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ABSTRACT: Chiral allenes and styrenes are essential components in fields like medicinal chemistry, materials science, and organic
synthesis. They serve a crucial role as chiral ligands and catalysts in asymmetric synthesis. Over the past decade, there has been a
significant advancement in the development of practical methods utilizing organocatalytic strategies for the synthesis of chiral allenes
and styrenes. It is noteworthy that despite extensive studies on the formation of allenes and styrenes, existing reviews on their
construction confined to a specific organocatalysis, called chiral phosphoric acid catalysis, are less documented. This review aims to
explore different conceptual approaches based on the electrophilic species involved in the reaction to produce stereoselective chiral
allenes and styrenes, providing insights into recent advancements in the field. Emphasis is placed on works published since 2017,
with detailed discussions on reaction mechanisms and examples from recent literature.

1. INTRODUCTION
Biomolecules that exhibit chirality in their natural state are
enantiomerically enriched, and different enantiomers have
different biological functions. Therefore, there is still a great
interest in the development of new enantioselective methods
for chiral compounds. Allenes (1,2-propadiene derivatives) are
an important class of compounds and have gained increasing
attention as interesting building blocks in synthetic organic
chemistry. They have two cumulative carbon−carbon double
bonds, and their characteristic reactivity and unique steric
properties originate from propadienyl structures.1−3 They first
appeared in the chemical literature over 140 years ago when
van’t Hoff predicted their existence in a now historic
publication in 1875.4,5

Allenes are a special group of chemicals that can display axial
chirality. They have been studied for their biological effects for
more than 40 years and are present in more than 2,900 natural
metabolites and synthetic molecules.6,7 The incorporation of
allenes to steroid, prostaglandin, carbacyclin, artificial amino
acid, and nucleoside compounds has been shown to increase
their metabolic stability, bioavailability, and efficacy.8,9 Due to

the unique structural properties and versatile reactivity of
allenes, they have found significant applications not only in
medicinal chemistry and materials science but also as
important intermediates in synthetic transformations and as
backbones of chiral ligands in asymmetric catalysis.10−12

Allenes with axial chirality are present in many natural
products with biological activity, such as neoxanthin, grass-
hopper ketone, allenic carbacyclin, okamurallene, the fungal
metabolite A82775C and others. In addition, the chiral allene
structural motifs are also found in catalysts, ligands and
chiroptical materials (Figure 1).13−15

In the past three decades, a variety of sophisticated
asymmetric catalytic strategies have been developed for chiral
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allene synthesis due to their wide range of applications. These
strategies include nucleophilic additions of 1,3-enynes,16−19

dynamic kinetic asymmetric transformations (DyKAT) of
racemic allenes,20,21 rearrangement of alkynes,22 coupling of
alkynes with diazo compounds,23 Pd-catalyzed asymmetric β-
hydride elimination from enol triflates,24 asymmetric amina-
tion and imidation of 2,3-allenylphosphates with nitrogen
nucleophiles,25 addition of allenic esters to N-acylimines,26

coupling reactions between propargylic phosphates and aryl- or
alkenylboronates,27 among others.21,23,28−37 Significant pro-
gress has also been made in the organocatalytic asymmetric
synthesis of allenes, although this remains a challenging task.
Despite the demand for chiral allenes, there are few
enantioselective methods for their synthesis.24 Recently,
however, some work has been published on organocatalysis,
and in particular chiral phosphoric acid-catalyzed, asymmetric
synthesis of chiral allenes.
Compounds with axial chirality, characterized by fascinating

atropisomerism, have been crucial in the process of asymmetric
synthesis. The confined rotation of single bond due to ring
strain, steric hindrance of associated groups or other structural
considerations are the primary cause of atropisomerism. It is a
significant strategy by which chiral compounds lacking
stereogenic centers can exhibit their three-dimensional nature.
Biaryls are frequently encountered in bioactive compounds,
medications, and materials research as representative atro-
pisomers.38−40 An influential scaffold that has been extensively
researched is atropisomeric biaryls, that have multiple uses in
asymmetric synthesis and rigid chiral axis. On the contrary,
there has been very little research on the asymmetric
production and uses of axially chiral styrenes, which have a
chiral axis between the aromatic ring and ordinary alkene.41,42

Despite the fact that Kawabata et al.43 initially proposed this
kind of atropisomer in 1991 to illustrate an innovative idea of
the retention of chirality, further studies on the formation or
use of axially chiral styrenes have not received significant
attention.44−46 It is significantly more difficult for styrene
derivatives to prohibit the unrestricted rotation along the axis
joining the vinyl and aryl groups, and additional sterically
impeded substituents are required. It is evident that the low
stiffness of the axis would result in low rotation barrier in
styrenes as compared to biaryls.47−49

