to add to the nitrile 7-
system, leading to the annulated product. While the developed
method exhibited broad substrate scope with various tetrazoles
and aryl nitriles, it was ineffective with aliphatic nitriles, which

failed to yield the desired products.
3.2. Iron Catalysis (Fe)

Due to the high abundance, minimal hazardousness, variable
formal oxidation states and especially low-cost renders, iron
catalysis is a perfect choice for many important synthetic-
transformation. Among them, iron-catalyzed nitrene transfer
reactions have achieved significant interest as a sustainable and
efficient strategy for introducing amine functionalities into
organic molecules, owing to its high abundance and versatile
reactivity. 274647

2.1. Iron-Catalyzed C(sp®)—H Amination (Intermolec-
ular). 3.2.1.1. Utilizing Organic Azides. In 2010, the Che
group studied an iron porphyrin- catalyzed C—H bond
amination reactions using aryl azides.*” They introduced the
electron-deficient iron porphyrin complex Fe(F,,TPP)Cl
(F,,TPP = 5,10,15,20-tetrakis(perfluorophenyl)porphyrin)
for the C—H bond amination reactions (Scheme 13).

Scheme 13. Fe-Porphyrin-Catalyzed Intermolecular
Amination
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It was observed that while the intermolecular C—H
aminations of sulfonyl azides provided poor yields, significant
improvements were observed when 4-nitrophenyl azide was
employed. The scope of the reaction was demonstrated
through the amination of both benzylic and stronger aliphatic
C—H bonds, including the challenging substrates such as
cycloheptane, cyclooctane, and adamantane.

Importantly, the efficiency of the Fe(F, TPP)Cl-catalyzed
amination reactions can be dramatically enhanced (up to 14-
fold) under microwave irradiation. This is due to the rapid
activation of both the catalyst and the azide under microwave
irradiation, which improves the reaction kinetics. In 2015, Lay
and Gallo et al. also reported the catalytic C—H bond
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amination by modifying an iron-porphyrin catalyst. The
modified catalyst ([Fe]-1), featuring tetrafluorophenyl glyco-
side units attached to the porphyrin core, demonstrated high
efficiency for the benzylic C—H bond aminations (Scheme
13).*% After four years, Che et al. revisited the C—H bond
amination reaction catalyzed by Fe(F,,TPP)Cl due to its
moderate yield and low catalytic efficiency, particularly for
unactivated C—H bonds. To enhance the catalytic perform-
ance of the porphyrin system, they further modified the
catalyst structure of Fe(F, TPP)CI by replacing the para-F
groups of F, TPP ligand with N,N-dimethylamino groups,
deveslfping the catalyst [Fe(TF,DMAP)CI] ([Fe]-2) (Scheme
13).

In most iron-catalyzed nitrene transfer reactions, the iron-
nitrene intermediates have not been isolated for direct
characterization. Instead, they are typically studied through
indirect control experiments or spectroscopic analysis.
However, Mindiola and co-workers successfully isolated the
key intermediates involved in the intermolecular reaction
catalyzed by ([Fe]-3) (Scheme 14).*° The intermediate [Fe-

Scheme 14. Isolable Iron-Imido Intermediate in Amination
Reaction
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Int-1] was obtained via a stoichiometric reaction between
([Fe]-3) and 4-'Bu-C¢H,Nj. Spectroscopic analysis confirmed
its S = 1 spin state and an iron center with (+4) oxidation state.
Furthermore, the isolated imido complex (Fe-Int-1) under-
went reaction with dihydroanthracene, yielding the adduct
(Fe-Int-2). These intermediates were identified as essential
species in catalytic intermolecular amination catalyzed by
([Fe]-3).

Very recently, Baudoin and Geraci reported an elegant
method for the site-selective intermolecular C(sp®)—H
amination of N-heterocycles (Scheme 15).°® This method
circumvents the need for the less practical N-chloro-N-
sodiocarbamate reagent for a-amination of heterocycles
developed by Chang and co-workers.”” Instead, the use of
TrocN; as the nitrogen source, in combination with an
inexpensive FeCl, catalyst, offers a more efficient and
operationally simple alternative. This approach is compatible
with a wide range of amines, including pharmaceutically
relevant compounds and complex molecules such as dextro-
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Scheme 15. Site Selective Intermolecular C(sp*)—H
Amination of N-Heterocycles Catalyzed by FeCl,
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methorphan, vortioxetine, reserpine, and mirtazapine. Notably,
the selectivity trend observed in this reaction is distinct and
complementary to other Fe-catalyzed C—H amination
methods, which typically favor benzylic C—H bonds. When
substrates containing two heteroatoms, amination occurred
exclusively at the a-position to the most electron-rich nitrogen
atom. For example, mirtazapine, which contains six potentially
reactive C(sp®)—H bonds, underwent selective amination at
the most accessible a-methylene position adjacent to the
electron-rich nitrogen, despite variations in bond dissociation
energies (BDEs).

3.2.1.2. Leveraging Tetrazoles. Furthermore, iron-porphyr-
ins were found to be highly effective for the activation of
pyridotetrazole to furnish 2-pyridyl nitrene intermediates. An
intermolecular benzylic C(sp®)—H bond amination using
tetrazole under iron-porphyrin metalloradical catalysis was
reported by the Chattopadhyay group (Scheme 16).*® The
method enabled the direct installation of 2-pyridyl amine units
at the benzylic positions of hydrocarbon substrates, which is

highly beneficial in complex molecular schaffolds for the late-
stage amination.

A distinguishing feature of this strategy lies in the in situ
generation of Fe(II) porphyrin as the catalytically active
species, deviating from conventional nitrene transfer methods
that predominantly employ Fe(IIl) porphyrin complexes for
active catalyst. Recently, Mondal and co-workers, through
DFT studies, showed® that Fe(III)-porphyrin is catalytically
inactive due to its out-of-plane Fe center, leading to a high
nitrene formation barrier (35.9 kcal/mol). In contrast, the
planar Fe(Il)-porphyrin exhibits a much lower barrier (21.4
keal/mol), accounting for its catalytic activity. The optimal
catalyst for this transformation was an iron-porphyrin complex
([Fe]-4) featuring mesityl and 2,6-dimethoxy substituents at
the periphery of the porphyrin. The reaction exhibited high
selectivity for amination at secondary benzylic positions over
tertiary and primary ones. Experimental studies support the
formation of a benzylic radical intermediate during the
reaction, with hydrogen atom abstraction identified as the
rate-limiting step. A mechanism for the amination reaction is
displayed in Scheme 16. Initially, Zn reduces the Fe(III)-
porphyrin catalyst to its active Fe(Il)-porphyrin (A) form via
single-electron transfer. The open form of tetrazole then
coordinates with the iron center, generating a metal-bound
azide complex (B) that leads to the formation of an iron-iminyl
radical intermediate (C). This nitrene intermediate sub-
sequently abstracts a benzylic C(sp®>)—H hydrogen, yielding
intermediates (D and E). Finally, recombination of these
intermediates (D and E) affords the aminated product, thereby
completing the catalytic cycle. Despite these advancement, use
of moderately high temperature limits its application.

Recent surge of photoredox catalysis brought new
dimension to organic syntheses. In this vein, Yu, Li, and co-
workers reported a visible-light-driven FeCl;-catalyzed benzylic
amination using tetrazole.”’

3.2.1.3. Incorporating Amines. The Che group employed a
“metal catalyst + PhI(OAc), + primary arylamines” amination
protocol for C—H bond amination reactions (Scheme 17).”"
This approach streamlined the amination method by
eliminating the need for the ex situ generation of nitrene

Scheme 16. Iron-Catalyzed Benzylic Amination Using Tetrazole as Nitrene Precursor
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Scheme 17. In Situ-Generated Iminoiodinane in Iron-
Catalyzed C—H Bond Amination
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precursors. This method was found to be effective for the
amination of both activated and unactivated C—H bonds. ESI-
MS analysis and DFT calculations provided evidence
supporting the involvement of an iron-nitrene intermediate
(Fe-Int-3) in the catalytic cycle.

3.2.1.4. Exploiting Carboxamides. Building on the C-H
amination studied by Motherwell and co-workers,”® Qiu and
co-workers developed an efficient FeCl;-photoredox catalytic
method for amide synthesis from readily available N-acyloxy
benzamides (Scheme 18).”” Under iron-photoredox catalysis,

Scheme 18. FeCl;-Photoredox for the Amination of 1,3-
Dicarbonyl Compounds
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(0] compound
A n*[Fel~opy|[—> R1J15(U\R2
R R3 NH
O

0.3 equiv. FeCl3

\
5 W blue LED
DCM, 35 °C, Air
R4

Selected Substrate Scope

o o o o

é(lLMe
NH Br

(0]

(¢} (0]

N, A

N Ph
PPh;

NH

Ph N

1"
0“7 Ph SPh;

1% 75% 54% 61%

N-acyloxy benzamides generated an iron-benzoyl nitrenoid
intermediate, which inserted into the C(sp*)—H bond of 1,3-
dicarbonyl compounds, yielding monoamidated dicarbonyl
products. This strategy was successfully extended to acyl
nitrene insertion into various bonds, including C(sp*)—H,
benzylic C(sp®)—H, sulfur- and phosphorus-containing mole-
cules.

3.2.1.5. Utilizing Dioxazolones. In 2021, the Bao group
reported a synergistic report on visible light promotion and
iron catalysis for intermolecular nitrene transfer reactions
incorporating dioxazolones to forge C(sp®>)—N, N=S, and N=P
bonds (Scheme 19).”® This synthetic maneuver is devoid of
any exogenous-ligands and excellently compatible with almost
more than 100 substrates under ambient reaction conditions.
DFT study and other experimental reports bolstered the
intervention of radical pathway and degree of decarboxylation
highly depends on the conversion of ground state sextet of the
intermediated dioxazolone-bound iron species to the quartet
spin state via visible-light irradiation through intersystem
crossing.

3.2.1.6. Using Hydroxylamine Esters. Iron-phthalocyanine
catalysis has proven highly effective for the direct installation of
primary amines at various types of C(sp®>)—H bonds, including
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Scheme 19. Visible-Light and Iron Catalysis for Nitrene
Transfer Reactions of Dioxazolones
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benzylic, allylic and aliphatic C—H bonds introducing

hydroxylamine ester (Scheme 20).”* Conventional nitrene

Scheme 20. Iron-Catalyzed Primary Amination of C(sp®)—
H Bonds
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transfer reactions typically proceed via N-protected metal-
nitrene intermediates, thereby requiring additional deprotec-
tion steps to access primary amines. In contrast, this method
bypasses such limitations by utilizing unprotected metal-
nitrene species, allowing direct and efficient synthesis of
primary amines. However, poor chemo- and regioselectivity
were observed, particularly for allylic and aliphatic chain
substrates. DFT calculations suggest that the active inter-
mediate in the amination reaction is a protonated iron-nitrene
species, denoted as [(ClgPcFeNH,)*(OTf)"], in which the
triflate anion (TfO™) coordinates to the iron center ([Fe-Int-
4). This protonated species is energetically more favorable
than the neutral iron-nitrene [(Fe-Int-S)] analogue (neutral
iron-nitrene was generally proposed for enzymatic C—H
primary amination reactions) by 27.5 kcal/mol. Moreover,
the reaction works well and is also amenable to late-stage
functionalization.

3.2.2. Iron-Catalyzed C(sp®)—H Amination (Intra-
molecular). 3.2.2.1. Leveraging Organic Azides. In 2011,
Betley and co-workers demonstrated that exposure of an
iron(III)-dipyrrinato complex to aryl or alkyl azides generated
an Fe(Ill)—dipyrrinato imido radical species. This species
underwent hydrogen atom abstraction (HAA) and radical
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recombination (RR), facilitating insertion into the benzylic C—
H bond of toluene (Scheme 21).”° Subsequently, they

Scheme 21. Iron-Dipyrrinato Complex in Intramolecular
Alkyl Azide Amination
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extended th1s strategy to the intramolecular amination of
alkyl azides.”® Interestingly, the initial reaction was limited to a
stoichiometric process, as catalytic turnover failed in the
intramolecular amination. This was attributed to the inhibition
of the catalytic cycle by the resulting N-heterocycle, which
coordinated with the iron-dipyrrinato species to form a stable
complex ([Fe]-6). The structure of complex [Fe-Int-6] was
confirmed by X-ray crystallography. To overcome this
limitation, (Boc),O proved to be an efficient additive. It
reacted with the pyrrolidine product, reducing its nucleophil-
icity, thereby preventing the formation of complex [Fe-Int-6].
As a result, the catalytic efficiency of the iron-dipyrrinato
complex ([Fe]-6) was restored. This catalytic system exhibited
broad substrate scope, tolerating various types of C—H bonds,
including benzylic, allylic and aliphatic secondary and tertiary
positions. The corresponding amination products were
obtained in moderate to high yields. To investigate the
mechanism, radical clock experiments were performed, which
revealed no detectable ring-opening products. This suggests
that if a radical intermediate is involved, its lifetime is short due
to a rapid recombination process. However, the possibility of
the direct C—H amination pathway also may not be ruled out.

It was observed that the intramolecular amination using the
catalyst ([Fe]-6) shows low diastereoselectivity. To improve
the diastereoselectivity, Betley et al. screened various
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dipyrrinato iron-alkoxide and aryloxide complexes (Scheme
21).”” They discovered that the phenolate complex ([Fe]-7)
efficiently catalyzed the cyclization of alkyl azides with allylic
and benzylic C—H bonds, yielding syn-2,5-disubstituted
pyrrolidines with excellent diastereoselectivity. DFT calcula-
tions suggest that the observed diastereoselectivity arises from
interactions between the phenolate ligand and the iron center,
likely involving z-bonding. These interactions create increased
steric hindrance with the substrate, influencing the diaster-
eoselective outcome of the reaction.

In 2016, Lin and co-workers developed UiO-type MOFs
functionalized catalysts using (B-diketiminate)iron,”®
(phenanthroline)iron,” and (terpyridine)iron'”’ to facilitate
intramolecular C(sp*)—H bond amination of organic azides
(Scheme 22).

Scheme 22. Iron-MoF-Catalyzed Intramolecular Amination

z Me X
] Fe 7 N S »
YN n-Ph =N, _N= Y ONTYS
. I
1 Fe x_N—r N _~2
Me)\ Me < (€] \Fe (€] 1%/
THF  THF THE “THE
[Fe]-8 [Fe]-9 [Fel-10

NacNac-MOF-Fe(Me) mPT-MOF-Fe(THF),

(10 mol% Fe) Fe-MOF
—_—
5 equiv. (Boc),0

R Boc
Selected Substrate Scope
D H Cﬁ Meﬁ
N AR N N
Ph™ Boc Boc Me™  Boc

[Fe]-8: 90%
[Fe]-9: 56%
[Fe]-10: 89%

[Fe]-8: 90%
[Fe]-9: 60%
[Fe]-10: 44%

[Fe]-8: 99%
[Fe]-9: 39%
[Fe]-10: 57%

These catalysts efficiently facilitated the amination of
aliphatic azides, yielding a-substituted pyrrolidines with
satisfactory yields. The analysis of substrate scope showed
that whereas these MOF-based catalysts successfully aminated
benzylic and allylic C(sp®)—H bonds, but their effectiveness in
amination of secondary and tertiary aliphatic C(sp®)—H bonds
was only moderate. Notably, the MOF-supported catalysts
outperformed their homogeneous counterparts. For example,
while sterically hindered substrates were found to be well
tolerated that afforded gem-disubstituted pyrrolidines in
quantitative yield, but analogous homogeneous catalysts failed
to provide the desired product. Furthermore, the MOEF-
supported catalysts exhibited excellent recyclability, maintain-
ing their catalytic efficiency even after a second reuse with no
significant decrease in performance.

In 2017, de Bruin, van der Vlugt, and co-workers developed
a novel, air-stable, high-spin iron(III) complex [Fe(NNOISQ)-
CL] ([Fe]-11) (ISQ = iminosemiquinonato) featuring a
redox-active pyrido-aminophenol ligand for the intramolecular
C—H bond amination of alkyl azides (Scheme 23).'°" The
radical in the ligand is antiferromagnetically coupled with the
high-spin iron(III) center, resulting in an overall spin state of S
2. In combination with (Boc),0, the catalyst efficiently
generated pyrrolidine products from alkyl azides. However, in
nearly all cases, significant amounts of linear amine byproducts
were also observed. The reaction was hypothesized to proceed
via iron-imido species as key intermediates, though their
structural characteristics remained unclear. Kinetic studies
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Scheme 23. [Fe(NNO™Q)Cl,]-Catalyzed Intramolecular
Amination
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were conducted to identify the rate-determining step of the
amination reaction. Surprisingly, the reaction followed zero-
order kinetics with respect to the azide substrate, while being
first-order in both the iron catalyst and (Boc),0. Two possible
active catalysts (Fe-Int-7 and Fe-Int-8) were proposed, both
generated through the reaction between (Boc),O and the
precatalyst ([Fe]-11).

In 2018, the Che group demonstrated that iron-porphyrins
are among the most effective catalysts for intramolecular
C(sp®)—H amination of aliphatic azides. In particular, an iron-
porphyrin complex [Fe(TDCPP)(NHC),]I ([Fe]-12) featur-
ing an axial N-heterocyclic carbene (NHC) ligand showed high
efficiency in aminating a broad range of C—H bonds, including
benzylic, allylic, tertiary, secondary, and even primary C(sp*)—
H bonds, affording the corresponding pyrrolidines in high
yields (Scheme 24).'%*

Furthermore, mass spectrometry and DFT studies suggested
that the catalytic cycle begins with thermally induced
dissociation of one NHC ligand from the iron center of the
catalyst, yielding the [Fe(TDCPP)(NHC)]* species. This
species interacts with an alkyl azide to form [Fe(TDCPP)-
(NHC)(N3R)]* followed by azide decomposition and
subsequent nitrene insertion into C—H bond, ultimately
yielding the amination product. DFT calculations supported
the importance of NHC ligand, as it helps to attain the ruffled
conformation of the entire porphyrin system thereby it kicks
the Fe(IIl) out of the plane and make the azide adduct
formation slightly exergonic. Furthermore, because of the high
efficiency of [Fe(TDCPP)(NHC),] in aminating diverse C—H
bonds, the species was utilized for the synthesis of complex
nitrogen-containing heterocyclic compounds. In a subsequent
study, the same group found that the catalyst [Fe(TF,DMAP)-
Cl] ([Fe]-2) displayed significantly higher efficiency in
intramolecular C—H bond amination of alkyl azides in
comparison to [Fe(TDCPP)(NHC),]I ([Fe]-12), requlrlng
only 1 mol % catalyst loading (reduced from 10 mol %).'" In
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Scheme 24. Iron-Porphyrin(NHC)-Complex in C—H Bond
Amination
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2019 Yu et al. developed a straightforward method for the
preparation of poly substituted imidazolinones from alkyl
azides using a combination of FeCl, and a f-diketiminate
ligand (Scheme 25)."%> While this catalytic system benefits

Scheme 25. Synthesis of Imidazolinones via Iron-Catalyzed
Nitrene Transfer Reaction of Alkyl Azides
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from its simplicity, it requires high reaction temperatures (100
°C) and a relatively high catalyst loading (20 mol %) to
achieve complete conversion and high yields.

