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Chiral amine scaffolds are among the most important building blocks in natural products, drug
molecules, and functional materials, which have prompted chemists to focus more on their synthesis.
Among the accomplishments in chiral amine synthesis, transition-metal-catalyzed enantioselective C—N
cross-coupling is considered one of the most efficient protocols. This approach combines traditional
C(sp?)—N cross-coupling methods (such as the Buchwald—Hartwig reaction Ullmann-type reaction, and
Chan-Evans—Lam reaction), aryliodonium salt chemistry and radical chemistry, providing an attractive
pathway to a wide range of structurally diverse chiral amines with high enantioselectivity. This review
summarizes the established protocols and offers a comprehensive outlook on the promising enantio-
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1. Introduction

C-N coupling is considered one of the most important trans-
formations in organic synthesis, producing alkyl/aryl amines
that serve as the foundational structures for natural products,
pharmaceuticals, drug candidates, and other bioactive mole-
cules (Scheme 1a)." Dating back to 1903, Ullmann pioneered
the copper-catalyzed C-N coupling for the synthesis of aryl
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selective C—N cross-coupling reaction.

amines from aryl chlorides and anilines.> For more practical
and efficient approaches to producing aryl amines, Buchwald
and Hartwig independently developed palladium-catalyzed C-N
couplings in 1995.>" With the rise of chiral chemistry, chiral
amines have become essential and promising components in
chiral catalysts and drugs.*® As a result, significant efforts have
been dedicated to the development of enantioselective synth-
esis of chiral amines, with enantioselective C-N coupling being
regarded as one of the most important and powerful tools.
Along with the rapid development of Ullmann-type C-N
coupling, its enantioselective variant has been successfully
used to synthesize chiral arylamines.” The screening of optimal
copper salts and ligands has enabled the production of chiral
amines under mild conditions, thus overcoming the drawbacks
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Scheme 1 (a) Representative chiral amines bearing an «-stereocenter; (b) traditional asymmetric C(sp?)—N cross-coupling; (c) asymmetric aryliodonium
salt-mediated C—N coupling; (d) asymmetric copper-catalyzed radical C—N coupling.

of the harsh reaction conditions (high temperatures) associated
with traditional Ullmann C-N couplings. Additionally, intra-
molecular C-N coupling is crucial for achieving excellent enantio-
selectivity in most cases of enantioselective synthesis. Another
traditional coupling, the Buchwald-Hartwig reaction, has emerged
as a powerful tool for constructing chirality in recent decades.
Leveraging structurally diverse phosphine ligands, the Buchwald-
Hartwig amination offers greater possibilities for achieving perfect
stereocontrol.’ Both Ullmann-type C-N coupling and the Buch-
wald-Hartwig reaction lead to the production of chiral arylamines,
thus contributing to enantioselective synthesis and functional
research in this important scaffold (Scheme 1b).
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Hypervalent iodine(ur) compounds are extensively explored
and valuable synthons due to their convenient accessibility and
excellent reactivity.”' Among various hypervalent iodine salts,
diaryliodonium salts with strong electrophilic properties serve
as suitable surrogates for aryl halides, which are often used as
coupling partners in copper-catalyzed enantioselective C-N
couplings."* For acyclic diaryliodoniums, C-N atropisomers
are synthesized by connecting ortho-substituted aryl moieties
and amines. In 2018, Colobert and Wencel-Delord pioneered
the first synthesis of C-N atropisomers through copper-
catalyzed C-N coupling."> When cyclic diaryliodoniums were
employed in the enantioselective C-N coupling, excellent
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reaction efficiency was achieved by forming a C-N bond to yield
aryl iodides."® In 2018, Hayashi conducted an early trial of the
copper-catalyzed enantioselective C-N coupling process using
cyclic diaryliodonium salts."* The use of diaryliodonium salts
as mediators in enantioselective C-N couplings has seen signi-
ficant advancements in the last decade, significantly expanding
the versatility of this type of coupling (Scheme 1c).

Radicals are widely known to be highly reactive and unstable,
making the ability to harness them in enantioselective synthesis
both highly desirable and challenging. Significant progress has
recently been achieved by combining copper catalysis with
radical chemistry for enantioselective C-N coupling, enabling
the access to chiral alkyl amines.'® A groundbreaking study by
Fu in 2016 demonstrated the feasibility of copper-catalyzed
enantioselective C-N coupling through a radical process with
the aid of visible light.'® Since then, giant leaps have been
made in the field of radical-mediated enantioselective C-N
coupling (Scheme 1d).

This review will focus on three main aspects related to
enantioselective C-N coupling: (1) traditional enantioselective
C(sp®)-N cross coupling; (2) C(sp*)-N cross coupling mediated
by diaryliodonium salts; and (3) enantioselective C(sp®)-N cross
coupling involving radicals. Other remarkable developments
in the synthesis of chiral amines such as reductive enantio-
selective amination of ketones/hydrides,"”'® enantioselective
allylic amination,"*?° enantioselective hydroamination of alkenes,*"
enantioselective amination of non-acidic C(sp®)-H bonds,** Pd-
catalyzed enantioselective cyclization reactions,” enantioselective
carbene insertion into N-H bonds,**** and palladium/norbornene
mediated tandem enantioselective C-N coupling reactions,***”
among others, will not be covered in this review.

2. Traditional enantioselective
C(sp®)—-N cross-coupling

Over the past few decades, traditional C(sp®)-N cross-couplings,
namely the Buchwald-Hartwig reaction and the Ullmann reac-
tion, have emerged as powerful tools for forging C(sp®)-N
bonds. This is of vital importance to the pharmaceuticals,
materials, and catalysis fields. However, their enantioselective
variants are still in their infancy owing to limited chiral types
and slow progress in ligand design. Whether it is enantio-
selective Buchwald-Hartwig coupling or enantioselective
Ullmann-type C-N coupling, both heavily rely on ligand design.
The last few decades have witnessed a rapid evolution in chiral
ligands, which has contributed to the surge in enantioselective
C(sp®)-N cross-coupling. This section will provide an overview
of reported enantioselective Buchwald-Hartwig coupling,
enantioselective Ullmann-type C-N coupling, and other tran-
sition-metal-mediated C-N coupling systems.

2.1 Enantioselective Buchwald-Hartwig reaction

With the continual development of chiral catalysts, including
structurally diverse phosphine ligands, the enantioselective
Buchwald-Hartwig coupling has seen significant advancements
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Scheme 2 Early research on enantioselective Buchwald—Hartwig reaction.

in recent decades.”® In 1997, Pye and Rossen pioneered the
enantioselective Buchwald-Hartwig coupling through a kinetic
resolution of rac-4,12-dibromo[2.2]paracyclophane 1 with benzyl
amine (Scheme 2).>° The enantioselective amination proceeded
smoothly with 4,12-bis(diphenylphosphino)[2.2]-paracyclophane
L1 as the ligand, resulting in chiral arylamine 2 and leaving
behind 1 with up to 93% enantiomeric excess (ee) and 42%
resolution conversion. The efficiency of this protocol was demon-
strated through the synthesis of chiral phosphine ligand L1 using
the obtained enantioenriched 1 as starting materials, providing a
pathway to access planar bisphosphines.

2.1.1 Enantioselective coupling with alkyl amines. In 2015,
Brise reported a diastereoselective synthesis of amines 6 from
racemic bromide 4 and chiral 1-phenylethan-1-amine 5
(Scheme 3a).*° Both ligands such as Taniaphos L2 or racemic
BINAP were utilized, resulting in up to 91% diastereoselectivity.
A similar procedure was carried out by Ohta to obtain enan-
tioenriched aryl amines through enantioselective Buchwald-
Hartwig amination (Scheme 3b).>* The catalysis of palladium
and chiral ligand (R)-Tol-BINAP facilitated the enantioselective
C-N coupling, leading to the successful formation of chiral
amine 9 with moderate to good enantioselectivity. Control
experiments indicated that aryl iodides were better coupling
partners compared to bromides under the reaction conditions,
resulting in higher enantioselectivity of the product.

2.1.2 Enantioselective coupling with aryl amines. In com-
parison to alkyl amines, aryl amines with moderate reactivi-
ties proved to be suitable counterparts in the asymmetric
Buchwald-Hartwig reaction. In 1998, Kocovsky and Vyskocil
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Scheme 3 Enantioselective C—N amination with alkyl amines.
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attempted the Kkinetic resolution of naphthyl amine and
binaphthyl diamine through enantioselective C-N couplings
(Scheme 4).*> The primary results indicated that the enantio-
selective amination proceeded with the racemic 10a as the
substrate, yielding an arylation product with 35% conversion
and 27% enantioselectivity. When naphthyl diamine 10b was
used, diarylation occurred to deliver 11b with 17% ee. Although
lowering the temperature could potentially improve the effi-
ciency of the kinetic resolution, the relatively low solubility of
10a or 10b in toluene at lower temperatures hindered its
enhancement.