Motivated by elegant findings regarding the construction of
axially chiral derivatives of styrene, Gu et al.,50−52 Xu et al.53

and Shi et al.54,55 reported palladium catalyzed enantioselective

synthesis of axially chiral styrene derivatives. This advancement
serves as a model for the atroposelective catalytic synthesis of
derivatives of the axially chiral styrene. As one of the most
prevalent and important feedstocks, simple styrenes are well-
known to make great potential constituents for chemical
synthesis. Only a limited number of reports have been
published regarding the organocatalytic asymmetric synthesis
of styrenes.56−59

It is noteworthy that the chiral phosphoric acid catalysis
approach, a relatively new subfield for catalytic asymmetric
organic synthesis, has also contributed greatly to this area of
research since the pioneering studies of the groups of Akiyama
and Terada in 2004.60,61 CPAs, bifunctional Brønsted acid/
base catalysts derived from BINOL, H8-BINOL and 1,1′-
spirobiindane-7,7′-diol (SPINOL) backbones62,63 are the most
commonly used catalysts that can achieve perfect asymmetric
induction by transferring the chiral information from the
catalyst to the products either via double hydrogen bonds or
synergetic hydrogen bonds (the P�O bond is considered the
basic moiety, and the P−OH hydrogen is considered the acidic
moiety) and ion-pair interactions.64 Therefore, some of the
recent important developments in chiral phosphoric acid-
catalyzed asymmetric synthesis of chiral allenes and styrenes
are highlighted in this review. The asymmetric catalysis
achieved is categorized according to the types of electrophiles
involved in the reactions.

2. CPA CATALYZED SYNTHESIS OF CHIRAL ALLENES
2.1. Propargylic p-Quinone Methides as Electro-

philes. In 2019, Li and co-workers published a study on the
use of chiral phosphoric acid for facilitating direct diastereo-
and enantioselective 1,8-conjugate additions of thiazolones 2
and azlactones 3 to para-quinone methides formed in situ from
propargylic alcohols (1).65 With the presence of CPA, they
were able to successfully create vicinal axially chiral
tetrasubstituted allenes and heteroatom-functionalized quater-
nary carbon stereocenters with high efficiency (up to 94%
yield) and excellent stereoselectivity (up to >99% ee, > 20:1
dr) as depicted in Scheme 1. Various propargylic alcohols
containing electronically diverse substituents at different
positions on the aromatic ring were found to be compatible
with this asymmetric 1,8-conjugate addition process. In terms
of mechanism, under the influence of chiral phosphoric acid,
the propargylic alcohol 1 underwent a conversion process to
form para-quinone methide (p-QM) through the elimination
of water. Subsequently, nucleophiles like thiazolones and
azlactones engaged in a 1,8-conjugate addition reaction with
the para-quinone methide, leading to the formation of the
corresponding products.
In addition, Sun and co-workers reported in 2017 the

asymmetric synthesis of chiral tetrasubstituted allenes from the
para-quinone methide intermediate (QM) prepared in situ
from racemic propargyl alcohols 6 with cyclic and acyclic 1,3-
diketones 7 and thioacetic acid derivatives 8 using chiral
phosphoric acid.66 High yields (62−98%) and enantioselec-
tivity (77−97% ee) were observed for a series of tetrasub-
stituted allenes with intermolecular C−C 9 and C−S bond
formation 10 (Scheme 2). In addition to axial chirality, the
authors demonstrated an adjacent quaternary stereocenter. A
wide range of racemic propargyl alcohols with electron-rich,
electron-neutral, and electron-poor aryl substituents were well
tolerated. The presence or absence of a free hydroxy group
influences the formation of key intermediates, with a cation

Figure 1. Representative examples of useful chiral allenes with
different functions.
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bearing a chiral counteranion being crucial in the absence of a
free hydroxy group. In the presence of a free hydroxy group,
the initially formed cation could lead to proton loss, forming a
neutral para-quinone methide intermediate (QM). This
information highlights the importance of understanding the
role of different functional groups and counterions in directing
the reaction pathway. Based on initial DFT calculations,
control experiments, and kinetic studies, it has been
determined that the chiral catalyst serves a dual function in

activating both reactants and enabling remote stereocontrol in
the reaction.
2.2. Propargylic Aza-p-quinone Methides as Electro-

