Recent advances in the asymmetric phosphoric acidcatalyzed synthesis of axially chiral compounds
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Abstract
In recent years, the synthesis of axially chiral compounds has received considerable attention due to their extensive application as
biologically active compounds in medicinal chemistry and as chiral ligands in asymmetric catalysis. Chiral phosphoric acids are
recognized as efficient organocatalysts for a variety of enantioselective transformations. In this review, we summarize the recent
development of chiral phosphoric acid-catalyzed synthesis of a wide range of axially chiral biaryls, heterobiaryls, vinylarenes,
N-arylamines, spiranes, and allenes with high efficiency and excellent stereoselectivity.

Introduction
Axial chirality is one of the most important properties of nature,
resulting from the nonplanar arrangement of four groups in
pairs about a chirality axis. These include atropisomerism [1],
chiral allenes, spiranes, spiroindanes, and so on [2,3]. Recently,
there emerged an enormous demand for enantiopure compounds, not only for pharmaceutical and fine chemical industries, but also for fragrance, flavor, agrochemical, and food
industries [4]. Consequently, the importance of axially chiral
compounds has been widely recognized in both academic and
industrial chemical societies [5]. Therefore, asymmetric synthesis of axial chiral compounds has been paid much attention [6],
and great progress has been made in recent years. For example,

many remarkable activities have been undertaken to develop
strategies such as dynamic kinetic resolution, atroposelective
coupling, cycloaddition, and chirality conversion for the construction of axial chirality [7-14].
Axially chiral biaryl and heterobiaryl units are widely used
as basic building blocks for chiral ligands [14], chiral catalysts
[14-17] (Figure 1), various natural products, drugs and
bioactive molecules [18,19], pharmaceutical agents [20,21]
(Figure 2), and chiral building blocks in modern organic
synthesis [5]. During the past decades, both C2 and non-C2
symmetric axially chiral biaryl compounds such as
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Figure 1: Representative examples of axially chiral biaryls, heterobiaryls, spiranes and allenes as ligands and catalysts.

BINAP, BINAM, NOBIN and their derivatives BINOL
have played a crucial role as ligands in the development of
transition-metal-catalyzed enantioselective transformations
[9,14,22,23].
Axial chirality is also found in chiral stationary phases for enantioselective separation, dopants in liquid-crystalline materials,
chiroptical molecular switches, microporous soluble polymers,
and interlocked nanotubes (Figure 3) [24]. In addition, axially
chiral allenes and spiranes [25] are well-known scaffolds widely
used in natural products, ligands, organocatalysts, and functional materials as well as versatile chiral building blocks in
organic synthesis [14,26,27].
Chiral phosphoric acids represent an important and widely used
class of catalysts for a variety of enantioselective transformations, especially for carbon–carbon and carbon–heteroatom
bond-forming reactions [15,28]. They are important for the development of axially chiral compounds, which are involved in

the design of chiral catalysts and ligands. Currently, chiral
phosphoric acids are widely used in stereoselective oxidative/
cross-coupling of two aryl counterparts, asymmetric control of
aromatic ring formation, atroposelective functionalization of
biaryl compounds, and so on [17,29,30]. In this context,
Akiyama (2004) described that chiral phosphoric acids (CPAs)
have great potential for catalysis of a wide range of reactions to
achieve good to perfect enantioselectivities. This is due to their
ability to act as synergistic bifunctional catalysts bearing both
Brønsted acidic and Lewis basic sites, with the 3,3′-substituents
playing a crucial role in achieving excellent enantioselectivity
[31]. The widespread use of phosphoric acids and phosphates as
chiral acids, chiral anions, and ligands is one of the most important achievements of modern enantioselective catalysis. The
atropochiral BINOL, H 8 -BINOL and SPINOL [32] derived
phosphoric acids (Figure 4) [33,34] play a crucial role in asymmetric catalysis, the construction of numerous axially chiral
biaryls/heterobiaryls [21,35-38], and other useful asymmetric
transformations [5].
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Figure 2: Selected examples of axially chiral drugs and bioactive molecules.

Although chiral phosphoric acids have shown promising properties in asymmetric catalysis and play a significant catalytic
role in the development of axially chiral compounds with
biaryls, heterobiaryls, atropisomeric arylalkenes, allenes, and
spiranes, there are only few comprehensive reviews in this area.

Therefore, the aim of this review is to provide readers with an
overview of recent advances in the asymmetric phosphoric acidcatalyzed synthesis of axially chiral compounds and to suggest
that much more attention should be paid to these catalysts in
order to promote asymmetric synthesis.
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Figure 3: Axially chiral functional materials and supramolecules.

Figure 4: Important chiral phosphoric acid scaffolds used in this
review.

Review
1. Enantioselective synthesis of
atropisomeric biaryls
Direct C–H functionalization strategies for the atroposelective
aryl–aryl cross-coupling using various transition-metal catalysts has rarely been successful for the enantioselective construction of hindered biaryls [39] due to the discord between the
temperature tolerance of the rotational axis and the high temperature required for C–H activation and suffered from poor
chemoselectivity [40]. However, the realization of this redoxneutral aryl–aryl cross-coupling is a formidable challenge.
Therefore, the discovery of efficient catalysts and ligands to

achieve high stereoselectivity is a fundamental issue in catalytic asymmetric synthesis [14]. In this section, we will present
pioneering examples of chiral phosphoric acid-catalyzed asymmetric syntheses of axially chiral biaryls. In 2013, Kürti and
co-workers reported a chiral phosphoric acid-catalyzed
aryl–aryl-bond formation process for the regio- and atroposelective synthesis of 2,2′-diamino-1,1′-binaphthalenes (BINAMs)
from achiral N,N′-binaphthylhydrazines (Scheme 1). In the
presence of chiral phosphoric acids (CPA 1), the reaction
undergoes a simple [3,3]-sigmatropic rearrangement, giving the
corresponding products 2 in good yield (up to 88%) and enantioselectivity (up to 93:7 er). The density functional calculations showed that the chiral phosphoric acid proton forms an
H-bond with nitrogen atoms of 1 and the phosphate acts as a
chiral counterion, resulting in a [3,3]-sigmatropic rearrangement with controlled stereoselectivity [14,41].
In 2017, Tan and co-workers developed an organocatalytic atroposelective synthesis of axially chiral biarylamino alcohols
from the reaction of quinone ester (3) and various 2-naphthylamines 4. In the presence of CPA 2, the axially chiral biarylamino alcohols 5 were obtained in moderate to good yields (up
to 85%) and high to excellent enantioselectivities (up to
99% ee) (Scheme 2). The electronic properties of the substitu-
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Scheme 1: Atroposelective aryl–aryl-bond formation by employing a facile [3,3]-sigmatropic rearrangement.

Scheme 2: Atroposelective synthesis of axially chiral biaryl amino alcohols 5.

ents on the 2-naphthylamine showed remarkable effects on the
chemical yield but had negligible impact on the enantioselectivity [42].
The direct arylation reaction of quinones 6 and 2-naphthols 7
was described by Tan and co-workers in 2015. The corresponding axially chiral biaryl diols 8 were prepared in good yields
(60–90%) and excellent enantioselectivities (90–99% ee) in the
presence of CPA 2 (Scheme 3). The stereoselectivity of the
reaction is only moderately affected by the position and electronic properties of the substituents on the aromatic ring [36].
Experiments showed that chiral phosphoric acid CPA 2 acted as
a bifunctional organocatalyst, that activates 2-naphthols and
quinone derivatives via multiple H-bonds and promotes the first
step of the enantioselective conjugative addition to generate
intermediate I-1 and transfers the its central chirality informa-

tion to the axial chirality to give the chiral biaryldiols
(Scheme 3) [14].
In 2013, Akiyama and co-workers described the enantioselective preparation of multisubstituted biaryls by the desymmetrization strategy, which was further enhanced by the subsequent asymmetric reaction (kinetic resolution) in the presence
of chiral phosphoric acid CPA 3. In this work, various EWGand EDG-containing substrates were incorporated, and chiral
biaryls 10 were obtained with good to excellent selectivities of
81–93% ee by desymmetrization and 63–96% ee by kinetic
resolution. The subsequent asymmetric bromination reaction
afforded monobrominated biaryls with excellent enantioselectivities up to 99% ee (Scheme 4). The experimental and computational studies showed that the highly organized hydrogenbonding network between a substrate, a chiral phosphoric acid
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Scheme 3: The enantioselective reaction of quinone and 2-naphthol derivatives.

Scheme 4: Enantioselective synthesis of multisubstituted biaryls.
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catalyst (CPA 3), and a brominating reagent (N-bromophthalimide) plays a crucial role in achieving the excellent selectivities [43].
The axially chiral biaryl-2-amines, N-heteroarenes [44] and derivatives are ubiquitous structural motifs and have profound applications in biochemistry and asymmetric catalysis [45]. These
chiral biaryls can be prepared by asymmetric C–H activation.
The C–H activation or functionalization can be achieved by a
metal-catalyzed chiral phosphoric acid ligand-assisted method,
which offers distinct possibilities to provide various chiral
biaryl compounds by changing different directing groups (DGs)
[46]. Since the important reports by Akiyama and Terada
[31,47], chiral phosphoric acids have received much attention in
the efficient construction of chiral molecules not only by using
them as organocatalysts, but also by applying them as ligands in
transition-metal catalysis due to their multifunctionality
(Brønsted acidity/basicity, hydrogen-bonding units, and
counter-anions toward metals) [48,49]. In 2019, Shi, Lin, and
co-workers achieved an enantioselective synthesis of axially
chiral quinoline-derived biaryl atropisomers via Pd-catalyzed
C–H olefination of 8-phenylquinoline (11) using a novel chiral
spirophosphoric acid (CPA 4). A wide range of quinolinederived biaryls 13 with various substituents was synthesized in
good to excellent yields (up to 99%) with excellent enantioselectivities (up to 98% ee) (Scheme 5). A working model for the
origin of enantioselectivity in C–H olefination was provided by
density functional theory calculations [46].