In 2016, Lassaletta and Fernandez reported an N,P-ligand
QUINAP L3-mediated enantioselective synthesis of atropi-
somers through the enantioselective C-N amination of aryl
bromides 13 and arylamines (Scheme 5).** To shed light into
the stereocontrol process, X-ray diffraction analysis of a single
crystal of the intermediate derived from the oxidative addition
of aryl bromide and palladium was conducted. The angles of
[C1’-C1-C10] and [C1-C1'-C10'] were found to be significantly
greater than the normal 120° angle (127.6° and 125°, respec-
tively), indicating a distorted configuration. This result con-
firmed that the oxidative addition was the stereo-determining
step, making the enantioselective C-N amination a dynamic
kinetic resolution process. With the assistance of palladium
and chiral QUINAP, the enantioselective C-N amination pro-
ceeded smoothly to afford the atropisomeric amines 14 with
excellent yields and enantioselectivities.
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Scheme 5 QUINAP-mediated enantioselective C—N coupling.
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Scheme 6 Ligand evolution in enantioselective C—N couplings.

The evaluation of the ligand in enantioselective Buchwald-
Hartwig amination is of vital importance for broadening its
application in enantioselective synthesis.® In 2020, Sparr
reported the synthesis of the chiral monophosphine ligand L4
bearing an anthracenyl group, which was used in enantio-
selective C-N couplings (Scheme 6a).>* The synthetic procedure
for L4 involved an enantioselective aldol condensation and a
direct ester-to-anthracene transfer. The efficiency of L4 was
evaluated through intramolecular C-N amination, demonstrat-
ing superior stereo-inducing capabilities compared to the com-
mercially available ligands MOP and SEGPHOS. Subsequently,
Cong described the synthesis of chiral monophosphine ligand
L5, which possessed a rigid scaffold and dual chirality, for
use in the intermolecular enantioselective Buchwald-Hartwig
reaction (Scheme 6b).>> The synthetic route included a [4+4]
photocycloaddition of borylated anthracene and anthracene,
allowing the synthesis of diverse-substituted ligands. Under the
reaction conditions, L5 was found to be superior to the tradi-
tional ligand BINAP (resulting in <5% versus 94% yield with
90% ee). With the aid of palladium and the newly developed
ligand L5, a series of atropisomeric arylamines were obtained
with up to 94% ee.

In 2020, Wang and Tong successfully achieved an intra-
molecular enantioselective C-N coupling to produce inherently
chiral ABCD-type heteracalix[4]Jaromatics (Scheme 7).>® With
the catalysis of palladium/JOSIPHOS, the intramolecular cycli-
zation proceeded smoothly to deliver inherently chiral 20 with
up to >99% ee. This approach offered a feasible avenue to
access enantioenriched heteracalix[4]aromatics, which are typi-
cally challenging to prepare through catalytic enantioselective

Chem. Soc. Rev., 2024, 53, 9560-9581 | 9563
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Scheme 7 Enantioselective C—N couplings for inherently chiral hetera-
calix[4]laromatic synthesis.

synthesis. The stereo-induced process was attributed to the
N-nucleophilic approach of the palladium/ligand intermediates.
The resulting enantiopure heteracalix[4Jaromatics exhibited
remarkable circularly polarized luminescence properties, suggest-
ing promising potential applications in the field.

By using large steric hindrance of electron-rich arylphos-
phine ligands, aryl chlorides could be utilized in the asym-
metric Buchwald-Hartwig reaction. In 2023, Zhu and Gandon
reported the enantioselective intermolecular C-N cross-
coupling for the construction of quaternary carbon stereocen-
ters using a desymmetrization strategy (Scheme 8).>” The key to
their success was the use of the amino acid-derived ionic chiral
ligand L6. With the aid of L6, the coupling products 22 were
achieved with up to 99% ee. These results demonstrate excel-
lent stereocontrol at the distal position of the chiral center of
the substituents, which may have promising applications in
asymmetric synthesis.

2.1.3 Enantioselective coupling with amides. Amides are
common reaction counterparts in enantioselective Buchwald-
Hartwig reactions. In 2009, Sasai reported the first enantio-
selective synthesis of chiral spiranes through a double C-N
coupling process (Scheme 9a).*® The chirality originated from
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22a,R =H, 51%, 92% ee
22b, R = Me, 61%, 84% ee
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22d, R = SMe, 56%, 92% ee
22e, R = CF3, 56%, 95% ee
22f, R = CO,Et, 38%, 99% ee

229, 53%, 98% ee

Scheme 8 Enantioselective intermolecular C—N coupling assisted with
amino acid-derived ionic chiral ligand.
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Scheme 9 Desymmetrization strategy in enantioselective Buchwald—
Hartwig amination.

the intermediate INT-4, which was formed during the first C-N
amination step. When rac-23 was used as the substrate under
standard conditions, both the cyclized product and the remain-
ing starting material were racemic. By using Pd(OAc),/(S)-
BINAP as the catalyst, a series of chiral spiranes were success-
fully obtained with moderate to good enantioselectivities.
In the same year, Viirre reported the enantioselective intra-
molecular Buchwald-Hartwig amination of o-(2-bromobenzyl)-
malonamides 24 via a desymmetrization process (Scheme 9b).*
With the assistance of chiral ligand MOP L7, the enantioselective
synthesis proceeded smoothly to produce the cyclized product 25
with moderate to good enantioselectivity. Notably, when the sub-
stituent was a 1-naphthyl group, a chiral axis was formed, leading
to the formation of a product (25f) with central chirality.

Proceeding with intermolecular asymmetric Buchwald-Hart-
wig reactions presents greater challenges compared to intra-
molecular reactions. In 2005, Taguchi introduced the enan-
tioselective intermolecular Buchwald-Hartwig reaction, leading
to the formation of C-N atropisomers (Scheme 10).*° With the
aid of (R)-DTBM-SEGPHOS, the enantioselective N-arylation of
ortho-substituted aryl amides 26 yielded 27 with up to 94% ee.
This protocol offers a new route to access enantioenriched
atropisomeric anilides bearing a chiral C-N axis, representing
the first practical enantioselective N-arylation. Subsequent
investigations focused on the stability and configuration, aided
by NMR spectroscopy.*’ The E/Z ratio was determined to be
>50:1, indicating that E-rotamer was the major configuration.
The authors proposed that the n-m repulsion between the
phenyl group and the carbonyl group, as well as the steric
repulsion between the ethyl group and the hydrogen atom
influenced the observed configuration.

This journal is © The Royal Society of Chemistry 2024
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Scheme 10 Enantioselective intermolecular Buchwald—Hartwig amination.

Later, several research groups focused on the enantio-
selective synthesis of C-N atropisomers through intramolecular
Buchwald-Hartwig amination. Kitagawa successfully achieved
enantioselective intramolecular N-arylation of ortho-tert-butyl
NH-anilides 28 in the presence of palladium and (R)-DTBM-
SEGPHOS (Scheme 11a).*> A series of lactams bearing a C-N
axis were obtained with moderate to excellent enantioselectiv-
ities, and their ee values could be further increased through
medium-pressure liquid chromatography (MPLC). The key

a) 2010, Kitagawa:

[9) Pd(OAc), (3.3 mol%), Yox
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R R
29

B S
N So N So Alkylation
o 50 ent29a . N" "o Y
(93% ee) Allylation tBu
R Bu

29a,R=H,
95% 70% ee
29b,R=

30, R = Allyl, 91%,

31
29c, 82%, 94% ee 93% ee, > 50:1 d.r. (NET inhibitor)

95% 96% ee

A

g 0.
o Pd(OAC), (20 mol%) @f}:o O
L8 (20 mol%) N H

i o
! D\ C5,CO0; (1.4 equiv.) Bu i o PAr,
Bu OBn poxylene, 120 °C, 20 h | <o
0Bn : :
32 33, 72%, 81% ee i Ar=35 MEQCSHJ 5
A peoge o
Y
o oH.
1) CuBr, ©j€co MeLi ©j&:o PdIC, H, (1 atm) PhI(OCOCF3), OH,
EA, 15h N LiBr, THF, 1 h N MeOH, 3h  MeCN/H,0, 15 h @E&ZO
Y
B1%hee 2)1 ?gd’:axane 2p Bu % Bu quant 89% N
64%
0OBn 0OBn
34 (81% ee) 35(>955dr) 36 (81% ee)

c) 2016, Kitagawa:

¥ 0
Pd(OAc), (5.0 mol%)
O (R)-DTBM-SEGPHOS (7.5 mol%) O
HN _— N0
R! KPO, (2.0 equiv.) R!
toluene-dioxane 9:1, 80 °C, 20 h
R? Rr?
37

o

38e, 26%, 44% ee

38a, 95%, 77% ee 38b, 92%, 42% ee 38c, 68%, 68% ee 38d, 94%, 70% ee
90%, 69% ee (130 °C)

Scheme 11 C-N atropisomer synthesis via enantioselective cyclization.
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intermediate 30 of the norepinephrine transporter (NET) inhi-
bitor 31 was obtained with high enantioselectivity from the
obtained 29a through subsequent alkylation/allylation pro-
cesses, highlighting the usefulness of this protocol.