philes. Unlike well-studied unique electrophiles such as
quinone methides (QMs) and aza-ortho QMs, aza-para QMs
have received less attention when it comes to asymmetric
transformations. In this regard, in 2019, Sun and his team
published a study detailing the successful chiral phosphoric
acid-catalyzed enantioconvergent asymmetric 1,8-addition of
aza-para-quinone methides (11) with 1,3-dicarbonyl nucleo-
philes (12).67 This process proved to be highly efficient. By
utilizing the CPA 5 catalyst, a variety of racemic aniline-
containing propargylic tertiary alcohols underwent reactions to
form the aza-para-quinone methide intermediate in situ.
Subsequently, these intermediates underwent 1,8-addition
with different 1,3-dicarbonyl nucleophiles, resulting in the
formation of a range of chiral tetrasubstituted allenes (13) with
an adjacent quaternary stereocenter. The overall process
demonstrated good to excellent efficiency, with yields reaching
up to 95%, and high stereoselectivity, achieving over 99%
enantiomeric excess and greater than 20:1 diastereomeric ratio.
This showcased significant remote stereocontrol, as illustrated
in Scheme 3. Other nucleophilic species such as β-ketoamide,

1,3-diketones, and acetylacetones could be used as excellent
nucleophiles. Racemic propargyl alcohols with various func-
tional groups such as ether, thioether, nitrile, aldehyde, and
TBS -protected alcohol were well tolerated. The chiral
phosphoric acid acts as a bifunctional catalyst in the activation
of both reactants. The authors have also shown that the aza-
para-QM can react through the “E” isomer to produce a
favored transition state by allowing hydrogen bonding with
nitrogen on the same side of the triple bond, thus reducing the
distance between the reactive nucleophilic and electrophilic
sites.
Pengfei Li, Wenjun Li and co-workers developed a remote

stereocontrolled 1,8-conjugate addition of thiazolones (15) to
propargylic aza-p-quinone methides formed from propargylic
alcohols (14) in the presence of chiral phosphoramide
catalyst.68 Using CPA 6 as an optimal catalyst, a wide range
of thiazolones and propargylic alcohols were involved in this

Scheme 1. Enantioselective Remote 1,8-Conjugate
Additions of Thiazolones and Azlactones to Propargyl
Alcohols

Scheme 2. Synthesis of Chiral Tetrasubstituted Allenes from
the Para-Quinone Methide Intermediate

Scheme 3. Enantioselective Synthesis of Allenes from Aza-
Para-QMs and 1,3-Dicarbonyl Nucleophiles
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1,8-conjugate addition to afford vicinal axially chiral tetrasub-
stituted allenes and sulfur-containing quaternary carbon
stereocenters (16) in high yield and stereoselectivity (Scheme
4). The authors evaluated different protecting groups on

nitrogen of propargylic alcohol substrates and found that the
bulky adamantanecarbonyl group proved to be superior for
furnishing the 1,8-adduct as compared to N-[4-(1-hydroxy-1,3-
diphenylprop-2-ynyl)phenyl]-pivalamide and Ts-protected
propargylic alcohol. Generally, propargylic alcohols and
thiazolones with different aromatics bearing various electron-
withdrawing (F, Cl, and Br) and electron-donating (Me and
MeO) were well tolerated. It should be noted that both the
electronic nature and the position of the substituents on the
aromatic ring of propargylic alcohols affected the yield and
asymmetric induction slightly. Mechanistically, mediated by
chiral phosphoramide catalyst, aza-p-QM intermediate was
generated from propargylic alcohol 14 and 2,5- diphenylth-
iazol-4(5H)-one 15 was isomerized to 2,5-diphenylthiazol-4-ol.
Both aza-p-QM intermediate and 2,5- diphenylthiazol-4-ol
were synergistically activated by CPA- 6 via a bifunctional
activation mode. Then, intramolecular conjugate addition
generated 1,8-adduct 16.
In 2022, Zhang, Tan, Shi, and their co-workers presented a

method for the enantio- and diastereoselective synthesis of
hexahydropyrrolo[2,3-b]indole-containing tetrasubstituted al-
lenes (19) with axial and central chirality. This was achieved
through a cascade 1,8-addition/dearomatization-cyclization
reaction.68 By utilizing chiral phosphoric acid as a catalyst,
para-aminophenyl propargylic alcohols (17) underwent
dehydration to form alkynyl (aza)-p-QMs intermediates.
Tryptamines (18) then acted as nucleophiles, attacking the
alkynyl (aza)-p-QMs to produce tetrasubstituted allenes with
multiple chiral elements (19) in good yields (50−94%) and
high diastereo- and enantioselectivities (84:16−95:5 dr, 69−
95% ee) as depicted in Scheme 5. The researchers explored
various N-protective groups (PG) for propargyl alcohols,
including pivaloyl, t-butoxycarbonyl, iso-butyryl, N-tosyl
groups, and the bulky adamantanecarbonyl group, ultimately
determining the pivaloyl group as the optimal choice under the
specified reaction conditions. Control experiments revealed
that, the NH of tryptamines is very important for the success of
the reaction. In addition, the cytotoxicity test of some of these
compounds was evaluated and chiral tetrasubstituted allenes