Recently, Shi, Lin and co-workers reported the atroposelective
synthesis of axially chiral biaryls by Pd(II)-catalyzed free
amine-directed atroposelective C–H olefination using chiral
spirophosphoric acid CPA 5 as an efficient ligand and Ag2CO3
as the oxidant. The C–H olefination of various biaryl-2-amines
with acrylates and styrenes was carried out and afforded the
desired products 15 in good yields (up to 96% yield) with high
enantioselectivities (up to 96% ee). The electronic properties of
the side chains of the biaryl compounds have a significant effect
on the reactivity, but little on the enantiocontrol. In general,
biaryl-2-amines with electron-donating groups showed higher
reactivity than those with electron-withdrawing groups
(Scheme 6). CPA 5 activates the reaction by creating a rigid
and narrow chiral pocket, thus leading to better noncovalent
interactions with the substrates. Moreover, the SPA ligand
loading of 1 mol % is effective for this reaction under mild
conditions [50].
Moreover, Shi, Lin and co-workers reported the first Pd(II)-catalyzed directed atroposelective C–H allylation of 2-(naphthalen1-yl)aniline derivatives 14 with methacrylates 16 via β-H elimination using (S)-CPA 4 as a ligand (Scheme 7) [51]. The
directing group (NH2) facilitated the C–H activation on the
other aromatic ring and ensured its coordination with Pd to form
palladacycle I-2 to restrict bond rotations and promote exclusive allylic selectivity via β-H 1 elimination as opposed to
styrenyl selectivity. In addition, the methacrylates were used as
allyl surrogates to overcome the reactivity problem caused by

Scheme 5: Enantioselective synthesis of axially chiral quinoline-derived biaryl atropisomers mediated by chiral spirophosphoric acid catalyst CPA 4.

2735

Beilstein J. Org. Chem. 2021, 17, 2729–2764.

Scheme 6: Pd-Catalyzed atroposelective C–H olefination of biarylamines.

Scheme 7: Palladium-catalyzed directed atroposelective C–H allylation.
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steric hindrance of 1,1,-disubstituted alkenes, and the electronwithdrawing esters enhance the migratory insertion to form
palladacycle I-2. The CPA generates the chiral environment and
played a crucial role in favoring of atropisomerism. A series of
axially chiral biaryl-2-amines with 1,1-disubstituted alkenes 17
was efficiently synthesized in moderate to excellent yields
(42–96%) with excellent enantioselectivities (up to >99% ee).

2. Enantioselective synthesis of
atropisomeric heterobiaryls
2.1. Synthesis of atropisomeric arylindoles
The indole scaffold is found in many natural products, drugs,
and bioactive molecules. Moreover, the introduction of axial

chirality into the indole scaffold is receiving attention due to its
widespread use [45,52]. In 2019, Li and co-workers developed a
synthetic strategy for the atroposelective construction of
phenylindole 20 by the chiral phosphoric acid-catalyzed crosscoupling of quinones 18 and indoles 19. In this reaction, the
chiral phosphoric acid (R)-CPA 6 acts as a bifunctional catalyst
to activate indoles and quinones through a dual H-bond activation mode to form the intermediate I-3, and aromatization with
central-to-axial chirality transfer occurs to afford the axially
chiral phenylindoles in good yield (76–92%) with good to
excellent enantioselectivity (88–96% ee, Scheme 8a). The position and electronic properties of the substituents on the aromatic rings of the indole have limited influence on the reactivity

Scheme 8: Enantioselective synthesis of axially chiral (a) aryl indoles and (b) biaryldiols.
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and remarkable effects on the enantioselectivity. For example,
in the case of indole 20b, the enantioselectivity was drastically
reduced due to steric hindrance present at the 2-position of the
indole, which plays a crucial role in the stability of axial
chirality.
In 2019, Li and co-workers further investigated the feasibility of
5-hydroxyindoles 22 with iminoquinones 23 under optimized
reaction conditions. In the presence of 5 mol % (R)-CPA 7, the
desired biaryldiol products 23 were obtained in moderate to
good yields (58–95%) with excellent enantioselectivity
(90–95% ee, Scheme 8b) [53]. The synthesized axially chiral
phenylindoles have the potential to be used as chiral ligands in
asymmetric catalysis [54] and are ubiquitous in natural products with considerable bioactivity [55,56].

Organocatalytic aryl C–H activation via a nonradical process
represents an enormous challenge in organic synthesis, although the nucleophilic aromatic substitution with cleavage of
the electrophilic aryl C–H bond has only recently been developed by transition-metal-catalyzed aryl C–H activation [57].
In the presence of a chiral phosphoric acid, the azo group has
recently been revealed to be a useful moiety that may efficiently activate an aromatic ring for formal nucleophilic aromatic substitution, resulting in the cleavage of the aryl C–H bond
and direct arylation of the nucleophile [58]. In 2018, Tan and
co-workers showed that azo groups enable the organocatalytic
asymmetric arylation of indoles. The nucleophilic aromatic substitution between the azobenzene derivative 24 and indoles 25
was carried out in the presence of 2.5 mol % chiral phosphoric
acid (CPA 8, Scheme 9a), leading to the intermediate I-4,

Scheme 9: Asymmetric arylation of indoles enabled by azo groups.
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which was subsequently aromatized to give the intermediate I-5
(Scheme 10). The axially chiral arylindole 26 was synthesized
from intermediate I-5 via chirality transfer with high isolated
yield (up to 98%) and excellent enantioselectivity (up to
>99% ee, Scheme 9a) [59]. The authors also reported that the
reaction of 2-substituted indoles with azobenzenes proceeded
smoothly in the presence of the chiral phosphoric acid catalyst
(R)-CPA 9. At a catalyst loading of 0.2 mol %, the intermediate I-5 was simultaneously cyclized to I-6, followed by β-H
elimination and chirality transfer to afford another type of
axially chiral indoles 27 (Scheme 10) bearing aniline groups by
direct arylation and rearrangement in moderate to good
yields with excellent enantioselectivities of mostly 99% ee
(Scheme 9b) [59]. The electronic properties and position of the
substituents on the azobenzene ring did not affect the yields,
whereas the electronic properties of the substituents on the
indole ring did.
In 2019, Lin and co-workers reported the asymmetric threecomponent cascade reaction of 2,3-diketo esters 28, aromatic
amines 29, and 1,3-cyclohexanediones 30 to prepare axially
chiral arylindoles 31 in a highly enantioselective manner. A
wide range of substrates was subjected to the reaction in the
presence of the chiral phosphoric acid CPA 9 to afford axially
chiral N-arylindoles 31 in good yields (up to 93%) with good to
exceptional enantioselectivities (up to 99% ee, Scheme 11). The
chiral spirocyclic phosphoric acid catalyst developed by our
group is critical for increasing the enantioselectivity in this
cascade reaction [38]. This catalyst can facilitate the aldol reac-

tion to generate a stereocenter (I-7), which can then be converted to axial chirality (I-8 to I-10) and finally aromatized to
give 31 (Scheme 11) [60].
Zhou and co-workers published an excellent paper in 2019 on
the conversion of central to axial chirality in an enantioselective [3 + 2] annulation of 1-styrylnaphthols 32 with azonaphthalenes 33. Under defined conditions, the cycloaddition product 34 was prepared in high yield (99%) with exclusive diastereoselectivity and 99% ee in the presence of the chiral phosphoric acid CPA 2. Subsequently, using the chiral phosphoric
acid-catalyzed [3 + 2] formal cycloaddition and a moderate
DDQ oxidation method over 34, enantiomerically enriched 2,3diarylbenzoindoles 35 were successfully prepared by performing a central-axial chirality conversion by oxidative aromatization. With excellent diastereoselectivities (all >20:1) and enantioselectivities (87–99% ee), the target products 35 containing different groups were obtained in high yield (up to 94%)
(Scheme 12). In this transformation, electron-donating and
withdrawing groups were tolerated [7].
In 2020, Tan and co-workers disclosed the phosphoric acid-catalyzed atroposelective arene functionalization of nitrosonaphthalene with indoles to form atropisomeric indole-naphthalenes
39 and indole-anilines 40 by a nucleophilic aromatic substitution reaction [61] (Scheme 13). Various 2-nitrosonaphthalenes
36 and indoles 37 with different substitutions were subjected to
nucleophilic aromatic substitution reaction catalyzed by CPA
11 to form an intermediate I-11, which was then re-aromatized

Scheme 10: Proposed mechanism for the asymmetric arylation of indoles.
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Scheme 11: Enantioselective synthesis of axially chiral N-arylindoles [38].

to give I-12, and then oxidized to give 39. In addition, the intermediate I-12 was cyclized to form the intermediate I-13 followed by β-H elimination to give another axially chiral arylindole framework 40 (Scheme 14). Both products 39 and 40 were
obtained in moderate to excellent yields (up to 99%) and good

to excellent enantioselectivity (83–99% ee, Scheme 13). Moreover, the reactions provide easy access to the privileged NOBIN
(2-amino-2’-hydroxy-1,1’-binaphthyl) structures 41. The additional insights into the origins of enantiocontrol were described
by DFT calculations.
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Scheme 12: Enantioselective [3 + 2] formal cycloaddition and central-to-axial chirality conversion.