In 2015, Nakazaki reported an enantioselective cyclization to
access axially chiral aryloxindoles 33 via C-N coupling
(Scheme 11b).** By using L8 as the stereo-inducing source, 33
was obtained in 72% yield with 81% ee. Subsequent bromina-
tion and hydrolysis converted 33 to N-arylisatin 34. Addition of
Meli resulted in 35 diastereoselectively (95:5 d.r.). The final
step involved the removal of the aryl group to produce
3-hydroxy-3-metheyloxindole 36 with 81% ee. This chemistry
provides a practical synthesis route for C-N atropisomers
bearing the aryloxindole scaffold.

Later, Kitagawa accomplished the enantioselective synthesis
of phenanthridin-6-one derivatives bearing a C-N axis through
intramolecular C-N couplings (Scheme 11c).** The catalyst
system, which includes Pd(OAc),/(R)-DTBM-SEGPHOS, facili-
tated the efficient synthesis of C-N atropisomers 38 with up
to 77% ee. Detailed research revealed that factors such as the
choice of base, solvents, reaction temperature, and the sub-
stituent at the ortho position of the substrates significantly
impacted the enantioselectivity.

The synthesis of the above-mentioned C-N atropisomers is
constrained by relatively narrow substrate scopes or limited
stereo-control efficiency (Schemes 6, 10 and 11). Recently, Li
successfully achieved the intermolecular Buchwald-Hartwig
reaction for the synthesis of C-N atropisomers through the de
devo synthesis of the C-N axis (Scheme 12).** With the aid of
chiral ligand L9, the enantioselective C-N coupling proceeded
smoothly to deliver C-N atropisomers with diverse functional
groups and excellent enantioselectivities. Control experiments
were carried out using different ortho-substituted substrates,
revealing that substrates with greater steric hindrance exhib-
ited enhanced reactivity. With the help of DFT calculations, the

N N :
Pd,(dba)zCHCl; (4 mol%) H (j\ Bu |
Br 2 g S O @ /
S L 1% " H
Lk ewe 9 (10 mol%) N"So i P Y P\[Bu:
N o - R EWG; [ Me :
N K3POy (2.0 equiv.) ) :
MTBE, 90 °C, 12 h ' :

39 40 Standrad Conditions !

@(1 oL, L, Lk
\©/CHO \©/CHO \©/CHO

41a, R = H, 85%, 93% ee
41b, R = OMe, 86%, 92%
41c,R=F, 91%, 92% ee
41d, R = Cl, 49%, 92% ee

o\ L L\ ,L )
—_— _Pd S N-Ligation
@\/1 R Yed ! [\/;N\ é\ Mode
—

N"0 H o o<3% R

R CHO OMe  <3% ! INT6 'rs 1
[j CHO  75% o Pd L
Me 82% O-| ngallon
4“1 Ph 72% N-
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Scheme 12 Intermolecular enantioselective Buchwald-Hartwig reaction.

ce 41e,R = Me, 81%, 90% ee  41h, R = Ph, 76%, 92% ee 41k, R = Me, 76%, 80% ee
41f, R = OMe, 84%, 91% ee 41i, R = CF3, 63%, 85% ee 411, R = OMe, 81%, 93% ee
419, R=Br, 29%, 91% ee  41j, R=Cl, 58%, 74% ee ~ 41m,R=F, 89%, 84% ee
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authors proposed an unusual O-ligation mode a five-member
cycle in the transition state TS-1' as being more desirable
compared to the N-ligation bearing a five-member cycle in TS-1.

2.1.4 Enantioselective coupling with other nitrogen sources.
Other reactants with N-containing functional groups have also
been applied in the enantioselective Buchwald-Hartwig reaction,
leading to the formation of products with central or axial chirality
and excellent enantioselectivities.

Enaminones can be used directly or can be formed in situ
from amines and ynones in the enantioselective intramolecular
Buchwald-Hartwig amination process. In 2012, Kitagawa
reported the enantioselective cyclization of ynones 42 and
anilines 43 in the presence of palladium and the chiral ligand
MOP (Scheme 13a).*® This tandem amination involved the
1,4-addition of 43 to 42, followed by enantioselective C-N
couplings. Eight representative examples were presented with
up to 72% ee.

Recently, Knipe reported the enantioselective C-N coupling
using enaminones 45 as the substrates directly (Scheme 13b).*”
Under the catalysis of Pd(OAc),/(R)-BINAP, a series of atropiso-
meric 4-quinolinones 44 were obtained with moderate enan-
tioselectivities. The newly obtained products 44 could be
further transformed into N-aryl quinolinium salts 46 with
minimal loss of enantioselectivities. The structure of quino-
linium salts was confirmed by X-ray diffraction of their single
crystals. Using DFT, UV-vis, and racemization experiments,
a high rotational barrier (~51 kcal mol ') and their

a) 2012, Kitagawa:

Pd,(dba)s (5 mol%)
(R)MOP (10 mol%)

K,COj3 (2.0 equiv.) R
1,4-dioxane, reflux, 12 h

8 examples, up to 72% ee

R 0
X
9 Pd(OAC), (10 mol%) ‘

O HN (R)-BINAP (17.5 mol%) A

K3POy4 (2.0 equiv.) N
toluene, 80 °C, 20 h R
Z
44
Repr
(o} o 9
| 44, Ar=Ph, | 44d, Ar = Ph, m 44g, Ar = Ph,
N™ “Ar

N”Ar | 96%,52% ee Ar >99%, 78% ee 48%, 3% ee

N
44b, Ar=4-MeOCqHs, o 4de, Ar = 4-MeOCeH,, Ph 44h, Ar = 4-MeCgH,
72%, 45% ee 91%, 82% ee 36%, <5% ee
44c, Ar = 4-FCgHy, 44f, Ar = 4-FCqH,, 44, Ar = 4-FCgH,,
ynth
o

>99%, 56% ee 74%, 22% ee 45%, racemic

(COCI); (5.0 equiv.) N
| then PhMgBr (1.5 equiv.) .
N Ar THF, rt. 16 h NT A

46a, Ar = Ph,

® ® 77%, T7% ee, 93% ee retention
u then NH,CI (aq.) u . 46b, Ar = 4-MeOCgH.
59%, 82% ce, 100% ee retention
46c, Ar = 4-FCgH,
a4 46 77%, 54% ee, T7% ee retention
c) 2023, Qiu.
R 2
C ] PA(OAG), (5 mol%) m i QF/’P“Z/E‘ i
0 HN L10 (6 mol%) N Ar IR N‘Pth :
P pr K;CO3 (2.0 equiv.) N L D> Ve :
toluene, 80 °C, 20-48 h RT : :
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Scheme 13  Enantioselective Buchwald—-Hartwig amination with enaminones.
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solvatochromic behavior were confirmed. Recently, Qiu achieved
enantioselective cyclization via C-N coupling with the aid of chiral
ferrocene bisphosphine L10, yielding the desired products 44 with
excellent yields and enantioselectivities (Scheme 13c).*®

With enamines as substrates, the asymmetric synthesis
could be applied to indole-based C-N atropisomer synthesis.
In 2023, Liu, Parton, and Li presented an efficient enantio-
selective intramolecular N-arylation for the synthesis of C-N
atropisomers (Scheme 14).*° Under the catalysis of palladium and
(S)-BINAP, a series of 4-quinolone atropisomers were successfully
obtained with good to excellent enantioselectivities. The protocol
could be extended to the enantioselective synthesis of indole-
derived C-N atropisomers, yielding cyclized products 48 with
excellent enantioselectivities. Notably, enantioenriched C-N atro-
pisomers bearing two axes could be obtained through the enantio-
selective C-N coupling, which have potential applications as hole-
transport materials.

In 2015, Li and Belyk reported the synthesis of chiral
hemiaminal through an enantioselective Buchwald-Hartwig
reaction (Scheme 15).°° Under the reaction conditions, 49
underwent rapid racemization by transforming to the ring-
opening substrate 49’. Subsequently, a dynamic kinetic resolu-
tion procedure was successfully achieved by capturing one
enantiomer with the aid of palladium and L11. This protocol
demonstrated excellent functional group tolerance and enan-
tioselectivity. The effectiveness of the protocol was further
illustrated by its application in the enantioselective synthesis
of elbasvir, a drug candidate for hepatitis C virus (HCV).

In 2022, Liu and Li reported the enantioselective synthesis of
N-N atropisomers via a cascade condensation/C-N coupling
process (Scheme 16).°" Starting with o-aryl-ketoester 51 and

Br

S AUXR? Q
m Pd(OAc), (5 mol%) S é/ I Pd(OAc); (5 mol%) /Z_’
(S)-BINAP (10 mol%) SFUNT R (S)-BINAP (10 mol%)

N
- - -
z NaOH (1.5 equiv.) R Cs,CO;3 (1.2 equiv.)
N !oluene/dloxane 1/1,40°C, 18 h \AT‘Y toluene, 60 °C, 36 h
C(0) X '=none
44 47

Representative E:

o
R
| { |
PR N /‘ N CaHe™ N
el culN oo

44j, R = H, 80%, 92% ee
44k, R = Me, 78%, 94% ee
441, R = OMe, 65%, 94% ee

[o}
MeO
4 R
Me N
Me
N/ Me
OMe
OMe

48a, R = H, 97%, 94% ee

48b, R =F, 93%, 94% ee 48d, 85%, 99% ee 48e, 80%, 99% ee
48c, R = OMe, 91%, 94% ee >20:1dr 14:1dr.