To overcome these limitations, the same group introduced a
more efficient iron-phosphine complex ([Fe]-14), which
operates at a lower temperature (40 °C) and with a reduced
catalyst loading (5 mol %)."** This improved catalytic system
delivered imidazolinone products in comparable yields to those
obtained with the FeCl,—p-diketiminate catalyst. Most
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importantly, the amination reaction did not necessitate
(Boc),O as an additive in case of tertiary alkyl azides, this is
possibly because of the sterically crowded N-atoms that
facilitate the product elimination from the catalyst pocket.
Further, Liu and co-workers found that FeBr, can also facilitate
C(sp’)—H amination of primary alkyl azides to produce
imidazolinones without the employment of external ligand.'*
In 2021, the Albrecht group reported a homoleptic C,O-
chelating mesoionic carbene-iron complex ([Fe]-15) for the
amination of tertiary alkyl azides (Scheme 26).' Due to the

Scheme 26. Iron-Mesoionic Carbene Complex and
Fe(HMDS), for Catalytic Intramolecular C—H Amination
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presence of a tertiary group adjacent to the nitrogen atom, this
reaction did not require additional protecting groups. The
catalytic method facilitated the activation of a broad range of
C—H bonds, including benzylic, primary, secondary and
tertiary C—H bonds. Kinetic studies revealed a first-order
and half-order dependence on substrate and catalyst
concentration respectively, suggesting a unique mechanistic
pathway in which a Fe-bis-nitrene intermediate was formed by
consecutive N, extrusions. The Fe-bis-nitrene proceeds via H-
abstraction/radical rebound, affording the final amination
products.

The reaction mechanism was further supported by the DFT
studies, which revealed that the second N, elimination was the
rate-limiting step of the whole reaction.'”” They further
reported silicone-based ligand containing iron catalysts, which
were devoid of multistep synthesis of the ligand precursors
(Scheme 26).'"7 They showed that the air-sensitive iron
complex Fe(HMDS), (HMDS = bis(trimethylsilyl)amine)
could efficiently catalyze the intramolecular C—H amination of
alkyl azides, achieving catalytic efficiencies comparable to those
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observed with the homoleptic C,O-chelating mesoionic
carbene-iron complex ([Fe]-15).

To address the air sensitivity of Fe(HMDS),, the same
group identified an alternative, commercially available iron salt,
Fel,, which rapidly and selectively catalyzed the amination of
various C—H bonds.'”® To gain mechanistic insight into the
Fe(HMDS),-catalyzed reaction, they performed a stoichio-
metric reaction between Fe(HMDS), and AdNj, leading to the
isolation of a stable iron a-N-coordinated organoazide complex
([Fe]-Int-9), which was characterized via spectroscopic
analysis. Photocrystallographic studies revealed that ([Fe]-
Int-9) gradually loses N,, resulting in Fe—N bond shortening
and the formation of an iron imido/nitrene complex ([Fe]-int-
10). In solution, the nitrene moiety is inserted into a C—H
bond of the N(SiMe;), ligand, yielding a C—H bond
amination product ([Fe]-17), which was also characterized
spectroscopically. However, efforts to isolate an Fe(NAd)
complex ([Fe]-int-10) were unsuccessful.

While Fe(III)(NR) and Fe(IV)(NR) complexes have been
extensively studied for C(sp®>)—H functionalization, the use of
high-valent Fe(V)(NR) species remained largely unexplored.
Such species can provide valuable insights into the structure—
reactivity relationships in Fe(III)-catalyzed C—H aminations as
well as other nitrene transfer reactions. In this context, very
recently, Che and co-workers studied the C(sp*)—H amination
by using iron corrole complex that operates via an iron(V)-
alkylimido intermediate (Scheme 27).'%” The iron corrole

Scheme 27. Iron Corrole-Catalyzed Intramolecular
Amination of Alkyl Azide
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complex ([Fe]-18) was found to be highly effective for
amination of diverse C—H bonds which requires only 0.2 mol
% of catalyst loading. The catalyst was also found to generate
several TON (up to 3880) for C—H amination reaction which
was in general rare for this type of reaction. Additionally, the
reaction yielded excellent diastereoselectivities (99:1 dr) in all
cases and was successfully applied to the late-stage
modification of various complex natural products and drug
molecules.

In 2013, Driver and co-workers discovered that under FeBr,
catalysis, phenyl azides bearing ortho-alkoxy groups underwent
conversion to 2,3-disubstituted indoles via a tandem process

https://doi.org/10.1021/acs.chemrev.5c00503
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involving ethereal C—H bond amination, $-alkoxy elimination,
and a 1,2-alkyl shift (Scheme 28).""" This reaction proceeded
via a concerted [20 + 27] addition between the iron-imido
species and the C—H bond, leading to C—N bond formation.

Scheme 28. FeBr,-Catalyzed Intermolecular C—H
Amination of ortho-Substituted Aryl Azides
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The preference for the 1,2-shift followed the trend: Me < 1°
< 2° < Ph. Later, Ren et al. investigated the reaction
mechanism through DFT studies.''' Their study revealed
that the C—H amination did not follow the classical radical
rebound pathway. Instead, it proceeded via a concerted [20 +
27] addition between the iron-imido species and the C—H
bond, leading to C—N bond formation.

3.2.2.2. Incorporating Sulfonamides. In 2012, White and
Paradine reported a highly selective allylic C—H amination of
sulfamate esters using an iron-phthalocyanine catalyst (Scheme
29).""? This system exhibited a strong preference for allylic C—

Scheme 29. Fe-Catalyzed Intramolecular Allylic C—H
Amination
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H bond amination over other C—H bonds, following the
selectivity trend: allylic > benzylic > ethereal >3° > 2° > 1°.
The site selectivity was further influenced by steric and
electronic factors. For instance, substrates with electron-
withdrawing groups adjacent to the allylic C—H bond showed
lower amination efficiency. Consistently, in polyolefin-contain-
ing substrates, amination occurred preferentially at the more
electron-rich allylic C—H bond.

When sterically distinct allylic C—H sites were present, the
reaction favored the less hindered position. A radical pathway
was proposed for this transformation. To probe the
mechanism, the amination of (Z)-hept-S-en-2-yl sulfamate
(Z/E > 20:1) was examined, resulting in a significant decrease
in the Z/E ratio (to 9:1), suggesting the formation of a
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stabilized allyl radical. Additionally, an intermolecular kinetic
isotope effect (KIE) of 2.5 was observed, supporting a
mechanism involving hydrogen abstraction and radical re-
bound. Interestingly, a direct comparison between the iron-
phthalocyanine and Rh,(OAc), catalysis highlights the key
differences in reactivity. While the iron catalyst strongly
favored allylic C—H amination, the rhodium system led to a
considerable amount of aziridination. Furthermore, the
[Felll(Pc)] catalyst demonstrated superior selectivity in
distinguishing between energetically distinct C—H bonds
compared to Rhy(OAc),.'"

In 2013, Che et al. described the intramolecular amination
of sulfamate esters using a seven-coordinate quinquepyridine-
supported iron complex ([Fe]-19) (Scheme 30).'"° This

Scheme 30. Iron-Catalyzed Intramolecular Amination of
Sulfamate Esters
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complex exhibited high efficiency in facilitating the amination
of various substrates, including benzylic and allylic sulfamate
esters even in the presence of multiple C—H bonds within a
substrate. Notably, benzylic C(sp®>)—H bonds were preferen-
tially aminated over tertiary C(sp’)—H bonds, benzylic
C(sp®)—H bonds over allylic C(sp®)—H bonds, and tertiary
C(sp*)—H bonds over secondary C(sp*)—H bonds. Further-
more, this amination method was successfully applied to
substrates with complex molecular architectures, such as
isononane, menthane, spirost-S-ene, cholane, and androstane
frameworks, consistently affording high yields of the aminated
products. The catalytic activity of the iron complex Fe(qpy)-
(MeCN),, was attributed to the formation of a reactive
cationic seven-coordinate iron-imido/nitrene intermediate,
[Fe(qpy) (NR)(X)]™* (where X represents NR, solvent, or an
anion) ([Fe]-Int-13).

This conclusion was supported by experimental evidence,
including ESI-MS analysis, and followed by DFT studies.
Additionally, computational studies revealed that the iron-
imido intermediate exhibited radical character at the imido
moiety, highlighting its unique electronic structure and
reactivity.
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3.2.2.3. Utilizing Carboxamides. In 2021, the Meggers
group reported an efficient iron-catalyzed C(sp®>)—H amina-
tion using a simple catalyst system comprising iron(II)
chloride and 1,10-phenanthroline (Scheme 31)."'* This

Scheme 31. Iron-Catalyzed Amination of Activated and
Unactivated C(sp®>)—H Bonds
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method enables the direct C—H amination of N-benzoylox-
yureas to afford imidazolidin-2-ones in high yields. The
reaction is highly effective for the benzylic, allylic, propargylic
and even nonactivated aliphatic C(sp®>)—H bonds. Notably,
this amination proceeds under open-flask conditions. A
proposed mechanism is shown in Scheme 31. This involves
the coordination of the active Fe(II) species to N-
benzoyloxyurea, followed by base-induced deprotonation and
benzoate elimination to generate an iron nitrenoid inter-
mediate. In its triplet state, this intermediate undergoes 1,5-
hydrogen atom transfer (HAT), forming a radical intermediate,
which rapidly undergoes radical rebound to form the C—N
bond. Several control experiments supported this mechanistic
proposal. For example, in the allylic C—H amination of a Z-
alkene, the reaction resulted in isomerization of the double
bond, indicating the generation of an allylic radical
intermediate. Furthermore, loss of stereochemical integrity in
the C—H amination of a substrate with a chiral center
reinforced the stepwise nature of hydrogen abstraction
followed by radical rebound, ruling out a concerted nitrene
insertion mechanism.

3.2.2.4. Involving Dioxazolones. Using dioxazolone pre-
cursors, Chang and Kweon developed an iron-phthalocyanine-
catalyzed intramolecular C—H amidation for the preparation of
y-lactam derivatives (Scheme 32)."'® This method showcased
the initial instance of lactam preparation through direct C—H
amination utilizing an iron-acyl nitrenoid intermediate, which
successfully inhibited the competitive Curtius-type rearrange-
ment. The reaction was highly efficient, requiring extremely
low catalyst loading (0.0055 mol % of PcFe(III)Cl) under an
air atmosphere. This method enabled the amidation of primary
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Scheme 32. Iron-Phthalocyanine-Catalyzed Intramolecular
C—H Amidation
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and secondary aliphatic, secondary benzylic and propargylic
C(sp®)—H bonds. The catalytic system showed selectivity in
the order of benzylic > tertiary > secondary C(sp*)—H bonds.
Experimental and computational studies suggested that the
reaction proceeded via an iron-imidyl radical intermediate,
followed by hydrogen atom abstraction and rapid radical
rebound. The key C—N bond-forming step occurs in a
stepwise manner via this radical intermediate. The remarkably
high turnover numbers (up to 47000) observed for the
catalytic system are attributed to its durability in the presence
of oxygen and efficient catalyst regeneration.

Additionally, the catalyst’s high activity is rationalized by the
facile spin interconversion of the iron species, which enhances
the overall catalytic efficiency.

3.2.2.5. Introducing Tetrazoles. The Chattopadhyay group
demonstrated that 1,2,3,4-tetrazoles can easily be employed as
aminating reagent for a series of reactions using iron-porphyrin
metalloradical catalysis. It was reported that an iron-porphyrin
can efficiently be used for the intramolecular sp®* C—H
amination reaction of 1,2,3,4-tetrazoles bearing unactivated
primary, secondary, and tertiary C—H bonds (Scheme 33). 16
This method enabled the efficient synthesis of a diverse array
of aza-indoline derivatives in high yields. The reaction
tolerated not only alkyl chain substitution at the C8 position
of the tetrazole but also tetrazoles featuring an amide unit,
where a-C—H bonds adjacent to the amide were effectively
aminated, affording pyridopyrimidones as the final desired
product. The potential of this method for enantioselective
C(sp®)—H amination was also explored. After screening several
chiral catalysts, it was found that ([Fe]-20) catalyzed the
reaction quantitatively, yielding the aminated product with a
enantiomeric ratio of 73:27, which suggested that upon
suitable catalyst design through ligand modification, enantio-
selective may be improved significantly. A radical rebound
mechanism was proposed for the transformation.

3.2.3. Enantioselective C(sp3)—H Amination. While
racemic Fe-catalyzed nitrene transfer (NT) reactions have
been widely explored, there are only a few reports of
asymmetric NT reactions catalyzed by nonenzymatic iron
complexes.

3.2.3.1. Using Carboxamides. In 2022 Meggers et al.
expanded the scope of iron-catalyzed nitrene transfer reactions
to prepare optically active a-amino acids via a stereocontrolled
1,3-nitrogen shift (Scheme 34).""” In this approach, abundant
and readily available carboxylic acids served as starting

https://doi.org/10.1021/acs.chemrev.5c00503
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Scheme 33. Iron-Catalyzed Amination of Strong Aliphatic

C(sp®)—H Bonds
X
C—=
N

N 5 mol% Fe(TPP)CI
Tt 10 mol% Zn dust N" H
ST e Azaindolines
o} ee o R
-~
Ay S A
N=N Selected Substrate Scope F’yrido-pyrimidones

73% 95% 90°

Ph e

0%

| N
H
N N N
N=N
5 mol% [Fe]-20
10 mol% Zn-dust
CgHg, 100 °C

A

N
N H

R =Boc; er=73:27

R =NTs; er=61:39

[Fe]-20

materials, which were first functionalized into their corre-
sponding azanyl ethers.

Scheme 34. Stereocontrolled 1,3-Nitrogen Migration for
Synthesizing Chiral a@-Amino Acids
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The azanyl ethers then underwent an intramolecular, highly
regio- and stereocontrolled 1,3-amine transfer, yielding chiral
a-amino acid derivatives under the influence of the iron
catalyst (R,R)-FeBIP (BIP = 2,2"-bipyrrolidine). The (RR)-
FeBIP catalyst demonstrated exceptional efficiency in produc-
ing chiral @-amino acids, irrespective of the side chains
(activated and nonactivated). In contrast, ruthenium catalysis
gave optimal results only when the substrate contained
activated side chains, such as aryl, allyl, or propargyl groups.
A mechanism for the 1,3-nitrogen shift reaction is shown in
Scheme 34. This strategy allows enantioselective amination of
carboxylic-acid-containing drugs and natural products, and
enables the synthesis of unnatural a-amino acids.

3.2.3.2. Leveraging Organic Azides. In 2023, Che group
reported a photoinduced asymmetric intramolecular C(sp*)—
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H amination catalyzed by chiral iron complexes based on
meso- and J-substituted porphyrins (Scheme 35).""* This

Scheme 35. Chiral Iron Porphyrins-Catalyzed
Enantioselective Intramolecular C(sp*)—H Bond Amination
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method enables the synthesis of chiral indolines and
benzofused cyclic sulfonamides from aryl and arylsulfonyl
azides, delivering up to 93% ee. Upon photoradiation, the azide
functionality is activated to form an iron—nitrenoid inter-
mediate. This reactive species stereoselectively abstracts a
hydrogen atom from the C—H bond, followed by radical
recombination to forge the desired C—N bond. DFT studies
revealed that enantioselectivity arises from cooperative non-
covalent interactions particularly hydrogen bonding and steric
effects between the Fe(NSO,Ar) unit and the peripheral
substituents on the chiral porphyrin scaffold. Substrate scope
analysis showed that high enantioselectivity was achieved with
substrates bearing activated C—H bonds adjacent to aryl
groups.

In contrast, substrates with unactivated C(sp*)—H bonds,
lacking nearby aromatic rings afforded only moderate
enantioselectivity. These findings suggested that there might
be 7—n interactions between the porphyrin ligand and
substrate’s aryl unit that significantly contributed to the
stereochemical outcome of the reaction.

Bach and co-workers reported an asymmetric amination of
3-benzylquinolones mediated by visible light and a chiral iron
porphyrin complex (Scheme 36).""” They showed that a chiral
iron porphyrin catalyst ([Fe]-24), featuring a lactam moiety as
a two-point hydrogen bonding site, effectively facilitates the
intermolecular amination of various heterocyclic substrates
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Scheme 36. Iron Porphyrin-Catalyzed Intermolecular
Enantioselective Amination Reactions Mediated by Visible

Light
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with high enantioselectivity. The two-point hydrogen bonding
interactions between the substrate and the porphyrin ligand
framework governs the enantioselectivity of the reaction
proficiently. Notably, the corresponding manganese porphyrin
complex was found to be completely inactive in the amination
reaction.' "’

3.2.3.3. Incorporating Dioxazolone. Leveraging dual iron
and chiral enamine catalysis, the Chang group reported'*” an
enantioselective a-amination of aldehydes. They used FeCl; in
combination with a chiral enamine catalyst. This method
demonstrated broad substrate scope and high enantioselectiv-
ity. The a-amination was successfully applied to a variety of
bioactive aldehydes. Mechanistic studies revealed that visible-
light-promoted the LMCT to in situ generation of [Fe(Il)-
Cl;~] which efficiently activates dioxazolones to generate an
iron-acyl nitrenoid radical intermediate. This reactive inter-
mediate subsequently inserts into the chiral enamine,
delivering the a-amination product. Importantly, this method
is an excellent example for a suitable merger of Fe-nitrenoid
with chiral enamine catalysis. The proposed mechanism is
illustrated in Scheme 37.

3.2.3.4. Utilizing Sulfonamides. Recently, Schomaker, Liu,
and co-workers reported'*" an Fe(OTf), catalyst supported by
a chiral Indane-derived PyBOX ligand (L1) for the
enantioselective intramolecular NT of homo- and bis-
homobenzylic sulfamates (Scheme 38). Computational studies
revealed that the radical rebound step is enantio-determining
and is influenced by key noncovalent interactions (NCIs)
between the ligand and the aryl moiety of the substrate that
govern the observed enantioselectivity. A chairlike transition
state, as shown in Scheme 38, was proposed as the
energetically exergonic. Kinetic isotope effect (KIE) stud-
ies—both intramolecular (KIE 1.56) and competitive
intermolecular—indicate that hydrogen atom transfer (HAT)
is unlikely to be the rate-determining step, suggesting that
formation of the iminoiodinane intermediate may be rate-
limiting.
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Scheme 37. Organo-Iron Dual Catalysis in Visible-Light-
Promoted Enantioselective a-Amidation of Aldehydes
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Scheme 38. Asymmetric Intramolecular Iron-Catalyzed
Nitrene Transfer into Benzylic C—H Bonds
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3.2.4. Iron-Catalyzed C(sp?)—H Amination (Intermo-
lecular). The direct installation of an amine functionality
through nitrene transfer is a powerful strategy for accessing
aniline derivatives in a single step. In 2016, Morandi and co-
workers reported a method wherein FeSO, serves as the
catalyst and [MsO-NH;]OTf acts as the amine source,
enabling the synthesis of a wide range of primary anilines
without the need for directing groups (Scheme 39). 122

This method was successfully applied to the late-stage
functionalization of bioactive molecules. Mechanistic studies
showed that electron-rich substituents on the aryl ring
accelerated the reaction rate, whereas electron-withdrawing
groups significantly slowed it down. A kinetic isotope effect
(KIE = 1) indicated that C—H bond cleavage is not the rate-
limiting step. These findings support the electrophilic aromatic
substitution (EAS) pathway for the reaction. In a related study,
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Scheme 39. Synthesis of Primary Anilines through Iron-
Catalyzed C—H Bond Amination
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Morandi’s group demonstrated the synthesis of N-methylani-
lines using [NsO—NH,Me]OTf as the aminating agent."*’ Jiao
and co-workers also developed an arene C—H amination
strategy employing a redox-active aminating rea§ent [RCO,—
NH,]OTf featuring a p-nitrobenzoate residue.'** This reagent
proved effective for the amination of both aryl and heteroaryl
compounds. Furthermore, Loh and co-workers reported arene
C—H bond amination using 4-nitrobenzenesulfonyl azide
(NsNj,) as the aminating agent.'>> However, all these methods
share common limitations: electron-poor substrates typically
result in lower yields and regioselectivity remains a challenge.
In 2019, Ritter and co-workers resolved the low yieldin
issue related to the electron-deficient arenes (Scheme 40)."