Owing to the presence of axially chiral indole-based biaryl scaffolds such as naphthylindoles and phenylindoles in bioactive
molecules and chiral catalysts [62-64], the construction of this
scaffold has recently become valuable and attracted the attention of chemists [2,64]. In this context, Shi and co-workers reported a new strategy for the enantioselective synthesis of
axially chiral naphthylindoles via the asymmetric addition reaction of racemic naphthylindole 42 with azodicarboxylate 43
under chiral phosphoric acid catalysis. In the presence of CPA
2, 42 and 43 reacted and underwent dynamic kinetic resolution
to afford naphthylindoles 44 with axial chirality in moderate to
good yields (50–98%) and high enantioselectivity (91:9 to
98:2 er, Scheme 15) [65].
In addition, the authors also succeeded in preparing naphthylindoles 46, which exhibit both axial and central chirality, through
the addition reaction of racemic naphthylindoles 42 and
o-hydroxybenzyl alcohols 45 using chiral phosphoric acid
CPA 13. This reaction afforded products 46 in moderate to

good yields (50–97%), excellent diastereoselectivities (>95:5
dr), and high enantioselectivities (91:9 to 98:2 er, Scheme 15).
The control experiments showed that the N–H group in naphthylindoles, the OH group in phenol, and the carboxylate group
in azodicarboxylate play a crucial role in both the reactivity and
enantioselectivity of the reaction due to the formation of hydrogen bonds with CPA. In addition, the chiral phosphoric acid
catalysts generate the chiral environment and showed the
pleasing role in favoring atropisomerism [65].
In 2019, Shi and co-workers also achieved the first catalytic
asymmetric construction of axially chiral 3,3’-bisindole scaffolds 49 bearing both axial and central chirality by employing
the CPA-14-catalyzed asymmetric addition reaction of 2-substituted 3,3’-bisindoles 47 to isatin-derived 3-indolylmethanols 48.
The isatin-derived 3-indolylmethanols and 2-substituted 3,3’bisindole substrates bearing different substituents afforded the
axially chiral 3,3’-bisindole scaffolds 49 in moderate to high
yields (up to 98%) and with excellent stereoselectivities (all
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Scheme 13: Organocatalytic atroposelective arene functionalization of nitrosonaphthalene with indoles.

>95:5 dr, >99% ee, Scheme 16). Moreover, the introduction of
a bulky group into the ortho-position of prochiral 3,3’-bisindoles allowed the synthesis of new members of axially chiral
biaryls (3,3’-bisindole derivatives) bearing both axial and
central chirality in high yields and excellent stereoselectivities.
Moreover, this methodology represents a new strategy for the
catalytic enantioselective synthesis of axially chiral 3,3’-bisindole backbones from prochiral substrates [66].

The atroposelective synthesis of a new class of 3,3'-bisindoles
51 with axial and central chirality by dynamic kinetic resolution of 2-substituted 3,3'-bisindoles via asymmetric nucleophilic addition reactions using isatin-derived imines 50 as electrophiles was reported by Tan, Shi and co-workers in 2020.
Enantioenriched 3,3'-bisindoles with a biologically essential
chiral 3-aminooxindole unit can be readily prepared by these
methods. CPA 9 utilizes hydrogen bonding to activate both

2742

Beilstein J. Org. Chem. 2021, 17, 2729–2764.

Scheme 14: Proposed reaction mechanism for the atroposelective arene functionalization of nitrosonaphthalenes.

Scheme 15: Asymmetric construction of axially chiral naphthylindoles [65].
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Scheme 16: Enantioselective synthesis of axially chiral 3,3’-bisindoles [66].

reactants, resulting in enantioenriched 3,3'-bisindole derivatives
with multiple chirality. In the presence of the chiral phosphoric
acid catalyst CPA 9, various groups of 2-substituted 3,3'-bisindoles and isatin-derived imines were tolerated and gave good to
high yields (up to 80%) and moderate to excellent stereoselectivities (up to 98:2 er, >95:5 dr, Scheme 17) [67].
In 2020, Shi and co-workers reported the chiral phosphoric acid
(CPA)-catalyzed enantioselective addition reaction of 3,3'-bisindoles 47 and ninhydrin-derived 3-indolylmethanols 52 for the
synthesis of 3,3'-bisindoles 53 with single axial chirality. In the
presence of CPA 15, the axially chiral 3,3′-bisindoles 53 were
synthesized via a dynamic kinetic resolution (DKR) process in
overall moderate yields (up to 79%) and good enantioselectivities (up to 94:6 er, Scheme 18) [68]. The authors investigated
the high rotation barrier and stability of the axially chiral products and found that 3,3'-bisindole scaffolds with a single axial
chirality are quite stable because of the bulkiness of the ninhydrin group. They also investigated the rotational barrier of substrate 47 and confirmed that it could be rapidly racemized
during the reaction process, suggesting that dynamic kinetic

resolution could be used to accomplish enantioselective synthesis of axially chiral 3,3'-bisindoles. The mechanistic studies
showed that the N–H group of 3,3′-bisindoles 47 played a
crucial role in carrying out the addition reaction with substrates
52 possibly by forming a hydrogen bond with CPA 15. Moreover, the N–H group of ninhydrin-derived 3-indolylmethanols
52 was crucial in increasing the reactivity and enantioselectivity, but it is not important for ninhydrin-derived substrates to
carry out the addition reaction. This suggests that this substrate
could produce an ion-pair interaction with CPA 15 in addition
to the hydrogen-bonding interaction.

2.2. Synthesis of miscellaneous atropisomeric
heterobiaryls
Axially chiral pyrazole scaffolds are commonly found in natural
products and drugs and are often used as valuable building
blocks in organic synthesis [69]. Herein, Li and co-workers developed a new asymmetric synthesis of atropisomeric pyrazole
derivatives 56 via an enantioselective reaction of azonaphthalene 54 with pyrazolone 55 using 5 mol % chiral phosphoric
acid CPA 16. Substrates bearing electron-donating and elec-
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Scheme 17: Atroposelective synthesis of 3,3’-bisiindoles bearing axial and central chirality.

tron-withdrawing groups gave the desired axially chiral pyrazole derivatives 56 in good yields (up to 99%) with excellent
enantioselectivities (up to 98% ee, Scheme 19). Density functional theory calculations revealed that the chiral phosphoric
acid acts as a proton-transfer shuttle to assist proton transfer
from the OH group of pyrazolone-enol intermediates to the
N–N double bonds of azonaphthalenes [70].
On the other hand, N-arylcarbazole frameworks are also abundant in pharmaceuticals, agrochemicals, natural products, and
functional OLED materials [71,72]. Therefore, the construction
of axially chiral N-arylcarbazoles is desirable. In this sense, Tan

and co-workers (2020) developed the first chiral phosphoric
acid-catalyzed atroposelective C–H amination of arenes for the
synthesis of N-arylcarbazole structures. The atroposelective
N-arylcarbazoles 58 were prepared by C–H amination of azonaphthalene derivatives 54 and carbazole derivatives 57 via
asymmetric addition and chirality transfer. In the presence of
CPA 9, axially chiral N-arylcarbazoles were obtained in moderate to good yields (51–97%) with good to excellent enatioselectivity (87–96% ee, Scheme 20a) [73].
More importantly, the same group reported the synthesis of
axially chiral N-arylindole atropisomers from azonaphthalene
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Scheme 18: Enantioselective synthesis of axially chiral 3,3’-bisindoles bearing single axial chirality.

Scheme 19: Enantioselective reaction of azonaphthalenes with various pyrazolones.
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Scheme 20: Enantioselective and atroposelective synthesis of axially chiral N-arylcarbazoles [73].