Woe

|
N

z

\ /

44m, 75%, 90% ee 44n, 77%, 80% ee 440, 62%, 89% ee

Scheme 14 Enantioselective Buchwald—-Hartwig reaction for C—N atro-
pisomer synthesis.
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Scheme 15 Enantioselective Buchwald—Hartwig reaction for chiral
hemiaminal synthesis.
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Scheme 16 Enantioselective tandem condensation/C—N couplings for
N-N atropisomer synthesis.

amino indoles 52 as substrates, the two-step enantioselective
synthesis featured C-N amination as the stereo-determining
step using Pd(OAc),/(S)-DTBM-SEGPHOS as a catalyst. A variety
of substrates were used, resulting in the formation of axially
chiral N-N indole-indole, N-N indole-pyrrole, and indole-
nonaryl atropisomers with excellent yields and enantioselec-
tivities. The utility of this method was demonstrated by the
successful synthesis of bromide 55 without any loss of enan-
tioselectivity. The resulting N-N atropisomer was further uti-
lized in the synthesis of axially chiral monophosphine 56
through the directed phosphinization of 54d. Additionally,
the stability of the chiral N-N axis was investigated through
racemization experiments, revealing a relatively high rotational
barrier (~39 kcal mol ") for this type of N-N atropisomer.
Substituted amidines could serve as suitable coupling part-
ners in the enantioselective Buchwald-Hartwig reaction for the

This journal is © The Royal Society of Chemistry 2024
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Scheme 17 Enantioselective Buchwald-Hartwig reaction of amidines.

construction of atropisomers with an aza axis. In 2021, Liu and
Lu successfully achieved intramolecular C-N couplings of
aryl amidines 57 for the synthesis of C-N atropisomers
(Scheme 17a).>> Under the reaction conditions, aryl amidines
57 underwent racemization by transforming into 57’, and this
equilibration was used to facilitate a dynamic kinetic resolution
process for the synthesis of C-N atropisomers. A variety of
functional C-N aryl-benzimidazole atropisomers were pro-
duced with high yields and excellent enantioselectivities. Nota-
bly, 1,4-dibenzimidazoles aryls bearing two C-N axes could be
achieved using this methodology.

Based on a similar strategy, Liu reported the enantio-
selective C-N coupling of amidines 59 or 60 for the synthesis
of N-N atropisomers (Scheme 17b).>* With the aid of Pd(OAc),/
(S)-BINAP, a wide range of N-N indole-benzimidazole or N-N
indole-nonaryl atropisomers were successfully synthesized
with excellent enantioselectivities. The potential application
of the newly developed N-N atropisomeric moiety was exam-
ined through bioactive experiments, revealing that 62d exhib-
ited outstanding antitumor activity against the MCF-7 cell line
(ICs0: 0.09 umol L™Y).

2.2 Enantioselective Ullmann C-N coupling

The copper-catalyzed Ullmann-type C-N coupling has devel-
oped into a classic and efficient approach to construct C-N
bonds.>*>® However, the drawbacks of this type of coupling,
such as high reaction temperatures and the need for stoichio-
metric amounts of copper, have hampered its wide application
in industry and enantioselective synthesis. Recently, enantio-
selective Ullmann reactions have been achieved through the
evolution of ligands. In 2006, Ma pioneered the first catalytic
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Scheme 18 Enantioselective intramolecular Ullmann C-N couplings.

enantioselective Ullmann type coupling.>” Subsequently, a cou-
ple of research studies have been reported to construct central
or axial chirality. This reaction can be divided into two main
types: intramolecular coupling and intermolecular coupling in
enantioselective synthesis.

2.2.1 Intramolecular coupling. In 2012, Cai developed the
first enantioselective Ulmann-type C-N coupling for the synth-
esis of chiral indolines 63 (Scheme 18a).”® Under the catalysis
of Cul/BINOL-derived chiral ligand L12, a series of divergent
functional indolines 64 were synthesized with excellent yields
and enantioselectivities through enantioselective cyclization.
The Cul/chiral amino acid L13 system was found to be suitable
for this type of enantioselective C-N coupling (Scheme 18b).>°
Subsequent research revealed that cyclized products 64 could
be obtained with inversed enantioselectivities upon the addi-
tion of DMAP. A possible stereocontrol mechanism shed light
on the enantioselective synthesis process. In the absence of the
nucleophile DMAP, copper coordinated with substrates 63 and
chiral ligand L13 to form a planar intermediate. Then the
attack of iodine and copper occurred at the bottom position
due to steric interactions with the phenyl group and L13. With
copper occupied by DMAP, a reversed configuration was
obtained, with the attack of iodine to copper occurring at the
upper position.

In 2014, Cai reported an enantioselective C-N amination
for constructing an all-carbon quaternary stereocenter
(Scheme 19).°° Utilizing Cul/L12 as the catalyst, the enantio-
selective cyclization proceeded smoothly to deliver 66 bearing a
cyano group with excellent yields and enantioselectivities. After
simple recrystallization, the optically pure coupling products
could be obtained (66i). The utility of this protocol was demon-
strated through the divergent transformation of the cyano
moiety. By reducing the cyano group to an amino group, a
second C-N coupling reaction was carried out to generate spiro-
scaffold 67 with 100% enantioselectivity. Subsequent hydrolysis
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Scheme 19 Enantioselective Ullmann reaction to construct all-carbon
quaternary stereocenter.

of the cyano group allowed for intramolecular C-N couplings of
amides and amino groups, leading to the cyclized product 68
without compromising the enantioselectivity.

In 2013, Cai achieved an enantioselective C-N amination-
based kinetic resolution (Scheme 20a).** Under Cul/L12 cata-
lysis, this process smoothly resolved rac-2-amino-3-(2-iodoaryl)-
propionates or rac-2-amino-4-(2-iodoaryl)butanoates 69 to pro-
vide enantioenriched 69 and C-N coupling products 70 with
excellent selectivity (s factor ~165). This marked the first
application of copper-catalyzed C-N amination to a kinetic
resolution process, offering an efficient route to chiral indo-
lines. Subsequently, the same group extended the kinetic
resolution approach to the synthesis of chiral indolines bearing
a quaternary stereocenter at the [B-position of the N atom
(Scheme 20b).*

In 2015, Cai developed a method for synthesizing chiral
spirobilactams through double copper-catalyzed C-N couplings
(Scheme 21).°* Using diamides 73 as substrates and Cul/L14 as
a catalyst, the enantioselective tandem N-arylation proceeded
smoothly. After filtering out the precipitate formed from the

a) 2013, Cai:
CO,R' Cul (5 mol%)

N R _ L2emon) COQR O R
RT/ ‘ NH, + R A~y "1CO,R!
H

rac-69 69 70
Repr i y

CEN\/'COQR m'cowe £ Gome y
H H

H COzMe
R =Me, 70a, 51%, 89% ee; R =Me, 70c, 49%, 87% ee; R =F, 70e, 45%, 91% ee; R =Bn, 70g, 45%, 95% ee;
69a, 49%, 94% ee; 69c, 48%, 86% ee; 69e, 52% 80% ee; 699 50% 89% ee;
s=70.0; s=40.7; s=47. s=
R =Et, 70b, 46%, 93% ee; R =Br, 70d, 46%, 93% ee; R =NO, 70f, 46% 91% ee; R=Me, 70h 47% 80% ee;
69b, 51%, 85% ee; 69d, 46%, 86% ee; 69f, 53%, 80% ee; 69h, 47% 88% ee;
$=65.9; s=787; s=47.7; $=28.0;

052003 (1.0 equiv.)
1,4-dioxane, rt. 0.5-4 h

b) 2015, Cai:
CN Cul (10 mol%)

L12 (15 mol%)

R'mR
AN SNH,  Cs:C03(05 equiv)

1,4-dioxane, 80 °C, 4-20 h

rac-71 7 72
40-60%, 40-85% ee 33-55%, 58-83% ee

Scheme 20 Enantioselective C-N coupling via kinetic resolution
process.
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Scheme 21 Chiral spirobilactam synthesis via double N-arylation.

mixture, excellent enantioselectivities were achieved. The phase
separation indicated an amplification of the products in
solution, making this protocol a practical method for construct-
ing a chiral spiro-based scaffold. When unsymmetrical sub-
strates 75 were used, a mixture of 76 and 77 was obtained
through the first N-arylation. The subsequent second C-N
coupling then led to the synthesis of chiral spirobilactams 78
with excellent yields and enantioselectivities. Control experi-
ments confirmed that the first C-N coupling was the stereo-
determining step.

Following a similar approach, Sasai conducted a double
N-arylation of diamine 79 for the enantioselective synthesis of
a spiro framework (Scheme 22).°* With the aid of chiral ligand
L15, the spiro product 80 was obtained with 31% ee, which
could be further increased to 99% through simple recrystalliza-
tion. The subsequent removal of the Ts-group and installation
of diphenylphosphine led to the synthesis of 82, which could be
used as a phosphine ligand. Combining 82 with stoichiometric
palladium yielded the organopalladium complex 83, which has
potential applications in enantioselective catalysis.

