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ABSTRACT: Catalytic transformation of ubiquitous C—H bonds into valuable C—N [y
bonds offers an efficient synthetic approach to construct N-functionalized molecules.
Over the last few decades, transition metal catalysis has been repeatedly proven to be a
powerful tool for the direct conversion of cheap hydrocarbons to synthetically versatile
amino-containing compounds. This Review comprehensively highlights recent advances
in intra- and intermolecular C—H amination reactions utilizing late transition metal-
based catalysts. Initial discovery, mechanistic study, and additional applications were
categorized on the basis of the mechanistic scaffolds and types of reactions. Reactivity
and selectivity of novel systems are discussed in three sections, with each being defined

by a proposed working mode.
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1. INTRODUCTION

1.1. Introduction to Catalytic C—H Amination

The prevalence of nitrogen-containing molecules in natural
products, synthetic intermediates, pharmaceutical agents, and
functional materials has motivated synthetic chemists to
develop convenient and mild amination reactions." Whereas
conventional organic transformations mainly rely on the
inherent reactivity of functional groups, the introduction of
transition metal catalysts provides novel strategies to construct
covalent bonds, thus offering a great opportunity to derivatize
raw chemicals with little functionality to synthetically versatile
molecules.”” Two general approaches for transition metal-
catalyzed C—N bond formation are outlined in Scheme 1. A
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Scheme 1. Transition Metal-Catalyzed Approaches To
Access N-Functionalized Molecules
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conventional synthetic method is to utilize the cross-coupling
reaction of aryl- or alkenyl (pseudo)halides with amines under
optimal catalytic systems. The most representative example is
the palladium-catalyzed Buchwald—Hartwig amination reac-
tion."'" While the reactivity of this coupling can be readily
improved by fine-tuning of the steric and/or electronic
property of ligands, the functional groups, such as halide
moieties, need to be introduced prior to the amination.
Moreover, the formation of stoichiometric amounts of
byproducts, mainly halide salts, is inevitable. An alternative
way to construct a C—N bond is to apply a C—H amination
strategy that can directly functionalize a hydrocarbon substrate
without preinstallation of a reactive group. It is often argued
that a retrosynthetic scheme based on C—H functionalization is
more straightforward along with offering high atom economy.
The C—H amination strategy, however, is only viable under
highly efficient catalyst systems, where the desired C—H bonds
can be selectively targeted.

From a fundamental perspective, several essential factors in
C—H amination can be illustrated with a simple reaction to
obtain aniline: a cross-dehydrogenative coupling between
benzene and ammonia (eq 1). This ideal reaction is

cat. [M]
QH + NH3 —_
-H,

NH, (1)

thermodynamically uphill as strong C—H (~113 kcal/mol)
and N—H (~108 kcal/mol) bonds of reactants are converted to
the weaker C—N (~103 kcal/mol) and H—H (~104 kcal/mol)
bonds.'"'* The high activation barrier in the aryl C—H bond
cleavage also makes this amination kinetically sluggish. To
properly address these fundamental issues, which are frequently
encountered in analogous C—H aminations with other
reactants, the following strategies can be envisaged: (i) the
use of energetic substrates and/or aminating agents to drive the
overall thermodynamics favorable, and (ii) the development of
highly efficient catalytic systems to reduce the activation
barriers based on mechanistic considerations.

This work reviews recent progress in the transition metal-
catalyzed C—H amination reactions. We adopt mechanistic
manifolds as a prime consideration in classifying the rather
comprehensive examples, and reaction types are also utilized as
an index to categorize the reactions within the same
mechanistic scaffold.

1.2. Mechanistic Manifolds in the Catalytic C—H
Aminations

Transition metal-catalyzed C—H amination reactions can be
classified into three categories, with each category being defined
by a proposed intermediate on the reaction pathway (Scheme
2). A system denoted as “C—H activation catalysis” is
postulated to generate an organometallic intermediate bearing
a metal—carbon bond as a result of the carbon—hydrogen bond
activation (Scheme 2a).'>'* The cleavage of the C—H bond is
facilitated by a close interaction between a metal center and the
C—H bond of the hydrocarbon substrate."> The corresponding
metallacyclic complexes engage a nitrogen source to eventually
afford an aminated product.>~"* The C—H cleavage operates
mostly inside of the coordination sphere of the metal species
(inner-sphere mechanism).”*~>* To achieve significant catalyst
turnover under this mechanistic scaffold, the C—H metalation
and subsequent C—N bond-forming step must be highly
efficient and selective. In this regard, an appealing strategy is to
utilize chelation-assisted C—H bond activation.”> > The
coordinating group present in substrates readily binds to the
metal center, thus enabling a regioselective cyclometalation in
the presence of weak bases.”"*

The second mechanistic manifold involves “C—H insertion
catalysis” as a key working mode. Instead of direct C—H
activation of hydrocarbons by metal catalysts, an initially
generated metal—nitrenoid species interacts with a substrate in
either a concerted or a stepwise manner to result in C—N bond
formation (Scheme 2b).*°~** The C—H bond cleavage mostly
takes place at the coordinating nitrene moiety, and hydro-

Scheme 2. General Mechanisms in Catalytic C—H Amination
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carbon substrates do not bind to the inner-sphere of the metal
complex (outer-sphere mechanism). While the selectivity in
this C—H insertion is highly dependent on the stereoelectronic
nature of the putative metal—nitrenoid species,” C—H bonds
at the benzylic, allylic, or tertiary position are prone to undergo
facile insertion in general.

A newly emerging strategy in direct C—H amination is to use
photoredox catalysis**~>" via a single electron transfer pathway
(Scheme 2c).”* Upon irradiation of visible light, the photo-
catalyst mediates the formation of organoradical species that
will react with coupling partners to furnish aminated products.
The observed excellent level of functional group tolerance
guides practical applications of this technology in the synthesis
of complex molecules.””’

1.3. Common Aminating Reagents

A wide range of aminating reagents have been utilized in the
metal-catalyzed direct C—H amination reactions (Figure 1).

amines and amides
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Figure 1. Representative examples of aminating reagents.

Although nonprefunctionalized amines or amides are the most
desirable nitrogen sources, external oxidants are required to
enable a catalytic C—H amination with these reactants.'
Aminating reagents obtained from the derivatization of parent
amines, usually possessing polarized N—X bonds, can be
oxidatively cleaved by the action of metal catalysts. This allows
an additional role of aminating reagents to serve as an internal
oxidant, thus not requiring stoichiometric external oxidants in
the catalytic process. Widely utilized aminating reagents are
derivatives of iminoiodinanes,>® chloroamines,>* organic
azides,” and hydroxylamines.56 In addition, 1,4,2-dioxazol-5-
ones,”” anthranils,”® N-fluorobenzenesulfonimide (NFSI),*’

. . 60 . 61
amidobenziodoxolones,”” and nitrosoarenes” were also
recently demonstrated as new types of efficient amino group

sources under individually optimized catalytic conditions.
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1.4. Scope and Structure of This Review

Since the first report of Mn- and Fe-catalyzed direct C—H
amination of cyclohexane using iminoiodinane as the amine
source,’>% significant advances have been made in this area,
especially during the past decade. Indeed, a range of new
catalyst systems have been developed to enable amination
under milder conditions with significant expansion of the
substrate scope mainly by applying more effective aminating
reagents. This Review is aimed at comprehensively summariz-
ing the recent discoveries, synthetic applications, and
mechanistic aspects in C—H amination catalyzed by transition
metals, mostly in groups 8—11. In this Review, C—H amination
reactions are categorized first on the basis of mechanistic
considerations: C—H activation, C—H insertion, and single
electron transfer pathways. Within the same mechanistic
scaffold, they are additionally subclassified into inter- and
intramolecular reactions based on aminating reagents. This
classification may help the readers to navigate the relevant
articles, guided by either mechanistic or synthetic interests. In
the case of C—H aminations relying on an inner-sphere
pathway, the presented examples are divided into two
subsections by considering the strategy for C—H bond
activation, in terms of whether it is driven by directing
group-assistance or not. Within the category of single electron
transfer pathway, recent advances achieved by means of
photoredox catalysis are presented with mechanistic depiction.
This will cover mainly the recent progress reported during the
period of 2009 and the summer of 2016. Only a few seminal
articles published before 2009 are highlighted with a
mechanistic emphasis. Discoveries reported before 2009 are
well-documented in other reviews.”””>**™®" Examples of a
norbornene-assisted Catellani-type amination will not be
covered because a detailed account was published recently.’®
Related C—H azidation or nitration reactions are not discussed
herein.” C—H amination reactions based on cobalt—metal-
loporphyrin catalysis are covered by another article in this
thematic issue of Chemical Reviews.

2. DIRECTING GROUP-ASSISTED C—H ACTIVATION
CATALYSIS

The use of directing groups in the C—H functionalization
approach allows a facile C—H metalation to give rise to
metallacyclic complexes bearing covalent M—C bonds. The
resultant nucleophilic character at the carbon center of the M—
C bonds enables a subsequent reaction with aminating reagents,
eventually releasing aminated products. In the case of the
intramolecular reactions, an amino moiety of the substrate
works as both a directing group and an amine source.”’”"

2.1. Intramolecular C(sp?)—H Amination

2.1.1. First-Row Catalysis. In 2008, Buchwald reported the
synthesis of benzimidazoles via Cu-catalyzed intramolecular C—
H amination of N-phenylbenzamidine (Scheme 3).7¢ Copper-
(II) acetate was employed as a catalyst for this reaction with an
acetic acid additive under an oxygen atmosphere. The authors
found that amidines derived from unsubstituted aryl nitriles
showed low conversion leading to the desired benzimidazoles
mainly due to an inhibitory effect of the decomposed products.
However, higher efficiency was obtained when amidines
derived from ortho-substituted aryl nitriles were subjected
irrespective of the electronic property. Three possible pathways
were proposed for the C—N bond formation: (i) an
electrophilic aromatic substitution to an amidine moiety with

DOI: 10.1021/acs.chemrev.6b00644
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Fu and co-workers presented a synthetic route to prepare
imidazobenzimidazole derivatives (Scheme 5).%° In addition,
notable examples of the copper-catalyzed intramolecular C—N
bond formation to obtain a range of heterocycles were recently
reported by Fu,*' Qiao,*” and Kaliappan.*’

starting from 6-anilinopurine nucleo-

concurrent release of a reduced copper species (path A), (ii)
the formation of a metallacycle intermediate that undergoes
reductive elimination and rearomatization (path B), and (iii)
the intermediacy of Cu—nitrenoid species 3 to lead to
concerted C—H insertion or electrocyclic ring closure and
then a final 1,3-H-shift (path C). To gain mechanistic insight in
the present amination reaction, the authors compared the
conversion rate between electronically varied amidines in the
formation of the corresponding benzimidazoles. The highest
reactivity was observed from an amidine having a methoxy
group at the meta-position, while an amidine with a CO,Bu
group at the same position was reacted slowly. Although this
result is consistent with a typical pattern in the electrophilic
substitution process, the reactivity difference is too small to
conclude clearly. Nevertheless, the observed high reactivity
from the electron-rich amidines was attributed to the
stabilization of a plausible carbocation intermediate such as 1
or 2.

The notable reactivity exhibited by the use of copper
catalysts toward an intramolecular C(sp?)—H amination was
applied to the synthesis of various nitrogen-containing
heterocycles. In 2010, Zhang (J.), Zhu, and co-workers
reported a synthetic route to pyrido[1,2-a]benzimidazoles by
using cocatalysts of copper/iron vmth pivalic acid additive under
an O, atmosphere (Scheme 4).”” When the relative reactivity of
substrates was compared in regard to the electronic effects,
anilines bearing electron-donating groups at the meta- or para-
position were reacted faster than those having electron-
withdrawing groups at the same position. This result implies
that an electrophilic substitution process may operate in this
reaction. In fact, the cyclization of electron-deficient substrates
required stoichiometric amounts of catalyst with longer
reaction time. In contrast to Zhang (J.) and Zhu’s work,””
new reaction conditions reported by Maes allowed electron-
deficient substrates to react smoothly even with lower catalyst
loading and shorter reaction time.”® This cyclization approach
was applied to the synthesis of a wide range of purine-fused

9250

Scheme §
= Cu(OAc), (20 mol %)
NN 1,10-phen (40 mol %) >/N
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Jiang and co-workers reported a direct access to pyrazoles
and indazoles via a Cu-catalyzed oxidative C—H amidation
(Scheme 6).** In this reaction, vinyl- or phenyl-substituted

Scheme 6
TsH N

o
oa,

Cu(OAc); (10 mol %)

DABCO (30 mol %) Me

O, atmosphere
DMSO, 100 °C, 12 h

92%

arylhydrazones were cyclized to the corresponding azaheter-
ocyclic products with high efficiency. Interestingly, while a
series of experiments were performed to confirm the
involvement of a radical intermediate, the reaction was found
to be unaffected by a variety of radical scavengers.

In 2014, Miura reported a picolinamide (PA)-directed
intramolecular C—H amination by using a copper catalyst for
the synthesis of carbazoles (Scheme 7a).*> The reaction
conditions required a stoichiometric manganese oxidant
under microwave irradiation at high temperature. Considering
that the removal of directing groups after the desired C—H
functionalization is often problematic, the readily hydrolyzable
picolinamide group is advantageous to give N—H carbazoles in
high yield. Later, Miura apphed this approach to the synthesis
of indolines (Scheme 7b).*® A putative intermediate 4 was

Cu(OAc); (10 mol %)
DABCO (30 mol %)
KZCO3 (1 equiv)

Oz atmosphere
DMSO, 120 °C, 12 h
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Scheme 7
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proposed to form via C—H cupration of the substrates with the
assistance of a bidentate directing group (Scheme 8). The
disproportionation-induced formation of a Cu(III) species §
would then facilitate subsequent reductive elimination, thus
providing PA-coupled carbazole products.

Scheme 8
(o
N H
H
Il I
. MnO, Mn" or Mn O
hydrolysis AcOH 7)/( Cu(OAc),
CuOAc HOAc
N

2.1.2. Second- and Third-Row Catalysis. While an
intramolecular version of the Buchwald-Hartwig N-arylation
employs bifunctional substrates, amino-substituted aryl halides,
recent progress in the C—H amination strategy allows the direct
use of monofunctional compounds to obtain N-heterocycles. In
200S, Buchwald disclosed a Pd-catalyzed intramolecular C—H
amination of acetaminobiphenyl 6 to obtain carbazole (Scheme
9).*” With a stoichiometric copper acetate under an oxygen
atmosphere, a catalytic cycle of Pd(II)/Pd(0) was assumed to
operate. Although an electrophilic palladation pathway was
initially proposed for the C—H bond cleavage, it was later
found that the Heck- or Wacker-type intramolecular addition of
Pd(II) species into arenes may occur to form the corresponding
Pd(II) intermediate.”® Subsequent A-hydride elimination
provides carbazole products, and the reoxidation of resulting
Pd(0) species by copper salts under an oxygen atmosphere
regenerates Pd(II) catalysts.

Since the earlier report of Buchwald on the oxidative cross-
dehydrogenative coupling (CDC) between C(sp*)—H and N—
H bonds to obtain azaheterocycles,”’ extensive studies have
been carried out by several research groups to widen the scope
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Scheme 9
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and/or to improve the reaction conditions. Indeed, the
substrate scope was broadened to cover various heterochles
such as indazoles,®® oxindoles,”® 1H-benzo[d]imidazoles,” 1-
aryl-1H-benzotriazoles,”> N-arylindazole[3,2-b]-
quinazolinones,” and indoles (Scheme 10).”*”* Interestingly,

(a) Inamoto (2007) (b) Murakami (2009)

Scheme 10
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(0]

(f) Stahl, Koenig (2016)
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DMF, 120 °C, 48 h
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DMSO-dg / PhMe-dg
80°C,24h

this protocol turned out to be complementary to the oxidative
palladium catalytic systems. For examples, Shi (Z.-].)’s
benzimidazole synthesis was distinct to the Buchwald’s
procedure, wherein amidines derived from ortho-substituted
aryl nitriles were employed for achieving high product yields. In
fact, Shi (Z.-J.)’s method did not require such ortho-substituents
in amidine substrates.

Hartwig disclosed a new working mode in an intramolecular
C(sp*)—H amination with the use of O-acyloximes as an
aminating source under Pd(0)/Pd(II) catalytic scaffold
(Scheme 11).°° The key to success was believed to be the
facile oxidative N—O bond addition to Pd(0) followed by

DOI: 10.1021/acs.chemrev.6b00644
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of trinuclear carbopalladation complex was observed when a
stoichiometric amount of an aniline substrate was exposed to
palladium(II) acetate. Treatment of the trinuclear specie on
PhI(OAc), readily releases the carbazole product, suggesting
that the oxidation to Pd(IV) species is facile and reductive
elimination from the high-valent pallidum takes place smoothly.
In 2011, Youn and co-workers employed biphenyl sulfonamides
as a starting material for the preparation of electron-deficient
carbazoles at room temperature (Scheme 12b).”®

In 2014, Stahl reported an elegant procedure for Pd- catalyzed
intramolecular aerobic C—H amination (Scheme 13).”” While
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4,5-diazafluorenone (DAF) was used as a ligand, a peroxide-
based oxidant 9 was proposed to form in situ from 1,4-dioxane
solvent and O, in the presence of glycolic acid. A facile
reductive elimination of a Pd(IV) intermediate, in situ
generated by a peroxide-base oxidant, was suggested as a key
step of the reaction.

Whereas the earlier procedures of C—H amination require
stoichiometric amounts of strong oxidants, photoinduced single
electron oxidation has recently arisen as a promising alternative
that is thought to be environmentally benign. In 2015, Cho
reported the preparation of carbazoles with the combined use
of palladium and visible light photoredox catalysis (Scheme
14)."%° Tt was proposed that the reaction is initiated by a single
electron transfer from a Pd(II) intermediate 10 to the
photoexcited iridium species, thus affording the Pd(III) species
11 and one-electron reduced iridium catalyst. Reductive
elimination of this Pd(III) intermediate gives a carbazole with
Pd(I) species that is reoxidized to Pd(II) complex. On the
other hand, an alternative pathway involving a Pd(IV)/Pd(1I)
catalytic cycle cannot be ruled out at the present stage, wherein
one-electron oxidation occurs from Pd(III) species by the
action of the photoexcited catalyst prior to the reductive
elimination.

Indoline derivatives are recognized as an important
azaheterocycle due to their ubiquity in numerous biologically
active natural and synthetic compounds. In this regard,
synthetic methods for the formation of indoline scaffolds
have been actively pursued via an intramolecular catalytic C—H
amination approach. In 2009, Yu (J.-Q.) reported a Pd-
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Scheme 14
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catalyzed route to indolines starting from N-(2-phenyl)-
ethyltriflamides using cerium sulfate as a one-electron oxidant
(Scheme 15a)."°" In addition, 1-fluoro-2,4,6-trimethylpyridi-

Scheme 15
(a) Pd(OAc), (15 mol %)
Ce(S0y4), (3 equiv)
DMF (6 equiv)
| CH,Cly, 100 °C, 36 h, 68% l
//S\ }340
O CF3 04 A
(b) Pd(OAc), (10 mol %) CF3
‘ DMF (1.25 equiv) T

DCE, 120 °C, 72 h, 75%
A

F’N+ = OTf
(2 equiv)

nium triflate also was used as a two-electron oxidant for the
same conversion with superior reactivity and a broader
substrate scope (Scheme 15b).

In 2012, Daugulis and Chen (G.) independently reported the
synthesis of indolines from 2-phenylethyl amines bearing
picolinamide (PA) auxiliary as a bidentate chelator, where the
formation of h1§h -valent Pd(IV) intermediates was proposed
(Scheme 16)."7'* Notably, the postulated six-membered
intermediates 12 favored C—N bond-forming reductive
elimination to give indolines rather than C—O formation.