54 and indole substrates 59 in the presence of chiral phosphoric
acid CPA 17. The atropisomeric adducts were obtained in moderate to good yields (up to 93%) with good to excellent enantioselectivity (up to >99% ee, Scheme 20b). Therefore, this synthetic method (nucleophilic aromatic substitution reaction) is
crucial for the development of alternative C–N bond-forming
reactions to conventional metal-involved cross-couplings, providing axially chiral N-arylcarbazoles 60 in good yields with

remarkable enantiocontrol through a rearomatization-enabled
central to axial chirality transfer pathway [73].
Citing the crucial role of di-carbazole-substituted arenes in
OLED materials [74], Tan and co-workers have recently developed structural motifs with two chiral N-aryl axes from 2,6diazonaphthalene 61 and carbazoles 62. For this reaction, a high
loading of 20 mol % CPA 18 with a 1-pyrenyl group at the
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6,6’-position of the spiro backbone was preferred as the best
catalyst for this transformation. Encouragingly, the double atroposelective C–H amination reaction took place and afforded the
desired 1,5-dicarbazole naphthalene derivative 63 in moderate
yield with >90% enantioselectivity (Scheme 20c) and tolerable
diastereoselectivity (4:1) [73].
The optically enriched benzimidazoles are N-heterocycles
which are of great interest as drug-like molecules [75], and exhibit biological activities such as anticancer, antiviral, antifungal, and antibacterial effects [76]. In this context, Miller and
co-workers reported the performance of C2-symmetric chiral
phosphoric acids (C2-type) and phosphothreonine-embedded,
peptidic phosphoric acids (pThr-type CPAs) to catalyze a wide
range of atroposelective cyclodehydration reactions for the synthesis of benzimidazoles. In the presence of CPA 7, the corresponding products 65 were obtained with the highest selectivity

(up to 96% ee) at full conversion while catalyst CAT 1
(Scheme 21) afforded 65 with up to 94% ee at 96% conversion.
The highly substituted axially chiral benzimidazoles 65 were all
formed with excellent enantioselectivity when either CAT 1
(93–97% ee) or CPA 7 (93–96% ee) was used as catalyst
(Scheme 21). The authors described that, BINOL-derived CPAs
and pThr-type CPA scaffolds were found to be effective for
atroposelective cyclodehydrations. Both the DFT and catalyst
correlation studies showed that the steric repulsion between the
large 3,3′-substituent of the C2-type CPAs catalyst and the
bottom aromatic ring of the substrate seems to determine the enantioselectivity [77].
In 2020, Fu and co-workers described the chiral phosphoric
acid-catalyzed atroposelective construction of axially chiral
N-arylbenzimidazoles involving a carbon–carbon bond cleavage
under optimal reaction conditions. In the presence of CPA 2,

Scheme 21: Atroposelective cyclodehydration reaction.
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N1-(aryl)benzene-1,2-diamines 66 were used in the reaction
with multicarbonyl compounds 67 and 68 and afforded the corresponding products, axially chiral N-arylbenzimidazoles 69
and 70 in high yields (up to 89%) with excellent enantioselectivity (up to 98% ee, Scheme 22) [78]. The primary amino
group in the N1-(aryl)benzene-1,2-diamines reacts with the carbonyl group in 67 to give imine intermediate I-15 mediated by
the chiral phosphoric acid. Meanwhile, isomerization of I-15
leads to enamine I-16. In the presence of the CPA catalyst, an
intramolecular Michael addition of the amino group to the enamine in I-16 leads to I-17. Subsequently, the imines I-15 and
I-17 are converted to the intermediate I-18, which through elimination by cleavage of the C–C bond gives the target product 69
(Scheme 23). This catalytic approach encompasses a wide range
of substrates and functional groups to construct atropisomeric
N-arylbenzimidazoles that are widely used in natural products,
biologically active molecules, ligands, and catalysts.
Axially chiral arylpyrroles are the core scaffold for a variety of
natural products, bioactive compounds and pharmacological
agents [79] as well as for a variety of chiral phosphine ligands

[80]. As a result, the preparation of axially chiral arylpyrroles
has been one of the most important areas of investigation in
synthetic chemistry. In the last decade, the optical activity of
arylpyrroles has been explored by optical resolution of racemates using chiral resolving agents or chiral column chromatography [81]. Although Zhang et al. developed the first catalytic
asymmetric Paal–Knorr reaction for accessing highly enantioenriched axially chiral arylpyrroles in 2017 [82], a complicated
catalytic system and narrow substrate range limited its application. Therefore, the use of chiral phosphoric acids to modulate
axial chirality enables the preparation of highly enantioenriched axially chiral arylpyrroles. In this context, Tan and
co-workers discovered in 2019 a highly effective approach
using organocatalytic atroposelective desymmetrization and
kinetic resolution to obtain enantioenriched axially chiral
arylpyrroles. The axially chiral arylpyrroles 73 were prepared in
high yields (up to 99%) and with excellent enantioselectivities
(up to 98% ee) from the reaction of 71 and diethyl ketomalonate (72) under remote control of CPA 19 as chiral phosphoric acid catalyst (Scheme 24). The hydrogen bonding between
the ketomalonate and CPA 19 proved to be the most important

Scheme 22: Atroposelective construction of axially chiral N-arylbenzimidazoles [78].
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Scheme 23: Proposed reaction mechanism for the atroposelective synthesis of axially chiral N-arylbenzimidazoles.

Scheme 24: Atroposelective synthesis of axially chiral arylpyrroles [21].
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interaction in the formation of the chiral pocket for the induction of chirality and could considerably improve the stereocontrol of the reaction [21].
The axially chiral arylquinazolinones form the backbones of a
large number of natural products and biologically active compounds as well as chiral ligands [83]. Nevertheless, a simple
chiral phosphoric acid-catalyzed enantioselective approach to
access optically pure arylquinazolinones has never been developed in the last decades. However, in 2017, Tan and
co-workers reported the enantioselective synthesis of axially
chiral arylquinazolinones 76 from the reaction of N-arylanthranilamides 74 and benzaldehyde (75) by accelerating imine
formation (I-19), and under the catalysis of a chiral phosphoric
acid, intramolecular nucleophilic addition occurs to form I-20,

followed by oxidative dehydrogenation with 2,3-dichloro-5,6dicyano-1,4-benzoquinone (DDQ). In the presence of 10 mol %
chiral phosphoric acid CPA 7, the axially chiral arylquinazolinones 76 were obtained in high yield (up to 99%) with high enantioselectivity (83–97% ee, Scheme 25). Both the position and
the electronic properties of the substituents on the aromatic ring
had a minor influence on the reaction efficiency and enantioselectivity of this transformation [35].
Quinolines are widely used in natural and synthetic products
and exhibit remarkable pharmacological properties [84]. To
synthesize this valuable scaffold, Cheng and co-workers performed for the first time in 2019 an atroposelective Friedländer
heteroannulation reaction of 2-aminoaryl ketones 77 with
α-methylene carbonyl derivatives 78 catalyzed by a chiral phos-

Scheme 25: Synthesis of axially chiral arylquinazolinones and its reaction pathway [35].
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phoric acid. In the presence of (R)-CPA 9, the Friedlä n der
heteroannulation reaction between aromatic amines 77 and the
carbonyl derivative 78 was carried out to form imine I-21,
which tautomerized to generate intermediate I-22. Under
CPA 9 catalysis, the intermediate I-22 is converted to I-23,
which after dehydration forms the desired enantioenriched

products, polysubstituted 4-arylquinolines 79 in high yield (up
to 94%) with good to excellent enantioselectivities (up to
97% ee, Scheme 26). The chiral phosphoric acid catalyst played
an important role in the asymmetric induction by establishing a
favorable chiral environment in the cyclization step through
supporting hydrogen bonds [85].

Scheme 26: Synthesis of axially chiral aryquinoline by Friedländer heteroannulation reaction and its proposed reaction mechanism [85].
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In 2019, the group of Bertuzzi and Corti developed chiral phosphoric acid-catalyzed Povarov reactions of N-arylimines 80
with 3-alkenylindoles 81 to give enantioenriched, highly substituted, 1,2,3,4-tetrahydroquinolines, which can be oxidized to
axially chiral 4-(indol-3-yl)quinolones 82, in a central-to-axial
chirality conversion approach with up to 99% yield and high enantioselectivity (up to 99% ee, Scheme 27). In presence of
5 mol % (R)-CPA 2, the benzyl-substituted 3-alkenylindole 81
(dienophile) was subjected to a Povarov cycloaddition with the
commonly used imine 80, giving the 2,3,4-tetrahydroquinoline
as a single diastereomer in high yield and enantioselectivity and
finely tolerating the high steric requirements necessary to
provide stable atropisomeric quinolines after oxidation by DDQ
[86].