In 2015, Cai reported the enantioselective synthesis of
quinolinones 85 through a copper-mediated C-N coupling
(Scheme 23a).®® With the assistance of Cul/L15, the differences
between two amides could be determined, allowing for
the enantioselective C-N amination to proceed with moderate
to good enantioselectivities. This protocol provided a new

gr TsHN
Cul (20 mol%) Ti(OiPr),
NHTs )
L15 (80 mol%) @ MesSiCl, Mg ,,@
O = S — ., &
KaPO, (4.0 equiv.) AY NTs THF, 50°C,24h NH
ar Q DMF (0.1 M), 100 °C, 24 h 75%
phase seperation 80, 98%, 31% ee 81
79 recrys
99% ee
nBuLi, Ph,PCI : :
THE e [PACI(n3-CgHs)l, Q}\"NC? i O O :
30°Ctort, 2h N KPFe, DCM, rt, 2h N \ ; \ :
N *PPh, PPhy 1 —NH HN— !
63% PhoP 2 63% PhoP—pg~” 15 :
82 83

Scheme 22 Double N-arylation for enantioselective synthesis of di-
phenylphosphine.

This journal is © The Royal Society of Chemistry 2024

View Article Online

Chem Soc Rev

a) 2015, Cai:

| o] 0
R Cul (10 mol%), L15 (15 mol%) R
RL = NH, K3POy4 (2.0 equiv.) R X NH,
Z 07 NH, MeCN, rt. or 60 °C, 24 h Ao
H
84 85
Repr i
CONH, CONH, CONH,
R’ ‘ :N :o ‘ R’ ‘ :N :o ‘ ‘ :N :o ‘ "R
H H H
85a, R=H, 77%, 78% ee 85d, R = NO,, 7%, 78% ee 859, R = OMe, 88%, 72% ee
85b, R = CF3, 87%, 77% ee 85e, R = CO,Me, 72%, 57% ee 85h, R = Cl, 95%, 67% ee
85¢, R = OMe, 68%, 73% ee 85f, R =F, 72%, 73% ee 85i, R = CF3, 75%, 52% ee
CONH, CONH, CONH,

N0 N” 0 N™ 0
H H H

85j, R = Me, 88%, 61% ee
85k, R = CH,=CH,, 88%, 58% ee

851, 81%, 58% ee 85m, 78%, 44% ee

b) 2021, Cai:

| o 0 H ]

- R Cul (10 mol%), L13 (15 mol%) . R : :

R' NH, K3PO4 (2.0 equiv.) | NH, ! d
R'o DMF, rt, 24 h . : / 3

NH, RN
it i —NH HN—
86 87 R b
Repr Exampl
CONH, CONH; CONH, CONH,

o, o P
N~ ~0 R™ "N” ~O
H H

N” ~O R N~ ~0
H H

87a,R=H, 93%, 56% ee  87d, R =H, 74%, 34% ee
87b, R = CF3, 92%, 58% ee 87e, R = CH,=CH,, 89%, 50% ee 879, 76%, 39% ee
87c, R = OMe, 92%, 49% ee 87f, R = nBu, 91%, 46% ee

87h, R = Me, 85%, 63% ee
87i, R = Ph, 65%, 60% ee

Scheme 23 Enantioselective C—N coupling via desymmetrization strategy.

pathway to chiral quinolinones bearing a quaternary stereo-
center. More recently, vinyl iodides 86 were utilized in the
enantioselective C-N amination using a desymmetrization
strategy to afford 2-oxo-1,2,3,4-tetrahydro-pyridine-3-carbox-
amides 87 (Scheme 23b).°® The enantioselective cyclization
proceeded efficiently, although with relatively lower enantios-
electivities. This methodology provides a readily accessible
approach to constructing chiral heterocycles.

In 2019, Gu reported the intramolecular C-N amination for
the synthesis of C-N atropisomers (Scheme 24).*” Under
the catalysis of CuTC/L17, a series of diverse functional C-N
atropisomers were obtained with excellent yields and

CuTC (5 mol%), L17 (5.5 mol%)
NaOH (3.0 equiv.)

1,4-dioxane, 45 °C, 20 h

Repr

fe Be He A=

89a, R = Et, 93%, 98% ee  89c, R = Ph, 80%, 95% ee 89e. 91%, 95% ee 89f, R = H, 80%, 93% ee
89b, R = iPr, 86%, 98% ee 89d, R = CH,OTBS, 91%, 98% ee ARt 899, R = CF3, 95%, 97% ee

Y PP

" Nicps, PPh, : TBAF 1) MsCl, EtN
89f THF, rt, 241 | goq THF.rt,2h DCM.rt,6h
92% ee Q y 94% ee 2) KPPhy, THF Q ‘p
70%, 91% ee O rt, 10h Y
Me then BHy THF PPhy
Me rt.6h BHs

91

Scheme 24 Enantioselective intramolecular C—N coupling for C-N atrop-
isomer synthesis.
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Scheme 25 Intramolecular C=N coupling via kinetic resolution strategy.

enantioselectivities. Notably, bromine-containing substrates
were compatible with the protocol, delivering 89f and 89g with
up to 97% ee. The utility of the enantioselective C-N coupling
was demonstrated through the diverse transformation of the
obtained C-N atropisomers. A cross-coupling of 89f and an aryl
zinc reagent proceeded smoothly with almost no loss of the
ee value. Following a simple three-step route involving the
removal of the TBS group, the formation of triflates, and the
installation of phosphines, the C-N atropisomeric phosphine
ligand 91 was obtained.

2.2.2 Intermolecular coupling. Besides intramolecular
Ullmann-type C-N coupling, intermolecular type reaction is
more appealing due to its divergent substrates scope. In 2016,
Cai achieved intermolecular C-N coupling for chiral N-aryl
sulfinamides through a kinetic resolution process (Scheme 25).%®
In the presence of Cul/L14, the C-N coupling of aryl iodides and
sulfinamides was carried out successfully, resulting in moderate to
excellent yields and moderate enantioselectivities.

In 2018, Miller reported the intramolecular enantioselective
C-N coupling for the construction of central chirality, or
both central and axial chirality (Scheme 26).°° By using the
threonine-based ligand L18, the copper-catalyzed C-N coupling
proceeded smoothly to afford mono N-arylation products 95

[
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Scheme 26 Enantioselective C—N coupling for the construction of cen-
tral and axial chirality.
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Scheme 27 Nickel/NHC-catalyzed enantioselective C—N cross coupling.

with excellent enantioselectivities. The obtained 95 underwent
cyclodehydration to form the heterocycle 96 in situ with AcOH.
Additionally, the N-arylated 95e underwent cyclization to pro-
duce 96d diastereoselectively under the catalysis of chiral
phosphoric acid CPA*. When achiral arylamine 97 was used
as the substrate, enantioselective cyclization was achieved to
yield 98 with 92% ee.

2.3 Nickel-catalyzed enantioselective C-N coupling

The utility of non-noble metal such as nickel could improve the
applicability of C-N coupling greatly. In 2021, Shi and Hong
successfully achieved the nickel-catalyzed enantioselective C-N
coupling of aryl chlorides and tetrahydroquinolines using a
kinetic resolution strategy (Scheme 27).”° The reaction took
place under low-temperature conditions, reaching as low as
—50 °C, which demonstrated the high reactivity of the nickel/N-
heterocyclic carbene (NHC) catalyst. DFT calculations showed
that the catalyst system was responsible for the oxidative
addition, reductive elimination, and stereocontrol processes.
With the aid of nickel/L19, a series of chiral arylated amines
with diverse functional groups could be obtained, along with
unreacted amines, all with excellent enantioselectivities.

2.4 Enantioselective Chan-Evans-Lam coupling

Cu-catalyzed Chan-Evans-Lam C-N coupling is a highly effi-
cient approach for constructing C-N bonds, but achieving
asymmetric synthesis remains challenging.”"””* Recently,
Patureau and Ikawa independently developed the enantio-
selective Chan-Evans-Lam coupling for synthesizing C-N
atropisomers.”>”®

Patureau reported the enantioselective C-N coupling of
benzimidazoles 101 with ortho-substituted aryl boronic acid
for the synthesis of C-N atropisomers (Scheme 28a).”> With
the aid of N,N-chelated ligand L20, the enantioselective Chan-
Evans-Lam coupling proceeded readily to afford the desired
products 102 with up to 92% ee. To gain insight into the
stereocontrol process, a possible mechanism was proposed.
Initially, Cu' coordinated with L20 under oxidative conditions
to deliver INT-6 Cu", which then reacted with benzimidazoles
and arylboronic acid to form INT-7. Subsequently, INT-7 was
oxidized to Cu™ complex INT-8, leading to the formation of the
final product 102 through reductive elimination. The resulting
Cu' complex INT-9 could be oxidized to Cu" complex INT-5 to
complete the catalytic cycle.

This journal is © The Royal Society of Chemistry 2024
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Scheme 28 Enantioselective Chan—Evans—Lam coupling.

At the same time, Ikawa reported a similar C-N coupling
of imidazoles and arylboronic acid for the synthesis of C-N
atropisomers (Scheme 28b).”® With the catalysis of copper/L21,
a series of divergent functional C-N atropisomers 104 could be
achieved with moderate to excellent enantioselectivities. Con-
trol experiments demonstrated that the addition of MnO, was
crucial for the success of the enantioselective synthesis.