Since the pioneering works of Daugulis and Chen (G.)
demonstrating that bidentate auxiliaries are effective for
oxidative cyclization under Pd(Il)/Pd(IV) catalysis, a variety
of bidentate directing groups have been examined in indoline
synthesis. More s ec1ﬁcally, the 1, 2 3 triazole-4-carboxylate, '
2-pyridylsulfonyl,"*® oxalyl amide,'”” and 2-methoxyiminoac-
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Scheme 16

mHPA
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- e
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80%
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OAc

y1'® directing group have been employed for the oxidative
synthesis of indolines under varied conditions (Scheme 17).
Scheme 17
(a) Shi (2013) (b) Yu (2013) (c) Zhao (2014) (d) Ma (2015)
[ I > [ I > CO,Me
N ©:> N 2
N N = o N
N \ ~OMe
o)/\<\_,\j 0=\ 4 o)\/ﬁ ad
‘Bn (9] oy’ ~'Pr Me
83% 82% 92% 88%
PA(OAG), PhI(OAC),  Pd(OAc), PhI(OAC),  Pd(OAC),, PhI(OAC),  Pd(OAc),, 1-Fluoro-

DCE, 80°C,24h PhMe, 130 °C, 4 h HFIP,60°C, 12 h 2,4,6-trimethylpyridium

tetrafluoroborate, DMF
DCE, 110°C, 8 h

A Pd-catalyzed intramolecular C—H amination was envisaged
to provide lactams, an important structural motif of biological
activity found in numerous natural and synthetic compounds.
Yu (J.-Q.) and co-workers developed a synthetic route to yield
7- and -lactams using Pd(OAc), catalyst in the presence of

stoichiometric amounts of CuCl, and AgOAc (Scheme 18).'%”

Scheme 18
R 52
R' R? Pd(OAc), (10 mol %) R
O  AgOAc (2.0 equiv) @S:
CuCl, (1.5 equiv) o
HN\ _— N

Me  DCE,100°C,6h

&&%m

94% 88% 78% (10 h) 91% (10 h)

When N-methoxyhydroxamic acids were subjected to the
optimized conditions, corresponding N-methoxy-indolin-2-
ones were obtained in high yields, presumably via a six-
membered palladacycle intermediate. The presence of geminal
dialkyl and exocyclic vinyl groups was important in promoting
the carbopalladation process, likely due to a conformational
constraint. In addition, J-lactams could also be obtained in
good yield through the same approach.

Chen (G.) reported a more facile oxidative synthesis of y-
lactams by employing bidentate auxiliaries such as 8-amino-
quinoline or 2-pyridylmethylamine (PM) groups (Scheme
19a).""° As compared to Yu (J-Q.)’s procedure described
above,'”” Chen (G.)’s reaction facilitated C—H amination of
substrates without geminal dialkyl substituents at the benzylic
position. In 2016, Zhao (Y.) utilized a N,O-bidentate auxiliary,
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Scheme 19
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specifically the glycine dimethylamide (GDMA) group in Pd-
catalyzed oxidative cyclization to afford &-lactam derivatives
(Scheme 19b).'"!

More recently, Chen (G.) disclosed an elegant route to
prepare benzazetidines via a Pd-catalyzed intramolecular C—H
amination of ficolinamide (PA)-protected benzylamines
(Scheme 20).""* The key to success was the use of a novel

Scheme 20
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oxidant, phenyliodonium dimethylmalonate PhI(DMM), which
is believed to facilitate a C—N bond-forming reductive
elimination that is thermodynamically unfavorable in most
other C—H aminations. At the same time, this oxidant was
assumed to suppress the undesired C—O bond-forming
process. DFT calculations revealed the formation of a bimetallic
PA(III)/Pd(1II) intermediate 13 having DMM carboxylate
ligands, and this bimetallic species undergoes reductive
elimination leading to the desired C—N bond formation.

In 2015, Miura reported the synthesis of carbazoles via an Ir-
catalyzed intramolecular dehydro%enative C—H amination of 2-
aminobiphenyls (Scheme 21).'" In stark contrast to other
known metal catalyst systems requiring N-substituted amine
substrates, Miura’s conditions allowed the direct use of primary
anilines without the need of N-substituents. Overall, the
Ir(1I1)/Ir(I) catalytic cycle was proposed, where copper salt
and atmospheric oxygen regenerate a catalytically active
Cp*Ir(Ill) species.

2.2. Intermolecular C(sp?)—H Amination

2.2.1. First-Row Catalysis. 2.2.1.1. Iron Catalysis.
Utilization of iron-based catalysts in C—H functionalization is
an appealing strategy considering their economic and environ-
mental benefits. One inspiring example was reported by Ilies
and Nakamura in a directed C—H amination with chloroamines
as the aminating source (Scheme 22).M* A Fe(1I) catalyst
system in the presence of a Grignard reagent, benzamides 14

Scheme 21
[IrCp*Cly]2 (2 mol %)
Cu(OAc); (20 mol %)
NHz  pivOH (2 equiv) NH
air
NMP, 120 °C, 3 h
74%
air, 2HX
Ho // 200X cprix, O O
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Cp*Ir O O
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N &
Scheme 22
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F-dppbz

5

91%

proposed metallacycle

having a quinolinyl ancillary group (Q) was efficiently aminated
at the ortho-position. Extensive studies on the effects of
directing groups and external ligands revealed that the reaction
efficiency was influenced significantly by both of them: rigid
bidentate groups and electron-deficient bis-phosphine ligands
were especially effective for this amination. The authors
hypothesized that a Fe-based metallacycle is formed via
deprotonation of benzamides followed by base-mediated C—
H bond cleavage. Recent computational studies on related
systems indicated that spin-crossover could be involved in the
C—H cleavage step.'"

2.2.1.2. Cobalt Catalysis. Cobalt has received less attention
in C—H activation catalysis until recently when compared to its
group 9 congeners: thodium and iridium. Chang and Musaev
reported a comparative study to determine the difference in the
catalytic activity of Cp*M(III) species (M = Co, Rh, and Ir) in
the C—H amination of benzamides (Scheme 23).''® DFT

o
dNH’Bu
NH

ArF

Scheme 23

(o]

NHBu
©)J\ + N7 OAF

ArfF= 3,5-(CF3),CgH3

[Cp*MCl2]; (4 mol %)
AgSbFg (16 mol %)

1,1,2,2-TCE-d
110°C, 24 h

M = Co: 10%
Rh: 54%
Ir: 7%
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calculations suggested that the inferior catalytic activity of Co in
the amination with alkyl azides can be ascribed to the kinetically
and thermodynamically less favored C—H bond cleavage
(concerted metalation-deprotonation, CMD process) than its
Rh counterpart.

Kanai and co-workers revealed a pioneering example where
Cp*Co(CO)L, catalyst displays excellent reactivity in the
amidation of N-pyrimidylindole with sulfonyl azides (Scheme
24a).""” This air-stable half-sandwich cobalt species is readily

Scheme 24
(a)
Cp*Co(CO)l, (2.5 mol %) A
A\ AgSbFs (5 mol %) ©j>_NHTS
N+ Ng—Ts KOAc (5 mol %) N
\ _— Pym
Pym DCE, 100°C, 12 h 9%

[Cp*Coly), (5 mol %)

(b) (I-I)
N\ mNHP(OPh)Z
Nt 1 _— N
\ N3;—P(OPh),

o) AgSbFg (20 mol %)
b 1,4-dioxane Pym
ym 0
60°C, 36 h 80%

prepared from a commercially available precursor of dicobalt
octacarbonyl. The same research group further extended this
amination to include phosphoryl azides (Scheme 24b),''*
where an exogenous acetate base was not required. Similar to
the well-documented Cp*Rh(IIl) catalysis (see section 2.2.2),
the proposed C—H amidation pathway consists of essentially
the same elementary steps (Scheme 25). Cp*Co(OAc),,

Scheme 2§
[Cp*Co"] + 2 KOAC

D
Pym

Cp*Co(OAc),

product

AcOH ACOH

N I:
W
N,  Ny—R

N

R
N

“[Col
N

s

CY

7

generated in situ by a ligand exchange, was proposed to form
a cobaltacyclic intermediate, and subsequent reaction with
organic azides affords a Co(III)—amido species with release of
molecular nitrogen. Finally, protonation of the cobalt amido
complex will deliver the amidated product with the
concomitant regeneration of a catalytically active species.

While organic azides were successfully applied to the Co(I1I)
catalysis, a certain type of other aminating agent was also
successfully used. In 2015, the Chang group proved the utility
of acetoxycarbamates as a convenient and tunable amino group
source for the Co(Ill)-catalyzed C—H amidation (Scheme
26)."" Importantly, removable N-protected amino function-
alities such as fert-butyloxycarbonyl (Boc), benzyloxycarbonyl
(Cbz), and fluorenylmethyloxycarbonyl (Fmoc) groups could
be easily installed. The intermolecular KIE value (1.1) implied
that the C—H bond cleavage may not be involved in the
turnover-limiting stage.
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Scheme 26
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Chang and co-workers recently reported that 1,4,2-dioxazol-
S-one can be employed as a highly efficient aminating reagent
under the similar catalytic system.'*’ As a robust amino source,
1,4,2-dioxazol-5-one was previously found to display superior
reactivity as an acylnitrene precursor in the Rh(IIl)-catalyzed
C—H amidation.'”" Interestingly, when N-pivaloylanilide was
subjected to the amidation conditions, the cobalt catalyst
displayed the highest reactivity for the C—H amidation among
group 9 triads [Cp*MCL,], (M = Co, Rh, and Ir, Scheme 27).
Although the mechanistic origin of the superior reactivity is not
fully understood to date, this example shows promise in the use
of the first-row transition metal catalysis.

Scheme 27
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The synthetic versatility of 1,4,2-dioxazol-5-ones was further
proved by close examination of the substrate scope. Jiao and co-
workers found that the Co(IIl)-catalyzed C—H amidation is
viable in the presence of various directing groups including
purine, pyridine, pyrimidine, ketoxime, and pyrazole moi-
eties.'”> Ackermann and co-workers also described that an
oxazolinyl group may direct the ortho-amidation of arenes by
using 1,4,2-dioxazol-5-ones.'>* The Ackermann group reported
Co-catalyzed one-pot synthesis of C{uinazolines from a reaction
of benzimidates with dioxazolones. **

Because the cross-dehydrogenative coupling (CDC) allows a
direct use of hydrocarbon substrates and nonprefunctionalized
reactants, the application of this approach for C—H amination
would be highly attractive. In 2016, a promising example was
reported by Niu and Song using a Co(II) catalyst (Scheme
28),"** where an arene C(sp*)—H bond is aminated with alkyl
amines in the presence of an external oxidant and a base. The
key to success was the judicious choice of directing groups:
while others were ineffective, 2-benzamidopyridine N-oxides

Scheme 28
Co(OAC)y4H,0 (10 mol %)
0 O H AgNO; (2.5 equiv)
N \"\'l + [ j NaOAc (2.0 equiv)
H é o KNOj (0.5 equiv)
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82%
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led to a highly efficient C—H amination. DFT calculations
suggested that single electron transfer is involved in the
catalytic pathway. In addition, the observed radical quenching
and EPR analysis supported the existence of the single electron
path. It is anticipated that, by developing more practical
oxidants such as molecular oxygen, this Co-catalyzed amination
procedure will find a versatile utility in synthetic chemistry in
the near future.

2.2.1.3. Nickel Catalysis. A rare example of a Ni-based
catalyst system for C—H amination was regorted by Liu (Z.),
Zhang (Y.), and co-workers (Scheme 29),"*° where benzamides

Scheme 29
(0]
Ni(OAc); (10 mol %)
AgsCO (2 equiv) NHQ
NHQ + [ ] Na,COj3 (2 equiv)
N/\
PhMe, 140 °C, 10 h o)
14 80%
O
product | [ j Ag2CO3
[NIII]/N\
02, Ag2COs 9(0), AGHCO
NaZCO3 14 (0). AGHCOs

cﬁ.%

U

detected by
Mass Analysis

I
[NI ]/N NS

~_

were reacted with alkyl amines in the presence of stoichiometric
amounts of Ag(I) salt and carbonate base. 8-Aminoquinoline
was employed as an effective directing group in this procedure.
Although the reaction temperature was rather high, various
functional groups such as acetal, carbamate, and ester were
tolerated. The intermolecular KIE value (4.9) implied that the
turnover-limiting stage is likely to involve C—H bond cleavage.
Inhibitory effects by radical quenchers supported the single
electron transfer pathway. The proposed catalytic cycle consists
of C—H activation, single electron oxidation to Ni(III) species
with amine binding, and reductive elimination followed by
terminal oxidation. It is noteworthy that a key intermediate of
Ni(III) amido 15 was observed by a mass spectroscopic
analysis.

2.2.1.4. Copper Catalysis. Copper complexes constitute one
of the earliest examples to show stoichiometric reactivity for
directed C—H amination. In 2006, the Yu (J.-Q.)'*” and
Chatani'*® groups independently reported Cu(OAc),-mediated
C—H amination of 2-phenylpyridine (ppy) with tosyl amides
and anilines, respectively (Scheme 30). The observation that no
reaction took place with biphenyl indicates that the C—H
amination is driven by chelation. While detailed mechanistic
studies were not presented, Yu (J.-Q.) and co-workers
proposed a single electron transfer (SET) pathway. The Yu
(J-Q.) group extended the scope of Cu(Il)-mediated C—H
amination to include benzamide substrates bearing an oxazoline
directing group (Scheme 31). '*? This modification led to
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milder reaction conditions (80 °C) with improved reaction
efficiency as compared to their previous system.'*” In addition,
an array of convenient amino sources could also be applied
such as sulfonyl amides, anilines, and acyl amides. The
oxazoline directing group in the aminated products can easily
be removed under basic conditions to afford anthranilic acid
derivatives.

Given that high-valent Cu(III) species had been proposed as
key intermediates for numerous C—N coupling processes, Stahl
and co-workers studied the reactivity of such complexes toward
the key C—N bond-forming reductive elimination process
(Scheme 32).%"*" When copper(III) species 16 bearing a

Scheme 32
(CIO4 )2 ClO4
—|2+ —|+
2 Cu”(CIO4)2 p . |
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H NPhth NH
K_/NL)
I

+ [Cu(NCMe),]CIO,
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16 + H—NPhth ——
MeCN, 50 °C

triazamacrocylic ligand, which can readily be prepared by aryl
C—H activation via disproportionation of Cu(II) precursors,l‘ ?
was subjected to react with various nitrogen nucleophiles, facile
reductive elimination occurred, leading to C—N bond
formation under mild conditions. This study clearly demon-
strated the amination activity of high-valent Cu(III) complex
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and its potential relevance in catalytic C—H functionalization.
Indeed, combined experimental and computational investiga-
tions on the related C—H oxidation provided a clue that
reductive elimination from Cu(Ill) complexes is operative in
the catalytic cycle.*"'**

On the basis of the mechanistic understanding of the
stoichiometric C—H amination, extensive efforts have been
made to develop their catalytic versions. As illustrated in
Scheme 33, a range of catalytic systems were disclosed in the

Scheme 33
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C—H amidation of 2-phenylpyridine, a representative substrate,
by employing a small number of aminating reagents. In 2010, Li
(C.-J.) and co-workers reported an example of a copper-
catalyzed reaction,'** wherein peroxide was used as an oxidant.
Subsequently, several research groups of Nicholas,*> Shen,"*
and Li (G.) and Chen (X.)"*” also demonstrated that O, can be
used as an oxidant in copper catalyst systems. However, these
Cu-catalyzed C—H amination reactions were operative only at
high temperature (>120 °C), indicating that further improve-
ments would be required to make these procedures more
practical.

In 2013, Daugulis and co-workers found that bidentate
directing groups are highly effective for Cu-catalyzed C—H
amination (Scheme 33e)."* Substrates bearing 8-aminoquino-
line auxiliary were reacted with both cyclic and acyclic alkyl
amines in the presence of N-methylmorphorine N-oxide
(NMO) as an oxidant. More recently, the same research
group established a more general procedure to use an O,
oxidant with broader synthetic applicability to amidating
reagents including sulfonamides, pyrazoles, indoles, and
heteroaromatic amines."

While 8-aminoquinoline derivatives are known to promote
the C—H amination reactions highly effectively, other types of
bidentate chelators also have been carefully examined as
potential directing groups. Rodrigues and Arrayas reported that
2-picolinamide can facilitate a Cu-catalyzed amination of
nonacidic C(sp*)—H bonds at 130 °C."*" Chen (G.) also
uncovered the same oxidative C—H amination, but working at
room temperature in the presence of MgCl, additive.'*'

Whereas the Cu-mediated aminations can facilitate cross-
dehydrogenative coupling reactions using amine reactants, Zhu

9257

and co-workers reported a chelation-assisted C—H amidation of
arenes with sulfonyl- or acyl azides (Scheme 34).'** Whereas

Scheme 34
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the reaction did not use external oxidants, satisfactory product
yields were obtained at high temperature. When amidine or
imine substrates were subjected to the reaction conditions,
indazole products were isolated via a tandem process. It was
proposed that an initial oxidation of Cu(I) species by organic
azide and subsequent C—H cleavage give rise to a high-valent
Cu(Ill)—amido intermediate 17, which then undergoes a
reductive elimination to afford the desired amidated product
and Cu(I) species.

2.2.2. Second-Row Catalysis. 2.2.2.1. Ruthenium Catal-
ysis. Ruthenium complexes have been extensively examined in
the area of inner-sphere C—H bond functionalization, possibly
due to their facile formation of ruthenacycles under mild
condition.'*’ The notable progress in the Rh(III)-catalyzed C—
H amination also ignited a search for isolobal Ru(II) catalysis,
thereupon revealing a number of rather analogous examples. As
summarized in Scheme 35, the C—H amidation conditions
reported by several different research groups were surprisingly
similar in that [RuCl,(p-cymene)], was employed as a catalyst
precursor in the presence of silver salts at 80—120 °C of
reaction temperature to react with organic azides. In fact,
Chang,144 Jiao,145 Sahoo,"**'*” and Ackermann'*® independ-
ently proved the viability of this approach. Various directing
groups including O- or N-chelators were effective for these sp
C—H amidation reactions, thereby being readily applicable to
biologically relevant heterocycles such as indolines,'*’
xanthones,"*° Z-arylbenzothiazoles,151 or 2-aryl-1,2,3-tria-
zoles.” A notable extension of amino sources was reported
by Chang, wherein benzoyl azides were successfully employed
for C—H amidation in the presence of a Bronsted acid additive
(Scheme 35f).*

Reaction paths of this ruthenium catalytic system were
examined by Liang and co-workers. When a ruthenacyclic
complex 18, prepared from a reaction of 2-phenylpyridine with
[RuCl,(p-cymene)],, was allowed to react with nosyl azide, a
Ru(II)—amido complex was quantitatively generated (Scheme
36a).">* Importantly, an olefin aziridination occurred when the
catalytic amination was attempted in the presence of
norbornene (Scheme 36b and c). Considering that olefin
aziridination is viable in a system involving nitrene
intermediates, the authors proposed the intermediacy of Ru—
imido species 19 in a catalytic cycle. The proposed pathways in
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80% 76% 75% 3% 82%
AgSbFg, 0-NO,CgH,CO,H  AgSbFg, AgOAC AgSbFg, Cu(OAc), AgSbFg, DCE AgSbFg, NaOAc
1,2-DCE, 50°C, 18 h DCE, 80°C, 10 h CH,Cl,, 100°C, 15 h 80°C, 12 h HFIP, 80°C, 12 h
Scheme 36

proposed mechanism

= N--Ru_ 3 =N--Ru—Cl : -AcOH >_’
A cl * Ng~Ns 40°C, 4h A “N—Ns ! [RuCly(p-cymene)], -KCI @
quantitative i +ppy + KPFg + Zn(OAc), / N--Ru
18 |
®) E product
Z 18 (5 mol %) = | i
KPFs (1 equi :
S P+ Ng—Ts _relted) N |
N : N . PPy
Zn(0Ac)22H,0 (1 equiv) !
MeOH, 80 °C, 12 h NHTs ]
L O
Na—A above i - I —ClI ]
s condmon ' ( =N Ru /N"RU\\ R
* NAr | N-R N N
NHAr : ‘\/ 19
Ar = S0,CeHiOMe 39% 43% '
this Ru(II)-catalyzed amidation are quite similar to those in the Scheme 37
: s .
correspon.d%ng Cp*Rh(11I) celltal}.fs1s. . @) [RUCh(p-cymene)l, o
An additional array of aminating reagents containing N—O o} 0Bz (10 mol %)
. . . N K,CO3 (2 equiv) NHAr
bonds was examined under the ruthenium catalyst conditions. NHAF + - .
Yu (J.-Q.) and co-workers showed that benzamides bearing an [oj acetone, RT, 36 h N/\
electron-deficient N-aryl moiety underwent a C(sp®)—H = 4-CFsCoFa 94% Lo
amination Wlth1 5Os-benzoylhydroxylammes at room temperatgre ®) [RUCh(p-cymene)ls
(Scheme 37a).">> Heteroarenes such as pyrazoles, benzothio- o o (10 mol %) o o
0
phenes, and indoles were also competent with the Ru system. NZSMe | T50-NPhth AgASQZFS ((?oem\l,)m N//S\; r,:/le
Sahoo showed that (N-OTs)phthalimide was an effective h 1 2:DCE. 120°C. 241 -
amino group source in the reaction of benzamides bearing a 77%
methyl phenylsulfoximine directing group (Scheme 37b).1>6 [RuCly(p-cymene)],
Recently, Ackermann and co-workers scrutinized a ketone- © o A Sb(g ”(‘;’(')%) 1% o
. .. . . g 6 mol %
directed C—H imidation with the same reagent (Scheme 37c), gy + TsO-NPhth Cu(OAC);H,0 (0.5 equiv) By
and they proved the synthetic feasibility of this approach to —_—
. ; o 157 1,4-dioxane, 100 °C, 24 h NPhth
obtain various structural motifs. .