could inhibit the growth of pancreatic cancer cells to some
extent, which might find their potential applications in
medicinal chemistry.
In order to enhance the chemistry of axially chiral

tetrasubstituted allenes and indoles, Li’s group in 2023
proposed CPA 5 catalyzed asymmetric 1,8-conjugate incorpo-
ration of in situ generated propargylic aza-p-QMs from
propargylic alcohol 20 with indole-2-carboxylates 21 (as
shown in Scheme 6). This work proposed an alternative

route to produce axially chiral tetrasubstituted allenes 22 with
95% yield and 86% ee. A series of alkyl-substituted, aromatic
residues and protecting group bearing propargylic alcohols 20
afford the corresponding 1,8-adducts in 88−99% yields with
80−87% ee. Similarly, a variety of indole-2-carboxylates 21
bearing electron-donating and -withdrawing groups reacted
with 20 to furnish the corresponding products with excellent
yields and enantioselectivities. Further transformation of
tetrasubstituted allene 22 into alcohol having 92% yield with
80% ee was also successfully carried out.69

2.3. α-(Indolyl) Propargylic Alcohols as Electrophiles.
Sun and Li reported the chiral phosphoric acid catalyzed
enantioconvergent synthesis of chiral tetrasubstituted allenes.70

Using CPA 8 as an optimal catalyst, an array of indole imine
methides generated in situ from racemic indole-substituted

Scheme 4. CPA Catalyzed Remote Stereocontrolled 1,8-
Conjugate Addition of Thiazolones to Propargylic Aza-p-
Quinone Methides

Scheme 5. CPA Catalyzed Asymmetric Synthesis
Hexahydropyrrolo[2,3-b]indole

Scheme 6. Stereocontrolled Synthesis of Tetrasubstituted
Allenes via Asymmetric 1,8-Addition
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propargylic alcohols (23) reacted with nucleophiles such as 3-
substituted indoles (24) and 1-napthols (26) to provide
efficient access to a series of enantioenriched allenes 25 and 27
with high yield and enantioselectivities (Scheme 7). A diverse

range of electrophilic racemic propargylic alcohols bearing
various functional groups with different electronic properties
and substitution patterns on the aryl moieties and nucleophilic
species with different substitution patterns were worked well in
this asymmetric reaction. However, the location of the
substituent on the indole motif has strong influence on
enantioselectivity, presumably because of an increased steric
effect in close proximity to the NH unit, which likely interferes
with the hydrogen-bonding network. The authors revealed that
the mechanism involving irreversible formation of the imine
methide intermediate followed by fast nucleophilic attack via
remotely asymmetric 1,8-addition is occurred. Notably, the
nucleophilic attack predominantly occurs through the more
structured Z isomer, facilitated by the reversible equilibrium
between the Z and E isomers as shown in Scheme 7.
Additional validation was obtained through further kinetic
investigations and the observation of nonlinear effects.
In 2021, Li and co-workers presented a study showcasing the

chiral phosphoric acid-catalyzed enantioselective 1,6-conjugate
addition of thiolacetic acid (29) to an alkynylindole imine
methide formed in situ from α-(3-indolyl)-propargyl alcohol
(28).71 Utilizing CPA 10, a variety of α-(3-indolyl)-propargyl
alcohols 28 with different substituents such as electron-
withdrawing (F, Cl, and Br), electron-donating (Me and
MeO), 3-thienyl, and aliphatic groups on R1, along with
thiobenzoic and thioacetic acids 29, were successfully
accommodated to yield axially chiral sulfur-containing

tetrasubstituted allenes 30 in high yields (60−98%) and with
high enantioselectivity (77−92% ee) (Scheme 8). Control

experiments indicated the significance of the hydrogen atom
on the nitrogen atom of the indole moiety for reactivity and
enantiocontrol, forming a hydrogen bond with CPA.
Furthermore, the presence of a CF3 group on the indole
substrate was found to be crucial for reactivity under the
specified reaction conditions, suggesting that the reaction is
governed by the nature of the substrate.
In 2022, Li and co-workers developed a method for

synthesizing axially chiral indole-containing tetrasubstituted
allenes using chiral phosphoric acid (CPA) as a catalyst.72 This
method involved the asymmetric 1,6-conjugate addition of 2-
substituted indoles to alkynyl indole imine methides generated
in situ from α-(3-indolyl)propargylic alcohols. The reaction
was successful with a wide range of α-(3-indolyl)propargylic
alcohols and indoles containing various electron-withdrawing
and electron-donating groups, resulting in high yields and
enantioselectivity (Scheme 9). However, 2-substituted indoles
with aliphatic groups like methyl and tert-butyl were not