3. Diaryliodonium salt-mediated
C(sp®)—-N cross-coupling

Diaryliodonium salts, a type of hypervalent iodine(m) com-
pound, have been extensively studied for over the last century
due to their easy availability, air and moisture stability, and
high reactivity.””””® In the past decade, cyclic diaryliodonium
salts have been used to facilitate ring-opening reactions to yield
coupling products featuring a remaining iodine group.™

With the recent increase in interest in synthesizing C-N/N-N
atropisomers, a range of diaryliodonium salt-mediated C(sp®)-
N cross-couplings have been developed. The copper-mediated

This journal is © The Royal Society of Chemistry 2024
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Scheme 29 Enantioselective ring-opening reaction of cyclic aryl-
iodonium.

enantioselective C(sp*)-N cross-coupling with amines as
nucleophiles has been proven to be a highly efficient system,
delivering centered chiral compounds as well as C-C/C-N
atropisomers. Additionally, the iodine group of the coupling
products can be easily converted into diverse functional groups,
which is crucial for expanding the potential applications of
these couplings.

3.1 Cyclic aryliodonium-mediated C-C atropisomer synthesis

In 2018, Gu disclosed the copper-catalyzed ring-opening reac-
tion of cyclic aryliodonium to afford C-C atropisomers
(Scheme 29).”° With copper/bis(oxazolinyl)pyridine complex
C1 or C2 as catalysts, the C-N coupling was conducted under
mild conditions, resulting in axially chiral products 106 with
excellent yields and enantioselectivities. To gain insight into
the mechanism, a series of control experiments were carried
out. The structures of substrates with none, one, or two sub-
stituents were compared using X-ray diffraction of single crystal
structures, revealing increasing dihedral angles ranging from
0.3° to 31.0°. This study suggested that 105c exhibited signifi-
cantly higher distorted energy and reaction reactivity, consis-
tent with the observed results in the ring-opening reaction.
Gu successfully extended the substrate scope of enantio-
selective ring-opening synthesis to benzylic or aliphatic amines
(Scheme 30).%° The key procedure ensuring excellent enantio-
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Scheme 30 Enantioselective ring-opening reaction with aliphatic amines.
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selectivity involved maintaining low concentrations of the
amines through their slow addition. Higher concentrations of
amines can destabilize the chiral catalyst due to the competitive
coordination of copper, resulting in lower efficiency of stereo-
induction. The protocol demonstrated a broad substrate scope,
high efficiency, and excellent enantioselectivities.

The aforementioned atropisomer synthesis is not applicable
to sterically hindered amines; therefore, a more efficient
catalyst system needs to be developed to address this challenge.
In 2020, Gu reported the chiral anionic cobalt(m)-assisted ring-
opening reaction for the synthesis of axially chiral biaryl
amines (Scheme 31).*" With a catalytic amount of chiral anionic
catalyst, the ligand-free copper was able to facilitate the enantio-
selective synthesis smoothly, achieving excellent enantioselectivities.
1t should be noted that the coupling counterparts could be compar-
able with bulky amines, including ortho-disubstituted arylamines.
To gain a better understanding of the mechanism, a cobalt-con-
taining substrate 107 was synthesized through the anion exchange
of cyclic aryliodonium with stoichiometric A1. Then, 107 was
utilized as a catalyst in the ring-opening reaction, resulting in the
formation of 106s with 95% ee. Control experiments suggested that
the in situ formed substrate-anion complex was probably the
catalyst.

With the cyclic aryliodonium 105 as the reaction counter-
part, a series of N-nucleophiles were applied to the ring-
opening reaction (Scheme 32(a)).*> O-alkylhydroxylamines 108
behaved as suitable coupling partners in the copper-mediated
enantioselective ring-opening reaction. The choice of CaO as
the base was a key element of the protocol, significantly
increasing the enantioselectivities and reducing the formation
of side products. This led to the successful synthesis of diverse
functional 2-hydroxyamino-2’-iodobiaryls 109 with excellent
yields and enantioselectivities.

1,2,3-Triazoles were also utilized in enantioselective ring-
opening reactions with the catalytic system Cu(MeCN),PF4/
(S,5)-PhBOX (Scheme 32b).** This catalytic system exhibited
excellent chemo-selectivity in distinguishing between the three

R

p!
® AN
RN\ = CuCl (10 mol%), A1 (10 mol%) R“ .
1 PR ~ LiCO; (3.0 equiv.), DCM, rt, 12h
RZ_ /= PFo + RNH, — " R NHR
" I//
R

R Bulky Anilines
105 106

'
M | O

Me ! L R e’ l L e Me AME

RN Me Me‘/

R
06u, R = Br, 81%, 93% ee

1063, R = Me, 91%, 84% e 1usv R=F, 99% 95%ee  106x, R =Me, 80%, 94% ee 106z, R = Me, R' = H, 86%, 98% ee

106t, R = Et, 83%, 96% e 106w, R = Bpin, 79%, 91% ee 106y, R = F, 38%, 94% ee 106aa, R = R' = (CH=CH)-, 89%, 84% ee.

Control

BuT] "

: 107 (10 mol%)
" rBu‘%L i Me CuCl (10 mol%)
- DOM, ot 61 n 6 hMe H Li,CO; (3.0 equiv.)
H N Co N Bu | NH2 “*5em, rt, 2h
H i105d + ———T2 20 . 106s
: Me  96%, 95% ee

105d 107

Scheme 31 Chiral anion-assisted enantioselective ring-opening of cyclic
aryliodonium.
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nitrogen atoms present in 1,2,3-triazoles. The resulting pro-
ducts 111c with 96% ee could be readily transformed to chiral
phosphine ligand 112 with minimal loss of enantioselectivity,
highlighting the effectiveness and utility of this protocol.

Oximes can also be used as substrates to afford N-arylation
in a ring-opening reaction with excellent chemo-selectivity
(Scheme 32c).** Under the catalysis of Cu(MeCN),PF¢/(S,S)-
PhBOX, the atropisomeric nitrones 114 were obtained with
excellent enantioselectivities. The resulting nitrones 114a could
be readily converted to biaryls 115 bearing a heterocycle with
100% enantioselectivity.

Imides have also been proven to be good coupling partners
in the ring-opening of diaryliodonium salts (Scheme 32d).*”
With the aid of L22, a series of axially chiral 2-imidobiaryls were
afforded with excellent yields and enantioselectivities. This
chemistry provided a new route to obtain the N,P-ligand 118a
or N,N-ligand 118b with 99% ee, showcasing its potential for
applications in enantioselective synthesis.

In addition to these achievements, the three-component
ring-opening reaction for biaryl atropisomers has also been
reported.®¢

3.2 Diaryliodonium-mediated C-N atropisomer synthesis

In 2018, Colobert and Wencel-Delord developed an Ullmann-type
N-arylation for the synthesis of C-N atropisomers (Scheme 33)."
By using a chiral sulfoxide auxiliary, the copper-catalyzed C-N
coupling was able to proceed smoothly under mild conditions,
thus avoiding the need for high temperatures typically required in
Ullmann-type reactions. The protocol successfully yielded C-N
atropisomer 121 with good to excellent enantioselectivities.
A possible mechanism was proposed to explain the stereocontrol
process. The catalytic cycles began with the combination of
indolines 120 with the in situ formed copper complex to deliver
INT-10. Subsequent chelation of the sulfoxide group with INT-10
afforded INT-11, which was then transformed to INT-12. The
excellent enantioselectivity observed can be attributed to the
n-interaction between the sulfoxide group and the indoline in
INT-12, while INT-12" was found to be less favorable. The catalytic
cycles were completed through reductive elimination, leading to
the formation of the C-N atropisomers.

In 2020, Wencel-Delord reported the catalytic enantio-
selective synthesis of C-N atropisomers through Ullmann-type
cross-coupling (Scheme 34).5” The enantioselective N-arylation
proceeded smoothly at room temperature using (R,R)-BnBOX as
a ligand, delivering a series of C-N atropisomers with moderate
to good yields and up to 98% ee. This protocol represents the
first catalytic enantioselective synthesis of C-N atropisomers
with hypervalent iodines, affording C-N atropisomeric scaf-
folds of pharmaceutical value.

3.3 Cyclic aryliodonium-mediated centered enantiomer synthesis

In 2020, Yang, Yu, and Jin reported the enantioselective ring-
opening reaction of a six-member cyclic aryliodonium via copper-
catalyzed cross-coupling (Scheme 35).*® The methodology featured
less nucleophilic sulfonamides 126 as substrates, affording aryl
iodides bearing central chirality. A variety of ring-opening products

This journal is © The Royal Society of Chemistry 2024


https://doi.org/10.1039/d4cs00102h

Published on 22 August 2024. Downloaded by Shaanxi Normal University on 12/30/2024 9:30:08 AM.