2.2.2.2. Rhodium Catalysis. Remarkable recent advances in
the Rh(III)-catalyzed C—H functionalization approach have
been successfully applied to the development of numerous C—
C bond-forming reactions.>® As a natural extension of this
exciting achievement, researchers explored Rh(III)-catalyzed
C—H amination reactions by assuming a similar mechanistic
scaffold that a rhodacyclic intermediate may couple with proper
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amino precursors instead of carbon nucleophiles. In 2012, Yu
(W.-Y.)"*91 and  Glorius'®" independently reported such
transformations using chloroamines as the aminating reagents
(Scheme 38a and b, respectively). Both tertiary and secondary
chloroamines were amenable to react with arene substrates
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Scheme 38

SN

(b) Glorius (2012)
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S
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g
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MeO\N__Rh: (:CI - MeO‘N—-F\’lht'OAC — product
4 — N, // \N,R1
Me R2 R Me \RZ

bearing ketoxime or amide directing groups. Zhou, Li (Y.), and
co-workers applied the same strategy to functionalize aldehydic
C—H bonds to obtain amides at room temperature (Scheme
38¢)."** Because chloroamines are unstable and difficult to
handle, the authors developed a one-pot procedure, where alkyl
amines are chlorinated in situ and Rh(III)-catalyzed C—H
amination is subsequently performed. Recently, Chang
disclosed a convenient C—H amination protocol by using N-
chlorocarbamates as the aminating reagent (Scheme 39).'%?
Efficient installation of a protected amino moiety and
subsequent facile deprotection were highlighted in this scalable
procedure.

Scheme 39
O N O [CP*RKCl,], (8 mol %) N
| AgNTF, (32 mol %) O O
WP N + ClI—NHCbz ————————> N

CI) AgOAc (2.1 equiv)

|
_NH O HN.
2 MeOH, 50 °C, 12 h Cbz =

Cbz
62%

Hydroxylamine derivatives were also envisioned to be an
effective amino group source under the Rh(III) catalysis
system. A systematic study carried out by Glorius revealed that
O-(2/4,6-trichlorobenzoyl) hydroxylamines displayed notable
reactivity toward C—H amination (Scheme 40a)."** Both aryl
and alkenyl C(sp’)—H bonds were functionalized under
relatively mild conditions. Xu, Yi, and co-workers further
utilized this approach for the synthesis of 2-aminoindole
derivatives.'®® Interestingly, Lu and co-workers demonstrated
the high robustness of this reaction by conducting a C—H
amidation in water (Scheme 40b)."*® While it did not require
any additives, the authors proposed that the hydroxyl group on
the water surface may work as a base. Wan, Li (X.), and co-
workers utilized N-tosyloxyphthalimides as an amino grou
source under the Cp*Rh(III) catalyst system (Scheme 40c)."®”
They proposed that the cleavage of a polarized N—O bond in
those aminating reagents is crucial in enabling the external
oxidant-free conditions. Later, Ding, Yao, and Zhang (A.)
reported the C—H amidation of arenes with O-benzoyl
hydroxylamines where acyl hydrazine and pyrazol-S(4H)-one
worked as effective directing groups.'®®

In 2012, the Chang group disclosed a new protocol of
utilizing organic azides in C—H activation catalysis.55 The

9259

Scheme 40

(@) [CP*RhChl, (2.5 mol %)

DG o AgSbFg (10 mol %) DG
+ KOAc (1.2 equiv)
Ar O—-NHBoc —M8M8M8M8 —» NHBoc

MeCN, 50-80 °C

o}
A\

NHOMe ©\/I\>—NHBOC
\

Ar = 2,4,6-ClsCqH,

CEO
o
N

NHBoc

NHBoc pym
90% 84%32 76%"
awithout AgSbFg, ’[Cp*Rh(MeCN)3](SbFg), (5 mol %) in DCE
b
(b) _~ y
~ | [CP*RhCLy], (4 mol %) S |
N~ + ArO—NHBoc N
H,0,60°C, 3 h
NHBoc
Ar' = 2,4-(NO;),CgH3 82%
(c) = =
| [CP*RhCL, (5 mol %) |
N AgSbFg (40 mol %) SN
*+ TsO-NPhth  ————————>
DCE, 100°C, 20 h NPhth
85%

authors demonstrated that various organic azides including
sulfonyl,” aryl,"® and alkyl'”” groups were successfully reacted
with arene or alkene substrates bearing pyridine, amide, or

ketone directing groups (Scheme 41). The reaction was

Scheme 41
[RhCp*Clal, (2.5-4 mol %)
DG AgSbFg (10-16 mol %) DG
+Ng~R ———— >
1,2-DCE, 80-85 °C NHR
Ar = 3,5-(CF3),CeHa
% | o} O
SN NH'BU d Me
A~
NHTs NHAr N oA
94% 94% 76%
|su/fonyl azidel | aryl azide | alkyl azide

operative in the absence of external oxidants to release N, as
a single byproduct. A wide range of labile functional groups
such as hydroxyls, ketones, or esters were compatible with the
C—H amination conditions.'”" Further efforts were made to
expand the scope to include 6-arylpurines,'”* 2-pyrimidiylin-
doles,'”* quinoline-8-carbaldehydes,"”* and 2,4-diarylquiano-
lines.'” Recently, Bach used a deprotectable amidating reagent,
tert-butoxycarbonyl azide, in the total synthesis of quindoline
and cryptolepine.'”® Lu reported a selective mono- or bis-
amination of 2-phenylpyridine in the reaction with aryl azides
in water.'

The mechanistic details were thoroughly investigated by the
same research group.””'”® When tosyl azide was reacted with a
rhodacyclic intermediate 20, insertion of an amide moiety into
the Rh—C bond of the rhodacycle occurred smoothly to afford
21 in a high isolated yield (Scheme 42). Two plausible
pathways explaining this outcome, which are denoted as
concerted insertion and stepwise nitrenoid transfer, were
evaluated by computational methods. Energetics derived from
DFT calculations indicated that a stepwise nitrenoid transfer
traverses with a lower activation barrier than the concerted
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Scheme 42
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motion. As a result, the key intermediate in this process is a
high-valent Rh(V)—nitrenoid species 23 that is envisaged to
display high reactivity toward the subsequent insertion into the
Rh—C bond of the rhodacycle. The final step in this catalytic
cycle was suggested to be proto-demetalation by the second
substrate to release an aminated product with the concomitant
regeneration of a rhodacycle. On the basis of kinetic
experiments, complex 22 was determined to be a resting
species, and the C—N bond-forming step turned out to be rate-
limiting (Scheme 42). All data including Hammett analysis, KIE
experiments, and DFT calculations provided corroborating
evidence for this mechanistic scaffold.

On the basis of this highly facile C—H amination protocol
using organic azides, synthetic utility of the initially formed
aminated products was further explored to enable subsequent
transformations. For instance, Glorius reported a one-pot
synthesis of substituted 1H-indazoles by tandem Rh-catalyzed
C—H amidation of arylimidates followed by a Cu-mediated N—
N coupling reaction (Scheme 43a).'”” Notably, a catalytic
amount of copper species was sufficient for the postulated SET
process. Ellman described the direct synthesis of unsymmetrical
acridines and phenazines relying on Chang’s protocol using aryl
azides as the aminating reagent (Scheme 43b)."*" Upon the
initial C—H amination, subsequent electrophilic aromatic
substitution and then rearomatization afford the desired
heterocyclic products. On the other hand, Lee (P.-H.) showed
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that the 2-aryl-2H-benzotriazoles can be readily obtained by a
one-pot sequential process: C—H amidation of azobenzenes
and oxidative cyclization of initially obtained ortho-amidated
azobenzenes (Scheme 43c)."®!

The identification of organic azides as an excellent amino
group source in the Rh(III)-based C—H activation catalysis led
to the development of highly versatile C—H amination
procedures with a fundamental mechanistic understanding of
the C—N bond-forming process. However, elevated reaction
temperatures higher than 80 °C were frequently required to
obtain satisfactory product yields, thus causing a difficulty in
employing thermally labile amino precursors such as acyl
azides. In this regard, the Chang group managed to develop a
new type of thermally stable, but highly reactive amidating
source (Scheme 44).”" A mechanistic study with benzoyl
azides in a stoichiometric manner suggested that the C—N
bond-forming step is rate-limiting. Given that lowering the
activation barrier at the turnover-limiting step results in an
increase of catalytic performance, the authors found that 1,4,2-
dioxazol-5-one displays superior reactivity in the C—H
amidation reaction. DFT calculations suggested that the higher
performance of dioxazolone may have originated from both
thermodynamic and kinetic advantages. More recently, a
combined quantitative analysis of stoichiometric C—N
couplings and computational investigations strongly suggested
that putative Rh(V)— and Ir(V)—imido species will be involved
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Scheme 44
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0,
SN, Amido AINTR (20mol %) Sy
precursor. 4 5 pce, Temp, 12 h
NHBz
o)
o<
P
Ph” N
97%
(RT)
o)
o<
NS /o

€O,

W

|€ SbFg

1,2-DCE-dy +
NN = R
N \ N—g;
PR~ <5%(2h) .~
Y

as key ilrglgermediates when dioxazolones are used as the amide
source.

The Chang group also illustrated the practical aspects of the
C—H amidation using 1,4,2-dioxazol-5-one in re§ard to
scalability, safety, and benign reaction conditions."®> While
the measurement of differential scanning calorimetry (DSC)
clearly indicated facile decomposition of benzoyl azide within
the temperature range from —20 to 100 °C, 3-phenyl-1,4,2-
dioxazol-5-one remained intact over three heating-and-cooling
cycles within the same temperature span, thus suggesting its
high thermal stability (Figure 2). In addition, amidation using
this amino group source was readily scalable in ethyl acetate
solvent, thus circumventing the use of halogenated solvents
(Scheme 45).

Recently, Lan, Li (X.), and co-workers uncovered a
bifunctional amidating reagent enabling the installation of two
functionalities in products at the same time.”® Anthranil was
efficiently coupled with C(sp*)— or C(sp®)—H bonds under the
Cp*Rh(III) catalyst system (Scheme 46). Notably, the
obtained products possess a carboxaldehyde group that can
be further converted to other synthetically valuable function-

Scheme 45
Z | O [CP*RhCb, (0.5 mol %) 7
N o AgNTF, (2 mol %) ~
NT L I T N
Ph <N ethyl acetate
40°C, 4 h, -CO, NHBz
200 mmol 1.05 equiv 43.2 g (79%)
(recrystallization)
Scheme 46
[Cp*RhCly], (4 mol %)
| N AngFe (16 mol %)
\N + =N
= PivOH (2 equiv)
DCE, 100 °C, 20 h
82%
[CP*RACh, (4 mol %) O"Pr
o"pr AgSbF (20 mol %) {
Cu(OAc > (2.1 equiv) N

.

\
89%@

alities. Under oxidative conditions, indazole synthesis was also
achieved in one-pot based on this amidation approach. DFT
calculations indicated that the intermediacy of Rh—nitrenoid is
energetically feasible. Jiao and co-workers independently
reported a similar transformation, and they proposed an
analogous Rh(V)—nitrenoid intermediate.'** The Li (X.)'*
and Wang186 research groups independently revealed a tandem
process consisting of C—H amination and annulation by
employing this bifunctional amidating reagent. After having the
directed C—H amination mediated by Cp*Rh(III) catalyst, an
intramolecular dehydrative cyclization was carried out to give
condensed heteroaromatic products.

Zhou, Li (Y.), and co-workers disclosed that nitrosobenzene
can serve as an efficient aminating source in the Rh-catalyzed
direct C(sp*)—H amination to afford N-diarylhydroxylamine
products at room temperature (Scheme 47a).°" Under slightly
modified conditions, in situ cleavage of the N-hydroxyl group in
products was also observed (Scheme 47b).""” The Li (X.)
group further applied this reaction to the development of a
redox-neutral synthesis of indazole derivatives without
requiring stoichiometric amounts of external oxidants."*®
Zhou, Yang (Y.), and co-workers showed that N-hydrox-
ycarbamates can also work as an efficient aminating reagent,

P|v0H (1 equiv), 4A MS
DCE, 100°C, 20 h

8
@ 4 °
4 Ph)L Na
- 2
S
5 0 e -
3 2
w
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Figure 2. DSC measurement of (a) benzoyl azide and (b) 3-phenyl-1,4,2-dioxazol-S-one. Reproduced with permission from ref 183. Copyright 2015

American Chemical Society.
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Scheme 47
@) [Cp*Rh(MeCN)3](SbFg), =
(2.5 mol %) |
PivOH (1 equiv) SN
‘ DCE, RT, 4 h N
|
_ 90% Ar
I o
S
SAr
[Cp*Rh(MeCN)s](SbFe)
b (2.5 mol %)
(b) 1-AdCO,H (1 equiv)
air, PhCI, 100 °C, 10 h
r = (4-CO,Me)CgHy 86% Ar

where in situ prior oxidation of hydroxylcarbamates to
nitrosoformates was proposed."*’

Other types of prefunctionalized aminating sources bearing
polarized and cleavable bonds were investigated. In 2013, Yang
(L.), Li (C.J.), and co-workers reported C(sp?)—H amination
with NFSI as the aminating reagent (Scheme 48a)."”° The

Scheme 48
(@) 7 [Cp*Rh(MeCN);](SbFg)> “
0,
\N | /SOZPh (2.5 mol %) \N
+ F=N Cs,C03 (10 mol %)
SO,Ph DCE, 100 °C, 24 h N(SO,Ph),
81%
(b)
= [CP*RNCl] (2.5 mol %) =
| o——I—NHTs AgSbFs (10 mol %) o
\N + - > N
fe) KOAc (10 mol %)
1,2-DCE, 80°C, 15 h NHTs
94%

authors proposed an electrophilic amidation pathway, where a
rhodacyclic intermediate undergoes a substitution reaction with
NESL Loh and co-workers recently utilized amidobenziodox-
olones as an electrophilic amino group source in Cp*Rh(III)-
catalyzed C—H amidation (Scheme 48b).”” Complex organic
molecules such as guanosine derivatives and camptothecin N-
oxides were smoothly amidated under optimized condition.
While preoxidized amino precursors were extensively utilized
for C—H amination, nonpreactivated amines (amides) were
also scrutinized under various catalytic conditions. Su and co-
workers reported a dehydrogenative coupling of aryl C(sp>)—H
bonds with sulfonamides by the use of Cp*Rh(III) catalyst and

stoichiometric PhI(OAc), oxidant (Scheme 49)."”" A range of
Scheme 49
Z | [Cp*RNClyl, (2.5 mol %) =
S AgSbFg (10 mol %) ~ |
N™ 4 HN-T§ —MMM N
PhI(OAc), (1.5 equiv)
CH,Cly, 60 °C, 24 h NHTs
76%

N-coordinating groups such as pyridines, pyrazoles, and
oxazolines were effective for this reaction. The observation
that stoichiometric amidation of a rhodacyclic intermediate
occurred by treatment of presynthesized iminoiodinane
suggested a plausible formation of a nitrenoid species in situ
under the catalytic conditions.
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2.2.2.3. Palladium Catalysis. Initial attempts to extend the
Pd-mediated C—H activation approach to amination reactions
were made with several well-defined palladacyclic complexes. In
2006, Yu (W.Y.) and Che found that a cyclometalated
palladium dimer 24 reacted with iminoiodinane (Scheme
50a)."”* A mass spectroscopic analysis indicated the formation

Scheme 50
PhI=NSO,Ar
(10 equiv) " "
Pd/ 24 + NSOLAr
CHZCIZ RT,5h adduct
Ar=4-CICgH4 (Mass Analysis)
N =>
o v ,~Cl 1) Py (8 equiv) N‘Pd~p
Pd” >, —— .9 O ; y
O / 2)PhI=NTs (1.3 equiv) O N\TS
RT, 78% 25
(X-ray Analysis)
proposed pathways ¥
N
N Cl
‘ Pd\/
O Py 25
+ PhI=NTs =
N
S~ o baC! /
-Phl
7

of an adduct composed of palladium and sulfonylnitrene
moieties in the crude mixture. Sanford and co-workers
independently reported a stoichiometric amidation of a
benzo[h]quinoline-derived palladacycle to furnish a Pd(II)—
amido complex that was characterized by a crystallographic
analysis (Scheme 50b).>* The authors proposed two possible
pathways for this transformation: concerted and stepwise
processes. In the concerted process, upon the initial
coordination of iminoiodinane to the Pd(II) center of
palladacycle, the loss of iodobenzene and the insertion of a
sulfonamido moiety into Pd—C would take place at the same
time to afford intermediate 25. Alternatively, in the stepwise
process, a prior liberation of iodobenzene gives rise to a discrete
Pd(IV)—imido intermediate 26, which can subsequently
undergo an insertion to the Pd—C bond. Energetics calculated
from DFT studies suggested preference for the stepwise
pathway, and the electronic structure of the putative
intermediate 26 was assigned to be a singlet Pd(IV)—imido
species.'”> A protonation of complex 25 with HCI
quantitatively released an ortho-amidated product, thus
attesting the feasibility of a catalytic C—H amination reaction.

Indeed, Yu (W.-Y.) and Che pioneered a related catalytic C—
H amidation with free amides in the presence of potassium
persulfate as an external oxidant (Scheme S1a).'”> A number of
amino sources such as carbamates, acetamides, sulfonamides,
and cinnamides were successfully coupled with substrates
bearing nitrogen-based chelators. In 2011, Liu (L.) and co-
workers further developed an intermolecular C—H amidation
of aromatic ketones utilizing N-fluoro-2,4,6-trimethylpyridi-
nium triflate as an oxidant (Scheme 51b).'”* The use of
electron-deficient Pd(OTf), was critical for efficient reaction,
and the Pd—amine adduct 27 was characterized by an X-ray
analysis. A stoichiometric conversion of 27 to the amidated
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Scheme 51
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proposed Pd(1V) intermediate

product was observed by adding the F* agent. On the basis of
the observation that N-methyl sulfonamides worked as an
amide source under the employed conditions, a nitrene
intermediate was not suggested to be involved in this process.
Instead, a Pd(IV) intermediate was proposed as a key
intermediate for this catalytic C—H amination.

Yu (W.-Y.) and co-workers successfully utilized prefunction-
alized ammatmg sources for Pd-catalyzed C—H amination
reactions.’® When ethyl N-nosyloxycarbamate was reacted with
N-pivaloylanilide, palladium catalyst displayed notable activity
without the need of external oxidants. The same group further
applied this approach for the synthesis of anthranilic acid
derivatives, by reacting ethyl mesitylsulfonyloxycarbamate with
lithium 3,4-dimethylbenzoate under the optimized conditions
to furnish ortho-amidated benzoic acids in a satisfactory
yield."”?

In 2011, Yu (J-Q.) and co-workers reported an efficient
catalytic system using O- benzoyl hydroxylamines as an amino
group source (Scheme 52).'°° By employing an electron-

deficient N-auxiliary (4-CF;C¢F,—) and stoichiometric amount
of base, facile deprotonation of amide N—H bond was assumed
to accelerate the formation of palladacyclic intermediate. The
scope of directing groups was further expanded to include
weakly coordinating moieties such as N-benzyl triflamides."*”
The reaction efliciency was significantly improved by adding
2,4,6-trimethoxypyridine as a supporting ligand. Two possible
pathways were proposed on the C—N coupling step: (i)
electrophilic amination and (ii) stepwise process that consisted
of oxidative addition and reductive elimination. Recent DFT
studies by Sunoj and Schaefer supported the latter mechanism
involving a Pd(II)/Pd(IV) cycle, wherein a heterobimetallic
Pd(u-OAc);Ag complex was proposed as the active cata-
lyst. 19819

Zhang (Q.) and co-workers developed a substrate-controlled
chemoselective C—H amination of anilides using NFSI as the
amino group source (Scheme 53). 37 While the ortho-amidated

Scheme 53
. Pd(OAc); (10 mol %) NHPiv
@[NHPW SO2Ph  NaHCO; (2 equiv) @:
+ FN -
OMe 'S0,Ph DCE, 80°C,25h (PhO2S):N OMe
92%
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+
" 1 e MeO |,
NHP SX H N\(
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N(SO,Ph), 28 "__ (PhO,S),N [Ed]
(SOZPh)Z

products were obtained from a range of 4-substitutetd anilides,
C—H amidation at the para-position was observed with 2-
methoxy anilides under otherwise identical conditions. The
authors proposed the formation of a spiro-type palladacyclic
intermediate 28 when this particular substituent (—OMe) is
present. Nucleophilic attack of an anionic imido species at the
para-position to this unique palladacycle and subsequent
deprotonation were assumed to afford the product. Although
the proposed mechanism does not fit into the conventional C—
H activation catalysis, it constitutes a rare example of Pd-
catalyzed para-selective C—H amination.