Scheme 40. Electron-Deficient Arene C—H Bond Amination
1 mol% FeSOy,. 7H,0O
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They demonstrated that use of HFIP as solvent enhances the
efficiency the iron-catalyzed amination for electron-deficient
arenes such as, nitrobenzene, benzonitrile, (methylsulfonyl)-
benzene and others. Through the hydrogen bonding
interactions with the anionic counterparts of the aminating
reagent, HFIP increases the electrophilicity of cationic
aminating part which in turn leads to the amination of
electron-deficient arenes.

In the next year, the Flack group addressed the challenge
associated with the regioselectivity issue (shown in Scheme 39
and 40 ) by developing a picolinate-directed arene C—H
amination strategy, in which amination selectively occurred at
the meta-position (Scheme 41).'*” Mechanistic investigations,
including kinetic isotope effect (KIE) experiments, yielded a
KIE value of 1, indicating that C—H bond cleavage is not the
rate-determining step. This observation rules out organo-
metallic C—H activation pathways. Among various pathways
for C—H bond amination, the electrophilic aromatic
substitution pathway was most consistent with the observed
meta-selective amination.

3.2.5. Iron-Catalyzed C(sp?)—H Amination (Intra-
molecular). 3.2.5.1. Leveraging Organic Azides. Plietker
and Alt reported a nucleophilic iron complex ([Fe]-25),
[Bu,N][Fe(CO);(NO)], for the intramolecular C(sp*)—H
amination of a-azidobiaryls and (azidoaryl)alkenes (Scheme
42)."*® Under thermal or microwave irradiation, the iron
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Scheme 41. Directing-Group Assisted meta-Selective C—H
Bond Amination
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complex efficiently generated carbazoles and indoles from their
respective azide precursors. Mechanistic investigations ex-
hibited a moderate kinetic isotope effect (KIE) of 1.63 for a-
monodeuterated 2-azidobiphenyl, a value comparable to those
observed in the noncatalyzed thermal reaction and Rh-
catalyzed amination developed by Driver and co-workers.'*’
Further studies showed that both E- and Z-configured
(azidoaryl)alkenes reacted with similar efficiency. Even
trisubstituted olefins were found to be reactive under these
conditions. Based on these observations, the authors proposed
an electrocyclization mechanism. Initially, the anionic iron
complex reacts with the azide forming a nitrene intermediate,
which due to the electron-accepting ability of the ligands,
generates a zwitterionic mesomeric structure. It is propensity
for MLCT sets the stage for C—N bond formation, and
consecutive 1,5-H shift leads to carbazole or indole formation.
In another study, the Plietker group utilized their nucleophilic

https://doi.org/10.1021/acs.chemrev.5c00503
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iron complex [Bu,N][Fe(CO);(NO)] ([Fe]-25) to catalyze
the intramolecular amination of saturated C—H bonds."*° This
approach enabled the synthesis of substituted indoline and
tetrahydroquinoline derivatives, employing aryl azides as
nitrogen sources.

3.2.5.2. Utilizing Carbamates. In 2018, Singh and co-
workers reported an efficient strategy for the intramolecular
nitrene transfer/cyclization of N-tosyloxyarylcarbamate sub-
strates using an iron-porphyrin catalyst (Scheme 43)."%!

Scheme 43. Iron-Catalyzed Arene C—H Amidation using
Functionalized Hydroxyl Amines
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This method enabled the synthesis of benzoxazolone
derivatives in high yield; however, the reaction was primarily
limited for substrates with electron-donating substituents. In
contrast, strong electron-withdrawing groups such as NO, and
CF; completely suppressed product formation. Furthermore,
the reaction exhibited high selectivity for aryl C—H amination
over C(sp’)—H bond amination. This selectivity was
supported by DFT calculations, which revealed that the energy
barrier for aryl C—H bond amination was lower than that for
alkyl C—H bond amination. Based on both theoretical and
experimental studies, a plausible reaction mechanism was
proposed. The reaction proceeds via the formation of an
Fe(V)-nitrenoid intermediate, which undergoes electrophilic
aromatic substitution, ultimately leading to the formation of
benzoxazolone products.

3.2.5.3. Introducing Tetrazoles. In 2022, the Chattopad-
hyay group developed an iron metalloradical-catalyzed intra-
molecular C(sp*)—H amination using C8-aryl- or C8-alkene-
substituted tetrazoles (Scheme 44).">* This method provided
easy access to two important classes of N-heterocycles, a-
carbolines and 7-azaindoles, with high functional group
tolerance. Moreover, the reaction was successfully applied to
achieve complex molecular scaffolds. Control experiments were
conducted to elucidate the reaction mechanism. Kinetic
isotope effect (KIE) studies using intramolecular dideuterated
and intermolecular monodeuterated tetrazoles gave a KIE
value of 2.0. Furthermore, a competition experiment between
substrates bearing electron-donating (OMe) and electron-
withdrawing (CF;) groups showed no significant difference in
product conversion, indicating that electronic effects do not
influence the reaction.

This finding ruled out an electrophilic aromatic substitution
(EAS) mechanism. Interestingly, when the reaction was
performed in the presence of the radical scavenger TEMPO,
no product formation was observed. Based on these collective
findings, a metalloradical activation mechanism was proposed
for the C(sp*)—H amination. This mechanism was further
supported by DFT calculations, which revealed that the
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Scheme 44. Iron Porphyrin-Catalyzed Intramolecular
C(spz)—H Amination
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involvement of a triplet spin state for the nitrene radical
intermediate was energetically more favorable.

3.2.6. Functionalization of Alkenes and Alkynes.
3.2.6.1. Intramolecular Examples. In 2021, the Qiu group
reported an iron-catalyzed haloamidation of alkynes using N-
methoxybenzamide as an acyl nitrene precursor (Scheme
45)."%* The reaction underwent efficiently without requiring

Scheme 4S5. Iron-Catalyzed Stereoselective Haloamidation
of Amide-Tethered Alkynes
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additional additives, delivering high yields in the presence of 50
mol % FeCl; or FeBr;. Although this method requires
substoichiometric catalysts loading, it enabled the selective
synthesis of cis-chloro- and cis-bromo-containing isoindolin-5-
ones exclusively without the formation of trans isomer. Based
on these preliminary findings, a halo anion-assisted concerted
[3 + 2] cyclization mechanism was proposed to explain the
observed selectivity.
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In 2022, Chang and co-workers reported a unique
oxyamidation strategy for olefin functionalization using an
iron-phthalocyanine catalyst (Scheme 46)."** This approach

Scheme 46. Iron-Catalyzed Olefin Oxyamidation
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utilizes olefin substrates tethered with 1,4,2-dioxazol-5-ones to
synthesize f-lactam scaffolds. In the presence of an external
oxygen nucleophile, the reaction predominantly yields the
threo-isomer of f-lactam with notable diastereoselectivity.

Mechanistic studies supported by the DFT calculations
provided evidence for the key triplet iron-imidyl radical
intermediate, highlighting the crucial role of the phthalocya-
nine ligand’s high 7z-accepting ability in facilitating 4-exo-trig
lactamization. This, in turn, enables the incorporation of
oxygen nucleophiles with high diastereoselectivity. Further-
more, this strategy was successfully extended to p-lactam
synthesis, proceeding with high efficiency. The method
demonstrated broad functional group tolerance and efficiently
applied to the late-stage modification of natural products and
drug molecules, including fenbufen, lithocholic acid, and
probenecid.

3.2.6.2. Intermolecular Examples. 3.2.6.2.1. Leveraging
Tetrazoles. Using tetrazole as a nitrene precursor in 2019, the
Chattopadhyay group reported an iron-porphyrin-metallorad-
ical catalyzed nitrene transfer/annulation reaction between
tetrazoles and terminal aryl alkynes (Scheme 47)."*° A major
challenge in this transformation was the competing azide—
alkyne cycloaddition between the azido form of tetrazole and
the alkyne, which predominantly led to the formation of 1,2,3-
triazoles as side products. This study led to the development of
an iron(II)-porphyrin catalyst system that effectively sup-
pressed this cycloaddition while promoting the denitrogenative
annulation between tetrazole and alkyne. It has been shown
that the method can afford a diverse range of substituted
imidazopyridines in high yields. However, the reaction was
found to be ineffective with aliphatic alkynes and internal
alkynes. To rationalize the product formation, a radical
activation mechanism was proposed, which was supported by
electron paramagnetic resonance (EPR) spectroscopy and
radical trapping experiments.

The radical activation mechanism of this reaction is
presented in Scheme 47. At first, Zn reduces the ferric
oxidation state of iron-porphyrin to ferrous oxidation state via
a single-electron transfer, which was confirmed by a UV red
shift. Then, the coordination with the nitrogen atom of the
azide, it forms an @-Fe(III)-nitrene radical (A) after dinitrogen

Scheme 47. Iron-Porphyrin-Catalyzed Nitrene Transfer/

Annulation Reaction Between Tetrazole and Terminal Aryl
Alkynes
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loss. Trapping with an alkyne produces y-Fe(III)-vinyl radical
(B), which undergoes intramolecular radical addition to the
C=N bond, yielding $-Fe(III)-alkyl radical (C) and construct-
ing a fused five-membered ring. Finally, the intermediate (C)
undergoes f-radical scission, breaking the N—Fe bond and
forming a C=N bond, completing the catalytic cycle.
3.2.6.2.2. Utilizing Carbamates. In 2021, the Qiu group
developed an Fe(acac);-catalyzed intramolecular acyl nitrene
insertion into an alkyne moiet?r to prepare pyrrolo[2,1-
alisoindol-5-ones (Scheme 48)."*° It has been proposed that
the acetylacetonate ligand of the catalyst served as a
nucleophile in the reaction. To validate this mechanism, a
control experiment was conducted under standard conditions

Scheme 48. Fe(acac);-Catalyzed Intramolecular Acyl
Insertion
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in the presence of heptane-3,5-dione. Interestingly, the
reaction yielded only the desired product, without the
formation of the cross-cycloaddition product, which suggested
that the transformation proceeds via a counteranion participat-
ing addition pathway. Furthermore, the addition of 2 equiv of
TEMPO had minimal impact on the reaction outcome, further
indicating that a radical pathway is unlikely to be involved.
These experimental findings support a S-exo-dig acyl nitrene/
alkyne metalation mechanism, where a counteranion-partic-
ipating acyl nitrene/alkyne metalation accounts for the
formation of pyrrolo[2,1-alisoindol-S-ones. Recently, the
same group demonstrated an iron-catalyzed nitrene transfer
reaction to synthesize enamides from sulfur ylides (Scheme
48)."*” The reaction was ascribed to nucleophilic substitution
of iron-acyl nitrene with sulfur ylides followed by rearrange-
ment leading to the product formation.

3.2.7. Cross-Coupling Reaction. 3.2.7.1. Utilizing Diox-
azolones. In 2021, Bao and co-workers developed a visible
light-mediated, iron(III)-catalyzed decarboxylative cross-cou-
pling reaction between boronic acids and dioxazolones
(Scheme 49)."*" This method encompasses broad range of
dioxazolones and aromatic boronic acids but aliphatic boronic
acids proved incompetent.

Scheme 49. Visible-Light-Promoted Iron-Catalyzed
Decarboxylative N-Arylation
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Mechanistic studies, including radical trapping experiments,
led to the mass spectrometric identification of several
TEMPO-trapped adducts, supporting the involvement of a
radical pathway. Based on these experimental findings, a
plausible reaction mechanism was proposed (Scheme 49).
Upon photoexcitation in the presence of the iron catalyst, the
dioxazolone undergoes decarboxylation to generate an iron-
bound aminyl radical intermediate (A). This species
subsequently reacts with the arylboronic acid via a nucleo-
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homolytic substitution pathway, leading to the formation of an
aryl radical and an iron complex (C). The aryl radical is then
rapidly captured by this iron species to form a new organoiron
intermediate (D), which undergoes reductive elimination,
followed by hydrolysis furnish the desired cross-coupling
product.

3.2.7.2. Leveraging Tetrazoles. In 2023, exploiting an iron—
porphyrin catalyst, the Chattopadhyay group developed a
denitrogenative cross-coupling reaction between tetrazoles and
boronic acids (Scheme 50)."* This method enabled the

Scheme 50. Iron Porphyrin-Catalyzed Cross-Coupling
Reaction Between Tetrazole and Boronic Acid
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efficient synthesis of a broad range of N-pyridyl aryl amines
with high functional group tolerance using diverse tetrazoles,
aromatic and aliphatic azides with only aromatic boronic acid
as the coupling partner. The reaction proceeds via a
metalloradical activation mechanism, distinguishing it from
the conventional metal-catalyzed C—N cross-coupling strat-
egies. Furthermore, DFT calculations indicated that the aryl
migration step follows a concerted pathway (Scheme 50)—a
mechanistic feature that differs from the findings reported by
Bao and co-workers (Scheme 49).

3.2.8. Rearrangement Reaction. 3.2.8.1. Leveraging
Organic Azides. In 2018, the Yu group demonstrated the
ability of iron salts to activate the tertiary azides toward
nitrene-mediated rearrangement reactions. They reported that
in the presence of FeBr,, tertiary a-azidyl ketones underwent
an 1,2-acyl migration, enabling the eflicient synthesis of
enamides and isoquinolones in good to excellent yields
(Scheme 51A)."*° For open-chain tertiary a-azidyl phenyl
ketones, high yields of enamides were achieved using only a
catalytic amount of FeBr,. However, for cyclic tertiary a-azidyl
ketones, the inclusion of ligand L2 was necessary to obtain
optimal yields of isoquinolones. Moreover, functionalized 2-
benzazepin-1-ones were synthesized under similar conditions,
albeit in lower yields. In a subsequent study, Yu and co-
workers found that the catalytic combination of FeBr, and
triethylamine provided greater reactivity than the FeBr, alone
(Scheme 51B)."*" From a mechanistic perspective, this acyl
migration rearrangement is intriguing. Product formation may
occur via either a pathway analogous to the Schmidt
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Scheme 51. Fe-Salt-Catalyzed 1,2-Acyl Migration of Tertiary
a-Azidyl Ketones
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rearrangement (Scheme S1C) or through an acyl migration
involving an iron-nitrene intermediate (Scheme S1A). To
investigate this, the reaction was tested with various Lewis
acids, including FeCl;, BF;-OEt,, TiCl, Zn(OTf),, and
Sc(OTf);. Since these acids are typically more effective than
FeBr, in promoting Schmidt rearrangements, their inability to
yield the desired product ruled out this mechanism. Further
supporting the iron-nitrene pathway, a control experiment with
a substrate containing a functionalizable benzylic C—H bond
led to the formation of a C—H amination product alongside
the expected enamine derivatives. This result strongly suggests
that the acyl migration proceeds via an iron-nitrene
intermediate rather than a Schmidt-type rearrangement.
Thereafter, they expanded the scope of nitrene-mediated
rearrangement reactions to a,a-diaryl-tertiary azides (Scheme
51D)'" and subsequently reported a unique skeletal
rearrangement involving the migration of a phenyl ring from
the amido nitrogen in 2-azido-N,N-diphenyl amides to the
azido nitrogen (Scheme S1E).'*
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3.2.8.2. Introducing Tetrazoles. In 2021, the Chattopad-
hyay group reported an iron-porphyrin-catalyzed rearrange-
ment reaction of C8- methzlene cyclohexane-tethered tetrazole
substrates (Scheme 52)."** Despite the presence of C(sp*)—H

Scheme 52. Iron-Catalyzed Radical Activation Mechanism
for Denitrogenative Rearrangement Over C(sp*)—H
Amination
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bonds available for amination, the reaction favored nitrene
attack at the methylene z-cloud over C(sp’)—H amination.
This preference arises because the cyclohexane adopts a stable
chair conformation, positioning the functionalizable C(sp®)—H
bonds away from the reacting radical center, making them less
accessible for amination. This strategy enabled the synthesis of
a diverse array of 2,3-disubstituted azaindoles with high
functional group tolerance. Based on various control experi-
ments, including radical trapping studies, analysis of electronic
effects, and ring-opening experiments, a metalloradical
activation pathway was proposed for the bond migration/
rearrangement process. Notably, high reaction temperature
was one of the major issues of this transformation. However,
exploration of different porphyrin ligands with varied steric and
electronics could lower the reaction temperature which was
out of scope of this work.

Inspired from this chemoselective rearrangement overriding
competing C(sp’)—H amination, Chattopadhyay and co-
workers were curious to merge Fe-MRC (iron—metalloradical
catalysis) with chemodivergence, to chemoselectively access
both the plausible products from the same substrate. In a
recent study, they also showcased catalyst-enabled chemo-
divergent metalloradical activation for molecular rearrange-
ment via ester migration and allylic C(sp’)—H amination
(Scheme 53)."* To achieve such chemodivergent outcomes,
they aimed to modulate the electronic properties of the catalyst
to direct the reaction pathway of substrates featuring multiple
competitive reactive sites. Therefore, after extensive screening
by tuning ligand environment, they found that [Fe]-26
resulted in ester migration as major product while [Fe]-27
shifted the product distribution toward allylic C(sp®)—H
amination. The scope of the reactions has been demonstrated
by the use of a wide number of tetrazoles and aryl azides.
Based on literature precedents and control experiments, such
as, radical trapping experiment, EPR experiment, analysis of
electronic effect via Hammett plot, a metalloradical activation

https://doi.org/10.1021/acs.chemrev.5c00503
Chem. Rev. 2026, 126, 1145—1205
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Scheme 53. Iron-Catalyzed Chemodivergent 1,2-Ester
Migration and Allylic C(sp*)—H Amination
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3.3.1. Cobalt-Catalyzed Aziridination Reactions (In-
termolecular). Co-metalloradical catalysis has shown remark-
able efliciency in aziridination reactions. Upon exposure to
organic azides, the cobalt catalyst generates a nitrogen-
centered radical intermediate, [@-Co(III)-aminyl radical],
which was characterized through a combination of spectro-
scopic analyses and DFT calculations."*”"** This reactive
intermediate undergoes radical addition to alkenes, forming a
7-Co(I1I)-alkyl radical that subsequently undergoes a 3-exo-tet
radical cyclization to furnish the aziridine product (Scheme
54). In 200S, the Zhang group demonstrated the cobalt-

Scheme 54. General Mechanism for Cobalt-Catalyzed
Aziridination Reactions
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mechanism has been proposed. This observed switch in
chemoselectivity can be rationalized by considering the steric
and electronic nature of the iron—nitrenoid intermediate. As a
reasoning of such chemodivergent outcomes, they postulated
that the iron complex ([Fe]-26) bearing two —CgF;
substituents renders the iron—nitrenoid intermediate highly
electrophilic, thereby promoting nitrene addition across the
double bond. In contrast, the catalyst ([Fe]-27) featuring
electron-donating substituents on the porphyrin ligand makes
the iron—nitrenoid intermediate energetically favorable toward
allylic C(sp®)—H abstraction. Using the developed strategies,
different N-heterocycles having a quaternary carbon center
attached with a modifiable ester group for further synthetic
transformation have been achieved that were inaccessible by
previously reported methods.