Review Article

View Article Online

Chem Soc Rev

R R R
O (o] O [e] O Me’ IO Me | = O
Me | Me 1 Me ] v N»ﬁ o o & R i
3 I M N R !
Me N Me N Me N T O ») © S R Ny -CO:Me
» Q0 Q0 o o'
R o o o R CO,Me
17 114a, R = Me, 97%, 97% ee
114b, R = iPr, 95%, 97% ee 114d, R = Me, 97%, 94% ee
M7a, R=H,89% 99%ee  117c, R = Me, 94%, 96%ee  117e,n=1,87%, 99% ee 4c, R = (B, 77%, 95% ee 14e. R = -CH=CH., 94%, 93% ee
117b, R = Me, 95%, 99% ee 117d, R = OMe, 76%, 98% ee 117f, n = 2, 91%, 97% ee ' T
Cu(MeCN);PF (5 mol%) R (R
‘ B L22 (7.5 mol%) 3
; O o Na,COj (2.0 equiv.) O : O :
Me - 1 OWXWO : DCE, 35°C, 24 h Me o L Me L
: Me NMe, o N NJ H | Me NYCOZMe ‘ Me N :
: b N 2 O ; Y, ;
| i L22 : » COMe ; i
: i : HN ﬁR A 3 CoMe !
i 118a, R = PCyj,, 46%, 99% ee; 2 steps from 117a ‘ _ o o ! 115, 97% ee
1 118b, R = NH,, 50%, 99% ee; 2 steps from 117a | ?16 ::2; i =’\}ﬂe’82§/]’9?)(°)//ueze ! 2 steps from 114a !
”””””””””””””””””””””””” ' y g » SRR . in 63% overall yield !
d): S [ o '
=
a): 5
O T ) /\ N ° on Cu(MeCN)4PFg (5 mol%) O
2 A g
0 or (S,5)-3,5(1Bu);Ph-BOX (7.5 mol%) . RINA, o (5 SEERBOXI0Imoe) Me o
i . Ca0 (2.0 equiv.), DCE, r.t., 12 h I{I ” I TfO 5 (0) o) Cs,CO;3 (1.5 equiv.), DCM, 0°C, 12 h Me N__CO,R
5 g R o =~ AN
EWG HEWG
O \ 7 OR OR O CO,R
R
A 108 105 13 14
b):
"
M | O Me '\
e N=N
" N’OM% Me IpMe N=N Me N
e - Me N =N O
O R R R
0\©\ O 110 R
R | 111a, R = Et, 96%, 96% ee 111c, R = Ph, 91%, 96% ee
r>30:1 > 30:1
109a, R = F, 99%, 99% ee 109d, R = Cbz, 86%, 93% ee Cu(MeCN)4PFg (5 mol%) 111b, R = OMe, 98%, 97% ee 111d, R = 2-furyl, 91%, 90% ee
109b, R = OMe, 99%, 99% ee 109¢, R = Ms, 88%, 96% ee (S,S)-PhBOX (10 mol%) r>30:1 > 30:1
= 0 0 = 10/ 0, 2
109¢, R = tBu, 99%, 99% ee 109f, R = Bu, 99%, 99% ee DGE (0.04 M), 20 °C, 5 h R jremescnemesmnneennsacsen :
R ‘ I : O ;
O N=N 1 Me '
Me | / ! N=| '
R i A=N '
" N,OR o Me 'ome N \)\Ph Pove N !
© O g7 Me N.g2O O . : O Ph !
n N § :
O\©\ O 5 R Me | : Cy.P '
Me M =\ 11e, R = Me, 95%, 97% : :
e N ,R=Me, 95%, 97% ee : G :
109g, R = allyl, 94%, 74% ee 66, = 5 Gi6. 55%: BiThree O g >30:1 : 12,94% ee :
109h, R = Bn, 99%, 98% ee 109"(’ Rz 2-Nacthit 963/' 943/ 111f, R = -CH=CH-, 95%, 96% ee ; 4 steps from 111c !
109i, R = PMB, 87%, 93% ee R ENAPINYL 0 701354060 7 > 30:1 L in overall 72% yield

Scheme 32 Enantioselective ring-opening of cyclic aryliodonium with other N-nucleophiles.

with diverse functional groups were obtained with good to excel-
lent enantioselectivities.

4. Enantioselective C(sp®)-N
cross-coupling involving radicals

The radical is a robust intermediate with high reactivity, com-
monly used in organic transformations. Harnessing highly reactive
radicals and applying them to enantioselective synthesis has been
a long-standing challenge in recent decades.**** Following
Fu’s pioneering work on photoinduced enantioselective copper-
catalyzed C-N cross-couplings in 2016, there has been a resurgence
in radical-involved C-N coupling chemistry.’® This chemistry
combines earth-abundant transition metal copper and radical
precursors to smoothly afford chiral alkyl amines, greatly expand-
ing the scope and practicality of C-N couplings.

4.1 Photoinduced enantioselective C(sp®)-N cross-coupling

In 2016, Fu achieved copper-catalyzed C-N coupling using blue
light irradiation for tertiary alkyl amines bearing central

This journal is © The Royal Society of Chemistry 2024

chirality (Scheme 36).'® By using the monophosphine L23, the
enantioselective coupling proceeded efficiently, yielding 130
with excellent enantioselectivities. A crystal of the complex of
copper, substrate 129a, and L23 was grown and analyzed
through X-ray diffraction, providing insight into the enantio-
selective catalytic process. When complex 131 was used as a
substrate to react with 128a under blue light, the desired
product 130g was obtained in a 72% yield with 92% ee, while
no reaction occurred without light. These results suggest that
131 may be the catalyst in the C-N coupling process. Addition-
ally, when enantioenriched substrate 128a was used, both
(+)-128a and (—)-128a converted to (R)-130g under standard
conditions, eliminating the possibility of kinetic resolution.
Based on mechanistic studies, a probable mechanism was
proposed involving the in situ formation of copper complex
INT-14 reacting with carbazoles to form INT-15, which
then undergoes oxidative addition with alkyl bromides to yield
INT-16. A possible radical-involved intermediate INT-16 or a
copper-nucleophile complex INT-16" eventually transforms to
the final product through reductive elimination, completing
the catalytic cycle.
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Scheme 33 Copper-catalyzed C-N coupling for C-N atropisomer
synthesis.
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Scheme 34 Catalytic enantioselective C—N coupling for C-N atrop-
isomers.
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Scheme 35 Enantioselective C—N coupling reaction for central chirality
construction.

Recently, Peters and Fu conducted a detailed investigation
into the mechanism of light-induced enantioselective C-N
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Scheme 36 Blue light-assisted enantioselective C—N coupling.
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Scheme 37 Mechanistic studies on light-induced enantioselective C-N
coupling.

coupling (Scheme 37).°® First, they synthesized and character-
ized the complex of 128a and carbazoles 129b using EPR, which
exhibited a clear signal. Subsequently, 128b reacted with [Ti™']
to form a radical intermediate that was confirmed by EPR.
Treatment with 132a then led to the formation of the C-N
coupling product 130K with 55% ee. According to DFT calcula-
tions, 132b would coordinate with the radical intermediate INT-
18 through the carbonyl oxygen (AE = 4.8-7.1 keal mol %),
resulting in the formation of INT-19, which serves as the
precursor to INT-20. Mechanistic studies revealed a radical-
involved process for light-induced enantioselective C-N
coupling.
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Scheme 38 Photoinduced enantioselective C—N coupling with amides as nucleophiles.

In 2021, Fu reported the photoinduced enantioselective C-N
cross-coupling with amides as nucleophiles (Scheme 38).°* The
copper-mediated catalysis system featured a copper-biphos-
phine catalyst for the activation of alkyl bromides and a
copper-diamine catalyst for enantioselective C-N coupling.
The enantioselective N-arylation stimulated by blue light pro-
ceeded smoothly, yielding a series of functional chiral amides
with excellent enantioselectivities. The redox potentials of alkyl
bromides 133a, 133b, and copper-biphosphines INT-21 were
calculated, indicating that the lower potentials of INT-21 could
activate the substrates 133 under photocatalysis. The radical-
trap experiment under standard conditions only afforded the
radical-terminated product 136, indicating a possible radical-
involved process. Following mechanistic studies, a possible

This journal is © The Royal Society of Chemistry 2024

mechanism involving both photoredox catalysis and C-N
cross-coupling catalysis was proposed. Irradiation with blue
light enabled INT-21 to produce INT-22, which could activate
alkyl bromides to form alkyl radicals. The oxidation of INT-26
with INT-23 delivered INT-24, which then led to the formation
of INT-25 by the substitution of X with the amide anion. The
radical subsequently reacted with INT-25 to form the final C-N
coupling product.

The photoinduced enantioselective C-N coupling strategy
could be further extended to the construction of quaternary
stereocenters. In 2022, Fu and Peters reported the enantio-
selective C-N cross-coupling for the synthesis of chiral amines
bearing a chiral quaternary carbon center (Scheme 39).>® Under
the catalysis of CuCl/(R)-DTBM-SEGPHOS, a series of diverse

Chem. Soc. Rev,, 2024, 53, 9560-9581 | 9575
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Scheme 39 Enantioselective C—N coupling of alkyl chlorides and aryl-
amines.

functional chiral alkyl amines could be obtained at —78 °C with
excellent enantioselectivities. In the absence of copper, ligand,
and blue light, almost no reaction of 137 with arylamine was
observed, even at 80 °C, indicating the high efficiency of the
catalytic system in terms of reactivity and enantioselectivity for
the coupling reaction. Addition of TBACI/B(OMe); allowed for
the use of carbonates or fluorides as excellent chloride surro-
gates in the enantioselective C-N coupling. This represents
the first example of fluorides serving as electrophiles in a
transition-metal-mediated N-arylation reaction.