2.2.3. Third-Row Catalysis. 2.2.3.1. Iridium Catalysis.

Because iridium complexes are known to display remarkable

Scheme 52
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1
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reactivity toward stoichiometric C—H activation of hydro-
carbons,”%° 2% it is tempting to investigate the corresponding
catalytic functionalizations to introduce functional groups
directly into inert molecules. Such a perspective, however, has
been less explored, mainly due to the inherent stability of
iridacyclic complexes. Inspired by significant advances in the
Cp*Rh(III)-catalyzed C—H amination, the Chang group
envisioned the use of a Cp*Ir(Ill) complex, group 9 congener,
for analogous transformations.””> Indeed, acyl azides displayed
remarkable reactivity toward C—H amidation under Ir-
catalyzed mild conditions (Scheme S54). Acyl azides were

Scheme 54
[Cp*IrCly], (2-4 mol %)

DG O AgNTf, (816 mol %) ="~ -DC
. T ey
K- Ar 12DCE,25-50°C o " SNHC(O)Ar

Ar = (4-NO,)CgHy.

(0] (o]
AOCHN O
NHBu Bu “
H NHBu
NHC(O)Ar NHC(O)Ar
93%

53% 86%

found to be a challenging amino group source in the
Cp*Rh(III) catalysis because of their thermal instability, thus
leading to poor amination efficiency. In contrast, the Cp*Ir(III)
catalyst system allowed a highly efficient C—H amidation with
acyl azides that were not decomposed to isocyanates via Curtius
rearrangement under mild optimized conditions.

A broad range of combinations in regard to substrates and
organic azides has been extensively investigated for the
synthesis of valuable C—H aminated product motifs, as
summarized in Table 1. Remarkably diverse substrates

207,208

including aryl carbamates,”* triarylphoslphine oxides,
12

quinoline N-oxides,**® benzoic acids,”'**! alkyl benzoates,”
indolines,”"” indoles,”'**'> acylsilanes,”'® aryl nitrones,*"”
benzylic amines,”'® and 2-aryl-1,2,3-triazole N-oxides®"? were
successfully coupled with sulfonyl azides as the amidating
sources. In addition, azido formates,”* phosphoryl
azides,””"*** aryl azides,''**"° and alkyl azides®™ were also
found to work as efficient amino precursors under the same
catalytic system. Recently, Lu utilized this C—H amidation
strategy for the synthesis of functionalized quinazoline-
2,4(1H,3H)-diones, where a subsequent intramolecular cycliza-
tion was conducted.”** Recently, Bolm disclosed a mechano-
chemical process for the Ir-catalyzed C—H amidation in
solvent-free conditions.”*®

The half-sandwich iridium(III) catalyst displayed excellent
reactivity toward C(sp*)—H amidation using N-substituted
hydroxylamines as the amino group source (Scheme 55).%*°

Scheme 55
= [Cp*IrCl,), (2.5 mol %) =z
| 0 AgOTS (10 mol %) < |
* N
N Ar)j\O—NHR DCE, 25°C, 10 h
Ar = (4-CO,Me)CgHy NHR
=z =z 4 =z
< < < <
N N N N
NHBoc NHCbz NHBz NHTs
92% 70% (50 °C) 82% 70%

(catalyst 3 mol %)

Utilizing a cleavable N—O bond of the amidating reagents as an
internal oxidant, various types of N-protected amino groups

Table 1. Scope of the Ir(III)-Catalyzed C—H Amination with Organic Azides

cat. [Cp*Ir(lIN]™

DG Additives DG
+ N;BbR —————  +
N2 NHR
o 0 0 o
\_ O 1]
N—4 Ny—§7 Ns—4 Na—R=oR Ng—Ar N3—Alkyl
R R OR OR
0
NHR' Ref205 | Ref206,225 | Ref220 Ref221 | Ref116,206 | Ref223
NHR
9 Ref
X. 206-208
Ref 2 ’ Ref 221
Y ef205 210-212, ¢
NHR 216
r~\
1
X3, Ref
N
@ Ref 205 Ref 206 Ref 220 17
NHR
@x' Ref213 ?f;_zzofs Ref 220 Ref 221 Ref213 Ref213
RHN o)\v
Miscellaneous
Z I
IN - X,
NG Ref 209 Ref 209 ©\/\NH2 @[ NS
NHR NHTSs NHTs
Ref218 Ref217,219
9264 DOI: 10.1021/acs.chemrev.6b00644
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Scheme 56
(@
0 Cp*Ir(OAC), (10 mol %) 0
AgNTf, (3 equiv)
NHBu + HoN—Ar NHBu
Cu(OACc), (50 mol %)
29 1,2-DCE, 25°C, 24 h NHAr
Ar = (4-CF3)CgHg4 72%
b
® o [Cp*IrCly], (5 mol %) 0
i AgNTf; (3.2 equiv)
NHBU | HN—-Cy 2 NHBu
Cu(OPiv), (50 mol %)
29 1,2-DCE/HFIP, 60°C, 12 h NHCy
50%
)# HN—Ar )#
| NaNTf, N iy
O I otrA—aoAd 0 I oy ar AINTE2 NHBu
1
BuHN 1,2—DCOE BuHN 2 Cu(OAc),
RT, 99% RT, 55% MeO NHAr
OMe

OMe

30

were readily introduced to arenes. Notably, a broad range of
labile functional groups such as esters, aldehydes, and ketones
were tolerated under the employed catalytic conditions.
Chang and co-workers developed an Ir-catalyzed oxidative
C—H amination in reaction with unactivated amines in the
presence of silver(I) salt (Scheme 56). In this cross-
dehydrogenative coupling, both anilines”*” and alkyl amines***
smoothly reacted with benzamides 29 under mild conditions.
Mechanistic insights were obtained by rendering a series of
stoichiometric reactions. When a well-characterized iridacycle
was allowed to react with aniline, an adduct 30 was formed
quantitatively, which was characterized by an X-ray crystallo-
graphic analysis. While the subsequent addition of AgNTf, and
Cu(OAc), to the adduct afforded the ortho-aminated product,
copper acetate alone did not mediate this conversion. On the
basis of these results, the authors postulated a series of proton-
coupled electron transfer (PCET) processes to access a high-
valent Ir(V)—nitrenoid intermediate, which was previously
postulated as a key intermediate in the C—H amination using

organic azides as the aminating reagent (Scheme 57).

Scheme 57

29 AcOH #\ HaN=Ar

Cp*lr(OAc) |||

O--Ir's,
'BuHN@
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2.3. C(sp®)—H Amination

Along with the notable advances in the direct C(sp*)—H
amination, considerable efforts have been made to extend its
scope to more challenging substrates containing sp® C—H
bonds. In addition to the high bond dissociation energy (BDE)
of C(sp®)—H bonds, the lack of empty low-energy orbitals or
filled high-energy orbital, which may interact with the metal’s
orbitals, is attributed to lowered amination efficiency.””” To
deal with the inherently low reactivity and poor selectivity in
the direct C(sp®)—H bond functionalization, the use of
directing groups at the proper sites relative to the targeted
C—H bonds has been widely practiced. In this strategy, the
facile formation of five- or six-membered metallacyclic
intermediates is critical to achieve satisfactory efficiency of
the transformation.

2.3.1. Intramolecular C—H Amination. In 2009, Glorius
reported a synthetic route to prepare indolines via a Pd-
catalyzed intramolecular C—H amination of N-(2-tert-
butylphenyl)acetamides (Scheme 58).>*° Notably, the reaction
took place selectively at C(sp*)—H bonds even in the presence
of C(sp*)—H bonds. While a six-membered palladacycle could
be a key intermediate, the authors suggested two possible

Scheme 58
Pd(OAc), (10 mol %)
H AgOAC (3 equiv) N\\{
N Na,CO3 (3 equiv) by
itylene, 140 °C, 12 h
0 mesitylene, 80%
proposed pathways -Pd°
N-ac
(I)Ac
Pd P
Pd(OA
H  _PdOAo), i -HOAc N -Pd!
“Ac -HOAc SAc > “Ac
(I)Ac
2 AgOAc Fl’d'V—OAc
-2 Ag® Neac
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pathways leading to C—N bond formation: (i) a direct
reductive elimination with reoxidation of the resultant Pd(0)
species by Ag(I) salts, and (ii) Ag(I)-promoted oxidation of the
palladacycle intermediate to Pd(IV) and then reductive
elimination.™

An earlier investigation by Daugulis revealed that picolina-
mide (PA) displays a notable chelation-assistance effect to
enable C(sp®)—H functionalization including an arylation of
primary or secondary alkyl moieties.””* Using PA as a directing
group, Daugulis'®* and Chen (G.)'” independently reported
Pd-catalyzed intramolecular amination to obtain five-membered
pyrrolidines using PhI(OAc), oxidant (Scheme 59a). More-

Scheme 59
(a)
PA.
PA\H Pd(OAC), (5 mol %) N Me
PhI(OAc), (2 equiv) Me Me
Me’ Me o M
Ve Me PhMe, 80 °C, 24 h 688%
Pd(OAC), (5 mol %) ,PA
UHPA PhI(OAG); (2.5 equiv) ’O
. AcOH (10 equiv o
Me COMe (10 equiv) Me' CO,Me
PhMe, 110 °C, 24 h 82% 71 dr
(b)
Pd(OACc); (5 mol %) LPA
)\/NHPA PhI(OAG), (2.5 equiv) I:',\l
H AcOH (2 equiv)
SoAc PhMe, 110 °C, 24 h AcO/

82%, >20:1 dr

over, Chen (G.) further extended this method to the
production of four-membered azetidine compounds (Scheme
59b). Notably, a respectable diastereoselectivity was induced in
this cyclization.

A catalytic cycle consisting of Pd(II)/Pd(IV) was proposed
in these transformations, where a high-valent Pd(IV)
intermediate 31 was assumed to facilitate reductive elimination
step leading to C—N bond formation (Scheme 60). In this

Scheme 60
OAc NHPA N’PA
c-0 C-N
“COR  Reductive | RO2G OAc O Reductive . “co R
ACO i elimination va elimination 2
— N
“CO,R OAc D'-'COZR
! 31 .

context, it was proposed that the torsional strain on the putative
intermediate 31 significantly affects the subsequent reductive
elimination process. Although the observed product distribu-
tion is not fully understood, a conformational bias in the
Pd(IV) intermediate was reasoned to be crucial, thus favoring
the C—N bond formation in the case of having in-plane
geometry while an out-of-plane geometry leads to the C—O
bond formation.

Shi (B.-F.) demonstrated the utility of a modified bidentate
directing group of 2-(pyridin-2-yl)isopropyl (PIP) in a Pd-
catalyzed intramolecular C—H amination (Scheme 61).**
Significantly, the reaction efficiently took place at the benzylic
C(sp®)—H bonds to furnish S-lactams along with the formation
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Scheme 61
o] Pd(OAc); (10 mol %) (0]
phtn,, L PIp NalOs (3 equiv) PRON, O prinn,, Wil
H Ac,0 (10 equiv) N + H
Ph MeCN, 70 °C, 24 h PH PIP Ph” “OAc

74% (12.5:1)
;x@
PP N~

of a small amount of pf-acetoxylated byproduct. In this
procedure, the combination of NalO; with Ac,O turned out
to be effective for the oxidation of a cyclometalated Pd(II)
intermediate to Pd(IV) species. The observed high diaster-
eoselectivity was attributed to the involvement of a trans-
palladacycle intermediate that undergoes reductive elimination
to lead to the C—N bond formation.

In 2013, Chen (G.) proved that pyrrolidones can readily be
accessed by the Pd-catalyzed intramolecular amination at the
unactivated C(sp®)—H bonds (Scheme 62)."'° The reaction

o ,NPhth

347
PR

proposed metallacycle

Scheme 62
a
NHQ Pd(OAc), (5 mol %) N —§ X
Phi(OAc); (2.5 equiv) o)
_— N
o R
NPhth PhMe, 90 °C, 24 h NPhth \_7
X=HQ
85%, >15:1 dr X =0OMe, MQ
HN M
standard Men Q CAN (3 equiv) Me W+
- condman el + Mem-
MeCN/H o]
NPhth o 2 PhiN

PhthN

PhthN 62 %

76%, 1.5 :1 mixture

proceeded via Q-directed activation of y C—H bonds to afford
y-lactams with high diastereoselectivity. The 8-amino-5-
methoxyquinoline (MQ) auxiliary was easily removed after
the desired C—H functionalization with ceric ammonium
nitrate (CAN) under mild conditions.

Since the first report by Daugulis on the use of 8-
aminoquinoline as an efficient bidentate directing group,™” it
has been widely utilized in numerous C—H functionalization
reactions. The beneficial effect of bidentate auxiliaries is not
restricted to Pd-catalyzed C—H functionalizations. In fact,
significant advances have been made recently in the first-row
transition metal-catalyzed reactions employing bidentate
directing groups. In 2014, Kanai reported a Cu-catalyzed
intramolecular oxidative C—H amination using Ag,CO; oxidant
(Scheme 63a).”** While C(sp?>)—H bonds are potentially
feasible, C(sp®)—H bonds were selectively reacted to afford f3-
lactam products presumably via a five-membered metallacycle
intermediate. Interestingly, C—H amination was found to be
favored at the benzylic #-methylene over f-methyl C—H bonds
under the employed conditions. Similarly, Ge and co-workers
also reported a Cu-catalyzed intramolecular amination with the
use of a benzoate base and a duroquinone oxidant (Scheme
63b).”** The amination reaction at the f-C—H bonds occurred
with the following reactivity order: f-benzylic > f-methyl > f-
methylene in ring > B-methylene in acyclic chain.

In 2014, Ge reported a Ni-catalyzed intramolecular C(sp®)—
H amination of aliphatic amides bearing a 8-aminoquinoline
directing group (Scheme 63c).”*® Unlike the Cu-catalyzed
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Scheme 63

(a) Kanai (2014)

Cu(OAc), (20 mol %)
Ag>CO; (3 equiv)
1,2-DCE, 140 °C, 24 h

o)
S/, Rkt(” |
N
o1 ae e NS

o)

o) o. Q
IN
N-q +
Ph

65% 89%2 25% 64%
20, (1 atm), in DMSO
(b) Ge (2014) Me Bt o
CuCl (20 mol %) \—a + r I . N-Q
duroquinone (1.2 equiv) Q —N_ =N,
PhCO,Na (1.5 equiv) [TRRe] H Q Me
o-xylene, 160 °C, 12-24 h
67% 18% 72% 1%
(c) Ge (2014)
0 0 o, A o, A
[NI(DME)l5] (10 mol %) R N N
TEMPO (3.0 equiv) N—Q N—-Q + Et
K:HPO, (2.0 equiv) Bn Ph & Ph
TBAI (0.1 equiv) R =Et 90%
"PrCN/PhCN, 150 °C, 24 h R = Ph, 92% 82% 7% 3%
o)
o) o) o. Q
N-q + Ph + N
N—-Q N-Q
Bn Ph
(d) Ge (2015) 55% 35% 75% 1%
Co(OAc); (10 mol %)
Ag2CO3 (2.5 equiv) o Q o Q Et o o
PhCO,Na (0.5 equiv) N’ N’ E
PhCI, 150 °C ( N-Q o+ /\t)&N_Q
Bu B Ph Ph
Ph
75% 78% (>20:1 dr) 83% (>1.1:1 dr) 8%

procedure, this nickel catalytic reaction proceeds predominantly
at the f-methyl position to deliver f-lactam products while
leaving the benzylic sp* C—H bonds intact. More recently, Ge
also reported a Co-catalyzed intramolecular dehydrogenative
amination with the assistance of the 8-aminoqunoline directing
group to display some notable features (Scheme 63d).”*” For
instance, aryl sp> C—H bonds are more reactive than sp> C—H
bonds under this cobalt catalyst system, and a-monosubstituted
propanamide derivatives were successfully cyclized. In addition,
y-benzylic C—H bonds were selectively reacted in the presence
of f-methyl groups leading to y-lactam products, which is the
opposite reactivity pattern as compared to Kanai’s catalyst
system using the same substrate.””*

While the intramolecular amination of sp® C—H bonds has
been feasible by the assistance of amide directing groups, a
notable example of C—H amination with unprotected amines
was recently reported by the Gaunt group (Scheme 64).°%°
This Pd-catalyzed cyclization at the a-methyl sp> C—H bonds
affords aziridine products in satisfactory yields by using
PhI(OAc), oxidant. A mechanistic pathway for this highly
significant amination was later released.”*”

Interestingly, Shi (Z.].) reported a silver-catalyzed intra-
molecular amination of C(sp’)—H bonds to form five-
membered pyrroline products in the presence of a bipyridine
ligand and PhI(OTFA), oxidant (Scheme 65).”*’ The substrate
scope of the optimized catalytic system was broad, enabling the
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Scheme 64

Me Me Pd(OAc), (5 mol %) Me Me
%NH PhI(OAc), (1.5-2.5 equiv) N

Ac,0 (2.0 equiv)
O O S
R CHj PhMe or PhCI 7

R
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D P
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"l——Me “—QTIPS ("N
4
O e o] o]
[¢]
80% 73% 81%
Scheme 65
AgOAc (20 mol %)
dtbpy (20 mol %) T+
NHTE  PhI(OTFA), (2 equiv) N
K2CO3 (2 equiv) < Z
Me PhCI/1,2-DCE, 120 °C, 12 h Me
70%

direct amination of primary and benzylic C(sp*)—H bonds to
afford various types of azaheterocycles.

2.3.2. Intermolecular C—H Amination. In 2006, Yu (W.-
Y.) and Che reported an intermolecular amination of
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unactivated sp> C—H bonds by palladium catalysis (Scheme
66)."”> This Pd-catalyzed amination of aliphatic oxime

Scheme 66
MeO., Pd(OAc); (5 mol %) MeO.
N K»S,0s (5 equiv) N NHR
+ HbN- R ——
R! DCE, 80 °C R!
2 p3 2 p3
R*R R = SO,(4-CICgHa) R*R
NHR MeO. N~ome
N, NHCOCF
OMe ”Bu)l\/\NHR :
93% 76%:3 89%

4obtained as an E/Z mixture

substrates was efficient with primary sulfonamides or
trifluoroacetamides as the amino source. The nitrenoid
formation is believed to be facilitated by the use of potassium
persulfate oxidant. While details of the nature of the nitrene
species were not described, the authors proposed that a high-
valent Pd(IV) species could be involved in the C—N bond-
forming stage.

More recently, Chang and co—workers reported an Ir-
catalyzed intermolecular amidation of sp’ C—H bonds by
usm§ organic azides as a powerful amino group source (Scheme
67).”*" This amidation occurs selectively at the methyl sp> C—

Scheme 67
R4 [Cp*IrCl3]2 (5 mol %) R4
N AgNTf, (20 mol %) N NHTs
Rl + TsN3 AgOAc (10 mol %) -
R2 R3 1,2-DCE, 60 °C, 24 h R? R®

MeO.
N
NHTs )Kr\ NHTs
NHTs
84%

75% (80 °C)

standard
o H MeONHyHCI condition H
1 7 Pyridine MeO-\, oN A
o] reflux, 12 h 88% 0
Y 90% TsHN %
(-)-Santonin
standard o
condltnon
NHTs
R
f-amino acids
R= Ph 61%
R = Me, 54%

H bonds in a wide range of substrates. Importantly, the reaction
works highly efliciently under mild conditions and in the
absence of external oxidants to release nitrogen gas as a single
byproduct, thus making this protocol applicable to the late-
stage C—H functionalization of complex compounds bearing
labile functional groups. Indeed, amination of a ketoxime
substrate derived from (—)-Santonin took place smoothly, and
5,6-dihydro-1,4,2-dioxazines 32 were readily amidated to give
synthetically versatile products that can be further converted to
P ammo ac1ds Wang reported similar Rh-*** and Ru-catalyzed
versions” " of the amidation using organlc azides.

The Ir-catalyzed amidation of sp® C—H bonds was also
applied to the preparation of 1,2-amino alcohols starting from
ketoximes derivatives (Scheme 68) 2 Taking advantage of the
strong coordinating ability of the ketoxime directing group, the
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Scheme 68
j\ [Cp*IrClyl (5 mol %)
AgNTf, (20 mol %)
No
(:/I/ o + TsNs  cs0Ac (10 mol %)
_CsOAcdimol )

1,2-DCE, 60 °C, 24 h

By
0
(:/I/ NHTs

73%
NHTs
(:\l\ standard (\Al\ LAH
I}l condition I}‘ NHTs (2 5equiv) HO
o —2 o e,
\( 73% Et,0, RT, 48 h
89%

amination was designed to occur at the p-methyl group
selectively. Importantly, removal of the directing group was
facile, leading to the corresponding $-hydroxyl sulfonamides in
high yields.