3.3. Cobalt Catalysis (Co)

Cobalt-catalyzed nitrene transfer reactions have emerged as
robust and eco-friendly methods for constructing diverse and
valuable C—N bonds. The groups of Zhang, de Bruin, and
subsequently others have extensively explored this area, using
cobalt catalysts in nitrene transfer reactions and significantly
advancing the field of Co-nitrene chemistry. One key
development from this group is the concept of metalloradical
catalysis (MRC), a unique mechanistic pathway exhibited by
Co(porphyrin) complexes.'*® MRC leverages the potential of
metal-centered radicals as open-shell one-electron catalysts.
These radicals enable the homolytic activation of substrates,
generating metal-entangled organic radicals that dictate
reaction pathways and influence the stereochemical outcomes
of catalytic radical processes.

R']
U
R! N R R'-N;
R® R®
RS enR?
R1
R! j.—R“ ~N®
SN RS Metalloradical Catalysis o
S Col N _N=S
=N OSN=<

] a-Co(lll)-aminyl radical
-Co(lll)-alkyl radical

R4

R® RS

catalyzed aziridination reaction using bromamine-T (Scheme
55 (A))."* The cobalt-catalyst, Co(TDCIPP) was found
highly effective for the aziridination of aryl and alkyl alkenes,
including internal, sterically hindered, or electron-deficient
alkenes.

It was found that electron-rich porphyrins produced lower
yield whereas electron deficient porphyrins were proved to be
more efficient toward aziridination probably due to the
electrophilic nature of the key a-Co(IIl)-aminyl radical
intermediate in the catalytic cycle. The Zhang group also
reported a series of aziridination reaction using Co-catalysis
varying different nitrene source and porphyrin catalysts.
Though diphenylphosphoryl azide (DPPA) as the nitrene
precursor tolerated well under Co(TPP) catalysis (Scheme 5§
(B)),"° sulfonyl azide resulted in poor yield in aziridination
reaction. This cobalt-catalyzed aziridination involves a key
electrophilic cobalt-nitrene intermediate. Consequently, sub-
stituents or ligand environments that stabilize this intermediate
and enhance its electrophilicity are expected to promote its
formation and accelerate the overall catalytic cycle. The D,-
symmetric porphyrin-containing amide functional groups at
the ortho positions of meso-phenyl groups was designed to
invoke a potential hydrogen bonding interaction between the
S=0 and N—H unit in the nitrene intermediate of ([Co]-1)
(Scheme 55 (C))."*' As a result of this stabilization and
activation from the hydrogen-bonding interaction, ([Co]-1)
was expected to be a superior catalyst, in comparison with
Co(TPP) and Co(TDCIPP), for aziridination with sulfonyl
azides. In 2008, Cenini et al. reported the compatibility of p-
nitrophenylazide with other catalysts, albeit with poor yield.">*
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Scheme 55. Cobalt-Catalyzed Olefin Aziridination using 3.3.2. Cobalt-Catalyzed Aziridination Reactions (In-
Sulfonyl Azides tramolecular). Cobalt-catalyzed aziridination was further
PN applied to prepare strained heterobicyclic aziridines. For
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In 2013, Zhang et al. in a subsequent report, demonstrated a
cobalt—porphyrin-catalyzed asymmetric aziridination of al-
kenes using fluoroaryl azides as nitrene precursors (Scheme
56).">% The cobalt catalyst ([Co]-2) was identified as optimal,

96% (90% ee) 96% (86% ee)

H, Ph
Scheme 56. Asymmetric Cobalt-Catalyzed Aziridination of H'ZZN‘
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efficiency of the developed aziridination reaction, a potent
neurokinin 1 (NK1) antagonist has been synthesized using this
method as one of the key synthetic steps that provided 60%
overall yield of the target product. The enantioselective version
of this intramolecular aziridination was further explored by

utilizing a chiral Co(II) amidoporphyrin catalyst ([Co]-3)
with a tunable pocket-like environment as the supporting
delivering the aziridinated product in 94% yield and 90% ee ligand (Scheme 57B).'>

with only 1 mol % catalyst loading, without the need for The C6-bridged alkyl chains containing catalyst ([Co]-3)
additional additives to activate the olefins. The enhanced enabled the transformation in excellent yields with high
reactivity and stereoselectivity were attributed to N—H--F diastereo- and enantioselectivity. Regarding the nitrene
hydrogen-bonding interactions (as highlighted in Scheme 56) addition in initial C—N bond forming step, the a-Co(III)-
within the Co(IIl)—nitrene radical intermediate. aminyl radical can undergo either S-exo-tet or 6-endo-trig
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Scheme 58. Co-Catalyzed Enantioselective Intermolecular C(sp*)—H Amination
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cyclization. The regioselectivity of the radical addition (exo- vs
endo-cyclization) plays a crucial role in asymmetric induction,
influencing stereochemical control during catalysis. The DFT
calculations indicate that @-Co(III)-aminyl radical intermedi-
ate prefers 6-endo-trig cyclization via the 6-membered
transition state (T.S.) substantially over S-exo-trig cyclization
via the S-membered T.S. by 8.8 kcal/mol. Notably, mechanistic
intricacies revealed that kinetic stability of the initially
generated chiral radical center on the ring plays pivotal role
in the enantio-determining step, e.g., for kinetically labile
prochiral radical center the final step of radical substitution is
expected to determine the enantioselectivity whereas if the
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stereo configuration of the prochiral radical center is kinetically
stable relative to the rate of the following RS, the first step of
endo addition is anticipated to determine the enantioselectiv-
ity.
3.3.3. Cobalt-Catalyzed C(sp®>)-H Amination (Inter-
mole ular). The Co-MRC (Cobalt—Metalloradical Catalysis)
platform has shown excellent synthetic applications in the C—
H bond amination reactions. Zhang and co-workers employed
an @-Co(IlI) aminyl radical to initiate a hydrogen atom
transfer (HAT) process, thereby generating an alkyl radical
species. Subsequent radical substitution afforded the C—H
bond amination product.

https://doi.org/10.1021/acs.chemrev.5c00503
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Scheme 60. Cobalt-Catalyzed 1,6-C—H Amination of Sulfamoyl Amides
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In 2007, Zhang reported a C—H bond amination reaction
using bromamine-T.">® Among the cobalt porphyrin catalysts
tested, Co(TDCIPP) bearing 2,6-dichlorophenyl porphyrin
ligand exhibited the highest efficiency in catalyzing the
C(sp®)—H amination of aromatic hydrocarbons into their
corresponding benzyl amine derivatives. The substrate scope
was further expanded using 2,2,2-trichloroethoxycarbonyl azide
(TrocN;) under Co(TPP) catalysis.'”” However, other azides
such as sulfonyl, phosphoryl, and carbonyl azides gave poor
yields under the developed conditions. In 2020, the same
group developed an enantioselective version of the inter-
molecular C—H amination reaction (Scheme 58)."** Although
achieving high enantioselectivity in intermolecular trans-
formations is highly challenging, they succeeded by incorpo-
rating cooperative noncovalent interactions between a D,-
symmetric chiral amidoporphyrin ligand (as in [Co]-4) and
the substrate. This strategy enabled a highly enantioselective
amination of benzylic C—H bonds in carboxylic acid esters
using fluorinated azides. Notably, when ethylbenzene, lacking
hydrogen-bonding capability with the chiral ligand, was used as
the substrate, only 17% ee was obtained. Mechanistic
investigations, including EPR spectroscopy, mass spectrometry,
and radical trapping experiments, supported a stepwise radical
pathway.

The kinetic isotope effect (KIE = 8.1) revealed that the C—
H bond cleavage is the rate-limiting step. Furthermore, the
substitution pattern of fluorinated azides proved critical for
reactivity. While 2,4,5-trifluorophenyl azide gave only trace
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amount of the C—H amination product, 3,4,5-trifluorophenyl
azide showed no reactivity under identical conditions,
highlighting the importance of 2,6-substitution in enabling
key noncovalent interactions. Thus, development of asym-
metric strategies devoid of fluorinated azides still remain
apparent; pose a significant challenge in this domain.
Co(II)-based metalloradical catalysis also enables radical
chemoselective intermolecular amination of allylic C—H
bonds. The use of (D,)-symmetric chiral Co-porphyrin,
featuring a tunable pocket-like environment, provides a
remarkable convergence of regioselectivity, diastereoselectivity,
and enantioselectivity in the allylic amination of substrates
bearing benzylic positions (Scheme 59)."*” Notably, while the
first-generation catalyst, ([Co]-5) exhibits limited control over
enantioselectivity in the asymmetric synthesis of chiral a-
tertiary amino carbonyl compounds with a-alkyl substituents,
this limitation is addressed by the second-generation chiral
metalloradical catalyst, ([Co]-4), which enhances stereo-
control for diverse allylic substrates. DFT calculations reveal
that a network of multiple attractive noncovalent interactions
(NClIs) holds the two reacting partners in close proximity and
orients them appropriately within the catalyst pocket. This
organized environment facilitates C—N bond formation with
high regioselectivity and induces strong asymmetric induction.
Importantly, the formation of a-tertiary amines is favored by
3.2 kcal mol™' over that of a-secondary amines. Alkane
amination often faces the problem of site selectivity and
overreaction under photocatalytic conditions. In contrast, the

https://doi.org/10.1021/acs.chemrev.5c00503
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Scheme 61. Cobalt-Catalyzed Enantioselective 1,5-C—H Amination of Sulfonyl Azides
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use of transition metal with fine-tuning of ligand have potential
to overcome the existing limitations.

3.3.4. Cobalt-Catalyzed C(sp®)-H Amination (Intra-
molecular). In radical chemistry, 1,5-HAT and 1,6-HAT
processes are frequently exploited in intramolecular amination
reactions.'®’ Taking this into account, Zhang and co-workers
developed an asymmetric metalloradical catalysis (MRC)
strategy for the enantioselective construction of heterocyclic
compounds via 1,6-HAT, followed by a 6-exo-tet radical
cyclization (Scheme 60 (A)).re!

A well-designed cobalt catalyst, [Co]-6, was employed to
activate sulfamoyl azides that generates a a-Co(III)-aminyl
radical. Importantly, cooperative hydrogen-bonding interac-
tions between the catalyst and substrate played a crucial role in
controlling the stereochemistry of the radical substitution step.
This method enables the amination of a broad range of
C(sp®)—H bonds, including benzylic, allylic, and propargylic
positions, with excellent regio- and enantioselectivities. A
variety of functional groups—including alcohols, bromo,
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esters, amides, and cyano groups—were well tolerated,
affording the desired products in high yields and with high
enantiomeric excess. Notably, the reaction exhibits remarkable
regioselectivity for 1,6-HAT over 1,5-HAT. Furthermore, the
resulting optically active heterocycles can be readily trans-
formed into chiral 1,3-diamines upon desulfonylation.
Mechanistic studies support the suggested pathway: a kinetic
isotope effect (KIE) of 6.6 strongly indicates C—H bond
cleavage through hydrogen atom abstraction, while EPR
spectroscopy offered proof for the formation of the a-
Co(III)-aminyl radical intermediate. The synthetic potential
of chiral MRC was further highlighted by the deracemizative
functionalization of racemic tertiary C(sp’)—H bonds,
enabling the enantioconvergent construction of quaternary
stereogenic centers (Scheme 60(B)).'*” They also reported a
highly selective radical 1,6-C(sp®>)—H amination of alkox-
ysulfonyl azides via a Co(II)-based metalloradical catalysis
(MRC) system (Scheme 60 (C)).'** The key to this
transformation is a cavity-shaped ligand environment provided

https://doi.org/10.1021/acs.chemrev.5c00503
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by the C6-bridged metalloradical catalyst ([Co]-7), which
features 2,6-diaryloxyphenyl substituents. This unique catalyst
enables efficient intramolecular C—H amination at room
temperature, affording six-membered sulfamidates with re-
markable enantioselectivity (up to 99% ee) at propargylic,
allylic, and benzylic stereogenic centers, while simultaneously
installing an additional amino functionality. In a subsequent
study, Zhang and co-workers extended this strategy to the
synthesis of five-membered N-heterocycles via 1,5-HAA
followed by radical substitution (Scheme 61).'°* To achieve
this, they designed substrates lacking a hydrogen at the 1,6-
position, thereby exclusively favoring 1,5-HAA, which led to
five-membered ring formation. The ([Co]-8) catalyst was
found to be highly effective, delivering fused benzene and
cyclic sulfonamides in high yields with excellent enantiose-
lectivities. For aliphatic substrates containing benzylic or allylic
hydrogens, the use of a modified catalyst, ([Co]-9), proved to
be essential for achieving optimal reactivity and selectivity.

In a parallel study, the Zhang group demonstrated an
unprecedented mode of asymmetric induction in 1,5-
amination involving enantiodifferentiative hydrogen atom
abstraction (HAA) and stereoretentive radical substitution
(RS) (Scheme 62).'% Utilizing a Co(II)-based metalloradical
system supported by bridged ligands, they achieved remarkable
control over both enantioselectivity and reactivity in catalytic
radical C—H amination reactions. These chiral ligands featured
tunable cavities, modulated by varying the distal alkyl bridges
and remote nonchiral aryl substituents. Notably, the catalyst
[Co]-10, bearing a C8-alkyl bridge and a 3,5-ditert-butylphenyl
group, promoted R-selective cyclization with high yield and
enantioselectivity.

In contrast, the catalyst [Co]-11, containing a Cé6-alkyl
bridge and a 2,6-dimethoxyphenyl group, directed the
cyclization toward the S-selective product with similarly
impressive efficiency and enantiocontrol.

de Bruin and co-workers addressed this issue and reported
that Co(TMP) (TMP = tetramesitylporphyrin) can catalyze
intramolecular benzylic amination reactions of alkyl azides at
elevated temperature (100 °C) (Scheme 63).'%

Scheme 63. Cobalt-Catalyzed Intramolecular Benzylic
Amination of Alkyl Azides
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This reaction enables the direct synthesis of various
nitrogen-containing heterocycles from aliphatic azides. A
range of heterocycles—including pyrrolidines, oxazolidines,
imidazolidines, isoindolines, and tetrahydroisoquinolines may
be obtained in good to excellent yields. Notably, the use of di-
tert-butyl dicarbonate (Boc,0) is essential, as it prevents
coordination of the resulting N-heterocycles to the cobalt-
porphyrin catalyst. Furthermore, poor enantioselectivities (up
to 46% ee) were achieved in the ring-closing reaction of (4-
azidobutyl)benzene using a cobalt-porphyrin catalyst function-
alized with four (1S)-(—)-camphanic ester groups ([Co]-12).
This approach integrates the enantioselective radical 1,5-
C(sp*)—H amination of alkoxysulfonyl azides via Co(II)-MRC
with an enantiospecific ionic ring-opening of the resulting five-
membered chiral sulfamidates by nucleophiles. The process
provides enantioselective f-C—H amination of simple alcohols,
simultaneously converting hydroxyl groups into diverse
functionalities through formal nucleophilic substitution. The
success of this method depends on the fine-tuning of the
Co(1I)-based metalloradical catalyst. Specifically, the cavity
size of the porphyrin ligand and the nature of the nonchiral
aryl substituents played critical roles in determining both yield
and enantioselectivity. Among the catalysts tested, ([Co]-11),
featuring a Cé6-alkyl bridge and 2,6-dimethoxyphenyl groups,
delivered the highest levels of reactivity and enantioselectivity.
Remarkably, this catalyst system demonstrated broad substrate
scope, efliciently engaging benzylic, allylic, propargylic, and
even unactivated C—H bonds.

Beyond Co(Il) complexes stabilized by macrocyclic
porphyrin ligands, various other cobalt catalysts have also
been reported to promote nitrene C(sp®)—H insertion
reactions. Blakey, Macbeth, and co-workers developed an
intramolecular C—H amination using a dinuclear Co(II)
complex ([Co]-13), supported bZ a modular and tunable
redox-active ligand (Scheme 64)."%” This strategy enabled the

Scheme 64. Dinuclear Cobalt-Catalyzed C(sp>)—H
Amination using Aryl Azides

= -1
it X hR2 1 mol% [Co]-13 it \n -
AN (4:1) Toluene:DMF Z =N
9 4AMS, 110°C
Selected Substrate Scope R
Ph ; (EtaN)
H e} :
N N FOL o :
80% 30% H Ph 1 R N"c /N\C ,NJ(R
H (o] 0,
. R N 2N R
: N N-ey
: 77’N 0
S RRATaT:
N : R=Pr
85% H Ph 70% M H [Col-13

efficient synthesis of indolines and 5-, 6-, and 7-membered
nitrogen-containing heterocycles from aryl azides. The reaction
proceeded effectively with a low catalyst loading (1 mol %). A
kinetic isotope effect study (KIE 3.4) suggested a hydrogen
atom abstraction followed by a radical substitution mechanism.

Betley and co-workers demonstrated that Co(I)-dipyrrome-
thene complexes can catalyze the intramolecular C(sp®)—H
amination of alkyl azides, delivering unprotected pyrrolidine
products in high yields (Scheme 65)."°*'%” Interestingly, this
transformation proceeds without the need for Boc,O to
liberate the amine product from the catalyst pocket. While the
addition of pyridine accelerated the reaction with catalyst

https://doi.org/10.1021/acs.chemrev.5c00503
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Scheme 65. C(sp®)—H Amination Catalyzed by Co(I)
Dipyrrin Complexes with Alkyl Azides
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([Co]-14), it had no effect when using ([Co]-15). The ligand
framework of ([Co]-15), bearing sterically encumbered trityl
substituents, imparts a unique structural environment around
the Co(III)-imide. This subtle modification in ligand frame-
work not only prevents catalyst degradation but also
significantly enhances the efficiency of C—H amination.
3.3.5. Cobalt-Catalyzed C(sp?)—H Amination (Inter-
molecular). 3.3.5.1. Exploiting Organic Azides. In compar-
ison to its group 9 congeners (rhodium and iridium), cobalt
catalysis generally exhibits significantly lower catalytic activity
in C—H bond activation, particularly for directed C(sp*)—H
amination reactions. A comparative study by Chang and co-
workers investigated the differences in catalytic activity among
Cp*M(III) species (M = Co, Rh, Ir) in C—H amination
(Scheme 66A)."° DFT calculations for the amination of

Scheme 66. Cp*-Based Group-9 Metal-Catalyzed C—H
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benzamides with alkyl azides revealed that cobalt showed
inferior catalytic performance due to both kinetically and
thermodynamically less favorable C—H bond cleavage,
specifically the concerted metalation-deprotonation (CMD)
process, compared to its rhodium analogue. Despite these
limitations, a pioneering study by Kanai and co-workers
demonstrated that Cp*Co(CO)I, can catalyze the C2-selective
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directed C—H amidation of indoles using sulfonyl azides
(Scheme 66B)."”" This method was later extended by the same
group to include phosphoryl azides as amidating agents
(Scheme 66C).'"*

3.3.5.2. Introducing Acetoxycarbamates. Beyond organic
azides, other nitrene sources have also been employed in
cobalt-catalyzed C—H amination. The Chang group reported
the use of O-acylcarbamates in Cp*Co(Ill)-catalyzed C—H
amination of arenes (Scheme 67)."”*

Scheme 67. Cobalt-Catalyzed Arene C—H Bond Amination
Using Acetoxycarbamates
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Plausible mechanism

This method enabled the installation of amine functionalities
bearing removable protecting groups such as tert-butoxycar-
bonyl (Boc), benzyloxycarbonyl (Cbz), and fluorenylmethy-
loxycarbonyl (Fmoc). Interestingly, the developed method is
also viable for the amidation reaction using biologically active
purine as the directing group. A measured intermolecular
kinetic isotope effect (KIE) of 1.1 suggested that C—H bond
cleavage is unlikely to be involved in the turnover-limiting step.