4.2 Other radical-mediated enantioselective C(sp®)-N cross-
couplings

In 2019, Fu reported the enantioselective copper-catalyzed C-N
coupling in the absence of light (Scheme 40).°® The reaction
involved the copper-mediated nucleophilic substitution of race-
mic alkyl iodides 139 with indoles 140 to afford chiral amines
141. This approach addressed the limitations of the classic Sx2
type reaction, which typically exhibited low reactivity and
lacked stereoinduction. A series of amines bearing a tertiary
stereocenter were obtained with excellent enantioselectivities.
Notably, when using 139a with a defined stereocenter, the
configuration of the newly formed stereocenter was solely
determined by the chirality of the ligand. A copper complex
was prepared from CuMes, (R)-L23, and indoles 140a, which
was then employed in the enantioselective C-N coupling with
(R)/(S)-139b. It was observed that the reaction rate of (S)-139b
was ten times that of (R)-139b, suggesting a significant match/
mismatch relationship between the chirality of the alkyl bro-
mide and the ligand.

In 2021, Liu achieved the enantioselective N-arylation
of sulfoximines via a copper-catalyzed C-N cross-coupling
(Scheme 41).”” With the catalysis of copper and a novel
N,N,P-chelated ligand, a wide range of chiral sulfoximines
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Scheme 41 Enantioselective C-N coupling for chiral masked primary
amines.

145 were obtained with excellent enantioselectivities. The
masked primary amines 145 could then be converted into a
series of useful building blocks. Treatment of 145e (96% ee)
with magnesium, followed by acidification, yielded a chiral
ammonium salt in 91% yield and 95% ee. In the case of
145n, the resulting ammonium salt 147 could be transformed
into a-N-substituted ester 148 with 89% ee. Phenyl-substituted
149 reacted with MeMgBr or was directly reduced to produce
a-amino alcohol 152 with excellent diastereoselectivities (d.r. >
20:1). Reaction with TSNHNH, and subsequent reduction led
to the conversion of 149 to alkyl amine 152 with 88% ee, albeit

This journal is © The Royal Society of Chemistry 2024
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Scheme 42 Enantioselective C—N coupling of diverse functional alkyl
halides.

in a yield of 33%. These diverse transformations highlighted
the utility of this protocol.

In 2023, Liu reported the copper-catalyzed enantioselective
C-N coupling of alkyl halides and (hetero)aryl amines using a
radical-involved process under ambient conditions (Scheme 42).%®
The key to the success of this reaction was the selectivity of the
appropriate ligand with different alkyl halides. When using the
N,N,N-chelated ligand L27, o-chloro-amides served as suitable
reaction counterparts in the enantioselective N-arylation. In the
case of alkynyl chlorides, the quinine-based ligand L28 proved to
be efficient in promoting the enantioselective C-N coupling. With
the appropriate ligands, the protocol proceeded smoothly, yielding
a variety of functional chiral amines with excellent enantioselec-
tivities. The newly formed enantioenriched 155a could be readily
converted to a-amino aldehydes 157, which could then be further
transformed into o-amino alcohols 158 or 159 with 100% enan-
tioselectivity upon subsequent reduction or methyl addition.

In 2023, Liu achieved the enantioselective C-N coupling of
a-bromo-B-lactam 160 through a copper-mediated radical-
involved process (Scheme 43).°° Under the catalysis of Cul/
oxazoline-derived ligand L29, the chiral a-amino-p-lactams 161
were obtained with excellent enantioselectivities. However,
when TEMPO was added under standard conditions, no reac-
tion occurred. By adding the radical scavenging reagent BHT,
the radical-trapped product 162 was obtained in a yield of 57%.
The mechanistic studies conducted suggested that the protocol
may proceed through a radical-involved process.

Recently, Liu reported a copper-mediated radical-involved
C-N cross-coupling for synthesizing chiral bulky amines
(Scheme 44).'°° By using the N,N,N-chelating ligand L30, the
enantioselective N-arylation proceeded smoothly, resulting in
the formation of chiral amines 165 with excellent enantioselec-
tivities. A possible mechanism was proposed, which suggested

This journal is © The Royal Society of Chemistry 2024
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Scheme 44 Enantioselective C—N coupling for chiral bulky amine synthesis.

an out-sphere N-substitution process. The in situ formed Cul
reacted with 163 to yield INT-27, which then underwent con-
version to INT-29 and INT-30 in equilibrium. Subsequent out-
sphere N-substitution via INT-32 or INT-33 led to the formation
of the final products 165. The inner-sphere process involving
reductive elimination through INT-30 was unlikely. The outer-
sphere N-attack model explained the excellent reactivity of
bulky amines in enantioselective synthesis.

Aliphatic amines are highly reactive, but their application in
copper-mediated enantioselective synthesis is limited due to
transition-metal-catalyst poisoning and challenges in stereo-
control. In 2023, Liu successfully utilized these reactive alipha-
tic amines in enantioselective C-N coupling with the N,N,N-
chelating ligand L30 (Scheme 45).'%" This approach enabled the
enantioselective N-alkylation of aliphatic amines 166 with alkyl
chlorides 163 to proceed smoothly, resulting in the formation
of chiral amines 167 with excellent enantioselectivities. The
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Scheme 45 Copper-catalyzed enantioselective N-alkylation of aliphatic
amines.

wide substrate scope of this method was demonstrated by its
successful application in the synthesis of bioactive and drug-
like molecules. Additionally, the compatibility of the protocol
with the use of ammonium salt 166a led to the formation of 168
with 94% ee. The use of the multi-chelated ligand L30 was
crucial in overcoming the issue of catalyst poisoning by alipha-
tic amines, ultimately leading to excellent enantioselectivities.

In 2023, Fu estimated the copper-mediated enantioselective
C-N coupling of a-chloroboronate ester 169 and carbamate 170
to afford a-aminoboronic derivatives 171 (Scheme 46).'°> Con-
trol experiments indicated that copper complex 172 would
convert to biarylphosphane 173 under the irritation of blue
light. The combination of CuCl, diamine ligand L15, and 173
could catalyze the enantioselective C-N coupling to give the
desired product 171b in a 36% yield with 77% ee. Therefore,
biarylphosphane L32 was utilized to co-catalyze the enantio-
selective synthesis after screening reaction conditions. With the
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Scheme 46 Copper-catalyzed enantioselective C-N coupling for
a-aminoboronic derivative synthesis.
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Scheme 47 Enantioselective C—N cross coupling for chiral sulfoximine
synthesis.

catalysis of CuCl, L14, and L32, a series of divergent functional
a-aminoboronic derivatives could be achieved with good to
excellent enantioselectivities. When enantiomer 169b was used,
the catalyst system bearing (S,S)-L15 or (R,R)-L15 showed a
different reaction rate, indicating a kinetic resolution process.

In 2023, Liu reported on the copper-catalyzed enantio-
selective C-N coupling for the synthesis of chiral sulfoximines
(Scheme 47)."* The use of the N,N,N-chelated ligand L33 with a
long side arm played a crucial role in the success of this
reaction. The enantioselective N-alkylation of 174 with 163 as
nucleophiles proceeded under mild conditions, resulting in the
formation of chiral sulfoximines 175 with excellent enantio-
selectivities. The newly formed amines could be readily con-
verted to chiral amine building blocks, such as chiral amino
alcohol 177 bearing a quaternary chiral carbon center, in just a
few steps.

5. Conclusions and perspectives

Based on enantioselective C-N cross-coupling, palladium-
catalyzed enantioselective C-N coupling (enantioselective
Buchwald-Hartwig reaction), copper-catalyzed enantioselective
C-N coupling (enantioselective Ullmann reaction), copper-
catalyzed enantioselective ring-opening reaction of cyclic ary-
liodonium, and copper-catalyzed enantioselective radical C-N
coupling have been extensively developed. Despite the signifi-
cant progress achieved, there is a strong need to explore new
reactions and strategies due to their vital importance in both
academia and industry.

The focus of transition metals in enantioselective C-N
couplings has primarily centered on palladium and copper. It
is essential to diversify the use of transition metals, with a
particular emphasis on non-noble metals such as nickel or
iron, known for their excellent coupling abilities, to further
expand the industrial applications of these reactions.

The design of ligands plays a crucial role in enantioselective
C-N coupling, as demonstrated by the evaluation of ligands in the
Buchwald-Hartwig and Ullmann reactions. The development of
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novel ligands has significantly broadened the scope and generality
of the enantioselective Buchwald-Hartwig reaction. In the case of
enantioselective radical C-N coupling of aliphatic amines, the use
of multi-chelated ligands is pivotal. Therefore, structurally diverse
ligands must be developed and applied to advance enantio-
selective C-N couplings.
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