On the basis of Chang’s report that 3-substituted 1,4.2-
dioxazol-S-ones display notable features as an amino group
source when compared to organic azides,"”' Li (X.) and co-
workers added one entry in the Rh-catalyzed intermolecular
C(sp®)—H amidation (Scheme 69).”*° Interestingly, they

Scheme 69
o) [Cp*RhCl], (4 mol %) X
~ /[< AgSbFg (16 mol %) P
N/ + O AgOAc (8 mol %) N
o R2 N CHaCly, 25 °C, 12 h R NHCOR?
NHCOPh 3 3
91% 91% 83% (80 °C)

showed that the amidation occurs selectively at the methylene
C—H bonds of 8-ethylquinolines at 80 °C. This is a rare
example to functionalize secondary C(sp®>)—H bonds with the
assistance of directing groups.lgz’Ml_243 More recently,
Sundararaju reported that the amidation of 8-methylquinolines
can be achieved by a cobalt catalyst system.**®

(X.)*® and Jiao®" independently demonstrated the
synthetic utility of anthranils as an efficient amino group
source in an intermolecular amination of sp® C—H bonds
(Scheme 70). The reaction allows a simultaneous installation of

Scheme 70
X
N [Cp"Rh(MeCN)s](SbFe)z P2
< PivOH (2 equiv
N (2 equiv) NH

CH,Cl,, 120 °C, 20 h cHO
76%

two functional groups in products: a nucleophilic amino moiety
and an electrophilic formyl group. While the polarized character
of a N—O bond in anthranils was postulated to play a critical
role for the amidation efficiency, DFT studies indicated the
intermediacy of a nitrenoid species.

In 2015, Yu (J.-Q.) and co-workers reported a Pd-catalyzed
intermolecular sp> C—H amination to obtain -amino amides, a
versatile synthon (Scheme 71).** In this procedure, while O-
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Scheme 71
[Pd(ally)Cll (5 mol %) o
1) (IDBZ P{3,5-(CF3)2C6H3}3 (20 mol %)
>HL , N Cs,CO;3 (4 equiv) NHAr
NHAr [ j 4AMS
0 CHyCly, 120 °C, 16 h N/\

77% K/O

benzoyl hydroxylamines were employed as the aminating
reagent, the choice of weakly coordinating N-arylamide groups
in substrates was found to be crucial for the reaction efficiency:
a perfluorophenyl group was especially effective for this C—H
amination. The amination works best with cyclic amine
reactants albeit at rather high temperature.

Muiiiz and co-workers utilized an NFSI as an amino source,
thereby successfully developing Pd-catalyzed intermolecular sp*
C—H amidation reactions (Scheme 72).>*’ 8-Methylquinoline

Ar = 4-CF4CeF4

Scheme 72
N X
SO02Ph - py(hfacac), (10 mol %) _
J+ F-N _— N
N 'SO,Ph 1.4-dioxane, 100 °C, 24 h
N(SO,Ph),
95%
OMe
OMe SO,Ph (bc)Pd(OAc), (10 mol %
O e e S0P,
'SO,Ph 14-dioxane/DMF
90°C, 15h 81%

bc = bathocuproine

was readily amidated by Pd(hfacac), catalyst to give benzylic
amidation products in good yields. Furthermore, the scope of
the reaction was extended to substrates bearing labile
coordinating groups such as methoxy. Indeed, it was found
that the amination of 2-methylanisoles took place smoothly
with NFSI under the combination of Pd(OAc), and bath-
ocuproine (bc).

Whereas activated amino precursors such as iminoiodinanes,
organic azides, N-haloamides, or N-acyloxyamides are effec-
tively utilized in the C—H amination reactions, the use of
nonprefunctionalized parent amines has been much less
explored, although a pioneering work of Che was reported in
2006."” In this context, this approach was revisited recently by
You and co-workers (Scheme 73).”°° Rh-catalyzed intermo-

Scheme 73
proposed intermediate
[Cp*Rh(MeCN)3][SbFg] N
(13 mol %) X |
X NaOAc (30 mol %) | _ N
| _J+ NsNH; Phi(OAc), (1.5 equiv) N +R”h'"SbF6
N _ >
CH.Clp, RT, 48 h NHNs

75%

lecular C(sp’)—H amination of 2-(tert-butyl)pyridine with
electron-deficient sulfonamides was operative at room temper-
ature when PhI(OAc), oxidant was employed. The authors
proposed the intermediacy of a five-membered cationic
rhodacycle in the catalytic cycle.

In 2015, Ge reported the Co-catalyzed intermolecular
dehydrogenative C(sp’)—H amination of N-(quinolin-8-yl)-
propanamide derivatives with heptafluorobutanamide as an
effective amidating reagent (Scheme 74).237 The reaction
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required a number of stoichiometric additives and high reaction
temperature. Interestingly, this amination occurred selectively
at the f-methyl C—H bonds even in the presence of benzylic -
methylene sites. However, when a-phenyl-substituted prop-
anamide was subjected to the present system, two products
arising from sp> C—H and sp> C—H bond activation were
formed in a moderate ratio.

3. DIRECTING GROUP-FREE C—H ACTIVATION
CATALYSIS

While the directing group-assisted C—H amination allows a
regioselective installation of an amino moiety at the directed
sites, removal of such auxiliary groups after the main reaction is
not straightforward, especially in many cases when heteroarene-
based coordinating groups are employed, thus making the
general application of this strategy problematic. In this context,
direct C—H functionalization of hydrocarbons that do not bear
the directing group is highly desirable, and is possibly an ideal
transformation to pursue. However, a major challenge in this
type of metal-catalyzed C—H functionalizations lies in its slow
C—H metalation process, presumably due to the high kinetic
barrier in the C—H bond cleavage step.”"*>* Selective
recognition of specific C—H bonds in the absence of any
functional group is an additional formidable issue. Nevertheless,
a few notable examples of direct C—H amination have been
recently reported by successfully managing the above
difficulties.

3.1. Allylic C—H Amination

Allylic C—H amination”**** has been studied as a direct
analogue of the corresponding allylic substitution reactions.
Whereas the allylic substitution employs substrates bearing a
leaving group at the allylic position, the C—H activation
approach offers a direct route to functionalize unsaturated
hydrocarbons without need to preinstall the leaving groups.
Two distinctive mechanistic scaffolds are generally accepted in
this allylic C—H amination (Scheme 75): (i) a tandem process
consisting of nucleometalation and f-hydride elimination (path
A);** and (ii) allylic C—H bond activation followed by
reductive elimination (path B). While notable features in regard
to the reactivity and selectivity are displayed in each
mechanistic manifold, this section describes allylic C—H
amination reactions occurring within the latter mechanistic
scaffold only (path B in Scheme 75), which may involve z-allyl
metal species 33 formed by the C—H bond activation. It is
noteworthy that the allylic C—H activation takes advantage of
chelation assistance by n’-type coordination of olefins to the
metal center, thus enabling facile formation of organometallic
intermediates.

3.1.1. Intramolecular C—H Amination. In 2007, the
White group reported a seminal example of an intramolecular
allylic C—H amination (Scheme 76).”*° By using a Pd(II)
catalyst of (BisSO)Pd(OAc),, homoallylic N-tosyl carbamate
34 was successfully cyclized to afford the corresponding
oxazolidinone. The authors hypothesized that the tosyl
substituent plays a critical role to tune the nucleophilicity of
the carbamate moiety. When a substrate 34 was allowed to
react with a stoichiometric amount of palladium species, the
predominant formation of a Pd—z-allyl complex was clearly
observed by '"H NMR spectroscopy (Scheme 77). Subsequent
addition of an external acetate base for deprotonation of N—H
bond afforded a cyclized product with a similar level of
diastereoselectivity, as seen in the catalytic reaction. The
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Scheme 74
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0 Ag,CO3 (3.0 equiv)
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O
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Scheme 75 proposed mechanism includes an electrophilic C—H activation
" affording a s-allyl palladium complex, subsequent exo-
path A NR1R2 M) NR'R2 nucleophilic attack of carbamate, and reductive elimination to
ﬁ\/ R'R gy give the product and Pd(0) species that is reoxidized to Pd(II)
1 by benzoquinone and acetic acid.

M~ oo Additional efforts were made to improve the reaction scope
X ™ AANRR of the allylic C—H amination and its synthetic applicability. The
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White group found that a N-nosyl substituent works better than
the N-tosyl group for the formation of six-membered
oxazinanone products, while a similar level of diastereoselec-
tivity was observed in the two reactions (Scheme 78a).>” On

Scheme 78
@ o (BisSO)Pd(OAC), (10 mol %) o
)j\ BisSO (5 mol %) )J\
O NHR PhBQ (2 equiv) (@) NR
ipr = THF, 45 °C fpr)\/l\/
R=Ts, 72 h, 15%, 5.1:1 dr
Ns, 24 h, 67%, 4.4:1 dr
(b) Pd(OAc), (10 mol %)
0 BisSO (15 mol %) o)
PhBQ (1.1 equiv
O)J\NHTS ( ) O)J\NTS
) solvent, 45 °C ) )\/l\/
Pr Z 'Pr 7

AcOH 67%, 8.1:1dr

CH,Cl, 10%, 2.8:1 dr}

the other hand, choice of a solvent also exhibited a s J%mﬁcant
influence on the diastereoselectivity (Scheme 78b).*>® Given
that protic activation of benzoqulnone is required in the
oxidation of Pd(0) to Pd(II) species,”” the use of acetic acid as
a solvent was reasoned to increase the product yields and
diastreomeric ratio. DFT calculations suggested that a step
involving either Pd(0) oxidation or allylic C—H activation
would be turnover—hmltmg depending on the applied reaction
conditions.”® Havmg well-established amination conditions, a
tandem procedure enabling sequential allylic C—H amination/
vinylic C—H arylation was developed by White and co-
workers.””" By making two independent reactions operate in
one-pot with the same catalyst, a synthetically valuable -amino
acid could be efficiently prepared.

A rare example affording a seven-membered lactam was
reported by Liu (G.) and co-workers on the basis of the C—H
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amination approach (Scheme 79).262 To circumvent an exo-
cyclization path leading to five-membered lactams, sodium

Scheme 79
Pd(OAC); (10 mol %)
NaOBz (1 equiv), 0 (0]
MA (40 mol %)
NHTs - NTs NTs
4AMS, 70°C
AN —

O, (1 atm), DMA

88% (6.1/1)

o)
35

benzoate was employed as a Bronsted base additive that can
promote Pd—N bond formation, leading to an intermediate 35.
On the basis of the deuterium-labeling studies and KIE
experiments, the authors concluded that the reaction follows a
rate-limiting C—H activation and subsequent reductive
elimination process.

While notable advances have been made recently in the
allylic C—H amination by using Pd(II) catalysts, Rh(III) species
were also observed to display an analogous catalytic activity.
Cossy and co-workers demonstrated that w-unsaturated N-
sulfonyl amides 36 underwent a S-exo cyclization by Cp*Rh-
(WI) catalyst in the presence of Cu(OAc), oxidant (Scheme
80).”%* In situ generated Cp*Rh(OAc), was assumed to initiate

NTs >©lls
+

Scheme 80
[CP*Rh(MeCN)3I(SbFe), (5 mol %)

)(\/N\m.s Cu(OAC),H0 (2.1 equiv)
N DCE, 83°C, 16 h

36

77% (5:1)

the allylic C—H bond activation, leading to a Rh(III)—amido
intermediate, which eventually undergoes a reductive elimi-
nation to afford a pyrrolidine product.

To prove the intermediacy of the z-allyl Rh(III) speies,
Tanaka and co-workers synthesized such complexes and
demonstrated that the species is indeed involved in the
catalytic amination (Scheme 81).”°* In the presence of silver
salt and cesium acetate, treatment of 37 with Rh(III) complex
gave rise to a (z-allyl)Rh(III) complex 38 (Scheme 81a). The
authors employed Rh(III) species bearing an ester-function-
alized Cp derivative (Cp®) for successful isolation. Intersetingly,

Scheme 81
@) EO (;%COZB
AgBF4 (4 equiv) 2 |
C"tTS . CsOAcC (2 equiv) _Rh_
+ [Cp"RhCL)], ——— Cl
A CH,Cly, RT
37 3h,47% TsHN\§ 38
(b) [CPERNCly]; (2.5 mol %) %ngFe (1 equiv)
AgSbFg (10 mol %) Cu(OAc); H,0
Cu(OAc)y’H,0 (2.1 equiv) NTs (2 equiv)
37 DCE, 80°C, 3 h

1,2-DCE, 80 °C, 16 h
67%

51%
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no analogous complexation was observed with the more
conventional Rh(III) complex having Cp* ligand. Subsequent
addition of AgSbF and Cu(OAc), to the z-allyl Rh(III) species
38 furnished the corresponding pyrrolidine product in 51%
yield. Because a similar conversion was also observed under
catalytic conditions (Scheme 81b), the involvement of an allyl
C(sp®>)—H activation was strongly suggested in the Rh-
catalyzed allylic C—H amination reactions.

3.1.2. Intermolecular C—H Amination. As a logical
extension of the fruitful intramolecular allylic amination, an
intermolecular version was also investigated. The White group
found that (BisSO)Ph(OAc),, which was an effective catalyst in
the intramolecular amination, catalyzes an allylic C—H
amination with N-(methoxycarbonyl)-p-toluenesulfonamide
39 serving as an amino grousp source in the presence of
benzoquinone (Scheme 82a).”*> On the basis of the previous

Scheme 82

@ (BisSO)Pd(OAC), (10 mol %)
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BQ (2 equiv)
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[ A ——
39 TBME, 45°C, 72 h

(b) (BisSO)Pd(OAc), (10 mol %)
DIPEA (6 mol %)
BQ (2 equiv)

Ts

R + |
~x R\/\’N\COOMe

39
TBME, 45°C, 72 h
‘,I\'ls
~COOMe
Ts

|
C/H N OH
7 15\/\/ COOMe

ar

66% (L:B =11:1) Hs ™ g0

(L:B >20:1)

2%
(L:B >20:1)

observation that certain Lewis acid additives faciliate the Pd-
catalyzed allylic C—H acetoxylation,”*® a catalytic amount of
Cr(IlT) (salen)Cl was added to the present catalytic system,
thus leading to improvement in this C—H amination. While
allyl amine products were obtained in moderate to good yields,
linear isomers were highly favored over branched products. The
results of the stoichiometric studies strongly suggested that the
(m-allyl)Pd species will be an active intermediate in the C—H
amination process. Further improvements in substrate scope
were made by replacing the Lewis acid additive with a Brensted
base, N,N-diisopropylethylamine (Scheme 82b).*°” It was
suggested that the role of the base additive is to increase the
effective concentrations of an active nucleophile to proceed the
reaction forward. Under the newly optimized intermolecular
conditions, linear allylamines were selectively obtained in high
yields to enable a late-stage introduction of an allyl amino
group in complex molecules. Recently, further improvements of
the reaction conditions were made by utilizing BQ/Co(II)/O,-
based redox-rely catalysis.”*®

Liu (G.) and co-workers reported an example of the
intermolecular allylic C—H amination under aerobic oxidative
conditions (Scheme 83a).”*” Notably, a catalytic amount of
maleic anhydride (MA) was used in combination with 6 atm of
O, to serve as terminal oxidants at ambient temperature. The
same research group reported an additional procedure that
employs PhI(OPiv), in conjunction with 1,4-naphthoquinone
(NQ, Scheme 83b).””" Mechanistic studies revealed that the
coordination of NQ to an active palladium species is crucial in
the turnover-limiting stage.
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Scheme 83
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Baran and co-workers developed a highly efficient synthetic
procedure of N-tert-prenylation of indoles based on the allylic
C—H amination approach (Scheme 83c).””" While other
previously reported methods employ electron-deficient amino
sources, Baran’s reaction offers a unique opportunity to use
indoles directly as the amino coupling partner. The authors
proposed that an allylic C(sp®*)—H bond activation is crucial in
affording the 7-allyl—Pd species as a key intermediate.

3.2. Direct Amination of Acidic C—H Bonds

3.2.1. Alkynyl C(sp)—H Amination. A seminal report was
presented by Stahl and co-workers on Cu(Il)-catalyzed
oxidative amidation of terminal alkynes in the presence of
base additives (Scheme 84).””” The reaction was highly efficient

Scheme 84
CuCl; (20 mol %)
,R Pyridine (2 equiv)
HN, Na,COs3 (2 equiv)
R2 _—
O, (1 atm)
PhMe, 70 °C, 4 h

R1

Ph + Ph

R2

82% B

S,

89% 78%

when amide protons have pK, values in the range of 15—20 (in
DMSO), and synthetically versatile ynamide products were
obtained in respectable yields. As a key intermediate, a
copper(II) alkynyl species 40 was proposed to form by a Cu-
promoted C—H activation of terminal alkynes in the presence
of a base (Scheme 85). The formation of alkynyl chloride and
diyne as side products corroborated the involvement of a
putative intermediate 40. Subsequent formation of a Cu-
(alkynyl) (amidate) intermediate 41 followed by reductive
elimination will release the desired product. It is noteworthy
that the formal oxidation state of proposed 41 is not clear to
date because a recent mechanistic study of a related system
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Scheme 85
product 5
Ph—= +
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12 0, BH*X
+2 BH'X R N
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w \\‘ i B i
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indicates that the C—N bond formation might be initiated by
reductive elimination from a hi§h-va1ent Cu(IIl) intermediate
(see sections 2.2.1 and 3.2.2)."*

Stahl’s amination procedure has been utilized to synthesize a
wide range of valuable ynamide products using diaryl imines,”””
sulfoximines,””* and sulfonimidamides®”® as efficient amino
sources (Scheme 86).

Scheme 86
(a) Ph——=
Ph
Ph cat. CuCl, Ph Ha
- Ph
ph—< Pyridine Ph—< Lindlar Catalyst _<N
NH Na,CO; N=—=——~Ph _\>
0Oz, PhMe PH
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cat. CuCly Me. ,O Hydrolysis  Me.
Me_ O Pyridine /\S/:\ (silica gel) \3”\ Ph
8¢ P N==—Ph ———— P{ —<7
Ph™ 'NH Na,CO;3 ')
0,, 1,4-dioxane
© Tol
cat. Cu(OAc), Ph
P Pyridine L . BHySMe, | N Tol
(W e (M= =
O\) Oy, 1,4-dioxane O\) o\)

3.2.2. C(sp®)-H Amination of Electron-Deficient
(Hetero)arenes. In 2009, the Mori and Schreiber groups
independently reported a Cu-catalyzed aerobic dehydrogen-
ative coupling reaction between heterocyclic compounds and
secondary amines (Scheme 87).”’“*”” The most acidic C—H
bond in substrates is selectively functionalized in this approach.
Molecular oxygen at ambient pressure was employed as a

Scheme 87
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\> * H_N\ - \>_N\
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stoichiometric oxidant enabling the catalytic turnovers.
Although the C—H amination is operated at relatively high
temperatures, these works stimulated extensive subsequent
efforts to functionalize heteroaromatic compounds to give
biologically relevant products.