3. Enantioselective synthesis of axially chiral
arylalkene and N-arylamines
Although many elegant strategies have been developed to
enable the atroposelective construction of axially chiral biaryls
and heterobiaryls [87-89], the synthesis of axially chiral
styrenes or vinylarenes has rarely been developed [90,91], due
to their low rotational barrier and weak configurational stability.
Moreover, the application of an organocatalytic kinetic resolution strategy to access axially chiral styrenes has rarely been reported. In this regard, Shi and co-workers reported the first atroposelective access to oxindole-based axial chiral styrenes or
vinylarenes by kinetic resolution of racemic oxindole-based
styrenes 83 and azalactones 84. In the presence of CPA 20,
racemic oxindole-based styrenes reacted with azalactones via
hydrogen bonding, and the azalactones underwent asymmetric
ring opening to form axially chiral oxindole-based styrenes 85
in up to 53% yield with good diastereoselectivities (up to
94:6 dr) and enatioselectivities (up to 95% ee). Moreover, the
racemic oxindole-based styrenes underwent kinetic resolution to
afford other axially chiral styrenes 86 in moderate yields (up to

54%) with excellent enantioselectivities (up to 96% ee) and
high selectivity factors (SF up to 106) [92]. This strategy is critical for accessing axially chiral the oxindole-based styrenes and
provides a robust method for the synthesis of bisamide derivatives that are both axially and centrally chiral (Scheme 28).
Very recently, the same group reported the first CPA-catalyzed
asymmetric assembly of axially chiral arylalkene-indole scaffolds by organocatalytic (Z/E)-selective and enantioselective
(4 + 3)-cyclization using (3-alkynylindol-2-yl)methanols 87 as
electrophile and 2-naphthols 88 or phenols 90 as nucleophile
(Scheme 29) [45]. The (3-alkynylindol-2-yl)methanol 87 is expected to convert to the allene-iminium intermediate I-24 by
accepting a proton from CPA 14. Then, the CPA anion activates the nucleophilic addition between 2-naphthol (88) and
allene-iminium intermediate I-24 to form axially chiral I-25,
followed by rearomatization of the naphthol ring of I-25 and
isomerization to I-26. Thereafter, CPA forms two hydrogen
bonds with the two OH groups of I-26 to generate a carbocation and facilitates an intramolecular nucleophilic addition to
afford axially chiral aryl-alkene-indole frameworks (89) in up to
98% yield, >95:5 E/Z, and up to 97% enantioselectivity
(Scheme 30).
The nonbiaryl N–C atropisomer is an important structural scaffold, which is present in natural products, medicines. and chiral
ligands due to the restricted rotation around an N–C single
bond. There are few strategies for the catalytic atroposelective
construction of N–C nonbiaryl atropisomers, which mainly
consist of enantioselective cyclization [35], N-functionalization
[93], and desymmetrization [94] of the existing achiral N–C
bond. In this context, Bai and co-workers (2019) developed the
direct intermolecular enantioselective C–H amination of N-aryl2-naphthylamines 92 with azodicarboxylates 93 to prepare N–C
atropisomers of nonbiaryl naphthalene-1,2-diamine 94. In the

Scheme 27: Povarov cycloaddition–oxidative chirality conversion process.
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Scheme 28: Atroposelective synthesis of oxindole-based axially chiral styrenes via kinetic resolution.

presence of chiral phosphoric acids (CPA 15), the desired product 94 was obtained in moderate to high isolated yield (up to
95%) and enantioselectivity (up to 94% ee, Scheme 31). However, the reactivity and stereoselectivity decreased the closer the
substituents were to the reaction site, probably due to steric
effects. On the other hand, the substrates with electron-withdrawing groups would decrease the electron cloud density,
limiting the reactivity and thus reducing the yield. In general,
the electronic properties of the substituents did not affect the

stereoselectivity of the reaction. The mechanistic study revealed
that, CPA 15 simultaneously activates N-phenyl-2-naphthylamine and azodicarboxylate through a dual hydrogen bond activation mode and a π–π interaction strategy (Scheme 31) [2].
Diarylamines and related scaffolds are among the most common
potentially atropisomeric chemotypes in medicinal chemistry.
For example, the drugs binimetinib and bosutinib contain
diarylamines that exist as rapidly interconverting atropisomers,
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Scheme 29: Synthesis of axially chiral alkene-indole frame works [45].

Scheme 30: Proposed reaction mechanism for axially chiral alkene-indoles.
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Scheme 31: Atroposelective C–H aminations of N-aryl-2-naphthylamines with azodicarboxylates.

and a VEGFR inhibitor from Wyeth contains a potentially
atropisomeric N-arylquinoid [95,96]. In 2020, Gustafson and
co-workers reported the first chiral phosphoric acid-catalyzed
atroposelective electrophilic halogenation of N-arylquinoids 95,
a class of compounds similar to diarylamines. In this reaction,
CPA 21 was an effective catalyst, providing stereochemically
stable brominated product N-arylquinoids 96 in high yield (up
to 95%) and atroposelectivity (up to 98:2 er, Scheme 32).
Remarkably, these products existed as stereochemically stable
class 3 atropisomers under protic and aprotic conditions due to a
strong intramolecular N–H–O hydrogen bond that locks one of
the axes into a planar conformation and proposed that the
quinoid-nitrogen axis exists in a planar exo conformation [97].

4. Enantioselective synthesis of axially chiral
allenes and spiranes
The enantioselective construction of spirocyclic centers is an
exciting synthetic challenge that plays a prominent role in the

discovery of new catalysts and complex molecules [98]. Spirocyclic frameworks are present, for example, in biologically
active natural products (e.g., fredericamycin A and acutumine
[99]), SPINOL-based ligands and catalysts [100], and organometallic complexes with important applications. The use of
chiral catalysts for spirocyclization reactions brings asymmetry
at the site of the spirocyclic center while tolerating different
electronic and steric functional groups [98].
In this context, Tan and co-workers succeeded in the enantioselective synthesis of axially chiral SPINOLs 98 from ketals 97
by an intramolecular fashion in the presence of 1 mol % chiral
phosphoric acid CPA 22 to afford the axially chiral product
(R)-98 in high yield (62–95%) with good to excellent enantioselectivity (90–96% ee, Scheme 33) [17]. The electronic properties and steric bulk of the substituents on the catalysts as well as
the axial chiral backbone have a very strong influence on the reactivity and enantioselectivity as shown in Scheme 33. The syn-
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Scheme 32: Synthesis of brominated atropisomeric N-arylquinoids.

Scheme 33: The enantioselective syntheses of axially chiral SPINOL derivatives.
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thesis of the products (R)-98 at a gram scale was carried out
without loss of chemical yields and stereoselectivities under optimized conditions. The authors also found that the excellent
stereocontrol was due to the simultaneous interaction between
the bifunctional phosphoric acid and the intermediate formed in
the reaction via hydrogen bonds.
Axially chiral allenes and derivatives occur in overwhelming
numbers in natural products, pharmaceuticals, functional materials, and useful intermediates in organic synthesis [101]. Therefore, great efforts have been made to synthesize these axially
chiral scaffolds [102]. In this regard, Wang and co-workers reported the organocatalytic asymmetric synthesis of tetrasubstituted α-amino allenoates by a dearomative γ-addition
reaction of 2,3-disubstituted indoles 99 to β,γ-alkynyl-α-imino
esters 100 [103]. In the presence of chiral phosphoric acid
CPA 13, a series of tetrasubstituted α-amino allenoates 101 was
prepared in moderate to excellent yields (69–99%), dr (9:1 to
>20:1), and excellent enantioselectivity (91–99% ee,
Scheme 34). The mechanistic studies showed that the substituents at the second and third positions of the indole play a crucial
role in the chemo- and stereoselectivity. Moreover, the chiral
phosphoric acid group attains a bifunctional role by activating
both partners via hydrogen bonds, and the chiral backbone of
the catalyst controls the stereoselectivity through steric effects
and π–π interactions.

Moreover, Li and co-workers recently developed CPA-catalyzed regio- and stereoselective γ-addition reaction of isoxazol5(4H)-ones 103 to β,γ-alkynyl-α-imino esters 102 for the synthesis of axially chiral tetrasubstituted α-amino allenoates 104
containing an adjacent quaternary carbon stereocenter and an
axially chiral tetrasubstituted allene scaffold [104]. Although
isoxazol-5(4H)-ones have different nucleophilic sites, the
authors succeeded in the C-allenylation of isoxazol-5(4H)-ones
with high efficiency (up to 91% yield) and high regioselectivities and stereoselectivities (up to 94% ee and >20:1 dr,
Scheme 35).
Because of the importance of chiral tetrasubstituted allenes with
aryl substituents, the asymmetric synthesis of these scaffolds
has received much attention. In 2020, Lu and co-workers
carried out the enantioselective dehydrative γ-arylation of
α-indolyl-α-trifluoromethylpropargyl alcohol 105 and 1-naphthol (106) or 2-naphthol (107) catalyzed by chiral phosphoric
acids CPA 13 and CPA 23, to produce a wide range of chiral
tetrasubstituted allenes 108 and naphthopyrans 109 in high yield
(≤98% yield) with excellent regio- and enantioselectivities
(>99:1 er, Scheme 36) [105]. However, when substituents are
present at the C-4 or C-7 position of the indole ring of the
propargyl alcohol, the yield decreases, which could be due to
steric effects. Since the chiral phosphoric acid catalysts can
interact with these groups via double hydrogen bonds, control

Scheme 34: γ-Addition reaction of various 2,3-disubstituted indoles to β,γ-alkynyl-α-imino esters.
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Scheme 35: Regio- and stereoselective γ-addition reactions of isoxazol-5(4H)-ones to β,γ-alkynyl-α-imino esters.

studies have shown that the free OH on naphthol/phenol and the
NH groups on the α-indolyl-α-trifluoromethylpropargyl alcohol
are very important for the reaction.
Li and co-workers developed a chiral phosphoric acid-catalyzed asymmetric remote 1,8-conjugate addition of thiazolones
111 and azlactones 112 to propargyl alcohols 110 for the synthesis of the chiral allenes 113 and 114, respectively. In the
presence of 1 mol % CPA 24, 5H-thiazol-4-ones 111 and
p-quinone methides generated in situ from propargyl alcohols
110 were incorporated and afforded the axially chiral tetrasubstituted allenes 113 with a chiral thiazolone moiety in high
yield (65–97%), high enantioselectivity (76 to >99% ee) and
diastereoselectivity (10:1 to >20:1 dr). In addition, the enantioselective 1,8-conjugate addition of azlactones 112 to paraquinone methides generated in situ from propargyl alcohols 110
were carried out in the presence of 1 mol % chiral phosphoric
acid CPA 7 and afforded the chiral allenes 114 in high yields
(65–97%) with good to excellent enantioselectivities