Scheme 7. Chiral Phosphoric Acid Catalyzed
Enantioconvergent Synthesis of Chiral Tetrasubstituted
Allenes

Scheme 8. Enantioselective Construction of Axially Chiral
Sulphur-Containing Allenes

Scheme 9. Asymmetric Synthesis of Axially Chiral Indole-
Containing Tetrasubstituted Allenes
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compatible under the standard reaction conditions. The
mechanism involved the generation of alkynyl indole imine
methide intermediate IM from α-(3-indolyl)propargylic
alcohol in the presence of CPA, followed by the activation of
both IM and 2-substituted indole through dual hydrogen
bonding. This led to intramolecular conjugate addition and the
formation of the 1,6-adduct 33.
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-trifluoromethyl propargyl alcohol 34 and 1-
naphthol 35 catalyzed by chiral phosphoric acids (CPA 12), to
produce a wide range of chiral tetrasubstituted allenes (36) in
high yield (up to 98% yield) with excellent regio- and
enantioselectivities (>99:1 er) (Scheme 10).73 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 studies have shown that the free OH on
naphthol/phenol and the NH groups on α-indolyl-α-
trifluoromethyl propargyl alcohol are very important for the
reaction.
Li and co-workers disclosed an asymmetric 1,10-conjugate

incorporation of alkynyl indole imine methides which are
generated in situ from α-(6-indolyl)propargylic alcohols 37
with thiazolones 38 catalyzed by CPA 11 in 2022 (Scheme
11). This process resulted in 60−91% yields of axially chiral
tetrasubstituted allenes 39 with sulfur-containing quaternary
carbon stereocenters along with 86−95% ee, and 6:1−15:1 dr.
This method produced the requisite 1,10-adducts for a wide
range of α-(6-indolyl) propargylic alcohols 37 and thiazol-
4(5H)-ones 38 with various aromatic substituents. Signifi-
cantly, the efficiency and selectivity were marginally impacted
by the location effect as well as the electrical nature. DFT
calculations and control measures helped to clarify the reaction
process. The complexation of CPA 11 with 37 via hydrogen
bonding, followed by dehydration generates iminium phos-
phate intermediate which interact with the enol form of 38.
Due to the geometric constraints, the nucleophilic addition of

38 is more facile through E isomer. Notably, axially chiral
tetrasubstituted allenes 39 were constructed from 1,10-
addition for the first time, in addition to organocatalytic
enantioselective 1,10-conjugate additions.74

In 2023, Li and co-workers reported the construction of
indole and hexahydropyrrolo[2,3-b]indole bearing axially chiral
tetrasubstituted allene 42 by 1,6 addition of tryptamines 41
with alkynyl 7-methylene-7H-indoles obtained in situ from α-
(7-indolyl)propargylic alcohols 40 in the presence of CPA 13
as catalyst. The reaction of 41 with alkynyl 7-methylene-7H-
indoles in room temperature for 24 h produce tetrasubstituted
allenes 42 88% yield with 86% ee and 7:1 dr. The formation of
the hydrogen bond between CPA 13 and 41 followed by
dehydration lead to the formation of alkynyl 7-methylene-7H-
indoles (Int 1). Subsequently, the Int 1 interacts with substrate
41 to give the active intermediate II (Int 2). 1,6-Nucleophilic
addition of Int 2 via bifunctional activation by the catalyst
followed by intramolecular conjugate addition−annulation and
intramolecular proton transfer from the NHTs group generates
the final product and regenerate CPA 13 (Scheme 12).75

In 2022, Terada and co-workers have demonstrated CPA 8
catalyzed enantioconvergent substitution reaction between
racemic indolylmethanol bearing tetrahydrocarbazole (THC)
43 and N-methylpyrrole 44 which produces the corresponding
chiral THC bearing allene moiety 45 exhibiting 80% yield and
95% ee via a 1,8-addition. The introduction of bulky TMS
group on alkynyl terminal of the substrate also generated the
desired product with good yield and enantioselectivity. The
substituents (Me, MeO, Br and Ph) at the C4, C5 and C6
position of the indole ring furnish high enantioselective 1,8-
adducts in fair to good yields. Chiral THC 45 was further
tested for the synthesis of a spiro compound. Cyclization of 45
with N-iodosuccinimide (NIS) at the C3 position of pyrrole
moiety produce spiro compound 46 in 72% yield with no
discernible loss of enantiopurity (94% ee). The integration of
CPA 8 into a bond recombination process that involves
interaction between electrophile and nucleophile, served as the
foundation for the extrapolation of this concept. The triple
bond is orientated on a similar direction as the hydrogen bond
that forms between the imine methide unit and the acid
catalyst (Scheme 13).76