The proposed catalytic cycle of the amidation involves the
generation of a cationic cobalt(III) species (A), which
undergoes C—H activation to form a five-membered cobalta-
cycle intermediate (B). Coordination of the amidating reagent
to this metallacycle, followed by oxidative activation, leads to
the formation of a nitrene species (C). Subsequent nitrene
insertion into the arene yields a Co(Ill)—amido intermediate
(D). Final protonolysis of this intermediate delivers the desired
product and regenerates the cobalt catalyst (E), thus
completing the catalytic cycle.

3.3.5.3. Utilizing Dioxazolones. Further expanding the
scope for directing-group assisted C—H bond amination, the

https://doi.org/10.1021/acs.chemrev.5c00503
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Chang group employed dioxazolones as versatile acyl nitrene
precursors in cobalt catalysis (Scheme 68)."”*

Scheme 68. Comparative Catalytic Activity of Group-9
Cp*M-complexes in C(sp’)—H Amination with

Dioxazolones
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Interestingly, a comparative study revealed that Cp*Co(III)
outperformed its Rh and Ir analogues in the C—H amidation of
anilides, although the underlying reason for this enhanced
activity remains unclear. Nevertheless, this observation under-
scores the growing potential of first-row transition metal
catalysis. This cobalt-catalyzed method was also extended to a
diverse range of substrates featuring various directing groups,
including purine, pyridine, pyrimidine, ketoxime, pyrazole, and
oxazolinyl motifs, with dioxazolones as effective amidating
agents.' > 7%

3.3.6. Cobalt-Catalyzed C(sp?)-H Amination (Intra-
molecular). The potential of Cp*Co(I1I)-catalysis was further
explored in the intramolecular C(sp?)—H amination of phenyl
azidoformates to access benzo-fused cyclic carbamates
(Scheme 69A)."*" A tailored [Co]-16 catalyst proved to be
effective for this transformation via an outer-sphere C—H
amination pathway.'® Interestingly, when benzyl azidoformate
was used, a spirocyclization followed by skeletal rearrangement
(as highlighted in Scheme 69A) through C—C migration was
observed, affording a six-membered cyclic carbamate. Im-
portantly, the [Co]-16 catalyst showed high regioselectivity,
preferentially aminating the less hindered C6 position over the
C2 site in meta-substituted phenyl azidoformates. In contrast,
the iridium-based counterpart ([Ir]-1) exhibited lower
regioselectivity for C6/C2 amination. The X-ray crystallo-
graphic analysis of [Co]-16 revealed shorter bond lengths
between the cobalt center and its ligands compared to the
iridium catalyst. This tighter coordination environment likely
increases steric repulsion, thereby favoring insertion of the key
metal-nitrenoid at the less hindered C6 position.

The development of the Cp*Co (IN,O) system for outer-
sphere C(sp*)—H amidation was further explored by the same
group for cobalt-nitrenoid transfer in more specialized
aromatic systems (Scheme 69B).'® While nonafluoro-tert-
butanol (NFTB) proved to be effective for amidative alkyl
migration, switching the solvent to hexafluoroisopropanol
(HFIP) dramatically altered the reaction outcomes (Scheme
69C)."**

3.4. Nickel Catalysis (Ni)

The surge of base-metal-catalyzed NTRs received significant
invigoration by nickel-mediated nitrene transfer reactions to
forge C—N bonds. In general, Ni-catalyzed hydroamination
reactions have prevailed more compare to other base metals,
which is as follows.
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Scheme 69. Cp*-Cobalt-Catalyzed Intramolecular C(sp>)—
H Amination of Arylazidoformates
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3.4.1. NiH-Catalyzed Hydroamination Reactions (In-
termolecular). 3.4.1.1. Leveraging Dioxazolones. Nickel-
catalyzed hydroaminations of alkynes garnered significant
attention due to its high regioselectivity.

In this vein, Chang, Seo, and co-workers demonstrated a
ligand-controlled hydro-nickelation pathway that enables
access to both (E)-anti-Markovnikov and Markovnikov
hydroaminations product of terminal alkynes with good to
excellent regioselectivity (Scheme 70)."> They observed that
sterically more encumbered ligand (L4) directed terminal
metalation, thus provided anti-Markovnikov product. In the
contrary, strictly less demanding ligand (LS) allowed innate
Markovnikov hydrometalation. Notably, the addition of H,O
significantly increased the turnover number. Combined
theoretical and experimental studies suggest that water
facilitates the transmetalation step.

Alike alkynes, NiH-catalyzed hydroamination reactions of
alkenes are quite interesting due to their high regioselectivity
aspect. In that regard, thioether-directed highly y-selective
remote Markovnikov-hydroamidation reaction of unactivated
alkene using NiH-catalysis was reported by Yu and co-workers
(Scheme 71).'%¢ They utilized [Ni(ClO,),]-6H,0 catalyst in
combination with 2,9-dibutyl-1,10-phenanthroline ligand (L6)
and dioxazolone as an amidation agent. It was observed that
this method competently provided hydroamidation product of

https://doi.org/10.1021/acs.chemrev.5c00503
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Scheme 70. NiH-Catalyzed Regiodivergent Hydroamidation
of Alkynes
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Scheme 71. NiH-Catalyzed C(sp®)—H-Selective Migratory
Hydroamidation of Unactivated Alkenes
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diverse classes of alkenes with excellent yield and regiose-
lectivity. While both benzylic and aliphatic thioethers afforded
high regioselectivity, a notable decline in reaction efliciency
was observed with increasing distance between alkene and
sulfur atom. Upon careful investigation and previous literature
precedents, they proposed that at first NiH-catalyst is inserted
into the alkene and the corresponding stable five-membered
nickellacycle effectively halts the chain-walking isomerization at
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a specific y-methylene site, which consequently leads to
regioselective y-functionalization as shown in Scheme 71.
Using the same catalytic conditions, the Yu group further
expanded the hydroaminations reactions for the anti-
Markovnikov amination of unactivated alkenes (Scheme
72)."*” The steric bulk of the ligand plays a crucial role to

Scheme 72. NiH-Catalyzed anti-Markovnikov
Hydroamidation of Unactivated Terminal Alkenes
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guide the anti-Markovnikov-type insertion of the metal into the
alkene. Mechanistic insights, supported by DFT calculations,
indicated that the reaction proceeded via an initial reversible
insertion and elimination of the [NiH] species into the alkene.
This was followed by an irreversible Curtin—Hammett type
hydroamidation step,"*® leading to the formation of N-alkyl
amides. Crossover experiments and deuterium-labeling studies
provided further evidence for the observed anti-Markovnikov
regioselectivity.

Contemporarily, Zhu and co-workers in 2022, reported the
asymmetric hydroamidation of alkenyl boronates using NiH-
catalysis (Scheme 73 (A)).'® This approach used a simple
amino alcohol ligand (L8), which was competent enough to
provide high enantioselectivity under mild reaction conditions.
This method proved to be versatile, yielding a variety of a-
aminoboronates and a biologically active pharmacophore in
excellent yields and with remarkable enantioselectivities.
Mechanistic studies revealed that the transformation proceeds
through an enantioselective hydrometalation step, followed by
inner-sphere nitrenoid transfer, resulting a C—N bond
formation. Finally reductive elimination to complete the
catalytic cycle. In another study, utilizing bioxazoline ligand
(L9) in NiH catalysis, the Zhu group demonstrated the
enantioselective benzylic amidation of styrenes (Scheme 73
(B))." They observed that an underlying enantioselective
syn-hydronickellation step plays a crucial role in the chiral
induction of the developed reaction.

In 2024, Chang and co-workers disclosed a f-selective chiral
hydroamination of @,f-unsaturated carbonyl compounds. The
NiCl,-glyme catalyst in combination with a (tert-Bu)-
substituted chiral pyridineoxazoline (PyOX) ligand (L10)
enabled high enantioselectivity (up to >99:1 er) for aminating
various alkyl-substituted olefins conjugated to esters, amides,
thioesters, and ketones at the f-positions (Scheme 74 (A)).""
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Scheme 73. NiH-Catalyzed Asymmetric Hydroamidation of
Vinyl Boronates and Vinylarenes
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Scheme 74. NiH-Catalyzed Formal Olefinic
Hydroamination and Asymmetric Homobenzylic
Hydroamidation of Aryl Alkenes
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Experimental findings complemented by DFT calculations
revealed that the reaction does not proceed via a direct
hydronickelation pathway, which would lead to a-metalation.
Instead, the process involves olefin amidonickelation of the Ni-
amido intermediate, generated in situ from the dioxazolone.
This mechanism was driven by a polar-matched migratory
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olefin insertion, that accounts for the high regioselectivity and
asymmetric induction. Using a similar mechanistic approach,
very recently, the same group expanded the Ni-catalysis for
regio- and enantioselective homobenzylic hydroamination of
aryl alkene (Scheme 74 (B))."”*

3.4.1.2. Incorporating Organic Azides. Apart from
dioxazolone, organic azides can also serve as nitrene precursors
for hydroamidation reactions under the domain of nickel
catalysis. In that regard, the group of Wang and Zhu
introduced a NiH-catalyzed strategy for ipso- and remote
hydroamination of proximal or distant alkenes, enabling the
regio- and enantioselective synthesis of both linear and a-
branched primary amines in 2024 (Scheme 75 (A)).'”® In

Scheme 75. NiH-Catalyzed ipso- and Remote
Hydroamination
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contrast to the extensively studied CuH species, NiH species
exhibit markedly lower nucleophilicity, rendering them
compatible with carbonyl groups and amenable to a wider
array of electrophilic amination reagents. For instance,
nitroarenes, which are prone to reduction by CuH, serve as
effective aryl-aminating agents in NiH catalysis. Hence, it was
hypothesized that NiH species could generate promising
results in the presence of sensitive azides.'”> Through
systematic optimization, the authors discovered that use of
NiBr,edimethoxyethane (DME) in combination with a chiral
bisoxazoline ligand (L9) can generate excellent yield and high
enantioselectivity. For the more challenging asymmetric
remote hydroamination, they utilized a dual-function chiral
diamine ligand (L11), which proved essential for both chain-
walking and subsequent regio- and enantioselective amination
(Scheme 75 (B)). This approach was successful even with
remote terminal or internal unactivated olefinic substrates.
Altering the reaction conditions, terminal-selective remote
hydroaminations were also achieved (Scheme 75 (C)).
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3.4.1.3. Utilizing Anthranils. Anthranils were also employed
as the nitrene source for the hydroamidation reaction. In 2021,
Hu et al. disclosed the NiH-catalyzed hydroamination of
olefins using anthranil as electrophilic aminating agent for the
synthesis of N-alkyl-2-aminobenzophenones and N-alkyl-2-
aminobenzaldehydes (Scheme 76 (A))."”* Combining the

Scheme 76. NiH-Catalyzed Hydroamination of Olefins
Using Anthranils
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Ni(BF,),-6H,0O catalyst and bipyridine ligand (L15) in the
presence of hydrosilane, as reducing agent, provides the
desired products in good to excellent yield. One unique feature
of this strategy is its distinctive reaction outcome compared
with the previously developed CuH catalysis. While the Cu-
catalyzed method'”® gives rise to a complete reduction
resulting in benzyl alcohol, this strategy provides the retention
of the carbonyl group. The mechanism suggested that the
reaction proceeds through NiH-insertion into the olefin, and
further, in the presence of anthranil, the Ni-nitrenoid is
formed. Finally, after reductive elimination, the desired
product is formed. Subsequently, Hu and co-workers expanded
their NiH-catalyzed hydroamination strategy for directing
group assisted proximal selective functionalization of unac-
tivated alkenes using anthranil (Scheme 76 (B))."”° The high
regioselectivity of the product is due to the presence of a
bidentate 8-aminoquinoline (AQ) directing group via the
formation of nickellacycle intermediates. Furthermore, the Hu
group developed a NiH-catalyzed cascade hydroamination/
cyclization of both terminal and internal alkynes with
anthranils, providing an efficient route to highly substituted
quinolines (Scheme 76 (C)).""

In 2023, Wang et al. reported that the nature of the base
used for hydrosilylation can alter the chemoselectivity of
directing group assisted proximal selective functionalization of
unactivated alkenes using anthranil (Scheme 77).'”* When
Na;PO, was used as base, the carbonyl group was retained. On
the other hand, K;PO, provided carbonyl reduction via a base-
catalyzed hydrosilylation process.

3.4.2. NiH-Catalyzed Hydroamination Reactions (In-
tramolecular). In 2022, after developing the intermolecular
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Scheme 77. NiH-Catalyzed Proximal Selective Divergent
Hydroamination
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hydroamidation of alkynes, the Chang group explored
intramolecular hydroamidation of alkynyl dioxazolones to
achieve the regioselective synthesis of six- to eight-membered
enamides (Scheme 78)."”” Remarkably, the reaction favored

Scheme 78. NiH-Catalyzed Endo-Selective Intramolecular
Hydroamidation of Alkynes
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the endocyclic pathway over the exocyclic one, delivering
products with excellent regioselectivity. They proposed that
Ni(I) hydride species acts as the active catalyst. The proposed
catalytic cycle involves key steps such as syn-hydronickelation,
alkenylnickel isomerization, oxidative activation of the
dioxazolone, and inner-sphere nitrenoid transfer, culminating
in endo-selective C—N bond formation. The critical alkenyl-
nickel isomerization step was shown to proceed through an 7’-
vinyl-like transition state.

The same group further explored the NiH-catalyzed
intramolecular hydroamination to prepare f-lactam scaffolds
with remarkable regioselectivity (Scheme 79).7°° The for-
mation of f-lactams occurred exclusively through proximal C—
N bond formation, effectively suppressing the distal selectivity
that would yield y-lactams.

Using a NiCl,-glyme catalyst in combination with a 6,6'-
dimethyl bipyridine ligand (L14), a broad range of aryl, alkyl,
and heteroaryl alkene substrates were successfully converted to
the desired p-lactam products with high regioselectivity.
Furthermore, replacing the bipyridine ligand with a chiral
ligand (L10) resulted in highly enantioenriched f-lactams with
moderate yields. Importantly, the enantioselectivity can be
altered by changing the stereochemistry of the ligand. For
example, the use of an (S)-L10 ligand led to the formation of
(R)-f-lactam products and vice versa. The reaction proceeded
through an unconventional pathway, bypassing the traditional
transition metal hydride (TMH) mechanism. Instead, the
process was initiated by a kinetically controlled N-activation

https://doi.org/10.1021/acs.chemrev.5c00503
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Scheme 79. NiH-Catalyzed Intramolecular Asymmetric
Hydroamidation
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step involving a Ni-nitrenoid species. This was followed by the
formation of alkenylamido-Ni(II) intermediates, which facili-
tated regioselective intramolecular amidonickelation to yield
the fB-lactam products.

3.4.3. Ni-Catalyzed C(sp®)—H Amination (Intermolec-
ular). In 2022, Martin and co-workers demonstrated an
intermolecular C(sp*)—H amination using nickel-catalysis and
dioxazolone as nitrene precursor (Scheme 80).”°" Under the
reaction conditions, amidation took place adjacent to the
nitrogen or oxygen atom of the saturated heterocyclic
compounds. Kinetic analysis using deuterated substrates

Scheme 80. Nickel-Catalyzed Site-Selective Intermolecular
C(sp®)—H Amidation
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revealed a KIE of 3.8, suggested that C(sp®>)—H cleavage is
the rate-limiting step.

Hydrosilane played an important role in reducing the
oxidation state of nickel. EPR analysis suggested that Ni(II)
converted to active Ni(I) species by PhSiH;, which is the
active catalytic species for the transformation (Scheme 80).
Although, this method can tolerate diverse class of substrates,
but it requires excess amount of heterocyclic partners.
Recently, this limitation was overcome by the Baudoin group
using iron catalysis."'” In the same year, Wang et al. unveiled a
tungsten/nickel cocatalyzed strategy for the amidation of inert
C(sp’)—H bonds using photoexcitation strategy (Scheme
81).”°> A KIE of 1.25 was observed for the reaction, suggesting

Scheme 81. Photoexcited Amidation of Inert C(sp®>)—H

Bonds
1 mol% TBADT
N-O. 10 mol% NiBr,+diglyme 0
- 1.5 equiv. LiCl
R-H + Jl\ >=o q > R"NJLR1
RO 1 equiv. CrCl3 H
BuOH:MeCN (1:3,0.2 M
TBADT = [WioOaalfBusNls 395 nm L(ED t )
Selected Substrate Scope
0 o (7 0 /@ j’\
Ph)LN % Ph)LN P Ph” N7 Ph
Ph” "N H 409
H 51% H 47% H 60% 40%

that homolytic C—H bond cleavage is not the rate-limiting
step, instead, they found that the regeneration of TBADT and
Nil, is the rate-determining step.””” The Bao group also
reported””” a similar kind of direct intermolecular C(sp*)—H
amidation reaction via synergistic decatungstate anion photo-
catalysis and nickel catalysis.

Recently, Chang group reported a photoredox/Ni dual-
catalyzed strategy for C(sp®>)—N coupling, leveraging dioxazo-
lones as precursors for Ni(II)-nitrenoid species (Scheme
82).”%* This approach facilitates the synthesis of versatile N-
alkyl amides, enabling C(sp*)-amidation reactions with both

Scheme 82. Synthesis of N-Alkyl Amide via Dual
Photoredox PCET/Ni-Catalysis
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cyclic and acyclic alcohols. Experimental and computational
investigations revealed that photoredox-mediated proton-
coupled electron transfer (PCET) plays a key role in
generating alkyl radicals from alcohols. The resulting carbon-
centered radicals are efficiently captured by the (k*-N,0)Ni-
(II)-nitrenoid intermediate, which subsequently undergoes
reductive elimination to yield aliphatic amides containing
C(sp®)—N bonds. This method is the first example of PCET/
Ni-catalyzed amidative B-scission using alcohols.

3.4.4. Ni-Catalyzed C(sp®)—H Amination (Intramolec-
ular). In 2020, Betley and co-workers studied the intra-
molecular C(sp*)—H amination reaction of tertiary aliphatic
azides using Ni-dipyrrin catalysis (Scheme 83 (A)).** The

Scheme 83. Ni-Catalyzed C(sp*)—H Amination
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catalyst ([Ni]-1) showed excellent reactivity toward primary,
secondary, tertiary, and benzylic C—H bonds. A remarkably
high primary kinetic isotope effect (KIE) value of 31.9 & 1 was
observed. A radical mechanism was proposed for the reaction
comprising hydrogen atom transfer and radical recombination
steps. An enantioselective version of this transformation was
also attempted using a ([Ni]-2) catalyst; however, the
enantioselectivity remained low (Scheme 83 (B)).”° Notably,
substrate scope analysis revealed that increasing the steric bulk
at the meta positions on the aryl substituents leads to a higher
ee.