(76–97% ee) and good diastereoselectivities (up to 20:1 dr,
Scheme 37) [106]. The electronic nature and position of the
substituents on the aromatic ring of the thiazolones or propargylic alcohols did not significantly affect the stereoselectivity of
the reaction. Moreover, both electron-withdrawing and donating groups on the aromatic rings of propargyl alcohols or azlactones smoothly participated in the asymmetric 1,8-conjugate addition and afforded the corresponding chiral allenes in good
yields with high enantioselectivity. The control experiments
showed that the propargyl alcohol 110 was firstly converted to
para-quinone methide (p-QM) in the presence of CPA and then
led to the successful formation of the corresponding products
through hydrogen-bonding interaction of para-quinone methide
and thiazolones/azlactones with CPA.
Recently, using chiral phosphoric acid catalysis, we developed a
highly regio-, diastereo-, and enantioselective dearomatization
reaction of 1-substituted 2-naphthols 115 and β,γ-alkynyl-αimino esters 100. The highly functionalized naphthalenone de-
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Scheme 36: Synthesis of chiral tetrasubstituted allenes and naphthopyrans.

rivatives 116 with an allene moiety, exhibiting both a quaternary stereocenter and axial chirality, were obtained in good
yields (up to 82%) with high diastereoselectivities (up to
>99:1 dr), and enantioselectivities (up to 96% ee, Scheme 38).
Control experiments showed that the high to excellent stereoselectivity is the result of a dual hydrogen-bonding interaction between the substrates and the chiral phosphoric acid, with the
substituent at the 1-position of the 2-naphthol playing a key role
in controlling the regioselectivity [107].

Conclusion
In recent decades, chiral phosphoric acids have been recognized as privileged chiral catalysts and ligands and have therefore become an important tool in asymmetric organic synthesis.
This review summarizes the state of the art in the chiral phosphoric acid-catalyzed asymmetric synthesis of axially chiral
biaryls, heterobiaryls, arylamines, arylalkenes or styrenes,
spiranes, and allenes. These axially chiral compounds have at-

tracted considerable attention in recent years due to their wide
application in the total synthesis of axially chiral natural products, functional materials, bioactive compounds, privileged
chiral ligands, and have further potential applications in asymmetric catalysis and drug discovery. Accordingly, considerable
efforts have been made to find new efficient routes for the enantioselective construction of various atropisomeric aryl–aryl or
aryl–heteroaryl, enantioselective spiranes and allenes. Despite
the advances mentioned above, much of this area of research is
still relatively unexplored. Compared to the use of chiral phosphoric acids in the preparation of centrally chiral compounds,
their application in the synthesis of axially chiral biaryls and
heterobiaryls, axially chiral allene, atropisomeric aryl alkenes,
and spirane moieties is still quite limited. Given the increasing
importance of axially chiral compounds, novel chiral phosphoric acid-catalyzed asymmetric methods to address these challenges are highly desirable. Therefore, we believe that the
future development of asymmetric syntheses using chiral phos-
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Scheme 37: Asymmetric remote 1,8-conjugate additions of thiazolones and azlactones to propargyl alcohols.

Scheme 38: Synthesis of chiral allenes from 1-substituted 2-naphthols [107].
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phoric acid catalysts will play a crucial role in the preparation
of other complex organic molecules with axial chirality, which
will be widely used in science and industry in the near future.

Funding
Financial support from the National Natural Science Foundation of China (22071213), Leading Talents of Special Support
Program of Zhejiang Province High-level Talents
(2020R52008) and Center of Chemistry for Frontier Technologies of Zhejiang University is gratefully acknowledged.

18. Liu, Y.; Tse, Y.-L. S.; Kwong, F. Y.; Yeung, Y.-Y. ACS Catal. 2017, 7,
4435–4440. doi:10.1021/acscatal.7b01056
19. Tian, M.; Bai, D.; Zheng, G.; Chang, J.; Li, X. J. Am. Chem. Soc.
2019, 141, 9527–9532. doi:10.1021/jacs.9b04711
20. Cho, H.; Choi, M.-K.; Cho, D.-Y.; Yeo, C.-W.; Jeong, H.-E.;
Shon, J.-H.; Lee, J.-Y.; Shin, J.-S.; Cho, M.; Kim, D.-Y.; Shin, J.-G.
J. Clin. Pharmacol. 2012, 52, 976–984.
doi:10.1177/0091270011408611
21. Zhang, L.; Xiang, S.-H.; Wang, J. (Joelle).; Xiao, J.; Wang, J.-Q.;
Tan, B. Nat. Commun. 2019, 10, 566.
doi:10.1038/s41467-019-08447-z
22. Yang, G.; Guo, D.; Meng, D.; Wang, J. Nat. Commun. 2019, 10, 3062.
doi:10.1038/s41467-019-10878-7

ORCID® iDs
Alemayehu Gashaw Woldegiorgis - https://orcid.org/0000-0002-0657-4406
Xufeng Lin - https://orcid.org/0000-0003-4611-0507

References
1.

Bao, X.; Rodriguez, J.; Bonne, D. Angew. Chem., Int. Ed. 2020, 59,
12623–12634. doi:10.1002/anie.202002518

2.

Bai, H.-Y.; Tan, F.-X.; Liu, T.-Q.; Zhu, G.-D.; Tian, J.-M.; Ding, T.-M.;
Chen, Z.-M.; Zhang, S.-Y. Nat. Commun. 2019, 10, 3063.
doi:10.1038/s41467-019-10858-x

3.

Kumarasamy, E.; Raghunathan, R.; Sibi, M. P.; Sivaguru, J.
Chem. Rev. 2015, 115, 11239–11300.
doi:10.1021/acs.chemrev.5b00136

4.

Pinxterhuis, E. B.; Gualtierotti, J.-B.; Heeres, H. J.; de Vries, J. G.;
Feringa, B. L. Chem. Sci. 2017, 8, 6409–6418.
doi:10.1039/c7sc02783d

5.

Shirakawa, S.; Liu, S.; Kaneko, S. Chem. – Asian J. 2016, 11,
330–341. doi:10.1002/asia.201500951

6.

Di Iorio, N.; Crotti, S.; Bencivenni, G. Chem. Rec. 2019, 19,
2095–2104. doi:10.1002/tcr.201800194

7.

Hu, Y.-L.; Wang, Z.; Yang, H.; Chen, J.; Wu, Z.-B.; Lei, Y.; Zhou, L.
Chem. Sci. 2019, 10, 6777–6784. doi:10.1039/c9sc00810a

8.

Carmona, J. A.; Rodríguez-Franco, C.; Fernández, R.; Hornillos, V.;
Lassaletta, J. M. Chem. Soc. Rev. 2021, 50, 2968–2983.
doi:10.1039/d0cs00870b

9.

Kitagawa, O. Acc. Chem. Res. 2021, 54, 719–730.
doi:10.1021/acs.accounts.0c00767

10. Liao, G.; Zhou, T.; Yao, Q.-J.; Shi, B.-F. Chem. Commun. 2019, 55,
8514–8523. doi:10.1039/c9cc03967h
11. Renzi, P. Org. Biomol. Chem. 2017, 15, 4506–4516.
doi:10.1039/c7ob00908a
12. Loxq, P.; Manoury, E.; Poli, R.; Deydier, E.; Labande, A.
Coord. Chem. Rev. 2016, 308, 131–190.
doi:10.1016/j.ccr.2015.07.006
13. Da, B.-C.; Xiang, S.-H.; Li, S.; Tan, B. Chin. J. Chem. 2021, 39,
1787–1796. doi:10.1002/cjoc.202000751
14. Wang, Y.-B.; Tan, B. Acc. Chem. Res. 2018, 51, 534–547.
doi:10.1021/acs.accounts.7b00602
15. Akiyama, T.; Mori, K. Chem. Rev. 2015, 115, 9277–9306.
doi:10.1021/acs.chemrev.5b00041
16. Bringmann, G.; Price Mortimer, A. J.; Keller, P. A.; Gresser, M. J.;
Garner, J.; Breuning, M. Angew. Chem., Int. Ed. 2005, 44,
5384–5427. doi:10.1002/anie.200462661
17. Li, S.; Zhang, J.-W.; Li, X.-L.; Cheng, D.-J.; Tan, B. J. Am. Chem. Soc.
2016, 138, 16561–16566. doi:10.1021/jacs.6b11435