Subsequent investigations offered significantly improved
reaction conditions of the C—H amination reaction with a
broader scope of (hetero)arene substrates and amino sources.
For instance, Bolm, Miura, and co-workers developed an
amidation of 1,3,4-oxadiazoles with sulfoximines working at
ambient temperature.”’® Su found that electron-deficient
primary anilines readily react with heteroarenes when the
amination is performed in the presence of TEMPO and O, as
cooperative oxidants.””” Direct C-2 amidations of quinoline N-
oxides were reported by Cui,”* Li (G.)”*' and Bolm™*
independently. Hirano, Miura, and co-workers developed a
tandem process of C—H/N—H coupling and subsequent
annulation to give N-azolylindoles in one-pot.”*’

A plausible mechanistic pathway of this type of C—H

amination is depicted in Scheme 88.”° An initially formed Cu—
Scheme 88
III,Ar 0] Ar—H
LaCu'll - L,Cu"X, +B
s NR'R2[
BH*X
Ar=NHR'R?
[O]
0O Ar Ar
) LnCu'< LnCu'<
NR'R? X
43 42
B = base
R1
BH'X  H-N_
+B R

Ar intermediate 42 engages with an amino reagent to give
(Ar)Cu(II)—amido species 43 that will furnish an arylamine
product and Cu(0) upon reductive elimination. Alternatively,
the key intermediate 43 may be oxidized to a high-valent
Cu(Ill) species 44 that undergoes reductive elimination to
furnish an aminated product and Cu(I) complex. Recent
mechanistic studies of this type of Cu-catalyzed C—H
amination showed that the latter pathway with high-valent
Cu(IlI) intermediates is favorable.'>"'"*%*

The requirement of superstoichiometric amounts of external
oxidants in the direct C—H amination could be circumvented
by using prefunctionalized amino sources that also work as an
internal oxidant. Indeed, Miura and co-workers showed that N-
chloroamines can be employed to play a dual role to serve as an
amino group source and internal oxidant in the C—H amination
of 1,3,4-oxadiazoles at ambient temperature (Scheme 89).°*
While the reaction scope and efficiency are promising, special
care is needed in the preparation and storage of chloroamines.
In this regard, the authors also developed a one-pot procedure,
where amines are chlorinated with bleach and the C—H
amination is followed in the same vessel. A recent study by
Chang revealed that (NHC)Cu(I) species efficiently catalyze a
direct C—H amination of (hetero)arenes with N-chlorocarba-
mates as practical amino reagents.285

Scheme 89
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While mild reaction conditions could be applicable with
chloroamines, the substrate scope was limited to a few types of
heteroarenes. In this context, Miura introduced O-acylated
hydroxylamines as a more robust and versatile amino group
source in the Cu-catalyzed C—H amination (Scheme 90).2%

Scheme 90
Cu(OAc); (10 mol %)
1,10-phen (10 mol %)
BUOLi (2.4 equiv)

R1
R2 1,4-dioxane, RT,4-6h

N FEt Et R F
N / N

P N TN

o Et } N N

Ph X Et N
67% Et
X=0,57% ¥ oo
S, 45% 66%

Separately prepared Cu(I)—pentafluorophenyl complex 45 was
readily reacted with O-benzoyl-N,N-dibenzylhydroxylamine to
afford a pentafluoroaniline product (Scheme 91a). In addition,
complex 45 catalyzed the C—H amidation of pentafluoroben-
zene (Scheme 91b). It was proposed that, upon the initial
reduction of Cu(OAc), precursor to Cu(I) species presumably
via a disproportionation process, C—H metalation takes place
to afford a Cu(I)—aryl intermediate. The N—O bond of O-
benzoyl hydroxylamines is postulated to undergo a facile

Scheme 91
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oxidative addition to this Cu(I)—aryl species to give an
(aryl)Cu(Ill)—amido intermediate that is then reductively
eliminated to release the desired product and Cu(I) complex.
Additionally, 1,3,4-oxadiazoles, benzoxazoles, or benzothiazoles
were also amidated readily with this electrog)hilic amidating
reagent in the presence of alkoxide base.”*”**

Interestingly, Huang and co-workers utilized triethylamine as
an amino group source under the aerobic copper catalysis
(Scheme 92a)." Given that copper salt can convert trimethyl-

Scheme 92
(a) CuBr, (10 mol %)
N Et AcOH (20 mol %) N Et
» + BN —— >N
O Et 05, (1 atm) (6] Et
1,4-dioxane, 120 °C, 16 h 89%
proposed mechanism
Et,  [cul0, Et G  Ho Bt AH EY
N—Et —— +N== cHcho N—[Cu] —— N—[(|3u}
Et -H / -t Et HE
Et H 46 Ar
®) Cu(0AC)»H,0 (20 mol %)
N (0] Et i N Et
@: \> . N PhCO,H (2 equiv) @[ \>_N,
\ \
(0] H Et O, (balloon), 130°C, 12 h (0] Et
solvent 52%

amine to the corresponding iminium species under aerobic
conditions, the authors proposed the formation of a Cu—amido
intermediate 46 via hydrolysis of copper—iminium adduct,
which is followed by C—H metalation. Again, reductive
elimination of this Cu—amido intermediate will release the
aminated product. Under a similar mechanistic scaffold,
formamide was also successfully used as the amino precursor
in the presence of Cu(OAc), under an oxygen atmosphere
(Scheme 92b).” A putative Cu—amido intermediate like 46
was proposed to form via an acid-promoted decarbonylation of
amides.

3.3. C—H Amination of Simple Arenes

Direct C—H functionalization of a simple hydrocarbon is a
highly desirable but challenging task that is also the case in the
field of C—H amination. In 2007, He and co-workers reported a
Au-catalyzed direct C—H amidation of arene derivatives
(Scheme 93).*”" Because of the unique capability of Au(III)

Scheme 93
R R
AuCl3 (2 mol %) NHNs
+ PhI=NNs — o
R R CHiCLL RT o R
8 equiv R = Me: 90%
= Et: 70%

complexes toward the electrophilic metalation of benzenes, the
authors hypothesized that a resultant Au(III)—aryl intermediate
may engage with aminating reagents to lead to C—N bond
formation. Indeed, mesitylene and its derivatives were
successfully converted to the corresponding arylamines by
AuCl; catalyst at room temperature in the presence of
iminoiodinane. The observation that other Lewis acidic metals
or Bronsted acids were ineffective under otherwise identical
conditions clearly demonstrates the superb reactivity of Au(1II)
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catalyst employed herein. It is noteworthy that the amidation
occurred exclusively at the aryl C—H bonds in the presence of
benzylic hydrogens, thus offering a rare example to display
selective C—H functionalization of aryl hydrogens over benzyl
hydrogens. Because no kinetic isotope effect was measured, the
authors concluded that the C—H auration process may not be
involved in the turnover-limiting stage of the catalytic reaction.

In search of mechanistic details, Bao and Schaefer evaluated a
putative reaction pathway by means of quantum chemical
calculations (Scheme 94).”> A reaction energy profile based on

Scheme 94
Ar=NHNs PhI=NNs
AUC|3
HClI / \ Phl
cl Ar cl, Cl
V4
\Au—N A|u
/ \ N
cl Ns o N ns
47
HCI& ¢ /\
Cl-Au=Ar Ar—H
N<
CI/|_I| Ns

the postulated C—H auration/imido insertion pathway, which
was originally hypothesized by He and co-workers,””" did not
account for the experimentally observed KIE values. Several
other possibilities, as a result, were additionally examined,
leading the authors to propose a key intermediate 47 that
enables the C—H bond activation. The nitrogen moiety in 47
was proposed to play a key role in assisting the deprotonation
of aryl C(sp*)—H bonds via 6-bond metathesis.

The Zhang (Y.) group utilized azodicarboxylates as an
aminating reagent to synthesize aryl hydrazides under the
analogous gold catalyst system (Scheme 95).”> Whereas the

Scheme 95
NHR'
~ R AUCl3 (1-5 mol %) .
R-F NN —————— N R
= ‘R CHxChLorDCE R
Temp, time F
NHCO,/Pr NHR"

= F, 72% (2 d, 60 °C)
Cl, 60% (2 d, 60 °C)
Br, 51% (2 d, 60 °C)

\ NS N
/@f co,Pr /@ r* R
HO R

85% (10 min, RT) R"=CO,CH,CCl3

previous reaction scope to use azodicarboxylates as the amino
group source was limited to electron-rich arenes under strong
Lewis acidic conditions, AuCl; catalyst allowed both electron-
rich and -deficient aryl C—H bonds to undergo amination. The
observed para-selective amination of phenol is indicative of an
electrophilic aromatic metalation pathway.

The DeBoef group recently reported the Au(I)-catalyzed
oxidative C—H amidation of alkyl benzenes by using
phthalimide as an aminating source (Scheme 96).””* Although
the reaction requires superstoichiometric amounts of hyper-
valent iodine(IIT) oxidant and elevated temperatures (100 °C),
the reaction proceeded with high regioselectivity. The authors
proposed that the Au(I) precursor is oxidized to Au(III) in situ,
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Scheme 96
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which initiates an electrophilic aromatic C—H metalation. It
was also suggested that phthalimide is converted to its iodane
species, which is then transmetalated to an Au(IIl)—aryl
intermediate to afford (aryl)Au(III)—amido species that will
eventually undergo a reductive elimination to release an
amidated product.

While Au(III) species display a remarkable catalytic activity
toward the C—H amination of simple arenes at variable
reaction temperatures, a few examples of palladium or copper
catalyst systems have also been revealed. Hartwig and co-
workers showed that Pd(I) catalyst in combination with
hypervalent iodine oxidant can promote nondirected C—H
imidation of arenes using phthalimide as the nitrogen source
(Scheme 97).*° Given that a similar transformation was
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previously developed under metal-free conditions by Chang
with the display of only statistical regioselectivity,”™ the
enhanced selectivity exerted by palladium catalysis is note-

worthy. Sterically more accessible sites such as meta or para C—
H bonds of monosubstituted arenes were favored for the
amidation. Interestingly, the observed regioselectivity in the C—
H amidation was distinct from the reported selectivity in the
related C—H acetoxylation reactions,””’~>° wherein ortho- and
para-selectivity were predominantly observed. While a high
level of KIE (4.1 + 0.1) was indicative of the relevance of C—H
bond cleavage to the rate-limiting stage, detailed under-
standings of a working mode in this nondirected C—H
amination, particularly in regard to the disparate selectivity to
the analogous C—H acetoxylation, will guide the future
developments of more selective and practical catalyst systems.

In 2013, Ritter and co-workers devised a novel catalytic
system enabling a catalytic C—H imidation of arenes with NFSI
as the amino group source (Scheme 98a).”"" PA(II) complex 48
bearing 1-(pyridin-2-ylmethyl)pyrrolidine 1-oxide was espe-
cially active in the presence of silver cocatalyst, and simple
arenes, employed even as a limiting reactant, were imidated at
room temperature. Subsequently, Itami and co-workers
developed a Cu(I)-based catalgst system for a similar
transformation (Scheme 98b).’"* 6,6’-Dimethylbipyridine
(6,6'-Me,bpy) was an especially effective ligand, and the
substrate scope was broad, including heteroarenes and simple
benzenes. Although mechanistic details remain elusive, inverse
secondary KIE values for both Pd and Cu catalyst systems
indicate that a rehybridization of arene substrates from sp* to
sp> may be involved in the rate-determining stage.

4. C—H INSERTION CATALYSIS

Catalytic transfer of a nitrene moiety was first demonstrated by
Breslow in the tosylamidation of cyclohexane with a
cytochrome P-450 model in 1982.°>%° Subsequently, Mansuy
demonstrated a catalytic olefin aziridination by utilizing
iminoiodinane as a nitrenoid precursor with Mn- or Fe-
porphyrin catalysts.’”” It was postulated that a key intermediate
responsible for the C—H bond cleavage is a metal—nitrenoid
species that is possibly formed by transferring a nitrene moiety
in an aminating agent to the metal center. A few studies
disclosed the characterization of such metal—nitrenoid species
and their reactivity toward otherwise inert C—H bonds. With
the action of key metal—nitrenoid species, the C—H bond
cleavage of hydrocarbons may occur via two possible
mechanisms: (i) a concerted C—H insertion and (ii) a stepwise
process of hydrogen atom abstraction (HAA) and subsequent
radical recombination (Scheme 99).%%* Unveiling the C—H
cleaving pathway is of particular interest in this class of

Scheme 98
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reactions as it provides useful information in designing more
reactive and selective catalytic systems. To elucidate the
mechanistic details, experimental data including kinetic isotope
effect (KIE), a radical clock study, and stereochemical
outcomes have been insightfully interpreted, often in
combination with computational simulations.

4.1. C(sp®)—H Amination

4.1.1. First-Row Catalysis. Since the seminal reports on
the Fe- and Mn-mediated nitrenoid transfer processes,”>%**%*
there have been extensive efforts to develop first-row transition
metal catalyst systems that are applicable for more efficient and
selective C—H amination reactions. The fact that these metals
are earth-abundant and relatively nontoxic has made this
research focus more rewarding. Whereas metalloporphyrin
complexes were widely used to mediate the nitrenoid transfer,
the utility of synthetically more accessible multidentate ligands
bearing nitrogen or oxygen coordinating atoms was also
extensively examined.

4.1.1.1. Manganese Catalysis. Early works on the
manganese catalysis were mainly associated with porphyrin-
or salen-based Mn(III) complexes. Che and co-workers
described that electron-deficient Mn(III)—porphyrin catalyst
is capable of catalyzing amidation of saturated C—H bonds with
high turnover numbers.’”> Notably, enantioselective intra- and
intermolecular C—H amidations were also disclosed with chiral
(salen)Mn(III) catalysts.soé’307 Recently, White and co-workers
developed an elegant catalyst system based on manganese tert-
butylphthalocyanine ([Mn(‘BuPc)]-SbF, 49), which displays
high reactivity and excellent chemoselectivity toward an
intramolecular C(sp>)—H amidation (Scheme 100).**® In
general, a nitrenoid transfer process often suffers from poor

chemoselectivity in that C—H amination and olefin aziridina-
tion reactions are sometimes competitive, especially when a
substrate contains both reactive C—H bonds and z-acidic
olefins. In this regard, it was noteworthy that by using 49 as a
catalyst, a high level of preference for the C—H amidation was
observed even toward the propargylic or primary C—H bonds.
The authors carried out mechanistic studies to reason this
unusual chemoselectivity exhibited by the catalyst 49. KIE
experiments revealed that the C—H insertion mode mediated
by 49 may lie between the stepwise HAA/rebound process and
concerted insertion pathway, which are usually operative in the
known iron(II) and Rh,(II) catalyst systems, respectively.
4.1.1.2. Iron Catalysis. Iron complexes have been examined
as potential catalysts for a range of functional group transfer
reactions because such reactivity is frequently found in enzymes
containing iron-based active sites. In particular, cytochrome P-
450 oxidase was found to catalyze C—H amination with
iminoiodinane as the amine source,"*** and Che proved that
analogues iron(III) porphyrins can work as efficient catalysts
for the intramolecular amination reactions.’”” The formal C—H
insertion in this case was proposed to proceed via HAA/
rebound pathway due to the high spin state of nitrenoid
intermediate. DFT calculations additionally supported the
formation of a high-valent Fe(IV)=NR species.”"’ Recently,
a notable catalyst system of Fe(IIl)—phthalocyaninato ([FePc]-
Cl) was developed by the White group (Scheme 101).>"" In the

Scheme 101
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presence of a double bond adjacent to an allylic C—H bond, the
C—H amidation was favored over the related aziridine reaction.
The authors reasoned that a radical rebound step immediately

Scheme 100
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after the formation of an allyl radical is so rapid that other side
reactions can be suppressed. The observed retention of
stereochemistry and the absence of isomerization of double
bonds in substrates additionally support this proposal.

A number of nonheme Fe-based catalysts have been
extensively investigated on the basis of the C—H amination
approach, especially in recent years. Among those, the Betley
group’s report on the utility of iron—dipyrromethane
complexes is particularly noteworthy.”’* A high-spin Fe(II)
complex 50 was shown to catalyze an amination of toluene
solvent with alkyl azides at the benzylic C(sp*)—H bonds
(Scheme 102). Stoichiometric reactions enabled the isolation of

Scheme 102
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an iron complex 51, and the spin state of this species was
determined to be S = 2 with the aid of *’Fe Mdssbauer
spectroscopy and also by theoretical calculations. The
combined results indicated that the high-spin Fe(III) center
is antiferromagnetically coupled to the imido-based ligand.
Subsequent addition of toluene to 51 readily provided the C—
H aminated product.

The same research group further characterized analogous
iron complexes that are capable of catalyzing C—H amination
processes. For instance, by having a sterically less-hindered tert-
butyl substituent in the dipyrrinato ligand, a dimeric Fe(III)
complex 52 bearing a bridging imido moiety was successfully
isolated (Scheme 103a).*"® Spectroscopic analyses indicated the
ground state of 53 is S = 0, presumably resulting from an
antiferromagnetic coupling of two high-spin iron(III) species
through the bridging imido ligand. Thermodynamic equili-
brium between $3 and its monomeric form was monitored, and
it was believed to be relevant for the hydrogen abstraction of
substrates. The authors presented a catalytic C—H amination of
cyclohexene and toluene in more details (Scheme 103b).

Che and co-workers synthesized a 7-coordinated iron
complex 54 bearing a quinquepyridine (qpy) ligand that was
shown to mediate a nitrene transfer when iminoiodinane was
employed as the nitrogen source.”’* Not only activated C—H
bonds of benzylic and allylic sites but also primary C—H bonds
of saturated hydrocarbons were readily functionalized in both
an inter- and an intramolecular manner. Notably, the formation
of a putative iron—imido/nitrene bond was suggested to occur
by treating 54 with an imido precursor in a stoichiometric
manner (Scheme 104). This constitutes a unique example of
C—H functionalization operated by 7-coordinate iron—imido/
nitrene complexes.
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Driver and co-workers reported an efficient synthetic route
to 2,3-disubstituted indoles by utilizing an intramolecular
C(sp®)—H amination of ortho-alkoxylalkyl substituted phenyl
azides (Scheme 105).”" Tron(1I) bromide triggers the extrusion
of molecular nitrogen and subsequent ethereal C—H bond
cleavage at elevated temperature. A proposal on this conversion
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that consists of an iminjium ion formation and subsequent 1,2-
shift was supported by isolation of the corresponding indoline
and 3H-indole intermediates, which subsequently undergo
postulated 1,2-migration.

4.1.1.3. Cobalt Catalysis. Whereas the viability of the cobalt-
mediated nitrene transfer was documented in 1999,>'¢3'7
cobalt-based catalytic systems for C—H amination have not
been intensively scrutinized until recently. Cenini and co-
workers evaluated the reactivity of Co(Il)—porphyrin sspecies
on the C—H amination and its mechanistic details.”'® In
addition, the Zhang (X. P.) group proved the versatile catalytic
reactivity of Co(II)—yorphﬂin complexes by using various
amino precursors.”’”~**° Detailed accounts on this topic can be
found in this issue of Chemical Reviews, provided by Zhang (X.
P.) and co-workers.

In 2015, Blakey and MacBeth revealed a novel catalyst
system based on a dinuclear Co(II) complex 55 bearing redox-
active anilide ligands (Scheme 106).**” Given that the catalyst

Scheme 106
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was effective for the catalytic oxygen atom transfer via
multielectron processes,”* the authors sought to investigate
an analogous amino transfer process with organic azides. Using
an aryl azide possessing a 2-homobenzyl substituent, an
intramolecular C—H amination affording indoline products
was successfully achieved. On the basis of the observed KIE
value (3.4), the authors concluded that the HAA/radical
recombination mechanism may be operative.

4.1.1.4. Copper Catalysis. Copper complexes were exten-
sively studied as efficient catalysts for the nitrogen group
transfer process.””” Earlier promising results on the viability of
olefin aziridination as a representative nitrenoid transfer
reaction motivated researchers to study the relevant copper-
mediated C—H insertion procedures.””™*** In 1998, Taylor
and co-workers reported an intermolecular catalytic amidation
of benzylic or allylic C(sp*)—H bonds with Cu(I) catalyst by
employing chloroamine-T as the nitrogen source.”*” Although
the synthetic scope was not extensively explored, it clearly
proved the utility of copper complexes as a potential catalyst for
the C—H amination reactions.

The Pérez group pioneered the nitrenoid insertion chemistry
by devising an elegant copper catalyst 56 bearing a
homoscorpionate ligand, thus allowing a direct C—H amination
(Scheme 107).>***7 A Tp ligand with perbromo substituents
enabled the formal insertion of an imido moiety into not only
methylene C(sp*)—H bonds of cyclohexane but also C(sp*)—H
bonds of benzene. The same research group extended the
synthetic utility of this C—H amination by successfully
employing chloroamine-T as an aminating reagent.””” Consid-
ering that functionalization of aromatic C—H bonds is
challenging due to their high bond dissociation energy, this
catalytic system allows an efficient and straightforward route to
arylamines without any prefunctionalization. Computational
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studies were recently reported by Bao and co-workers to unveil
the unique features of this catalysis.””® Whereas the energy
profile of the amidation reaction on the benzylic C—H bonds of
toluene favors the HAA/rebound pathway in the insertion
process, a higher activation barrier was shown for the analogous
process with a benzene substrate. In this line, a novel pathway
involving an initial aziridination of benzene followed by
hydrogen atom abstraction was energetically more feasible. A
putative key intermediate, Cu—nitrene complex, was success-
fully located, possessing a triplet ground state.