2.4. β,γ-Alkynyl-α-Imino Esters as Elecrophiles. In
2019, a novel method for synthesizing tetrasubstituted α-
amino allenoates (52) using chiral phosphoric acid as a catalyst

Scheme 10. Synthesis of Naphthol Based Chiral
Tetrasubstituted Allenes

Scheme 11. Synthesis of Tetrasubstituted Allenes via CPA
Catalyzed 1,10-Addition of Alkynyl Indole Imine Methides
with Thiazolones
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was introduced by Wang, Sun, and their co-workers. This
involved a dearomative γ-addition reaction of 2,3-disubstituted
indoles 47 to β,γ-alkynyl-α-imino esters 48.77 The specific
substituents on the second and third positions of the indole
molecule played a crucial role in creating chiral allenes. By
utilizing CPA 13, a broad range of 2,3-dimethylindoles and
β,γ-alkynyl-α-imino esters were successfully employed to
produce enantioenriched tetrasubstituted α-amino allenoates
with quaternary stereocenters. This process delivered high
product yields (69−99%) and excellent stereoselectivity (86 -
> 99% ee, 16:1 > 20:1 dr) as shown in Scheme 14. Based on
control experiments, the authors reported that when an alkynyl
trifluoromethyl ketimine was used as an electrophile, the
desired products were not obtained; rather, addition on the α-
position occurs. Therefore, the COOR group of the β,γ-
alkynyl-α-imino esters plays a vital role in the reaction, possibly
by generation of spatial steric hindrance. DFT calculations
have shown that the chiral phosphoric acid group of the
catalyst serves a dual function by activating both partners
through hydrogen-bonding interactions. Additionally, the

chiral backbone of the catalyst governs the stereoselectivity
by influencing steric effects and π−π interactions.
Isoxazol-5(4H)-ones, which have an imine-like C�N bond,

a weak N−O bond, a doubly activated C−H bond, and a
lactone-type moiety, have presented an array of applications in
the fields of synthetic chemistry and medicinal chemistry.
Herein, in 2021, Li and co-workers developed the chiral
phosphoric acid catalyzed regio-, diastereo- and enantioselec-
tive reaction of isoxazol-5(4H)-ones 51 with β,γ-alkynyl-α-
imino esters 50 for the synthesis of axially chiral tetrasub-
stituted α-amino allenoates 52 containing an adjacent
quaternary carbon stereocenter.78 Although isoxazol-5(4H)-
ones have different nucleophilic sites, these authors succeeded
in the C-allenylation of isoxazol-5(4H)-ones with high
efficiency (up to 91% yields) and high regioselectivities and
stereoselectivities (up to 94% ee and >20:1 dr) (Scheme 15).
In 2021, Lin and co-workers established a chiral phosphoric

acid catalyzed a highly regio-, diastereo-, and enantioselective
dearomatization reaction of 1-substituted 2-naphthols (53)
and β,γ-alkynyl-α-imino esters (48). The highly functionalized

Scheme 12. Asymmetric Synthesis of Indole and
Hexahydropyrrolo[2,3-b]indole Bearing Axially Chiral
Tetrasubstituted Allene

Scheme 13. CPA Catalyzed Enantioconvergent Synthesis of
Chiral Tetrahydrocarbazoles with Allenylsilanes

Scheme 14. CPA Catalyzed Asymmetric Synthesis of
Tetrasubstituted α-Amino Allenoates

Scheme 15. Regio- and Stereoselective γ-Additions of
Isoxazol-5(4H)-ones to β,γ-Alkynyl-α-imino Esters
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naphthalenone derivatives (54) with allene moiety, exhibiting
both a quaternary stereocenter and axial chirality, were
obtained in good yields (up to 82%) with high diastereose-
lectivities (up to >99:1 dr) and enantioselectivities (up to 96%
ee) (Scheme 16). Control experiments showed that high to

excellent stereoselectivity is the result of a dual hydrogen
bonding interaction between substrates and chiral phosphoric
acid, with the substituent at the 1-position of 2-naphthol
playing a key role in controlling regioselectivity.79