23. Wang, J.-Z.; Zhou, J.; Xu, C.; Sun, H.; Kürti, L.; Xu, Q.-L.
J. Am. Chem. Soc. 2016, 138, 5202–5205. doi:10.1021/jacs.6b01458
24. Qi, L.-W.; Li, S.; Xiang, S.-H.; Wang, J. (Joelle).; Tan, B. Nat. Catal.
2019, 2, 314–323. doi:10.1038/s41929-019-0247-1
25. Zhou, Y.; Xia, Z.-L.; Gu, Q.; You, S.-L. Org. Lett. 2017, 19, 762–765.
doi:10.1021/acs.orglett.6b03610
26. Qian, D.; Wu, L.; Lin, Z.; Sun, J. Nat. Commun. 2017, 8, 567.
doi:10.1038/s41467-017-00251-x
27. Ogasawara, M. Tetrahedron: Asymmetry 2009, 20, 259–271.
doi:10.1016/j.tetasy.2008.11.039
28. Shao, Y.-D.; Cheng, D.-J. ChemCatChem 2021, 13, 1271–1289.
doi:10.1002/cctc.202001750
29. Maji, R.; Mallojjala, S. C.; Wheeler, S. E. Chem. Soc. Rev. 2018, 47,
1142–1158. doi:10.1039/c6cs00475j
30. Xia, Z.-L.; Xu-Xu, Q.-F.; Zheng, C.; You, S.-L. Chem. Soc. Rev. 2020,
49, 286–300. doi:10.1039/c8cs00436f
31. Akiyama, T.; Itoh, J.; Yokota, K.; Fuchibe, K. Angew. Chem., Int. Ed.
2004, 43, 1566–1568. doi:10.1002/anie.200353240
32. Xiao, Y.; Sun, Z.; Guo, H.; Kwon, O. Beilstein J. Org. Chem. 2014, 10,
2089–2121. doi:10.3762/bjoc.10.218
33. Xu, F.; Huang, D.; Han, C.; Shen, W.; Lin, X.; Wang, Y. J. Org. Chem.
2010, 75, 8677–8680. doi:10.1021/jo101640z
34. Isaac, K.; Stemper, J.; Servajean, V.; Retailleau, P.; Pastor, J.;
Frison, G.; Kaupmees, K.; Leito, I.; Betzer, J.-F.; Marinetti, A.
J. Org. Chem. 2014, 79, 9639–9646. doi:10.1021/jo501769t
35. Wang, Y.-B.; Zheng, S.-C.; Hu, Y.-M.; Tan, B. Nat. Commun. 2017, 8,
15489. doi:10.1038/ncomms15489
36. Chen, Y.-H.; Cheng, D.-J.; Zhang, J.; Wang, Y.; Liu, X.-Y.; Tan, B.
J. Am. Chem. Soc. 2015, 137, 15062–15065.
doi:10.1021/jacs.5b10152
37. Nguyen, T. T. Org. Biomol. Chem. 2019, 17, 6952–6963.
doi:10.1039/c9ob01304k
38. Wang, L.; Zhong, J.; Lin, X. Angew. Chem., Int. Ed. 2019, 58,
15824–15828. doi:10.1002/anie.201909855
39. Dherbassy, Q.; Djukic, J.-P.; Wencel‐Delord, J.; Colobert, F.
Angew. Chem., Int. Ed. 2018, 57, 4668–4672.
doi:10.1002/anie.201801130
40. Smrčina, M.; Lorenc, M.; Hanuš, V.; Kočovský, P. Synlett 1991,
231–232. doi:10.1055/s-1991-20688
41. Li, G.-Q.; Gao, H.; Keene, C.; Devonas, M.; Ess, D. H.; Kürti, L.
J. Am. Chem. Soc. 2013, 135, 7414–7417. doi:10.1021/ja401709k
42. Chen, Y.-H.; Qi, L.-W.; Fang, F.; Tan, B. Angew. Chem., Int. Ed. 2017,
56, 16308–16312. doi:10.1002/anie.201710537
43. Mori, K.; Ichikawa, Y.; Kobayashi, M.; Shibata, Y.; Yamanaka, M.;
Akiyama, T. J. Am. Chem. Soc. 2013, 135, 3964–3970.
doi:10.1021/ja311902f

2762

Beilstein J. Org. Chem. 2021, 17, 2729–2764.

44. Clayden, J.; Moran, W. J.; Edwards, P. J.; LaPlante, S. R.
Angew. Chem., Int. Ed. 2009, 48, 6398–6401.
doi:10.1002/anie.200901719
45. Wang, C.-S.; Li, T.-Z.; Liu, S.-J.; Zhang, Y.-C.; Deng, S.; Jiao, Y.;
Shi, F. Chin. J. Chem. 2020, 38, 543–552.
doi:10.1002/cjoc.202000131
46. Luo, J.; Zhang, T.; Wang, L.; Liao, G.; Yao, Q.-J.; Wu, Y.-J.;
Zhan, B.-B.; Lan, Y.; Lin, X.-F.; Shi, B.-F. Angew. Chem., Int. Ed.
2019, 58, 6708–6712. doi:10.1002/anie.201902126
47. Uraguchi, D.; Terada, M. J. Am. Chem. Soc. 2004, 126, 5356–5357.
doi:10.1021/ja0491533
48. Parmar, D.; Sugiono, E.; Raja, S.; Rueping, M. Chem. Rev. 2014, 114,
9047–9153. doi:10.1021/cr5001496
49. Terada, M. Chem. Commun. 2008, 4097–4112.
doi:10.1039/b807577h
50. Zhan, B.-B.; Wang, L.; Luo, J.; Lin, X.-F.; Shi, B.-F.
Angew. Chem., Int. Ed. 2020, 59, 3568–3572.
doi:10.1002/anie.201915674
51. Zhan, B.-B.; Jia, Z.-S.; Luo, J.; Jin, L.; Lin, X.-F.; Shi, B.-F. Org. Lett.
2020, 22, 9693–9698. doi:10.1021/acs.orglett.0c03757
52. Zhang, H.-H.; Wang, C.-S.; Li, C.; Mei, G.-J.; Li, Y.; Shi, F.
Angew. Chem., Int. Ed. 2017, 56, 116–121.
doi:10.1002/anie.201608150
53. Lu, D.-L.; Chen, Y.-H.; Xiang, S.-H.; Yu, P.; Tan, B.; Li, S. Org. Lett.
2019, 21, 6000–6004. doi:10.1021/acs.orglett.9b02143
54. He, C.; Hou, M.; Zhu, Z.; Gu, Z. ACS Catal. 2017, 7, 5316–5320.
doi:10.1021/acscatal.7b01855
55. Ito, C.; Thoyama, Y.; Omura, M.; Kajiura, I.; Furukawa, H.
Chem. Pharm. Bull. 1993, 41, 2096–2100. doi:10.1248/cpb.41.2096
56. Bringmann, G.; Tasler, S.; Endress, H.; Kraus, J.; Messer, K.;
Wohlfarth, M.; Lobin, W. J. Am. Chem. Soc. 2001, 123, 2703–2711.
doi:10.1021/ja003488c
57. Li, B.-J.; Yang, S.-D.; Shi, Z.-J. Synlett 2008, 949–957.
doi:10.1055/s-2008-1042907
58. Qin, Y.; Zhu, L.; Luo, S. Chem. Rev. 2017, 117, 9433–9520.
doi:10.1021/acs.chemrev.6b00657
59. Qi, L.-W.; Mao, J.-H.; Zhang, J.; Tan, B. Nat. Chem. 2018, 10, 58–64.
doi:10.1038/nchem.2866
60. Zheng, S.-C.; Wang, Q.; Zhu, J. Angew. Chem., Int. Ed. 2019, 58,
9215–9219. doi:10.1002/anie.201903589
61. Ding, W.-Y.; Yu, P.; An, Q.-J.; Bay, K. L.; Xiang, S.-H.; Li, S.;
Chen, Y.; Houk, K. N.; Tan, B. Chem 2020, 6, 2046–2059.
doi:10.1016/j.chempr.2020.06.001
62. Anilkumar, G. N.; Lesburg, C. A.; Selyutin, O.; Rosenblum, S. B.;
Zeng, Q.; Jiang, Y.; Chan, T.-Y.; Pu, H.; Vaccaro, H.; Wang, L.;
Bennett, F.; Chen, K. X.; Duca, J.; Gavalas, S.; Huang, Y.; Pinto, P.;
Sannigrahi, M.; Velazquez, F.; Venkatraman, S.; Vibulbhan, B.;
Agrawal, S.; Butkiewicz, N.; Feld, B.; Ferrari, E.; He, Z.; Jiang, C.-k.;
Palermo, R. E.; Mcmonagle, P.; Huang, H.-C.; Shih, N.-Y.;
Njoroge, G.; Kozlowski, J. A. Bioorg. Med. Chem. Lett. 2011, 21,
5336–5341. doi:10.1016/j.bmcl.2011.07.021
63. Jiang, F.; Luo, G.-Z.; Zhu, Z.-Q.; Wang, C.-S.; Mei, G.-J.; Shi, F.
J. Org. Chem. 2018, 83, 10060–10069. doi:10.1021/acs.joc.8b01390
64. Li, T.-Z.; Liu, S.-J.; Tan, W.; Shi, F. Chem. – Eur. J. 2020, 26,
15779–15792. doi:10.1002/chem.202001397
65. Jiang, F.; Chen, K.-W.; Wu, P.; Zhang, Y.-C.; Jiao, Y.; Shi, F.
Angew. Chem., Int. Ed. 2019, 58, 15104–15110.
doi:10.1002/anie.201908279