3.4.5. Nickel-Catalyzed C(sp?)—H Amination. In 2020,
Uyeda and co-workers reported a Ni-catalyzed intramolecular
C(sp*)—H amination enabled by a dinuclear nickel complex,
([Ni]-3), usm; a naphthyridine-diimine (NDI) ligand
(Scheme 84).%

This catalyst system activates aryl and vinyl C(sp*)—H
bonds for nitrene insertion via a distinct C—H bond activation
pathway, diverging from the conventional electrocyclization
mechanism observed with Rh-catalyzed systems. Notably, the
dinickel catalyst ([Ni]-3) outperforms the widely used Rh-
based catalyst [Rh,(esp),] in achieving chemoselective
amination of azide substrates bearing both a-phenyl and a-
vinyl groups. While [Rh,(esp),] affords a mixture of aryl and
vinyl C—H amination products, the dinickel catalyst exhibits
high selectivity, favoring vinyl C—H functionalization with a
ratio >20:1 (vinyl C—H/aryl C—H). DFT studies reveal that
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Scheme 84. Dinickel-Catalyzed Intramolecular C(sp*)—H
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the cationic Ni,(u-NAr) complex undergoes endothermic
cleavage of its metal-metal bond, creating an open
coordination site that accommodates the substrate’s C—H o-
bond. This coordination facilitates a kinetically favorable 1,2-
addition of the C—H bond to the dinickel imide, leading to a
metallacyclic intermediate. The transition state for vinyl C—H
activation is calculated to be 9.1 kcal/mol lower in energy than
that for aryl C—H activation, explaining the observed
selectivity.

3.5. Copper Catalysis (Cu)

Over the years, the discovery and design of novel copper
complexes have enabled the precise and efficient incorporation
of nitrene intermediates into organic frameworks, addressing
longstanding challenges in nitrogen-functionalization chem-

istry.
3.5.1. Copper-Catalyzed Aziridination Reactions.
3.5.1.1. Exploiting Iminoiodinanes. In early 1990s, the

57,58 L ;
Evans group’””” made significant advancements in olefin

aziridination using Cu(I) and Cu(Il) catalysis. They utilized
PhI=NTs as a nitrogen source for aziridination and showed
that copper catalysts like Cu(OTf), Cu(acac), and Cu-
(MeCN),ClO, were more effective than other metal
complexes, such as Fe(TPP)Cl, Mn(TPP)Cl, Co(acac),, and
Rh(OAc), which often led to a mixture of aziridination and
amination products.

Investigations into substrate scope revealed that the
aziridination reaction was effective across a broad range of
electron-rich and electron-deficient olefins. Additionally, they
found that olefin geometry and substituent nature had a
significant imgact on the stereoselectivity of the aziridination
(Scheme 85).”™ The reaction exhibited high stereospecificity
with trans-1,2-disubstituted alkenes and cis-1,2-alkyl-substi-
tuted alkenes. However, phenyl substitution on the olefin
seems to alter the aziridination from a stereospecificity to a
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Scheme 85. Copper-Catalyzed Stereospecific Aziridination
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nonstereospecificity manifold as demonstrated for cis-stilbene
and cis-f-methylstyrene. To gain insight into the reaction
mechanism, a reaction was conducted with vinyl cyclopropane
that resulted in exclusively aziridination product with cyclo-
propane ring intact. This finding supported a concerted nature
of the reaction pathway or a rapid radical rebound. In 1993,
Templeton, Brookhart and Perez demonstrated that the
poly(pyrazolyl)borate-Cu(I) complex, Tp*Cu(C,H,) ([Cu]-
1) (where Tp* is hydro-tris(3,5-dimethyl-1-pyrazolyl)borate),
served as an effective catalyst for the aziridination of styrene, 1-
hexene, and cis-cyclooctene with PhI=NTs as the nitrogen
source (Scheme 86 (A)).”* Almost after one decade, the
Perez group further explored a series of poly(pyrazolyl)borate-

Scheme 86. Copper-Homoscropionate in Aziridination
Reactions
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Cu(I) complexes in aziridination reaction and discovered that
the perbromo catalyst, TpBr;Cu, achieved remarkably high
yields of aziridines, even when using equimolar mixtures of
olefin and PhI=NTs, along with a low catalyst loading of just
1% (Scheme 86 (B)).”'° Later, Lovely and co-workers showed
that copper complexes of fluorinated tris(pyrazolyl)borates
serve as more versatile alternatives for aziridination reactions
compared to their nonfluorinated counterparts.”'’ Subse-
quently, incorporating iminoiodinanes as nitrene surrogate,
aziridination of styrene and its derivatives were reported using
different copper catalysts.”'*>*"?

3.5.1.2. Incorporating Organic Azides. Most Cu-catalysts
described for the aziridination of olefins typically require 5 mol
% loading relative to the nitrogen sources. However, in 1999,
an exception was noted by Halfen et al., who utilized ([Cu]-2)
in catalytic amounts of just 0.5 mol %, which is 10—20 times
less than what is needed for other most used copper catalysts
(Scheme 87).*" Similarly, in 2017, Che reported that tripodal
S-ligand complex of copper(I) ([Cu]-8) could catalyze
aziridination reactions with only 1 mol % catalyst loading.”"”
A list of copper-complexes’ “™*'® has been displayed in
Scheme 87, which showed remarkable efficiency in aziridina-
tion reaction. Furthermore, different amine precursors were
also used for aziridination reactions.”'”~**'

3.5.1.3. Utilizing Sulfonamides. In 2010, a diastereoselec-
tive copper-catalyzed alkene aziridination has been reported by
the Dauban group using chiral nitrenes generated from
sulfonimidamides in the presence of an iodine(Ill) oxidant
(Scheme 88).”*” The reaction involves the interaction of
iodosylbenzene, an iodine(III) oxidant, with a sulfonimidamide
in the presence of a copper catalyst, leading to the formation of
a highly reactive chiral metallanitrene intermediate. This
metallanitrene reacts with various olefins, used in stoichio-
metric amounts, to produce aziridines in excellent yields,
reaching up to 96%. The addition of the nitrene derived from
p-nitrosulfonimidamide to tert-butyl acrylate demonstrates an
optimized diastereomeric excess (de) of 94%. Stereoselectivity
in the aziridination was further refined through the
combination of the sulfonimidamide with a chiral copper
catalyst, enabling matching and mismatching effects. Notably,
this stereocontrol was observed predominantly with styrene
and its derivatives. A significant feature of this transformation
is the preferential addition of the electron-deficient nitrene
species to electron-poor olefins, showcasing its unique
reactivity profile.

In 2011, Dodd and co-workers reported a copper(I)-
catalyzed aminolactonization reaction involving various 4-
aryl-pent-4-enoates and in situ-generated nosyliminoiodane,
producing S-aryl-S-nosylamidomethylbutyrolactones (Scheme
89).”** This reaction was proposed to proceed through an
aziridine intermediate. Efforts to introduce chirality into the
process were explored using chiral salen and BOX (L17)
ligands. Notably, the use of a chiral BOX ligand achieved poor
enantiomeric excess (ee) of up to 48% with yields up to 90%.

3.5.2. Copper-Catalyzed Asymmetric Aziridination
Reaction. In 1993, Jacobsen”** and Evans”*’ independently
developed copper-catalyzed enantioselective aziridination
reactions (Scheme 90).

Evans used a C,-symmetric chiral bis-oxazoline ligand (L18)
in copper catalysis, which promoted the aziridination of
styrene with remarkable enantioselectivity (up to 97% e¢). On
the other hand, Jacobsen introduced benzylidene derivatives of
1,2-diaminocyclohexane (L19) as chiral ligands, achieving high

https://doi.org/10.1021/acs.chemrev.5c00503
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Scheme 87. Copper-Complexes used in Aziridination Reaction
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Scheme 88. Copper-Catalyzed Aziridination with Chiral
Sulfonimidamides
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enantioselectivity, with ee up to 98%. Furthermore, Jacobsen
and co-workers investigated the mechanistic aspects of the
(diamine)copper-catalyzed aziridination reaction and provided
compelling evidence supporting a nitrene-transfer pathway.**®
Their studies suggested that the copper catalyst activates the
nitrene precursor, enabling selective transfer of the nitrene
group to the alkene, leading to the formation of the aziridine
with high enantiocontrol. These initial studies pave the way for
the development of new catalytic systems for enantioselective
aziridination reactions.”*”***

In the same year, Scott et al. disclosed a highly
enantioselective aziridination of olefins achieved with chiral
biaryldiimine/Cu(I) catalyst system (Scheme 91).*° In
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Scheme 90. Evans and Jacobsen’s Copper-Catalyzed
Asymmetric Aziridination
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Scheme 91. Chiral Biaryldiamine Ligated Copper Complex
in Enantioselective Aziridination
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particular, the imine ligand (L20) in combination with
Cu(I) or Cu(Il) generated up to 99% ee in the aziridination
of 6-acyl-2,2-dimethylchromene and 88—98% ee for a range of
cinnamate esters.

Styrenes and other alkenes are converted with lower
enantioselectivities (5—54%). Structural analysis of the catalyst
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revealed two classes of structures; bimetallic double helices
([Cu,L,]**) and monometallic ([CuL]*). Ligand steric
governs the structural preference; ortho disubstitution at the
aryl imine is required to furnish monometallic, active system.
The monometallic form is found to be more efficient in the
aziridination of alkenes than the bimetallic one in terms of rate,
turnover, and enantioselection. Inspired by Scott’s work, both
the Shi**” and Suga™' groups later developed copper-catalyzed
enantioselective aziridination reactions using chiral salen-type
ligands, which also delivered high ee values for cinnamate
aziridinations.

In 2008, a highly enantioselective aziridination of chalcones
was reported by the Xu group utilizing novel 1,8-
bisoxazolidinylanthracene (L21) ligand (Scheme 92).****%
The enantioselcective outcome for ligand L21 found opposite
to that of the ligand used by Evans (L18).

Scheme 92. Copper-Catalyzed Asymmetric Aziridination of
Chalcones
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Proposed transition state

It was observed that the enantioselectivity is highly
substituent dependent. Chalcones with electron-donating
substituents show higher enantioselectivities due to the
stronger Lewis basicity of the oxygen of their carbonyl groups
than those with electron-withdrawing substituents.

A transition state for the asymmetric aziridination was
proposed where the nitrene attacks from the top and implicates
a copper-nitrene species chelated to the ligand nitrogen atoms
and to the chalcone carbonyl group.”** Subsequently, Xu and
co-workers demonstrated that cyclohexane-linked bis-oxazoline
ligands could also deliver high enantioselectivity in chalcone
aziridination.”***® In a related study, they showed that the
same ligand (L21) could effectively promote regio- and
stereoselective aziridination of 1,3-dienes bearing carbonyl
functionalities.”*”

In 2006, Trost and Dong reported an asymmetric
aziridination reaction using an NHC-copper catalyst (Scheme
93). This synthetic maneuver proved effective as one of the key
steps for the total synthesis of agelastatin A.*****

In 2011, Sinha and Hajra reported a one-pot azidoarylation
reaction of aryl cinnamyl ethers using a copper catalyst in
combination with chiral bis-oxazoline ligands (Scheme 94).**
This method afforded 3-amino-4-arylchromans with excellent
regioselectivity, diastereoselectivity (dr > 99:1), and enantio-
selectivity (up to 95% ee), although the yields were moderate
for most substrates. A variety of bis-oxazoline ligands, the
indenyl-derived BOX ligand, in particular, exhibited the highest
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Scheme 93. NHC-Copper-Catalyzed Aziridination Reaction
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Scheme 94. Copper-Catalyzed Enantioselective Azirido-
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enantioselectivity. Interestingly, an inverse stereoinduction was
observed when the PhBOX/copper complex was employed for
the catalytic asymmetric azidoarylation.”*' It was noted that
cyclization occurred only when an aryl substitution was present
on the double bond of the starting material. In contrast, allyl
phenyl ether failed to undergo cyclization, leading to
aziridination. A similar strategy comprising aziridination
followed by ring expansion of cyclopropanes was reported by
Yu and co-workers.”**

3.5.3. Copper-Catalyzed C(sp®)—H Amination Reac-
tion (Intermolecular). 3.5.3.1. Exploiting Chloramine-T. In
1998, Taylor and co-workers reported an intermolecular
catalytic amination of benzylic and allylic C(sp®)—H
aminations employing copper(I) triflate as catalyst with
chloramine-T as nitrogen source.”*> While the study did not
delve deeply into the synthetic scope, it underscored the
potential of copper complexes as effective catalysts for C—H
amination.

In 2007 Nicholas and Bhuyan increased the efficiency of the
amination reaction by utilizing [Cu(NCMe),]PF; as catalyst
and anhydrous chloramine-T (Scheme 95 (A)).*** The
reaction showed high efficacy for electron-rich substrates,
while electron-deficient substrates, such as 4-nitro-1-ethyl-
benzene, yielded significantly lower amination. Later, in 2010,
the Nicholas group further explored enantioselective copper-
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Scheme 95. [Cu(NCMe),]PF¢-Catalyzed Amination
Reaction
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catalyzed benzylic amination by evaluating various chiral ligand
classes, including @-amino acids, diamines, bis-oxazolines, and
diimines (Scheme 95 (B)).**> While these ligands (L23 and
L24) facilitated the amination process, the reactions exhibited
only low to moderate enantioselectivity. In a separate study,
they reported intramolecular C—H amination of carbamates
and sulfamates using PhIO as the oxidizing agent.246 However,
the enantioselectivity is very low, with only 16% enantiomeric
excess (ee) achieved for oxazolidinones.

3.5.3.2. Incorporating Iminoiodinanes. The Pérez group
demonstrated a C—H amination reaction using a copper
catalyst with a homoscorpionate ligand.”*”*** Their studies
revealed that the complex TpBr;Cu(NCMe) exhibits remark-
able catalytic activity for nitrene transfer and subsequent
insertion into C—H bonds across various substrates, including
benzene, cyclohexane, and cyclic ethers (Scheme 96). This

Scheme 96. Homoscorpionate Ligated Copper-Catalyzed
C—H Amination Reactions
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catalytic system provides a straightforward approach to
arylamines without the need for prefunctionalization, over-
coming the challenge posed by the high bond dissociation
energy of aromatic C—H bonds. Both chloramine-T and
PhI=NT's were found to be equally effective as nitrene sources
for this reaction. Later, Bao and co-workers studied the
computational analysis and unveiled the mechanism of this
reaction.”*’

In 2012, the Chan group uncovered a product-switching
reaction involving f-C—H amination and aziridination of 2-
alkyl substituted 1,3-dicarbonyl compounds by employing
Cu(OTf),/1,10-phen as catalyst and PhI=NTs as nitrogen
source (Scheme 97).>*° Slightly altered reaction conditions

Scheme 97. Cu(OTf),-Catalyzed Amination and
Aziridination of 2-Alkyl Substituted 1,3-Dicarbonyl
Compounds
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greatly influenced the type of products generation. When 1.2
equiv of the iminoiodane were used, the amination of the
allylic C—H bond in the enolic form of the substrate, generated
in situ via coordination to the Lewis acidic metal catalyst,
selectively yields the f-aminated adduct. Conversely, increasing
the nitrogen source from 1.2 to 2—3 equiv shifted the reaction
toward the preferential formal aziridination of the C—C bond
of the 2-alkyl substituent, resulting the aziridine product.
Product formations are explained in Scheme 97. Further, the
synthetic utility of this developed methodology is showcased
by the efficient synthesis of the chiral N-acyl-protected
quaternary a-aminoethyl ester with high yield and enantiose-
lectivity. In a subsequent study, the Chan group reported the
a-amination of 1,3-dicarbonyl compounds.”" The reaction is
believed to proceed via a mechanism involving aziridination of
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the enolic form of the substrate, facilitated by a copper—
nitrene or copper—imido species generated from the reaction
of the metal catalyst with the iminoiodane, followed by ring
opening of the aziridine to yield the a-aminated product.

In 2014, Stavropoulos and co-workers investigated a Cs-
symmetric tripodal copper(I) complex ([Cu]-15) featuring a
Lewis basic guanidinato ligand for nitrene-transfer reactions
between imidoiodinanes and substrates containing C—H and
C=C bonds (Scheme 98 (A)).”®” The catalyst facilitates

Scheme 98. Copper-Catalyzed Amination Reactions Using
PhINTs
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amination of unfunctionalized hydrocarbons at tertiary and
secondary C—H sites, while the primary C—H bonds remain
unreacted. Benzylic and a-heteroatom-functionalized C—H
bonds are aminated with high efficiency. Furthermore, the
catalyst enables aziridination of both electron-poor and
electron-rich olefins. Mechanistic studies, including Hammett
analysis, kinetic isotope effects (KIE), radical clock experi-
ments, electron paramagnetic resonance (EPR) spectroscopy,
and theoretical calculations, provided insights into the active
intermediates. Based on these studies, they proposed a reaction
mechanism involving carbon-centered radicals during the C—
H insertion process. The reactivity was attributed to a putative
triplet copper-nitrene species, which serves as the key
intermediate for the reaction.
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Recently, the same group investigated copper-catalyzed
nitrene transfer reactions using bipodal Cu(I) complexes
([Cu]-16).>>* These compounds feature coordinated ligation
comprising a diarylmethyl-amine or triaryl-amine residue,
along with two imine groups supported by super basic TMG
arms. In contrast to their previously studied tripodal catalyst,
([Cu]-15), the bipodal catalysts ([Cu]-16) exhibited lower
yields for amination reactions. Mechanistic investigations
suggest that, similar to the tripodal copper catalyst, the
reaction proceeds via a putative metal-nitrene oxidant,
generating an intermediate carbon-centered radical (or
carbocation) during the process.

In 2016, Ohshima and co-workers reported a ligand free
Cu(OTf),-catalyzed method for the chemo-selective a-
amination of acylpyrazoles using iminoiodinane (Scheme 98
(B)).** In this reaction, the copper catalyst plays a dual role
by promoting the enolization of acylpyrazoles via bidentate
coordination and generating a highly electrophilic copper
nitrene.

In 2022, Zhu and co-workers reported a copper-catalyzed
chemoselective allylic amination using ortho-methoxymethyl
iminoiodinane as the nitrene precursor (Scheme 98 (C)).>>*
Interestingly, the authors also demonstrated that under
photoirradiation and in the absence of a catalyst, the reaction
selectively yielded the aziridination product, completely
suppressing the amination pathway.

3.5.3.3. Utilizing Organic Azides. In 2008, Warren,
Cundari, and co-workers reported a catalytic C—H amination
using a f-diketiminate dicopper catalyst (Scheme 99).>*° 1t

Scheme 99. f-Diketiminate-Copper Complex in Nitrene
Transfer Reaction

(A) Intramolecular C-H amination with a S-diketiminate ligand
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was found that a methyl group on the aryl substitution of the
p-diketiminate copper complex ([Cu]-17), promotes intra-
molecular ligand methyl C—H bond amination with azide as
the aminating agent to generate the copper complex ([Cu]-
18). This intramolecular ligand amination hindered the
formation of the critical nitrene intermediate necessary for
substrate amination. This challenge was addressed by employ-
ing a 2,6-dichloro-substituted ligand. Notably, when a dicopper
complex with a 2,6-dichloro-aryl substituted A-diketiminate
ligand was reacted with an equimolar amount of alkyl azide, a
dicopper nitrene species ([Cu]-19) was formed, as confirmed
by X-ray crystallographic analysis, which revealed a symmetri-
cally bridging nitrene moiety between the two copper centers.
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Thermolysis of ([Cu]-20) in the presence of cyclohexane
yielded the corresponding C—H amination product quantita-
tively. Using this copper catalyst, intermolecular C—H
amination was successfully achieved with benzylic substrates,
cyclohexane, and aldehydic C—H bonds. Further kinetic and
computational studies indicated that the C—H amination
proceeded through a terminal copper alkylnitrene ([Cu]-20)
intermediate and C—H amination takes place via a stepwise
HAA/RR mechanism.