In 2023, Ni Q. et al. have efficiently devised asymmetric γ-
arylation of β,γ-alkynyl-α-imino esters 48 with pyrrolo[2,1-
α]isoquinolines 55 promoted by CPA 15 for the regio and
enantioselective formulation of tetrasubstituted α -amino
allenoates 56 (Scheme 17). Under moderate conditions,
exceptionally high site- and stereoselectivity were demon-
strated by this approach concordant with an extensive variety
of substrate. This transformations involves the C1-regioselec-
tive and enantioselective activation of pyrrolo[2,1- α]-
isoquinolines. The hydrogen bonding interaction of CPA 15
activates the alkynyl ketimine 48 and facilitates the γ-addition

of pyrroloisoquinoline 55 from its Re-face that controlled the
enantioselectivity of product. Under the optimal reaction
conditions, the required product 56 was extracted in adequate
yield of 70%, along with the 93% ee and 4.6:1 rr ratio. The N-
Boc deprotection of 56 with trifluoroacetic acid (TFA)
afforded 90% yield of α-amino allenoate 57. Further
functionalization of pyrroloisoquinoline 56 at C3 position
utilizing ketomalonate generated derivative 58 with a minor
loss of ee.80

2.5. Prochiral 1,3-Enynes as Electrophiles. Given the
widespread availability of prochiral 1,3-enynes, the direct
addition of these compounds in an asymmetric manner has
emerged as an attractive approach for synthesizing compounds
with multiple chiral centers. In a study conducted by Yang,
Peng, and their team in 2019, an enantioselective and
diastereodivergent synthesis of trisubstituted allenes was
established through the asymmetric conjugate Michael
additions of oxazolones 60 to activated 1,3-enynes 59 under
the catalysis of chiral phosphoric acid.81 This reaction is
characterized by its broad substrate scope and mild reaction
conditions, allowing for structural variations at different
positions of the substrates. By utilizing CPA 16 and CPA
17, the asymmetric additions of various oxazolones to activated
1,3-enynes proceeded smoothly, resulting in the formation of
trisubstituted allenes with two adjacent chiral centers in good
yield (up to 78%) with high enantioselectivity (up to >99% ee)
and diastereoselectivity (up to >25:1 dr), as shown in Scheme
18. Through density functional theory (DFT) calculations

under CPA catalysis, the authors investigated the origin of
diastereodivergence in the transition state of the allene
formation step, highlighting a munchnone-type activation
mode of oxazolones. With CPA 16, the products exhibited a
stacking form, while CPA 17 predominantly yielded the
staggered form of the products, allowing for effective
modulation of the axial stereogenicity of the chiral allene
products through modifications of the CPA catalysts.
2.6. Proton or Deuterium as Electrophile. In 2023,

Jiang and co-workers developed CPA 18 catalyzed kinetic
resolution of azaarylethynyl tertiary alcohols 65 via phosphine
mediated sequential deoxygenation and protonation. In the
presence of CPA 18, two enantiomers of a variety of tertiary
alcohols demonstrate significantly contrasting aptitude toward

Scheme 16. Asymmetric Synthesis of Chiral Allenes from 1-
Substituted 2-naphthols

Scheme 17. Regio- and Enantioselective C1-Arylation of β,γ-
alkynyl-α-imino Esters with Pyrrolo[2,1-α]isoquinolines

Scheme 18. CPA Catalyzed Stereoselective Synthesis of
Trisubstituted Allenes
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the incorporation of phosphines to the alkyne group. This
approach offers preliminary access to highly enantioselective
azaarylethynyl tertiary alcohols 63 that are essential for both
synthetic and biological applications. Moreover, azaaryl-
functionalized allenes 64 are produced by deoxygenation of
oxaphosphetanes and the subsequent removal of phosphine
oxides. Extensive modification of azaaryl groups demonstrated
the flexibility and viability of the reported procedure.
Furthermore, using deuterium (D) as the electrophile rather
than a proton enables the production of first enantioselective
deuterated azaarylfunctionalized allenes 65, by using econom-
ical D2O as the deuterium source (Scheme 19).82

3. CPA CATALYZED ENANTIOSELECTIVE SYNTHESIS
OF CHIRAL STYRENES

In this review, an in-depth analysis of diverse electrophilic
substrates including vinylidene quinone methide, (3-Alkynyl-2-
indolyl) methanols, and isatins utilized for the synthesis of
chiral styrenes is presented.
3.1. Vinylidene Quinone Methide (VQM) as Electro-