66. Ma, C.; Jiang, F.; Sheng, F.-T.; Jiao, Y.; Mei, G.-J.; Shi, F.
Angew. Chem., Int. Ed. 2019, 58, 3014–3020.
doi:10.1002/anie.201811177
67. Sheng, F.-T.; Li, Z.-M.; Zhang, Y.-Z.; Sun, L.-X.; Zhang, Y.-C.;
Tan, W.; Shi, F. Chin. J. Chem. 2020, 38, 583–589.
doi:10.1002/cjoc.202000022
68. Chen, K.-W.; Wang, Z.-S.; Wu, P.; Yan, X.-Y.; Zhang, S.;
Zhang, Y.-C.; Shi, F. J. Org. Chem. 2020, 85, 10152–10166.
doi:10.1021/acs.joc.0c01528
69. Chauhan, P.; Mahajan, S.; Enders, D. Chem. Commun. 2015, 51,
12890–12907. doi:10.1039/c5cc04930j
70. Yuan, H.; Li, Y.; Zhao, H.; Yang, Z.; Li, X.; Li, W. Chem. Commun.
2019, 55, 12715–12718. doi:10.1039/c9cc06360a
71. Horton, D. A.; Bourne, G. T.; Smythe, M. L. Chem. Rev. 2003, 103,
893–930. doi:10.1021/cr020033s
72. Liaw, D.-J.; Wang, K.-L.; Huang, Y.-C.; Lee, K.-R.; Lai, J.-Y.; Ha, C.-S.
Prog. Polym. Sci. 2012, 37, 907–974.
doi:10.1016/j.progpolymsci.2012.02.005
73. Xia, W.; An, Q.-J.; Xiang, S.-H.; Li, S.; Wang, Y.-B.; Tan, B.
Angew. Chem., Int. Ed. 2020, 59, 6775–6779.
doi:10.1002/anie.202000585
74. Bao, X.; Rodriguez, J.; Bonne, D. Chem. Sci. 2020, 11, 403–408.
doi:10.1039/c9sc04378k
75. Taylor, R. D.; MacCoss, M.; Lawson, A. D. G. J. Med. Chem. 2014,
57, 5845–5859. doi:10.1021/jm4017625
76. Zhou, C.; Hassner, A. Carbohydr. Res. 2001, 333, 313–326.
doi:10.1016/s0008-6215(01)00154-9
77. Kwon, Y.; Li, J.; Reid, J. P.; Crawford, J. M.; Jacob, R.; Sigman, M. S.;
Toste, F. D.; Miller, S. J. J. Am. Chem. Soc. 2019, 141, 6698–6705.
doi:10.1021/jacs.9b01911
78. Man, N.; Lou, Z.; Li, Y.; Yang, H.; Zhao, Y.; Fu, H. Org. Lett. 2020, 22,
6382–6387. doi:10.1021/acs.orglett.0c02214
79. Hughes, C. C.; Prieto-Davo, A.; Jensen, P. R.; Fenical, W. Org. Lett.
2008, 10, 629–631. doi:10.1021/ol702952n
80. Liu, J.; Li, H.; Spannenberg, A.; Franke, R.; Jackstell, R.; Beller, M.
Angew. Chem., Int. Ed. 2016, 55, 13544–13548.
doi:10.1002/anie.201605104
81. Faigl, F.; Mátravölgyi, B.; Holczbauer, T.; Czugler, M.; Madarász, J.
Tetrahedron: Asymmetry 2011, 22, 1879–1884.
doi:10.1016/j.tetasy.2011.10.021
82. Zhang, L.; Zhang, J.; Ma, J.; Cheng, D.-J.; Tan, B. J. Am. Chem. Soc.
2017, 139, 1714–1717. doi:10.1021/jacs.6b09634
83. Dai, X.; Wong, A.; Virgil, S. C. J. Org. Chem. 1998, 63, 2597–2600.
doi:10.1021/jo972105z
84. Michael, J. P. Nat. Prod. Rep. 2002, 19, 742–760.
doi:10.1039/b104971m
85. Shao, Y.-D.; Dong, M.-M.; Wang, Y.-A.; Cheng, P.-M.; Wang, T.;
Cheng, D.-J. Org. Lett. 2019, 21, 4831–4836.
doi:10.1021/acs.orglett.9b01731
86. Bisag, G. D.; Pecorari, D.; Mazzanti, A.; Bernardi, L.; Fochi, M.;
Bencivenni, G.; Bertuzzi, G.; Corti, V. Chem. – Eur. J. 2019, 25,
15694–15701. doi:10.1002/chem.201904213
87. Ros, A.; Estepa, B.; Ramírez-López, P.; Álvarez, E.; Fernández, R.;
Lassaletta, J. M. J. Am. Chem. Soc. 2013, 135, 15730–15733.
doi:10.1021/ja4087819
88. Armstrong, R. J.; Smith, M. D. Angew. Chem., Int. Ed. 2014, 53,
12822–12826. doi:10.1002/anie.201408205
89. Gao, D.-W.; Gu, Q.; You, S.-L. ACS Catal. 2014, 4, 2741–2745.
doi:10.1021/cs500813z

2763

Beilstein J. Org. Chem. 2021, 17, 2729–2764.

90. Baker, R. W.; Hambley, T. W.; Turner, P.; Wallace, B. J.
Chem. Commun. 1996, 2571–2572. doi:10.1039/cc9960002571

License and Terms

91. Hattori, T.; Date, M.; Sakurai, K.; Morohashi, N.; Kosugi, H.;
Miyano, S. Tetrahedron Lett. 2001, 42, 8035–8038.
doi:10.1016/s0040-4039(01)01708-7
92. Ma, C.; Sheng, F.-T.; Wang, H.-Q.; Deng, S.; Zhang, Y.-C.; Jiao, Y.;
Tan, W.; Shi, F. J. Am. Chem. Soc. 2020, 142, 15686–15696.
doi:10.1021/jacs.0c00208
93. Kitagawa, O.; Takahashi, M.; Yoshikawa, M.; Taguchi, T.
J. Am. Chem. Soc. 2005, 127, 6910. doi:10.1021/ja051606w
94. Zhang, J.-W.; Xu, J.-H.; Cheng, D.-J.; Shi, C.; Liu, X.-Y.; Tan, B.

This is an Open Access article under the terms of the
Creative Commons Attribution License
(https://creativecommons.org/licenses/by/4.0). Please note
that the reuse, redistribution and reproduction in particular
requires that the author(s) and source are credited and that
individual graphics may be subject to special legal
provisions.

Nat. Commun. 2016, 7, 10677. doi:10.1038/ncomms10677
95. Koelblinger, P.; Dornbierer, J.; Dummer, R. Future Oncol. 2017, 13,
1755–1766. doi:10.2217/fon-2017-0170
96. Liu, Q.; Sabnis, Y.; Zhao, Z.; Zhang, T.; Buhrlage, S. J.; Jones, L. H.;
Gray, N. S. Chem. Biol. 2013, 20, 146–159.

The license is subject to the Beilstein Journal of Organic
Chemistry terms and conditions:
(https://www.beilstein-journals.org/bjoc/terms)

doi:10.1016/j.chembiol.2012.12.006
97. Vaidya, S. D.; Toenjes, S. T.; Yamamoto, N.; Maddox, S. M.;
Gustafson, J. L. J. Am. Chem. Soc. 2020, 142, 2198–2203.
doi:10.1021/jacs.9b12994
98. Franz, A. K.; Hanhan, N. V.; Ball-Jones, N. R. ACS Catal. 2013, 3,

The definitive version of this article is the electronic one
which can be found at:
https://doi.org/10.3762/bjoc.17.185

540–553. doi:10.1021/cs300801y
99. Kita, Y.; Higuchi, K.; Yoshida, Y.; Iio, K.; Kitagaki, S.; Ueda, K.;
Akai, S.; Fujioka, H. J. Am. Chem. Soc. 2001, 123, 3214–3222.
doi:10.1021/ja0035699
100.Xie, J.-H.; Zhou, Q.-L. Acc. Chem. Res. 2008, 41, 581–593.
doi:10.1021/ar700137z
101.Hoffmann-Röder, A.; Krause, N. Angew. Chem., Int. Ed. 2004, 43,
1196–1216. doi:10.1002/anie.200300628
102.Ye, J.; Ma, S. Org. Chem. Front. 2014, 1, 1210–1224.
doi:10.1039/c4qo00208c
103.Yang, J.; Wang, Z.; He, Z.; Li, G.; Hong, L.; Sun, W.; Wang, R.
Angew. Chem., Int. Ed. 2020, 59, 642–647.
doi:10.1002/anie.201911420
104.Li, F.; Liang, S.; Luan, Y.; Chen, X.; Zhao, H.; Huang, A.; Li, P.; Li, W.
Org. Chem. Front. 2021, 8, 1243–1248. doi:10.1039/d0qo01505a
105.Zhu, W.-R.; Su, Q.; Diao, H.-J.; Wang, E.-X.; Wu, F.; Zhao, Y.-L.;
Weng, J.; Lu, G. Org. Lett. 2020, 22, 6873–6878.
doi:10.1021/acs.orglett.0c02386
106.Zhang, P.; Huang, Q.; Cheng, Y.; Li, R.; Li, P.; Li, W. Org. Lett. 2019,
21, 503–507. doi:10.1021/acs.orglett.8b03801
107.Woldegiorgis, A. G.; Han, Z.; Lin, X. Org. Lett. 2021, 23, 6606–6611.
doi:10.1021/acs.orglett.1c01849

2764