Warren and co-workers developed a catalytic system for the
C(sp®)—H amination by examining the stoichiometric reactivity
of a dicopper complex (Scheme 108a).**” When a dicopper

Scheme 108
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complex bearing a f-diketiminate ligand was reacted with an
equimolecular amount of alkyl azide, the formation of a
dicopper nitrene species 57 was observed. An X-ray crystallo-
graphic analysis confirmed the structure of a symmetrically
bridging nitrene moiety between two copper centers. Upon
thermolysis of 57 in the presence of cyclohexane, the
corresponding C—H amination product was formed in
quantitative yield. Assuring the viability of these two key
steps in the presumed catalytic cycle, the catalytic amination
was disclosed, and several hydrocarbons were successfully
employed. Notably, 1 equiv of substrate was sufficient to afford
satisfactory product. Further kinetic and computational studies
indicated that a terminal nitrene intermediate is possibly
involved in the C—H insertion process.”’***’

The same research group further extended this amination
procedure to include primary alkyl amines as the amino group
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source.”*’ When a large excess of ethylbenzene was added to a
copper—amido complex 58, the desired C—H aminated
product was formed in 88% vyield (Scheme 108b). The
activation barrier calculated by DFT studies on the HAA/
rebound pathway was well matched with the experimentally
determined barrier. Clarifying the elementary steps eventually
led to the development of a catalytic reaction. An additional
study proved that a variety of aniline derivatives were also
applicable under this catalyst system.

Stavropoulos and co-workers prepared a C;-symmetric
tripodal copper(I) complex 59 bearing a Lewis basic
guanidinato ligand, and this copper species was found to
catalyze the amino transfer reactions such as C—H amination
and olefin aziridination (Scheme 109).>*' Mechanistic studies

Scheme 109
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5AMS
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including Hammett analysis, KIE, radical clock, and EPR
experiments in addition to theoretical calculations allowed
them to elucidate the active intermediates, and they thereupon
proposed a working mode that carboradicals are involved in the
C—H insertion process. It was shown that a putative triplet
Cu—nitrene species is responsible for the observed reactivity.
An interesting outcome of regioselectivity was reported by
Chan and co-workers in the Cu-catalyzed C—H amination of
1,3-dicarbonyl compounds (Scheme 110).*** The amidation of

Scheme 110
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ethyl 2-ethyl-3-oxobutanoate occurred at the C-2 position in
the presence of iminoiodinane and Cu(II) catalyst. Because this
site possesses an allylic character upon enolization, a posited
nitrenoid moiety is believed to react at the seemingly
unactivated C—H bond. The intermolecular KIE value was
measured to be 1.9, thus implying that the C—H insertion
proceeds presumably via a concerted manner. Because most
copper catalysts display relatively large KIE values, being
consistent with a HAA/rebound pathway, the mechanistic
result of this particular reaction is informative. It is noteworthy
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that aziridination products can be selectively obtained when 2
equiv of nitrene precursors was employed.

4.1.2. Second-Row Catalysis. 4.1.2.1. Ruthenium Catal-
ysis. Earlier reports on the catalytic activity of the first-row
metal complexes toward C—H amination and their mechanistic
insights stimulated the development of Ru-based catalyst
systems. Che and co-workers initiated this research by
disclosing ruthenium(II) complexes bearing 1,4,7-trimeth271-
1,4,7-triazacyclononane (Mestacn) as a supporting ligand.”*
Subsequently, the synthetic utility of Ru(II)—porphyrin
catalysts in the amino group transfer was independently
demonstrated by the groups of Cenini’'® and Che.*”
Importantly, the characterization of bis(tosylimido)Ru(VI)
porphyrin, which is an active intermediate for the C—H
insertion, established a clear mechanistic foundation in this type
of reaction.”**7*** More recently, Gallo and co-workers
synthesized an analogous Ru(VI) complex 60 that displayed
its capability to catalyze C—H amination in reaction with aryl
azides (Scheme 111a and b).**”**® Taking advantage of the
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thermal stability of complex 60 (stable for a long period of time
at room temperature), mechanistic studies such as spectro-
scopic characterization were carried out. DFT studies led the
authors to propose that two distinct catalytic cycles may be
operative: one involving a monoimido Ru(IV) sgecies, and a
second having a bisimido Ru(IV) intermediate.**

Du Bois and co-workers showed that a mixed-valent
diruthenium(1I/III) complex can catalyze an intramolecular
allylic C—H amination (Scheme 112).”*° One advantage of
using this catalyst system lies in its robustness toward oxidative
conditions arising from the higher one-electron oxidation
potential. Complex 61, Ru,(hp),Cl, displayed notable chemo-
selectivity as well as high efficiency for allylic C(sp*)—H
amidation in the presence of hypervalent iodine oxidant,
wherein the allylic C—H bond was selectively reacted, leaving
the olefin moiety intact. Computational calculations in
combination with experimental analyses suggested the for-
mation of a diruthenium—imidyl diradical species (quartet
state) as a putative key intermediate being responsible for the

DOI: 10.1021/acs.chemrev.6b00644
Chem. Rev. 2017, 117, 9247—-9301


http://dx.doi.org/10.1021/acs.chemrev.6b00644

Chemical Reviews

Scheme 112
O. .0 61(2.5mol %) 0. 0 o

N”

>s? PhI(OPiv), HN”

H,N""~0 "0 + Me—eN"""0
/W 5AMS /\/'\) w
Me CH,Cly, 40 °C M€

68% (8:1)

—
N" o
K—R(—ci
A

61, Ruy(hp)4Cl

observed chemoselectivity in both C—H amidation and olefin
aziridination reactions.”’

Asymmetric nitrenoid transfer to saturated C—H bonds is
highly desirable in that it offers a straightforward route to chiral
amino compounds from hydrocarbons. In 1999, Che and co-
workers developed chiral Ru(porphyrin)-catalyzed asymmetric
C—H amidation of ethylbenzene, achieving up to 58% ee.’>”
This seminal example demonstrated the feasibility of an
asymmetric induction by utilizing multidentate chiral ligands.
In 2008, Blakey and co-workers utilized a Ru(Il) (?ybox)
catalyst 62 to produce chiral sulfamates (Scheme 113a).”>* The
reaction displayed a high level of reactivity as well as
enantioselectivity under ambient conditions. Katsuki and co-
workers disclosed a chiral (salen)Ru(II) catalyst system for the
enantioselective intermolecular C(sp®)—H amidation using
SES—Nj (2-(trimethylsilyl)ethanesulfonyl azide) as an amino
group source (Scheme 113b).*** While an analogous iridium
catalyst does not provide satisfactory results, ruthenium species
63 displayed an excellent level of stereoselectivity in the C—H
amidation. Mechanistic studies including radical clock and
olefin isomerization tests suggested that the concerted C—H
insertion path is more plausible, although a rapid HAA/
rebound route cannot be completely ruled out.

4.1.2.2. Rhodium Catalysis. Among various catalytic systems
previously utilized for the C—H insertion process, dirhodium
tetracarboxylates displayed especially notable reactivity in
transferring amino groups to unreactive C(sp’)—H bonds.
Early results on the use of hypervalent iminoiodinanes as a
nitrenoid precursor stimulated subsequent investigations to
develop more efficient procedures, thus enabling practical

o . . g 62,63,355,356
applications of this method to synthetic chemistry.
Most notably, the Du Bois®>’*°' and Che’”® groups
independently established an elegant protocol, the “PhI(OAc),

+ NH,R” method, to generate a reactive iminoiodinanes species
in situ by simply mixing primary amides and PhI(OAc),
oxidant. The additive of MgO is frequently employed to
quench an acid byproduct (AcOH) in the reaction mixture.
Given that a separate preparation of iminoiodinane species is
restricted to only a certain type of amides, this method
dramatically expanded the amide scope to serve as direct
nitrenoid precursors, thus establishing highly versatile and
broad intramolecular C—H amination (Figure 3).>** Detailed

o) o) NR' o.,0
A X J o8
HN” Y0 HN”ONR' HN” ONR' HU
n NHy cat. Rhy(O,CR)4 v J/
—
C [O] O\\S//O O\\S,/O Oy 0 Oy Ar
HN"">0  HN""°NR' HN"T O HN™ YO

Figure 3. Heterocycle synthesis via Rh,(II)-catalyzed intramolecular
C—H amination. Reproduced with permission from ref 362. Copyright
2011 American Chemical Society.

discussions on this topic before the year 2009 were
documented in the literature."*°® More recently, the Du
Bois****** and Dauban®® groups independently summarized
advances in the topic with emphasis on the synthetic and
mechanistic studies.

Despite this early achievement, the “PhI(OAc), + NH,R”
method often suffers from catalyst degradation caused by an
undesirable ligand exchange under oxidative conditions. To
improve the stability of catalyst systems, the Du Bois group
elegantly devised a strap-type ligand, where two carboxylates
are connected to each other.’*® Tetramethylated m-benzene-
dipropionate (esp®”) was employed to furnish a new catalyst
system of bis{rhodium(a,a,a’,a’'-tetramethyl-1,3-benzenedipro-
pionate)}, commonly referred to as Rh,(esp),, which displays
superior catalytic activity and a broader substrate scope as
compared to Rh,(OPiv),.**” Taking advantage of such notable
features, recent advances with this novel catalyst system have
been made to include diastereoselective synthesis of 1,3-
diamines**® and intramolecular amination of propargylic C—H
bonds®® (Scheme 114a and b). Remarkable catalytic perform-
ance was also demonstrated in an intramolecular cyclization of
azido-2-(tert-butyl)benzenes to afford indoline products
(Scheme 114c).>”® Notably, mechanistic tests using deute-
rium-labeled substrates provided supportive evidence that a
stepwise C—H cleavage may be operating in this case (Scheme

Scheme 113

62 (5 mol %)

(a)
AgOTf (5 mol %) o\\ ,

CNp e

Ph PhH, 40 °C, 24 h
84%, 84% ee

63 (2 mol %) NHSES
4AMS .

(®)
/O
ST PhI(OAc), (1.1 equi S
HN~Sng PIMOACR (LT eah) -5 ©:>+N3—SE84>©:§
MgO (2.3 equiv) * CH,Cl,, -10°C, 24 h
/\) Ph/l\) V12

90%, 94% ee

o

SNGAS
/le\
§ % 4
OaSLUa®
O O

R=2,6-F,CqH3

DOI: 10.1021/acs.chemrev.6b00644
Chem. Rev. 2017, 117, 9247—-9301


http://dx.doi.org/10.1021/acs.chemrev.6b00644

Chemical Reviews

Scheme 114
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115). While two stepwise pathways can be considered in the
C—N bond-forming process (hydride transfer versus H atom
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abstraction), computational studies disclosed by Ke, Zhao (C.),
and co-workers corroborated the latter pathway.*”"

Du Bois and co-workers reported another elegant example of
an intermolecular C—H amination at the tertiary carbon centers
with the established catalyst system of Rh,(esp), and
PhI(OAc),/MgO (Scheme 116).””* Notably, 2,6-difluorophen-

yl sulfamate (DfsNH,) was employed to display significant
activity in this amination, where hydrocarbon substrates were
used as a limiting agent. An excellent level of selectivity was
observed even in the presence of multiple tertiary carbons in a
substrate.

Bach and co-workers presented a notable example of
diastereoselective intermolecular C—H amination by using the
Rh catalyst system (Scheme 117).””> By having a stereogenic

Scheme 117
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center adjacent to the targeted C—H bonds, a high level of syn-
selectivity was achieved in reaction with 2,2,2-trichloroethox-
ysulfonamide (TcesNH,). They also performed mechanistic
studies including DFT calculations to ascertain the origin of
such high diastereoselectivity, especially by focusing on the
conformational preferences.”’*

The influence of strapped ligands on the catalytic reactivity
was further investigated by several analytical approaches.
Importantly, the kinetic behavior clearly indicated the relative
stability of Rh,(esp), in the presence of hypervalent iodine
oxidants.””> In contrast, when Rh,(O,C"Pr), was subjected to
the same oxidative conditions, a significant degree of complex
degradation was observed, thus confirming a key role of the
covalent connection between two carboxylates on the catalyst
stability. The formation of [Rh,(esp),]" species possessing
mixed-valent dirhodium(II/III) centers was also observed
under the employed oxidative conditions. In 2011, Berry and
co-workers showed that mixed-valent dirhodium(II/IIT) species
works as an active intermediate in an intermolecular C—H
amination reaction.”’® Whereas the formation of a Rh—
nitrenoid intermediate is generally accepted in the C—H
amination of hydrocarbons, the authors speculated that the
oxidized species [Rh,(esp),]* facilitates a nitrenoid transfer
presumably via sequential proton-coupled electron transfer
(PCET) processes. On the basis of this hypothesis, a new
procedure of the catalytic C—H amidation was developed by
using single electron oxidants such as Ce(SO,), instead of
hypervalent iodine species to afford amidated product 64
(Scheme 118).

Scheme 116
Rha(esp), (4 mol %)
PhI(OAc); (2.0 equiv)
H MgO (2.0 equiv) NHDfs
_ PhM H (0. i
R1&"R3 + HoN—Dfs e,CCOH (0.5 equiv) o -
R? _ 5 A MS, PrOAc R?
1.2 equiv
~, ,NHDfs
NHDfs o) DfsHN
OBz N
tBu)J\O‘
OBz
70% 68% 62%

9281

Scheme 118
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Given that mixed-valent dirhodium-carboxglate complexes

. o L 37
are rather labile under oxidative conditions,””” Berry and co-
workers devised a new type of complex where carboxylates are
substituted with carboxamides because nitrogen donors often
stabilize more effectively high-valent metal complexes. Indeed,
such displacement led to a significant improvement in terms of
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catalyst performance (Scheme 119).*”” In an intramolecular
C—H amination of a model substrate, dithodium complex

prediction of the isomeric ratio obtainable from the Rh,(esp),-
catalyzed C—H amidation (Scheme 121).**° The Rh-catalyzed

Scheme 119
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Ph
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bearing carboxamide straps, Rh,(espn),Cl, exhibited notable
turnover numbers (1450), being much higher than those
obtained with Rh,(esp), catalyst (490) under the same
oxidative conditions. Combined theoretical and experimental
investigations revealed that the ground state of a putative Rh—
nitrenoid species is located at the quartet state and it can readily
undergo spin crossover to maintain a concerted and
asynchronous C—H insertion mode.*”®

Elucidation of a mechanistic working mode in the
dirhodium-catalyzed C—H functionalization of hydrocarbons
has been a long-standing interest. An early study by Miiller and
co-workers suggested that an intermolecular C—H amination
by Rh,(OAc), catalyst follows a concerted C—H insertion

379 L : .

pathway.”” A similar conclusion was drawn by Du Bois on

both intra- and intermolecular C—H amination reac-
367,378,380

tions, although recent studies on intermolecular
reaction of tertiar;r C—H bonds suggested a stepwise HAA/
rebound pathway.””> Mechanistic interpretations of Hammett
plotting, chirality transfer, radical clock test, and KIE values
provided support for this postulate. Recent DFT studies
corroborated the formation of Rh—nitrenoid species and a
subsequent concerted asynchronous C—H insertion path-
way.**' % However, despite these mechanistic descriptions,
definite proof of the details of the C—N bond-forming process
such as the isolation and characterization of key intermediates
has been elusive to date. In this context, Du Bois and Zare tried
to observe reactive intermediates by applying desorption
electrospray ionization (DESI) mass spectroscopy to the
catalytic C—H amination conditions.”®* With this DESI
technique, they captured characteristic signals of several
putative intermediates, critically including Rh—nitrenoid species
having lifetimes of milliseconds or less (Scheme 120).
Selectivity control in the C—H functionalization is a critical
issue especially when multiple reactive sites are present in a
substrate. In fact, the dirhodium-mediated C—H insertion
reaction often gives rise to a mixture of isomeric products.
Sigman and Du Bois developed a model system to allow
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Scheme 121
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C—H amidation of isoamylbenzene gave two isomeric products,
reacted at the benzylic and tertiary positions in each case.
Because the isomeric ratio was found to be sensitive to the
substrates employed, they carefully interrogated the benzylic-
to-tertiary product ratios in a variety of substrates (23 entries)
to establish a multiparameter-based free energy relationship. A
comprehensive statistical treatment revealed that the electronic
contributions reflected in the Hammett 6" values of
isoamylbenzene derivatives and the computed infrared signals
of sulfamate esters (0¢o, Iogy) Were most critical to govern the
selectivity. This model was further validated by another set of
substrate combinations (38 entries), and, eventually, it was
applied to predict the structure of substrates that may give rise
to a high isomeric ratio.

Recently, remarkable progress has been made in the
development of Rh-catalyzed asymmetric C—H insertion
reactions, such that chiral amines can be installed with high
site-selectivity.® A range of chiral carboxylates were utilized for
the preparation of bimetallic chiral rhodium catalysts as shown
in Scheme 122. Seminal reports by the Davies’*® and Du
Bois®®’ groups independently proved that intramolecular
asymmetric aminations are highly viable with chiral catalysts
65 and 66, which are derived from adamantylglycine and 2-
piperidonate, respectively (Scheme 122a and b). Davies and co-
workers presented an asymmetric intermolecular C—H
amidation reaction with a chiral catalyst 66 (Scheme
122c).386 Diastereoselective C—H amination reactions were
also reported upon the combined use of chiral amides and
catalyst 67 (Scheme 122d).***** This method was applied to
the amination of complex molecules bearing terpene, enol
ether, or alkyne functionality.”””*”" In 2011, Lebel and co-
workers utilized chiral carbamates for the diastereoselective
intermolecular C—H amination with catalyst 68 (Scheme
122¢).”**”* The Bach group developed a notable asymmetric
C—H amination by taking advantage of a secondary interaction
between substrates and chiral catalyst 69 (Scheme 122f).*"*
Hydrogen bonding was assumed to critically influence the
stereodetermining C—H insertion step.

4.1.2.3. Silver Catalysis. While silver catalysts have rarely
been utilized in C—H amination, notable exceptions are
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recently revealed.’”® For instance, He and co-workers found
that a dimeric silver(I) catalyst 70, prepared in situ by mixing
AgNO; and 4,4',4"-tri-tert-butyl-2,2":6’,2"terpyridine
(4,4',4"'Bustpy), can dramatically improve the efficiency of a
C—H amination, thus enabling an 1ntramolecular C-H
cyclization of carbamates (Scheme 123a).>” Interestingly, the

Scheme 123
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use of analogous ligands such as pyridines or bipyridines
resulted in much lower reactivity under otherwise identical
conditions. The same research group later showed that a
dimeric silver species 71 bearing bathophenanthroline ligands
can smoothly catalyze an intermolecular C—H amination at the
benzylic C(sp>)—H bonds (Scheme 123b).*” Interestingly, the
crystallographic structure of complex 71 revealed an
argentophilic interaction between two stacked silver(I)
moieties. The authors posited that the conservation of this
dimeric form during the catalytic reaction is important for
achieving high reactivity by promoting the formation of a
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disilver(II)—nitrene intermediate and, at the same time,
possibly inhibiting a radical process commonly observed in
the Ag(I)-mediated reactions.

Chemoselectivity is an important issue in the nitrogen
transfer chemistry because C—H amination and its relevant
olefin aziridination can be mediated by the same metal—
nitrenoid species. Given that the coordination geometry of
silver(I) complexes depends on the ligands’ concentrations,
Schomaker and co-workers presented an interesting strategy to
achieve ligand-controlled chemoselective nitrogen transfer
(Scheme 124). They hypothesized that active intermediates

Scheme 124
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in the catalytic cycle can be ﬁnely tuned by changing the ratio
between metal and ligands.*”® When a bis-homoallyl carbamate
was subjected to the AgOTf/1,10-phen (1:1.25) catalyst
system, aziridination occurred predominantly. In contrast, an
increase of the ligand to 3 equiv relative to the silver salt
induced a reversal of the chemoselectivity, leading to C—H
amination almost exclusively. It was rationalized that the steric
bulk of the silver catalyst is responsible for this chemoselectivity
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change: open coordination site promotes the olefin aziridina-
tion, whereas congested metal center favors the C—H insertion.
A continuous research program by the same group also showed
that silver-catalyzed regioselective C—H amination can be
attained by the choice of ligands.””” Thorough examination of
different types of ligands revealed that the selectivity between
benzylic and tertiary positions can be finely tuned by its
coordination environment.

4.1.3. Third-Row Catalysis. 4.1.3.1. Iridium Catalysis. The
third-row transition metals have not received much attention in
the area of the C—H insertion chemistry. Indeed, only a few
examples of C—H aminations were known with iridium or gold
catalysis. One notable procedure was disclosed by Driver and
co-workers, who showed that [(COD)Ir(OMe)], catalyst was
effective for the mild intramolecular C—H amination of aryl
azides giving rise to indolines, indoles, or carbazole products
(Scheme 125).*° Both benzylic C(sp®)—H and olefinic or aryl

Scheme 125
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C(sp*)—H bonds were reactive toward the C—H insertion by
interacting with putative iridium—nitrenoid intermediates at
ambient temperature. Whereas an asynchronous concerted C—
H insertion path was proposed on the basis of the
intramolecular KIE value (5.06), further examinations would
be required to rule out an alternative mechanism involving
triplet nitrenoid intermediate.