In 2017, the same group explored how the steric bulk of
substituents on the f-diketiminate ligand and aryl azides affects
the reactivity of the copper-nitrene intermediate (Scheme
100).”>” The reaction of a sterically encumbered copper(I) f-

Scheme 100. Reaction of Terminal Copper-Nitrene
Intermediates
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diketiminate complex ([Cu]-21), with bulky aryl azides
(N;Ar??) generates terminal nitrenes, ["°NN]Cu = Nar
([Cu]-22). These nitrenes can either dimerize via C—C bond
formation at the para position of the arylnitrene, yielding the
dicopper(I) diketimide ([Cu]-23) (Ar = 2,6-Pr,C¢H;), or
undergo nitrile insertion to form diazametallocyclobutene
([Cu)-24) (Ar = 4-Ph-2,6-Pr,C¢H,). Importantly, reactivity
studies revealed that both ([Cu]-23) and ([Cu]-24) function
as “masked” forms of the terminal nitrenes, [Pr,NN]Cu
NAr. These intermediates effectively transfer the nitrene group
to PMe;, ‘BuNC, and can even facilitate C—H amination of
benzylic C(sp®)—H bonds.

3.5.3.4. Using Amines. Zhao and co-workers reported an
efficient approach for benzylic C—H bond amination using
carboxamides or sulfonamides in combination with N-
halosuccinimides and copper bromide (Scheme 101).*** In
this reaction, NBS reacts with the amine functionality of
carboxamides or sulfonamides to generate N-bromocarbox-
amides or N-bromosulfonamides. These intermediates then
interact with the copper salt to form a Bromamine-T-like
reagent, which serves as a nitrene precursor. This method
proved highly effective for the amination of the N-methyl
group in N,N-dimethylanilines. Moreover, the reaction
demonstrated broad substrate compatibility, accommodating
various carboxamides, including aryl amides, aliphatic amides,
and lactam derivatives.

3.5.4. Copper-Catalyzed C(sp®)—H Amination Reac-
tion (Intramolecular). A highly regio- and stereoselective
intramolecular C—H amination of dioxazolones under copper
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Scheme 101. Copper-Catalyzed Amination using N-
Halosuccinimide as Oxidant
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catalysis was demonstrated by the Chang group (Scheme
102).”*? The reaction exhibited exceptional selectivity for -

Scheme 102. Regio- and Enantioselective Catalytic §-C—H
Amination of Dioxazolones using Copper Catalysis
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C—H bonds, even in the presence of competing y-C—H bonds.
This method enables the efficient synthesis of the chiral six-
membered lactam with quaternary stereogenic carbon centers
with high enantioselectivity. Mechanistic studies revealed that
open-shell nature of the Cu-nitrenoid intermediate plays a
crucial role in the selective hydrogen atom abstraction from the
0-C—H bond. This selectivity is further supported by DFT
calculations, which showed that the 6-C—H bond abstraction is
energetically favored, being 1.8 kcal/mol lower in activation
energy compared to y-C—H abstraction. The enantioselective
radical rebound step was also investigated computationally.
The free energy difference between the two diastereomeric
transition states, TS2-R and TS2-S, was calculated to be 2.7
kcal/mol, which correlates well with the experimentally
observed enantioselectivity (99:1 er). Moreover, the resulting
chiral O-lactams were further elaborated into various
medicinally relevant compounds.

3.5.5. Miscellaneous Examples Involving Copper-
Nitrenoid Intermediates. The Perez group unveiled a
nitrene-mediated rearrangement reaction of furans using
copper catalysis (Scheme 103).”°*°" The reaction yielded
either bicyclic compounds (BC) or dihydropyridines (DHP)

https://doi.org/10.1021/acs.chemrev.5c00503
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Scheme 103. Copper-Nitrene Mediated Rearrangement Reaction of Furans
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Scheme 104. Copper-Catalyzed Synthesis of Multisubstituted Pyridines from Homo Aryl Azides
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depending upon (i) the acidic nature of the column with a ~5:95 molar ratio of BC to DHP. Unsubstituted furan
chromatography static phase used for the purification step, resulted in only 10% DHP formation in a low-yield
and (ii) the nature of the substituted furan in the precursor. transformation. To understand the mechanism of the trans-
When the reaction was performed with 2,5-dimethylfuran and formation, a reaction with equimolar amounts of PhI=NT's and

PhI=.NTs using TRBQCU(NCMe) as the catalyst, the PI.'Oduf:t 2-methylfuran was monitored by '"H NMR, which revealed the
obtained after silica gel chromatography was a bicyclic formation of intermediates (A) and (B). Over time, (A) was
compound (BC). However, when neutral alumina was used, converted into (B), and additional NMR experiments

the product shifted to dihydropyridine (DHP). A range of . .
TpxCu complexes exhibited similar behavior, consistently demonstrated that the disappearance rate of (B) increased

producing BC unless Al,O; was employed for purification.
The high acidity of Al,O; promoted hydrogen elimination
from the p-carbonyl position of BC, leading to the formation

with catalyst concentration, highlighting the noninnocent role
of the copper complex in its reaction with a second furan unit
to form BC. The proposed mechanism consists of four

of DHP. The reaction was further explored with different catalytic cycles: (1) aziridination of the furan, (2) trans-
furans, yielding intriguing results (Scheme 103). For example, amination to generate (A) and (B), (3) an inverse electron-
2,3-dimethylfuran produced only BC due to the absence of a - demand Diels—Alder reaction forming BC, and (4) metal-
hydrogen for elimination. In contrast, monosubstituted furans, catalyzed hydrogen elimination yielding the final product
such as 2-methyl- or 2-ethylfuran, led to a product mixture (DHP) (Scheme 103).
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Traditionally, the preparation of unsymmetrical 3,5-diary-
Ipyridines relies on palladium-catalyzed Suzuki—Miyaura cross-
coupling reactions, which involve multistep protocols and
expensive palladium catalysts.”*> Moreover, such pyridines
cannot be synthesized using the conventional abnormal
Chichibabin pyridine synthesis.”***** In 2017, Liao and co-
workers developed an efficient copper-catalyzed method for
synthesis of 3,5-diarylpyridines and 2,3,S-trisubstituted pyr-
idines from readily available homo aryl azides (Scheme
104).%%

The key step in this transformation involves the generation
of N-unsubstituted aliphatic imines from azides, which
subsequently undergo an addition—elimination sequence
followed by rearrangement to afford the pyridine derivatives.
Reaction optimization identified a customized phenanthroline-
based ligand (L33) as optimal for the synthesis of multi-
substituted pyridines and indole derivatives (Scheme 104 (A)).
Interestingly, it was found that solvents such as toluene, THF,
and dioxane were ineffective for this reaction, whereas HFIP
proved to be crucial. This can be attributed to the ability of
HFIP to stabilize the N-unsubstituted imine intermediate,
facilitating the reaction. To elucidate the reaction mechanism,
isotopic labeling experiments were conducted. A '*C-labeled
azide was synthesized and subjected to the optimized reaction
conditions, yielding 2,4,6-'>C-labeled pyridine. Similarly, when
an q-deuterated azide was used, the reaction produced 2,4,6-
deuterated pyridine (Scheme 104 (B)). These results indicated
that the transformation involves three-molecules of azides.
Furthermore, when a mixture of benzyl azide and homo benzyl
azide (1:3 ratio) was subjected to the developed reaction
conditions, 2,3,5-trisubstituted pyridines were successfully
synthesized (Scheme 104 (C)).

In 2019, the Deng group reported a copper-catalyzed nitrene
transfer and cyclization reaction of tryptophols and trypt-
amines, employing aryl azides as the nitrogen source (Scheme
105).°° This method enabled the synthesis of a variety of
indole alkaloids in excellent yields (up to 99%) using
CuBH,(PPh,), as the catalyst and a p-diketiminate ligand
(L29). To elucidate the intermediates involved in the
cyclization process, several control experiments were con-
ducted. When the reaction was carried out in the presence of

Scheme 10S. Copper-Catalyzed Nitrene Transfer/
Cyclization Reaction to Synthesize Indole Alkaloids
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radical quenchers, like 2,2,6,6-tetramethyl-1-(BHT) signifi-
cantly inhibited the reaction.

These results strongly suggested the intermediacy of radical
intermediates in the reaction. When N-protected tryptophols
were tested under the reaction conditions, no desired product
was observed, indicating that the N—H bond of the indole is
essential for nitrene transfer. These findings excluded a
possible aziridination/cyclization pathway, and instead sup-
ported a mechanism involving radical addition followed by
cyclization.

In 2019, Betley et al. reported a sgrnthetic paradigm of
copper(I) dipyrrin complex ([Cu]-25).”"” They assessed the
reaction of aryl azides with ([Cu]-25) can culminate into a
terminal triplet nitrene intermediate, upon X-ray absorption
spectroscopy and quantum chemistry calculations. They also
proved the competency of the nitrene adducts with a moderate
to good nitrene transfer reaction profile with amination and
aziridination of different substrates (Scheme 106). A unique

Scheme 106. Dipyrrin Ligated Cu(I)-Catalyzed Amination
and Aziridination Reaction
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aspect of this reaction is the isolation and crystallographic
characterization of the Cu-nitrene intermediate. Notably, the
copper complex does not exhibit Cu—N multiple bond
character; instead, the bonding is better described as a radical
delocalized into the aromatic ring.

In 2021, Zhang and co-workers developed a novel copper-
catalyzed intramolecular tandem oxaziridination/1,2-alkyl
rearrangement of cyclic diketones with alkyl azides, enabling
the synthesis of chiral fused bicyclic lactam derivatives
(Scheme 107).*°® High enantioselectivity was achieved using
the chiral ligand L30. To investigate the involvement of an
oxaziridine intermediate in the reaction mechanism, a reaction
was conducted with a presynthesized oxaziridine under the
developed conditions, yielding the racemic fused bicyclic
lactam in 76% yield. This result provided indirect evidence that
the oxaziridine serves as a key intermediate, which undergoes
subsequent rearrangement to form the lactam derivatives.
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Scheme 107. Copper-Catalyzed Oxaziridination/1,2-Alkyl
Rearrangement of 1,3-Diketones
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In 2024, Norton and co-workers developed an innovative
copper-catalyzed method for synthesizing alkylated N-acyl
cyanamides via a nitrogen umpolung strategy (Scheme
108).”” This approach consists of two distinct reaction
pathways: (i) a Cu-nitrene transfer and (ii) a Cu-catalyzed N-

alkylation. The method utilizes dioxazolones, trimethylsilyl
cyanide (TMSCN), and alkyl halides as key reagents. To
elucidate the mechanism of the nitrene transfer reaction, an in
sitt NMR study was performed using dioxazolone and
TMSCN in the presence of copper-catalysis, revealing the
formation of two isomers, Iso-1 and Iso-2, in nearly equimolar
amounts (Scheme 108 (A)).

The formation Iso-1 and Iso-2 can be explained by the
nucleophilic addition of cyanide into the Cu-nitrenoid species.
For N-alkylation step, control experiments demonstrated the
crucial role of Cu(MeCN),PF4 (Scheme 108 (B)). Without
the Cu-catalyst, only 8% alkylated product was achieved by the
reaction of BnBr with ‘BuOLi. However, the addition of 5 mol
% Cu(MeCN),PF increased the yield to 85%. Further, the
radical clock experiment with (bromomethyl)cyclopropane
produced 11% vyield of the ring-opening product, suggesting a
radical mechanism (Scheme 108 (C)). While (2,2,6,6-
tetramethylpiperidin-1-yl)oxyl (TEMPO) failed to trap radical
species, use of enantioenriched (1-bromoethyl)benzene gave
the racemic N-acyl cyanamide (2% ec), along with the recovery
of racemic (1-bromoethyl)benzene (27%), further supporting
a radical pathway (Scheme 108 (D)). Importantly, this copper-
catalyzed strategy enables the late-stage functionalization of
natural products and pharmaceuticals, highlighting its utility in
complex molecule synthesis.

4. NITRENE TRANSFER REACTIONS TO FORM N—-N
BONDS

The N—N linkages are key structural motifs in many natural
products, 1mpart1ng dlverse and intriguing chemical and
biological properties.””’ Despite the extensive development
of methods for constructing C—N bonds, strategies for N—N
bond formation remain relatively underexplored. Traditional

Scheme 108. Copper-Catalyzed C—N Coupling for the Synthesis of Alkylated N-Acyl Cyanamides
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approaches to N—N bond construction largely rely on
prefunctionalized precursors such as hydrazines or diazo
compounds.zm In contrast, direct N—N coupling via nitrene
transfer offers a more convergent and flexible synthetic
strategy, enabling broader retrosynthetic options.

4.1. Iron Catalysis (Fe)

One promising approach involves the nucleophilic attack of
amines on electron-deficient nitrene intermediates to forge N—
N bonds. In this context, in 2021, Chang, Chen, and co-
workers have developed a simple and highly efficient iron-
catalyzed protocol for synthesizing a wide range of hydrazides
from readily available carboxylic acids and amines (Scheme
109).272 The reaction proceeds smoothly at room temperature

Scheme 109. Iron-Catalyzed Nitrene-Mediated N—N
Coupling for Efficient Synthesis of Hydrazides
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with only a catalytic amount of ferrous chloride (FeCl,).
Mechanistic studies indicate that the transformation involves a
highly electrophilic acyl nitrene intermediate, which undergoes
nucleophilic attack by arylamines, likely facilitated by CI---HN
hydrogen bonding. Notably, although Cp*IrCl, can also
promote the N—N coupling efficiently, sterically hindered
dioxazolones derived from a-substituted carboxylic acids
exhibit significantly improved reactivity under the iron-
catalyzed conditions. Interestingly, primary aryl amines and
aliphatic amines are incompetent under the developed
conditions.

In 2024, the Xia group reported a nitrene transfer reaction
between nitrosobenzenes and N-acyloxyamides catalyzed by
ferrous chloride (Scheme 110).*”® This method enables the
efficient synthesis of N-acyl azoxy compounds via N=N bond
formation. The reaction is proposed to proceed through an
iron-nitrene intermediate, which undergoes nucleophilic
addition by nitrosobenzene to afford the desired product.
Notably, the synthetic utility of this transformation has been
demonstrated through further derivatizations: the resulting
azoxy compounds can be reduced to hydrazides and employed
as novel aryl transfer reagents in reactions with nitriles.

4.2. Nickel Catalysis (Ni)

In 2018, the Uyeda group reported a dinuclear nickel-catalyzed
method for the preparation of a variety of azoarenes from aryl
azides (Scheme 111).””* Because the reaction proceeds
without requiring an external redox reagent, it is highly
compatible with a wide range of organic functional groups,
providing azoarene products in excellent yields. A mono-
nuclear nickel catalyst is ineffective here, as it binds strongly to
the azoarene product, preventing catalytic turnover. In
contrast, the dinickel catalyst demonstrates high efficiency

1190

Scheme 110. Iron-Catalyzed Nitrene Transfer Reaction of
Nitrosobenzenes with N-Acyloxyamides
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Scheme 111. Dinuclear Ni Complex-Catalyzed Azoarene
Synthesis from Aryl Azides
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due to its weaker coordination with the product. Mechanistic
studies indicate that the reaction initiates with the formation of
a u-NAr intermediate, which subsequently reacts with another
equivalent of aryl azide to form a yu-N,Ar, complex. Finally, in
the presence of benzene, the weakly coordinated azoarene
product is released, allowing the dinickel catalyst to regenerate
and re-enter the catalytic cycle. The structure and reactivity of
these proposed intermediates reveal two essential features of
the dinickel active site that are critical for efficient catalytic
turnover. First, the reactive imido species is stabilized through
m-interactions with the Ni—Ni bond, which helps suppress
unwanted hydrogen atom abstraction. Second, the azoarene
product binds only weakly to the Ni—Ni bond, a consequence
of its enforced, high-energy cis conformation.
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The preparation of hindered azoarenes has long been a
significant challenge, with established oxidative and reductive
coupling methods, yielding poor results. To address this issue,
in In 2023, the Stoltz group reported an eflicient nickel-
catalyzed strategy for N—N bond formation to synthesize
hydrazide derivatives (Scheme 112).>”

Scheme 112. Ni-Catalyzed Hydrazine Synthesis through
Nitrene Transfer Reaction
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In this transformation, O-benzoylated hydroxamates served
as nitrene precursors. The reaction was enabled by an air-stable
Ni(II) half-sandwich precatalyst ([Ni]-4 and [Ni]-5), which,
upon silane-mediated reduction, generated a mononuclear
Ni(I) species (A) identified as the catalytically active form. In
the presence of hydroxamate, this Ni(I) species formed an
electrophilic, Ni-stabilized acyl nitrenoid intermediate (B).
Subsequent outer-sphere N—N bond formation with an amine,
followed by proton transfer and product dissociation, delivered
the hydrazide products. Notably, the reaction displayed a
broad scope, accommodating both aryl and aliphatic amines
with high efficiency, which was previously inaccessible by
Chang’s protocol (Scheme 109).

4.3. Cobalt Catalysis (Co)

Recently (2025), Uyeda and co-workers found that Ni-catalysis
was ineffective for the synthesis of azoalkanes via the
dimerization of alkyl azides.”’® For instance, the coupling of
adamantyl azide failed to produce azoadamantane at room
temperature, and only afforded a low yield of 26% at 80 °C
(Scheme 113). In striking contrast, the isostructural (NDI)-
Co,(C4¢Hg) complex ([Co]-17) proved to be a highly efficient
catalyst for the dimerization of tertiary alkyl azides, delivering
the corresponding azoalkanes in excellent yields at room
temperature. Critical to the N=N coupling reactivity is the
formation of a dicobalt imido intermediate that is resistant to
undergoing competing H atom abstraction. These azoalkanes

Scheme 113. Dimerization of Azides by Dicobalt Catalysis
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serve as valuable precursors to tertiary alkyl radicals, which can
participate in C—C bond-forming reactions to construct
sterically congested quaternary carbon centers.

5. NITRENE TRANSFER REACTIONS TO FORM P—N
BONDS

The P—N motif has gained increasing attention in the design
of organic hgands for both organo- and metal-catalyzed
transformations.””” However, the development of efficient
P—N bond-forming reactions has lagged behind over the past
few decades.””® Classical approaches—such as the Staudinger
condensation between phosphines and azides, and nucleophilic
substitution between phosphorus halides and amines—remain
the primary methods for P—N bond construction. While
valuable, these strategies often require harsh conditions and
involve hazardous or moisture-sensitive reagents. An attractive
alternative is the metal-nitrene-mediated insertion of amine
functionality into P—H bonds, offering a direct route to P—N
bond formation. Despite its potential, this approach has seen
limited exploration in the literature.

5.1. Iron Catalysis (Fe)

In 2022, Wang and Chen reported an excellent method for
metal-nitrene-mediated P—N bond formation, using catalytic
FeCl, and dioxazolones as nitrene precursors (Scheme
114).77

This strategy enables the efficient and versatile synthesis of a
wide array of P—N-containing compounds, including amido-
phosphines, iminophosphonamides, aminophosphines, and

Scheme 114. Nitrene-Mediated P—N Coupling Under Iron
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iminophosphoranes, starting from readily available phosphorus
substrates. The reaction is proposed to proceed via the
formation of an Fe—acylnitrenoid intermediate, which
facilitates nitrogen atom transfer to the phosphorus center.

5.2. Copper Catalysis (Cu)

A notable example is the work by Lu and co-workers, who
developed a dual copper/photoredox catalytic system for the
synthesis of P(O)—N bonds via the coupling of P(O)-H

compounds with organic azides (Scheme 115). 80

Scheme 115. Dual Copper and Photoredox Catalysis for
P(O)—N Coupling between P(O)—H Compounds and
Azides
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Under visible-light irradiation, where Ir(ppy); acts as a
photocatalyst to simultaneously promote the decomposition of
the azide to generate a triplet nitrene and the homolytic
cleavage of the P(O)—H bond to yield a phosphoryl radical.
The triplet nitrene then reacts with Cu(I) to form a Cu(IIl)—
nitrene intermediate, which undergoes radical addition of the
phosphoryl species followed by reductive elimination to afford
the desired P—N bond. Importantly, this method demonstrates
a broad substrate scope, tolerating a variety of P(O)—H
compounds—including diaryl-, dialkyl-, and dialkoxy-phos-
phine oxides—as well as both aryl and alkyl azides,
underscoring the versatility and generality of the trans-
formation. Furthermore, an asymmetric variant of the reaction
was developed by employing an appropriate chiral ligand. The
reaction was also shown to be fully compatible with flow
chemistry using a microchannel reactor.

6. NITRENE TRANSFER REACTIONS TO FORM S—N
BONDS

6.1. Iron Catalysis

6.1.1. Exploiting Azides. Incorporating a photochemical
(UVA) continuous flow technique and Fe(acac), as catalyst,
Lebel and co-workers reported the imidation of sulfoxides and
sulfides with trichloroethoxysulfonyl azide (TcesN;) (Scheme

1192

116 (A)).”®" The reaction conditions proved effective for both
alkyl and aromatic sulfoxides and sulfides. Taking inspiration

Scheme 116. TcesN; Mediated Iron-Catalyzed Imination of
Sulfides
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from this work in 2024, the Bolm group employed TcesNH, as
an aminating agent instead of TrocNj to mitigate the 2potentlal
risks associated with the latter (Scheme 116 (B)).”® Among
the catalysts tested, Fe(OTf), proved to be the most effective,
outperforming Rh-based catalysts (Rh,(esp), and
Rh,(OOCCF;),) as well as Cu-based catalysts. But, the
reaction scope was limited to aryl alkyl or diaryl sulfides, no
scope was found for dialkyl sulfides.

6.1.2. Utilizing Iminoiodinanes. Bolm et al. also achieved
the enantioselective imidation of sulfides using an iron catalyst
([Fe]-28) in combination with a chiral ligand (L31) (Scheme
117 (A)).*®® While various iron salts such as Fe(acac),,
Fe(OTf),, and Fe(ClO,),, as well as other metal acetylacet-
onates (Cu(acac),, Mn(acac),, and Ru(acac),), failed to

Scheme 117. Iron(III)-Catalyzed Enantioselective Sulfur
Imidation
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deliver high enantioselectivity, [Fe]-28 featuring a 4-chloro-
substituted heptanedionate ligand provided excellent enantio-
meric excess (ee) for alkyl aryl sulfimides. In a subsequent
study, Bolm’s group developed a sulfimidation-based kinetic
resolution process for the synthesis of enantioenriched
sulfoximines from racemic sulfoxides.”®* Using the [Fe]-29
catalyst in combination with (R,R)-L32, racemic sulfoxides
were converted into the corresponding optically active
sulfoximines in yields of up to 43% with an ee of 88%.

In 2024, Feng et al. reported a highly enantioselective
imidation of both dialkyl and alkyl aryl sulfides by using
Fe(OTf), in combination with a chiral N,N'-dioxide ligand
(L33 (Scheme 117 (B)).*® The weak-field interaction of the
chiral L33 ligand facilitated the formation of a water-
coordinated high-spin iron nitrenoid species that was
supported by the DFT calculations and CSI-MS analysis.

6.1.3. Incorporating Amines. Bolm also reported an iron-
catalyzed nitrene transfer method for synthesizing free NH-
sulfoximines using a readily available and self-stable hydroxyl-
amine triflic acid salt.”*® In 2021, Morandi and co-workers
demonstrated an iron-catalyzed nitrene transfer method for the
selective conversion of thiols (—SH) into sulfinamides
(—~SONH,) (Scheme 118).”*” This transformation forms two

Scheme 118. Iron-Catalyzed Thiol Amino-Oxidation
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distinct bonds (S=O and S—N) in a single step, enabling the
chemoselective synthesis of valuable, unprotected sulfinamides.
PivONH;OTf is proposed to react with the iron catalyst,
generating an iron-nitrene (Fe=NH) intermediate, which then
engages with the in situ-formed bisulfide to produce a transient
sulfimide intermediate. Subsequent attack by methanol leads to
the formation of a sulfoximine-ether intermediate, which
undergoes a second methanol-mediated transformation,
forming the S=O bond and releasing dimethyl ether. ESI-MS
analysis confirmed the characterization of key reaction
intermediates.

6.1.4. Introducing Dioxazolones. The Bolm group also
reported a ball-milling approach for the synthesis of N-acyl
sulfoximines using iron catalysis and dioxazolone as nitrene
source (Scheme 119).**® This solvent-free method, conducted
under ambient conditions, demonstrated broad substrate
tolerance, accommodating a wide range of sulfinamides with
various substituents.

Notably, N-unsubstituted (primary) sulfinamides also under-
went imidation. However, despite its high synthetic utility, the
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Scheme 119. Mechanochemical Iron-Catalyzed Nitrene
Transfer to Sulfinamides
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reaction showed lower yields with aliphatic side chain-
containing dioxazolones. For instance, cyclohexyl-dioxazolone
afforded only 29% yield, while tert-butyl-dioxazolone failed to
produce any product. Additionally, substrates bearing electron-
withdrawing substituents on either the sulfoxide unit or
dioxazolone exhibited lower yields compared to their electron-
donating counterparts.

6.1.5. Using Carboxamides. In 2019, Lebel and co-
workers reported a straightforward and highly eflicient strategy
for synthesizing sulfilimines and sulfoximines using N-
mesyloxycarbamates as aminating agents and FeCl, as a
catalyst (Scheme 120).2%

Scheme 120. Iron-Catalyzed Batch and Continuous Flow
Process for Sulfur Imidation
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The reaction proceeded rapidly, requiring just 15 to 60 min.
The reaction also successfully carried out in continuous flow
process further enabled the rapid synthesis of a broad range of
products within 1—10 min, achieving high yields with excellent
reproducibility and scalability. Notably, the use of 1-
butylimidazole, an ionic-liquid-forming base, was crucial in
preventing the formation of an insoluble byproduct salt.

6.2. Copper Catalysis

6.2.1. Exploiting Iminoiodinanes. Copper(I) and
copper(Il) complexes have been shown to effectively catalyze
nitrene transfer from imidoiodinanes to sulfides and sulfoxides.
Uemura and co-workers demonstrated that a catalytic amount
of Cu(OTHY) efficiently facilitated the imidation of sulfides with
PhI=NTs at room temperature, yielding the corresponding N-
Ts sulfimides in moderate to good yields.””’~>°” Building on
this, they””® reported that prochiral sulfides could be
transformed into chiral sulfimides using PhI=NTs in the
presence of a catalytic amount of a copper salt and chiral 4,4'-
disubstituted bis(oxazoline) ligand (L18) (Scheme 121).

Among the copper salts tested, Cu(OTf) was found to be
the most effective, delivering both the highest yield (78%) and
the best enantioselectivity (65% ee) in comparison to
CuPF¢(CH4CN), and Cu(OTf),. Solvent polarity was also a
critical factor in optimizing enantioselectivity. In coordinating
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Scheme 121. Copper-Catalyzed Nitrene Transfer Reaction
to Sulfides and Sulfoxides
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solvents like acetonitrile, the enantiomeric excess was low (less
than 22% ee), whereas switching to toluene significantly
improved the ee. The best enantioselectivities were achieved
with sulfides bearing two aromatic (or partially aromatic)
substituents. It is hypothesized that the 4,4’-disubstituted
bis(oxazoline) ligands may engage in z-stacking interactions,
effectively blocking access to the catalytic site along the plane
containing the C2 axis, thereby enhancing the enantioselectiv-
ity. Additionally, for allylic sulfides, the imidation reaction
yielded the corresponding allylic sulfonamides. This trans-
formation was attributed to a [2,3]-sigmatropic rearrangement
of the initially formed allylic sulfimide intermediates.

6.2.2. Utilizing Organic Azides. In 2019, Li and co-
workers described a directing-group-assisted copper-catalyzed
imidation of 8-quinolylsulfides using sulfonyl azides as nitrene
sources (Scheme 122).*7* Among the copper(I) salts tested,
CuCN exhibited superior catalytic performance compared to
Cul and CuCl. The quinoline nitrogen played a pivotal role in
the reaction by coordinating with the copper catalyst, thereby
facilitating nitrene transfer to the sulfur atom at the C8

Scheme 122. Cu-Catalyzed Quinoline-N Directed Nitrene
Transfer Reactions
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position. Notably, substrates bearing multiple methylthio
substituents, such as 2,6,8-tris(methylthio)quinoline, displayed
exceptional chemoselectivity. Sulfimidation occurred exclu-
sively at the C8 position, yielding the monosulfimide in 79%
yield.

6.2.3. Introducing Dioxazolones. Chen and co-workers
reported an efficient copper-catalyzed S-amidation of thiols
with dioxazolones, yielding N-acyl sulfenamides.””> The copper
catalyst ([Cu]-12) featuring an N-heterocyclic carbene
(NHC) ligand outperformed other metal complexes, including
Ir, Fe, Rh, Co, and Ni. This method is practical, broad in
scope, and convenient. As illustrated in Scheme 123, the

Scheme 123. Copper-Catalyzed Nitrene-Mediated S-
Amidation Reaction of Thiols
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catalytic cycle involves (i) dioxazolone decarboxylation at the
Cu center, (ii) nucleophilic attack of the thiol on the Cu-
nitrenoid intermediate, and (jii) protonolysis. Notably, the
resulting N-acyl sulfenamides serve as potent S-sulfenylation
reagents, enabling the synthesis of unsymmetrical disulfides
under mild conditions. The developed strategy addresses
challenges in synthesizing sterically hindered disulfides, which
are typically difficult to access by conventional methods.*”**"”
6.2.4. Using Bromamine-T. Recently, Raj and co-workers
have developed a Cu-catalyzed nitrene transfer reaction for
chemoselective methionine profiling (Scheme 124)
bioactive peptides, proteins, and complex cell lysate
mixtures.””® Among various tested catalysts, CuBr exhibited
superior activity delivering the sulfonyl sulfimide product with
88% yield. Alternative catalysts based on iron (Fe) and
palladium (Pd) were found to be less effective. To understand
the chemoselective nature of the reaction, a nonapeptide
(Fmoc-KQYWCREHS-CONH,) lacking methionine was
tested under the standard reaction conditions, revealing no
modifications even after prolonged exposure (24 h), and the
peptide was recovered in >90% yield. While, the decapeptide
(Fmoc-KQYWCRMEHS-CONH,), which includes a methio-
nine residue, underwent single-site modification with a yield of
79%. Energy evaluations further supported the reaction’s
chemoselectivity. The analysis revealed that the energy gap
between the HOMO of methionine and the LUMO of the
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Scheme 124. Copper-Catalyzed Chemoselective Nitrene Transfer to Methionine
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MeCN-bound copper-nitrene complex was the lowest among
all reactive amino acid residues, except for tryptophan. This
minimal energy gap facilitated the selective functionalization of
the methionine residue.

7. CONCLUSION AND OUTLOOK

This Review aims to provide a comprehensive overview of the
use of base metal catalysis in nitrene transfer reactions that
have emerged as a powerful and versatile method for the
synthesis of nitrogen-containing molecules. The transition
from precious metals to more abundant first-row transition
metals (3d metals)—like manganese, iron, cobalt, nickel, and
copper—has resulted in significant developments in creating
affordable and sustainable catalytic systems. These base metals
have shown remarkable chemo-, regio-, and stereoselectivity in
nitrene transfer reactions, such as aziridination, C—H
amination, rearrangements, cyclization-induced C—N bond
formation, synthesis of heterocycles and other N-heteroatom
bond forming transformations. As a result, the review also
offers an extensive compilation and overview of base-metal-
catalyzed nitrene transfer (NT) reactions.

A subtle demarcation of 3d transition metals can be early
(Sc—Cr), mid (Mn—Co), and late (Ni—Zn). Across this
period their characteristic properties change, so do the
corresponding metal-nitrene species [M(NR)]. Early 3d metals
provides highly polarized, nucleophilic dianionic imido ligands
(NR*") with electrophilic metal center, consequence of a
significant energy gap of the valence orbitals of the metal and
the nitrene precursor. These imido complexes prefer to
undergo 1,2-addition with the multiple bonds due to their
innate polar nature.””” Regarding the mid 3d metals, due to the
resemblance of the energy profile of the valence orbitals of
both the species, they tend to bind with covalent mode of
linkage with the nitrene precursors. The reactivity profiles of
these metal-nitrene complexes are very acute to the electronic
structure; whereas low-spin electronic configuration renders
stability,”* high-spin (open-shell) analogues enforce reactivity
for nitrene transfer catalysis.’””’ In the case of late 3d metals,
due to the high density of d electrons and simultaneous
increase in electronegativity, an inversion of the metal and
ligand (NR) valence orbital energy is possible. This turn of
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event can render the metal center more reduced with ligand
dominated frontier molecular orbitals (FMOs).*”> Thus,
although the bond order of the complex remains unaltered
but reactivity profile gets discrepant. In general, upon
coordinating with an open-shell transition metal species (3d
metals) nitrene can manifest a range of covalent type of
interactions between the metal center and nitrogen atom of the
nitrene. The resulting metal-nitrenoid species can have one o-
bond; these kinds of species can invoke radical nature and
routinely described as “iminyl” species. On the other hand,
metal-nitrenoid species featuring both o- and #-bonds
considered as “imido” species.””> A third category could be,
where metal-nitrenoid species acquire a o-bond and a
weakened 7-bond due to the occupancy in the antibonding
7* orbital, described as “imido-like” species.””*

In terms of the metal core, earlier mention in Scheme 1B
(iv) highlights that altering the metal core can significantly
change the reactivity and thus can provide a different outcome.
Where Mn(TPP)CIlO, favored the allylic C—H amination over
aziridination, Fe(TPP)ClO, is nonselective due to the higher
electrophilicity of the corresponding metal-nitrenoids. From
White’s initial reports with [Mn]-11 catalyst (Scheme 10)
highlights that more electrophilic metal-nitrenoid species are
suitable to break stronger C—H bond. As a result, replacing
Mn(IIT) (d*) with Fe(IIT) (d®) resulted in reduced reactivity
due to strong 7-back bonding with the ligand scaffolds. In the
case of C(sp*)—H amination manifold, both Fe (Scheme 14)
and Co (Scheme 58 and 59) favor benzylic/allylic C—H bond,
in contrast Cu favors the less sterically hindered C(sp*)—H
bond.**

It indicates the steric effect is more vivid in Cu-nitrenoid
species, albeit radical stability guides the choice for Fe- and
Co-nitrenoid species. Another investigation by the Deng group
also shed light on how the oxidation state of cobalt-imido
complexes can affect the C—H activation, where Co(IV)-imido
showed competency, contrary to the analogous Co(V)-imido
species.so6

Regarding the mode of electronic nature/valence center, the
redox property of the nitrene N atom in the metal-nitrenoid
can also alter the course of reaction. In that vein, Betley et al.
showed superior efficacy of Fe-based iminyl species over
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imido-analogue.””” Deng and his team demonstrated that a
tethered-electron withdrawing fragment in Fe(IV)-imido
species can promote the hydrogen atom abstraction by
lowering the activation barrier.””® Mondal et al. concluded a
(TPP)Co-iminyl species performed inferiorly compare to the
(TPP)-Fe-imido-like congener for the course of aziridination
reaction.’”*

Needless to say, the choice of ligand is game changer. In
2015, White et al. reported superiority of the porphyrazine
(Pz) ligand compare to porphyrin (Por), as already stated in
details (Scheme 10). Extra four nitrogen atoms in the skeleton
of the ligand (Pz) renders strong 7-back bonding from the
metal and render the corresponding metal-nitrenoid complex
more electronegative, enforcing the efficacy to aminate
stronger C(sp®)—H bond. In Betley’s work on diastereose-
lective C—H bond amination to furnish disubstituted
pyrrolidines (Scheme 21), an extensive impact of the auxiliary
ligand has been noticed. Che et al. demonstrated the
undeniable significance of the axial coordinated NHC-moiety
to the Fe-metal center (Scheme 24). It has been proposed that
the presence of the NHC-moiety ruffles out the entire
geometry of the porphyrin skeleton, thereby kicking out the
Fe-metal from the ligand plane and helping the metal-nitrenoid
formation step. The Chattopadhyay group showed that
changing the iron-porphyrin stereoelectronics by ligand tuning
can switch the chemoselectivity (Scheme 53). The Zhang
group demonstrated that changing the cavity size formed by
the exo-skeleton of the ligand framework by altering the
number of carbon atoms can switch the enantioselectivity
(Scheme 62). In general, (Por)Co-nitrene undergoes a
metalloradical mode of activation with substrate, and
subsequent HAA and radical recombination produce the
amination or aziridination product. Albeit the Uyeda group
demonstrated that [Co]-17 rather undergoing the MRC-
activation/HAA/RR, the complex rendered a different mode of
activation and produced dimerized product (Scheme 113).
Regarding the role of ligands in nickel- and copper-catalysis in
NTRs, we already discussed in detail in section 3.4 and 3.5.

The selection of the nitrene precursor is also crucial for the
desired outcomes. As we entailed in section 3.1, Mn prefers the
iminoiodinanes more compared to the other precursors.
Similarly, Co and Ni prefer electron-deficient aryl azides
(section 3.3) and dioxazolones (section 3.4), respectively.
Although Fe and Cu have relatively no such strong preference,
section 3.2 and section 3.4, respectively. Ultimately, about the
mode of reaction among the coupling partners, Mn, Fe, and Co
prefer C—H amination over aziridination in general. Likewise,
Ni favors hydroamination unlike other base metals, and Cu has
a propensity to undergo aziridination.

Over the years, several pioneering groups have shaped the
domain of base-metal-catalyzed nitrene-transfer reactions
(NTRs). The White group established Mn-catalyzed C—H
amination across diverse scaffolds; the de Bruin group
advanced Co-metalloradical catalysis (Co-MRC) and its
mechanistic foundation; the Zhang group exploited Co-MRC
for enantioselective C—N bond formation; the Chang group
introduced dioxazolones as versatile nitrene surrogates; and the
Chattopadhyay group developed a distinct Fe-based metal-
loradical activation strategy. Collectively, these catalysts have
delivered impressive chemo-, regio-, and stereoselectivity
across aziridination, C—H amination, rearrangements, and
heterocycle synthesis. Despite significant advances, key
challenges persist. Structurally well-defined metal-nitrenoid or
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metal-imido intermediates remain scarce, forcing reliance on
spectroscopic, kinetic, and computational inference. This
obscures the C—N bond-forming steps, the roles of metal—
ligand electronics in chemo- and regioselectivity, and the true
oxidation states of reactive species. Stereoselectivity in base-
metal NTRs is linked to noncovalent interactions; however,
electronic influences remain elusive, limiting a comprehensive
mechanistic understanding. These mechanistic and character-
ization challenges will be key to unlocking its full potential in
both synthetic and biological applications.

As a future direction, progress will hinge on rational ligand
design, control of metal reactivity, and development of highly
selective C—H amination strategies suitable for late-stage
augmentation of bioactive molecules. Scaling these methods to
industrially relevant conditions, coupled with deeper mecha-
nistic insight and commitment to green-chemistry principles,
will be essential for establishing robust, sustainable, and
economically viable base-metal-catalyzed processes.
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