Katsuki and co-workers prepared chiral (salen)iridium(I1I)
complexes 72 for the asymmetric C—H amination in analogy to
the corresponding Ru catalyst system,”* which was developed
by the same research group (Scheme 126)."”" An intra-
molecular C—H insertion at the benzylic ortho C—H bonds of
sulfonyl azides was achieved in high enantiomeric excess to
afford benzosultam products. The reaction scope was not

Scheme 126
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limited to ortho-alkyl arylsulfonyl azides, and sulfamoyl azides
73 were also readily cyclized, albeit with moderate enantiomeric
excess.

4.1.3.2. Gold Catalysis. A rare example of using gold
catalysis was reported by Feng and co-workers (Scheme
127).**> While a related aziridination with gold(I) catalyst

Scheme 127
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was previously identified,””” this study showed unique reactivity

of gold species toward C—H amination of hydrocarbons. In the
presence of gold(III) catalyst 74 and stoichiometric amounts of
NBS, an intermolecular amination at the benzylic C(sp*)—H
bonds was achieved. Ligand effects on the reactivity were also
observed: whereas triphenylphosphine was not effective,
gold(III) species bearing pyridine or bipyridine ligands gave
good to excellent product yields. N-Bromosulfonamide, formed
in situ by the reaction of sulfonamide with NBS, was suggested
to react with ethylbenzene to afford the C—H aminated
products. The authors proposed that, upon the formation of N-
bromosulfonamide, Au(I) species generated in situ from the
Au(III) precursor reacts with the active amino group source to
afford the Au(I)—amide adduct, which is then converted to a
putative Au(III)—nitrenoid species, thus enabling the key C—H
insertion.

4.2. C(sp?)—H Amination

4.2.1. Intramolecular Amination via Metal—Nitrenoid
Intermediate. Driver and co-workers pioneered the develop-
ment of Rh,(II)-catalyzed intramolecular C(sp*)—H amination
to obtain functionalized indoles (Scheme 128).*%*7*%° The
authors found that dirhodium species bearing electron-deficient
carboxylates catalyze the cyclization reaction of styryl- or aryl
azides with neighboring aryl sp* C—H bonds to afford
substituted indoles. As postulated in most C(sp*)—H insertion
aminations, the formation of a putative Rh—nitrenoid species
was also proposed in Driver’s reactions. Considering the
importance of indoles as a privileged structure in medicinal and
synthetic chemistry, this procedure is expected to have broad
applications.

The mechanistic foundation for such novel reactivity was
investigated using triaryl azide as a model substrate (Scheme
129).*”” While the Rh—nitrenoid species was proposed to form
via the coordination of @-nitrogen of aryl azide to the rhodium
center, three plausible pathways were envisioned in the
subsequent C—N bond formation: (i) concerted C—H
insertion of nitrenoid into aromatic C—H bonds, (ii)

DOI: 10.1021/acs.chemrev.6b00644
Chem. Rev. 2017, 117, 9247—-9301


http://dx.doi.org/10.1021/acs.chemrev.6b00644

Chemical Reviews

| Review

Scheme 128
CO,Me
N
N3 H 84%
Rh2(02CC3F7)4
Ej\/V _@Bmil%) N—pnh
N
o]
PhMe, 60 °C H 940
N,
> Cr,
N3 >95%
Scheme 129
Z
7R ~ g -
[}
X A \ /{R
IN-RN N, No N
Pho N, Ph [Rhle Ph
= + %
® /{R
N
Rh]
concerted insertion SegAr Velectrocyclization

electrophilic aromatic substitution (SgAr), and (iii) electro-
cyclization. Among them, the concerted C—H insertion and
SgAr mechanisms were excluded by the characteristic reactivity
pattern observed in the competition studies. On the basis of a
linear correlation between Hammett parameters and the
product ratio, it was concluded that a planar nitrenoid species
will undergo 4m-electron-S-atom electrocyclization leading to
C—N bond. Recent computational studies corroborated a
mechanistic scaffold involving a pseudoelectrocyclization
process in the pericyclic transition state.””® This proposal
provides a novel working mode to involve a putative Rh—
nitrenoid species because most of the known C—H aminations
catalyzed by dirhodium complexes were proposed to undergo
an insertion of C—H bonds via a concerted manner.

In 2011, Driver et al. reported a cascade process of C—H
amination and subsequent nitro group migration to afford 3-
nitroindoles when f-nitro styryl azides were subjected to the
dirhodium catalytic system (Scheme 130).**” The migration of
C-2 substituents was not limited to nitro functionality, and
various other electron-withdrawing groups including benzoyl or
sulfonyl substituents were also viable. Interestingly, esters and
amide moieties showed little reactivity toward the migration,
suggesting that strong electronic bias is required. Combined
mechanistic studies revealed that this migration proceeds even
in the absence of dirhodium catalyst and that it is closely related
to the intrinsic properties of substrates.”'" The same research
group also applied the Rh(II) catalyst system for the total
synthesis of (+)-horsfiline.*"'

While a dirhodium catalyst system has been most frequently
used for the intramolecular C(sp?)—H amination of aryl- or
vinyl azides, a few examples are known to employ other
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transition metal catalysts. For instance, Lin, Jia, and co-workers
revealed the catalytic activity of RuCl; in the cyclization of f-
styryl azides to afford indoles (Scheme 131a).*'* The Bolm

Scheme 131
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group found that the same cyclization can be efhiciently
achieved with a commercially available Fe(OTf), catalyst
(Scheme 131b).*"® The reaction efficiency was changed
depending on the solvents that were used, and ethers were
the most effective to allow mild conditions. Che et al. also
demonstrated that Fe(II) catalysts bearing electron-deficient
porphyrin ligands can efficiently cyclize (E)-methyl 3-(ortho-
amino-phenyl)acylate to furnish methylindole-2-carboxylate in
the presence of PhI(OAc), oxidant (Scheme 131c).*'*
Interestingly, computational studies done by Li (J.) and co-
workers indicated that the C—N bond formation in this iron-
catalyzed cyclization does not follow the electrocyclization
pathway, which was generally accepted in the Rh-catalyzed
intramolecular reactions.""” Instead, a hydrogen atom abstrac-
tion of C(sp?)—H bonds and subsequent rebound pathway
were calculated to be energetically more favorable to involve
putative quartet or sextet intermediates.

Whereas the N, extrusion from organic azides is assumed to
take place through the coordination of @-nitrogen to the most
electrophilic metal centers, Plietker and Alt presented a novel
working mode, where electron-rich iron complexes enable
nucleophilic activation of aryl azides (Scheme 132).*' Anionic
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Scheme 132
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iron complexes readily donate electrons to the a-nitrogen of
azides to facilitate subsequent liberation of N,, thus leading to a
Fe—nitrenoid species. The optimized iron catalyst system was
successfully applied to the cyclization of biphenyl azides, giving
rise to carbazole products.

An interesting strategy for the intramolecular amination was
established by using the 2H-azirine moiety as an amino
precursor. Narasaka®'” and Zheng"'® independently proved this
approach with dirhodium(II) and iron(II) catalysts, respectively
(Scheme 133). DFT calculations by Li (J.), Yan, and co-

Scheme 133
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workers indicated that the catalytic cycle likely involves
sequential processes of ring opening of 2H-azirines, C—N
bond formation, and 1,2-hydride shift.*'® Reaction energy
profiles of both Rh and Fe systems are directly compared to
each other.

4.2.2. Intermolecular C—H Amination. Metal-catalyzed
intermolecular C(sp?)—H insertion is often highly challenging
within the conventional mechanistic scaffolds involving direct
C—H insertion or homolytic C—H bond cleavage. An
alternative mechanistic consideration in the C—H amination
of benzenes was described by Pérez with a TpCu(I) catalyst
system (see section 4.1.1).3°63%7 Although the fundamental
basis for this proposal has not been clarified yet, DFT
calculations suggested that it involves a tandem process:
unusual aziridination of benzenes followed by H atom transfer
and then rearomatization.>*® In 2013, Nicholas and co-workers
reported a copper catalyst, (neocuproine)Cu(I), to enable a
direct amination of simple arene at 140 °C by using N-
tosyloxycarbamate as the aminating agent.””” The authors
proposed a putative copper(Il)—imido species that will
undergo an electrophilic addition to arenes.

The Jensen group found that, after a systemic screening of
various complexes including manganese, iron, cobalt, and
nickel, an Fe(Il)—scorpionate species 75 is capable of
catalyzing C—H amination of aromatic hydrocarbons (Scheme
134)."*! Reaction of toluene under the same conditions showed
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Scheme 134
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a notable selectivity at the aryl C(sp*)—H over the benzylic
C(sp®)—H bonds, but with moderate regioselectivity leading to
ortho- and para-amidated products with a similar ratio.
Regioselectivity is a key issue in an intermolecular amination
of substrates bearing seemingly analogous multiple C—H
bonds. Che and co-workers utilized their Ru(II) porphyrin
catalyst system for the selective C—H amination of a range of

heterocycles (Scheme 135a).”*” When furan was allowed to
Scheme 135
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react with iminoiodinanes in the presence of the ruthenium
catalyst, an amidation took place selectively at the C-2 position.
A similar selectivity pattern was also observed with thiophens
and N-tosylpyrroles. However, when N-phenylpyrrole was
employed, 3,4-bisamidated product was obtained in good yield
without the formation of isomeric byproducts. The same
research group further extended the scope of heteroarenes to
include indoles (Scheme 135b).*** (Porphyrin)Ru(II)-cata-
lyzed C—H amination of N-alkylindoles was smooth in reaction
with aryl azides to afford indolines products, being doubly
imidated at the C-2 and C-3 positions. A potential involvement
of anilines that could be derived from aryl azides as the amino
group source was ruled out on the basis of a control
experiment. Instead, this transformation was tentatively
proposed to involve initial aziridination of the indole, followed
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by aziridine ring-opening, with subsequent C—H amination,
and dehydrogenation to provide the diimine product.

5. PHOTOREDOX CATALYSIS

Significant recent advances have been made in the area of direct
C—H amination through either nucleophilic or electrophilic
mechanistic scaffolds that are facilitated by transition metal
catalysts, thus leading to notable synthetic applications in
medicinal and materials chemistry. However, from a mecha-
nistic view, nitrogen-centered radicals have rarely been
implicated in the direct C—N bond-forming procedures
possibly due to their uncontrollable reactivity. Indeed, those
reactive species are traditionally generated by thermolysis, short
wavelength photolysis, or radical initiators that are usually
incompatible with labile functional groups present in substrates,
thereby making synthetic applications based on this approach
rather difficult. Therefore, the development of preparative
routes to nitrogen-centered radicals is highly desirable,
especially in a predictable manner under more selective and
mild conditions. In this context, the remarkable achievements
in the single electron transfer process by visible light
photoredox catalysis have extended the scope to the C—N
bond-forming reactions by generating the required nitrogen-
centered radicals under mild photoredox catalytic condi-
tions.””***> Indeed, the visible light photoredox catalysis was
found to generate the nitrogen-centered radicals easily with
broad applications in the synthesis of nitrogen-containing
compounds. In this section, recent notable advances in the
direct C—H amination with this new mechanistic scaffold are

described.
1. Intramolecular C—H Amination

On the basis of the notable progress in the intramolecular C—H
amination using photoredox catalysis, various azaheterocycles
can now be prepared in a straightforward manner. In 2012,
Zheng reported the synthesis of N-arylindoles from ortho-styryl
anilines under a Ru-based photocatalyst system with visible
light (Scheme 136). 26 Notably, the addition of silica gel was
found to facilitate the absorption of molecular oxygen and to
serve as a proton source. High efficiency in the cyclization was
obtained especially when p-methoxyphenyl (PMP) was
installed at the anilinic nitrogen atom. Interestingly, 2,3-
disubstituted indoles were produced from gem-disubstituted
styryl anilines, presumably via a 1,2-carbon shift of benzylic
cation intermediates, wherein an aryl substituent is preferen-
tially migrated over alkyl groups. According to this mechanistic
depiction, an initial reductive quenching of a photoexcited
Ru(Il) species by styryl anilines gives rise to N-radical cation
intermediate 76, which then undergoes a series of electrophilic
addition and aromatization to afford indoles. Subsequently,
Xiao also reported the synthesis of 2-substituted indoles from
styryl azides using visible light photocatalysis.**’

In 2015, Yu (S.) and Zhang (Y.) reported an efficient
intramolecular route to a wide range of heterocycles including
phenanthridines, quinolines, and pyridines (Scheme 137).*" In
this approach, the key to success was the facile generation of
nitrogen-centered radicals by iridium photocatalysis of acyl
oxime substrates with visible light. In this reaction, electron-
withdrawing substituents in acyl oximes improved the
cyclization efficiency, presumably by enhancing the leaving
group ability of carboxylate anions during the course of
generating an imidyl radical that eventually undergoes an
intramolecular homolytic aromatic substitution leading to a
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carbon-centered radical intermediate 77. This resulting C-
radical 77 is oxidized by Ir(IV) species to give rise to a cationic
intermediate 78, which is then deprotonated to furnish N-
heterocycles. Alternatively, 77 can also be transformed to an
anionic radical intermediate 79, which is then oxidized by
Ir(IV) species to give the same product.

5.2. Intermolecular C—H Amination

In 2014, Sanford and co-workers reported a visible light
photoredox catalyst system for the C—H amination of simple
(hetero)arenes with N-acyloxyphthalimides as a precursor for
nitrogen-centered radicals (Scheme 138).*” The use of an
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Scheme 138
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electron-withdrawing trifluoromethyl substituent in N-acylox-
yphthalimides enhanced the leaving group ability of the
corresponding carboxylate anions, thus forming phthalimidyl
radical more efficiently. Significantly, the desired aminated
products could be obtained exclusively without C—O bond
formation, thus suppressing the formation of byproducts. As
the reaction follows an electrophilic aromatic substitution route,
regioselectivity of this C—H amination closely reflects the
electronic property of arene substituents. For examples, a high
level of ortho/para-selectivity was observed with arenes bearing
electron-donating groups, and a modest meta-selectivity was
obtained when electron-withdrawing substituents are present.
As depicted in Scheme 138, the catalytic cycle is assumed to
begin with the photo irradiation of Ir(ppy); catalyst that is
readily excited to Ir(II)* species, which is then oxidatively
quenched by N-trifluoromethylacyloxyphthalimide to release a
nitrogen-centered radical intermediate 80. This reactive radical
species is added into arenes to form a carbon-centered radical
intermediate 81. A sequential process of single electron
oxidation and deprotonation is then followed to afford the
aminated products with the concomitant regeneration of a
photoredox Ir(III) catalyst.

Lee (C.) and co-workers reported the visible light photo-
catalyzed C—H amination of (hetero)arenes using N-
chlorophthalimides as an imidyl radical precursor (Scheme
139)."° The reaction conditions were improved when

Scheme 139

fac-Ir(dFppy)s

OMe

2 NPhth
b

c

fac-Ir(dFppy)3 (0.5 mol %)
AcOH (20 mol %)
K2COj3 (3 equiv)
MeCN, RT, 24 h
visible light
1) Phthalimide (2.5 equiv)
ag. NaOCl, ‘BuOH, AcOH e
MeCN, RT, 2 h, then
fac-Ir(dFppy)3 (0.5 mol %)
LED lamp, MeCN, RT, 24 h
2) NHaNHZ'H,0 (5.0 equiv)
EtOH/DCM, RT, 6 h

41%
(15:1:13)
ab:c

OMe
©/ + ClI—NPhth

2 equiv

Me\Q/Me

Me

NH,
Me

Me
39%, 1.17 g

9288

compared to Sanford’s procedure™ in that only 2 equiv of
substrate was employed with lower loading of iridium photo
catalyst. Moreover, the author presented a gram scale one-pot
procedure to perform N-chlorination, C—H imidation, and then
deprotection to afford primary aniline products.

In 2014, Yu (S.) and co-workers reported another example of
a photoinduced C—H amination of heteroarenes (Scheme
140).*’" While hydroxylamine derivatives were used as an

Scheme 140
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amidyl radical source, the N-activating moiety on those
precursors played a pivotal role for the reductive cleavage of
N-O bonds, thus obtaining high amidation efficiency with the
N-benzenesulfonyloxy group. In this approach, a range of
heteroarenes including indoles, benzofurans, pyrroles, and
furans underwent the desired C—H amidation in satisfactory
yields. A series of control experiments was conducted to gain
mechanistic insights including a radical inhibitory test and
examination of model substrates blocked at a specific site. They
proposed the formation of a carbocation intermediate at the C-
3 position of indole substrates during the catalytic cycle.
Studer showed that N-aminopyridinium salts can be
employed as precursors for the nitrogen-centered radicals to
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react with (hetero)arenes under a ruthenium photocatalyst
system (Scheme 141)."* Notably, N-aminopyridinium salts can

N 2Cr
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N, | Ny
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u
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Scheme 141
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readily be prepared from the corresponding pyrylium salts and
hydrazine derivatives on a gram scale. A broad range of
electron-rich (hetero)arenes were efficiently amidated with high
regioselectivity, while electron-deficient substrates were rather
sluggish.

Xue reported a synthetic route to prepare 2-amino-
benzoxazoles under photoredox catalysis by directly utilizing
secondary amines (Scheme 142)."** Nonfunctionalized amines

Scheme 142

[Ir(dtbpy)(ppy)2l[PFe]
1) NCS (2.2 equiv)

N CH,Cl,, RT, 3h N
O WO
(0] 7 2) [Ir(dtopy)(ppy)2l[PFe] (1 mol %) o

PhsN (2 equiv), CH,Cl,, air, 60 h

blue LED
N /\
Ir(ilny* NPh, @%N 0
/ \% o \/
NPh,
Reductive T -H+
Ir(IIn) Quenchmg Ir(lly
>—N
[0]

T

N—>©:>—N

\_/
82

were converted to their chloroamines in situ by reacting with
stoichiometric amounts of N-chlorosuccinimide (NCS). In
addition to morpholines, additional types of cyclic and acyclic
secondary amines were successfully applied under this iridium
photocatalyst system. In contrast to the previously reported
analogous works,”””™** a reductive quenching cycle was
assumed to operate during the catalytic cycle: the excited
Ir(TIT)* species is reductively quenched by triphenylamine to
form an Ir(II) complex and triphenylammonium radical cation.
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This resultant Ir(II) species is capable of reducing the N—Cl
bonds of amino group sources to generate a nitrogen-centered
radical 82 that will be added to the benzoxazole substrate giving
rise to a N-radical intermediate 83. Finally, a tandem process
consisting of single electron oxidation and deprotonation
provides the desired aminated products.

In 2015, Konig and co-workers reported a C—H amination of
heteroarene using benzoyl azide as the unique amino group
source under the visible light ruthenium catalyst system in the
presence of an acid additive (Scheme 143).*** Interestingly, the

Scheme 143
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reaction was proposed to proceed via an energy transfer
pathway, wherein Ru species works as a triplet sensitizer for
benzoyl azides upon the visible light irradiation. The energy
transfer from an excited Ru(I[)* species to benzoyl azides
causes the loss of N, molecule to yield benzoyl nitrene, which is
assumed to be protonated by the acid additive. Subsequently,
the protonated nitrene species will react with electron-rich
heteroarenes to give the corresponding aminated products.

6. CONCLUSION AND FUTURE OUTLOOKS

Metal-catalyzed direct C—H amination of hydrocarbons has
become an important synthetic tool enabling the direct
introduction of amino functional groups at the desired position
of the substrates to produce nitrogen-containing molecules. In
particular, late transition metal catalysts display notable
performances in the amination reactions, giving rise to high
reactivity as well as excellent selectivity over a broad range of
substrates. Elucidation of mechanistic details shed light on the
direction to design new catalyst systems to reinforce the above
desirable features. Numerous examples of metal-catalyzed C—H
amination reactions indicate that the critical steps determining
the reaction efficiency and selectivity are closely related to both
C—H bond cleavage and C—N bond formation. Interactions
between metal centers and amino group sources are also crucial
in certain mechanistic scaffolds. An additional research focus in
the direct C—H amination is the development of the earth-
abundant first-row metal catalysis by uncovering the relevance
of the metal’s spin state to the efficiency in the nitrenoid
transfer process. Applications of more versatile amino group
sources that are convenient and environmentally friendly are
also important, especially from a practical point of view. While
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preactivated amino precursors are frequently utilized in the C—
H amidation at present, the direct use of amines in reaction
with hydrocarbons is more desirable if the corresponding
dehydrogenative coupling conditions can remain mild. In this
case, the use of environmentally benign external oxidants is
another critical aspect that determines the overall efficiency of
the C—H amination. It is envisioned that the scope of
substrates in the direct C—H amination can be expanded to
include not only simple hydrocarbons but also complex
molecules enabling the late-stage introduction of amino
functionality even in the presence of labile functional groups.
Although several issues remain in making this method more
practical and generally applicable to synthetic chemistry,
remarkable advances accomplished in recent years will
stimulate further developments, eventually making this
approach one of the most valuable C—H functionalization
technologies in the near future.
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