phile. In 2019, Tan and co-workers83 successfully synthesized
a range of disubstituted derivatives of atropisomeric 1,1′-
(ethene-1,1-diyl)binaphthol (EBINOL) in high yield. This was
achieved by reacting 2-naphthol 67 with different alkynes 66 in
the presence of CPA 19 as a catalyst (Scheme 20). Under mild
reaction conditions, the alkynes 69 containing different
activated groups (N-aryl amino arylethynylene, N-benzyl
amino arylethynylene and hydroxynaphthylalkyne) interacted
with CPA 19 via hydrogen bond to form VQM followed by the
addition of 70 resulted in the production of atropisomeric
styrenes (EBINOL) 68 exhibited high enantioselectivity, and
complete E/Z selectivity. The formation of atropisomeric
EBINOL-based chiral phosphonic acid (ECPA) and phosphor-
amidites (obtained as a pair of diastereomers EBINOL-Phos-A
and EBINOL-Phos-B) illustrated the importance of this
transformation. The utilization of ECPA as catalysis in the
alkylation of indole via N-(1-phenylvinyl)acetamide generated
moderately enantioselective tertiary amine with ease. In
contrast to ECPA, BINOL-CPA provided lower stereo-
selectivity and SPINOL-CPA did not induce enantioselectivity.
Moreover, EBINOL-Phos-A prompted the effective asymmet-
ric hydrogenation of enamides with the yield of 97% and ee of
90%, while EBINOL-Phos-B afforded low yield of product.
In 2022, Lv and co-workers developed the intermolecular

C2 and C3 Friedel−Crafts alkylation of ortho-alkynylnaphthols

72 and substituted indoles (70 and 71) catalyzed by CPA
1384. Axially chiral alkenes or styrenes, 72 and 73 having the
yield of 93%, ee up to 98% and E/Z > 20:1 were obtained
under mild conditions by using different 2-substituted indoles
70, 3-substituted indoles, and N-methylindoles 71. The
authors provide a mechanistic explanation for the formation
of a chiral complex of (aS)-vinylidenequinone methides
(VQM) with phosphoric acid, whereby indole insertion is
facilitated by CPA 13 first activating alkyne 72 by means of
hydrogen bonds. A CPA 13 then uses a two-hydrogen bond
interaction to activate the indole, which allows it to target the
reactive VQM and afford the desired end product (Scheme
21). Additionally, the authors explored the thermal durability
of the resultant compounds in dichloromethane and
discovered that the rotational barriers of 2-substituted
indole-fused styrenes are significantly higher than those of 3-
substituted styrenes.
In 2023, Lin and co-workers85 reported the first asymmetric

reactions between C2-unsubstituted racemic naphthylindoles
74 and orthoalkynyl naphthols 69 catalyzed by SPINOL-CPA
(CPA 20). This novel strategy enabled the atroposelective
synthesis of a complex organic framework via dynamic kinetic
resolution that linked axially chiral styrenes with axially chiral
naphthyl-indoles 78 (Scheme 22). Excellent yield (up to 96%)
and outstanding stereoselectivity (up to >99.9% ee, > 99:1 E/Z
and >20:1 dr) were achieved from this technique under mild
circumstances. Two axial chiralities were demonstrated by the
synthesized moieties 75: axial chiral styrene and axial chiral
biaryl. It is anticipated that this groundbreaking effort will pave
the way for the creation of innovative chiral substances with a
wide range of uses in multiple industries.
Zhou and co-workers achieved the pioneering enantiose-

lective cycloaddition of alkynyl naphthols 72 with o-quinone
methides 76 and imines 77 (Scheme 23).86 An entirely novel
series of naphthyl-2H-chromenes 78 and 79 carrying axial and
central chirality and axially chiral quinone-naphthols were
synthesized successfully exhibiting good to exceptional yield,
diastereoselectivity, and enantioselectivity. The resultant
products can be further processed to yield useful phosphine

Scheme 19. CPA Catalyzed Kinetic Resolution of
Azaarylethynyl Tertiary Alcohols

Scheme 20. CPA Catalyzed Synthesized of Disubstituted
Atropisomeric 1,1′-(Ethene-1,1-diyl)binaphthol (EBINOL)
Derivatives
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ligands and various other useful compounds. Based on
experimental studies and DFT calculations, the reaction
between alkynyl naphthols 69 and o-quinone methides 76
undergoes a [2 + 2] cycloaddition, 4π-electrocyclic ring
opening, and 6π-electrocyclization. Conversely, the cyclo-
addition of alkynyl naphthols 69 with imines 77 involves an
auto-oxidation process followed by a [2 + 4] cycloaddition.
Inspired by the numerous applications of phosphorus-

containing chiral compounds in the field of material,
agricultural and medicinal chemistry, especially in transition
metal-catalyzed and organocatalytic transformations, Wang et
al. reported Cu/CPA 13 catalyzed hydrophosphinylation of
hydroxynaphthylalkynes. The treatment of 1-(3,3-dimethylbut-
1-yn-1-yl)naphthalen-2-ol 72 with diphenylphosphine oxide 80
produce axially chiral phosphorus containing alkenes (styrene)
81 having yields up to 99% and enantioselectivities up to
99%.87 DFT calculations were performed to elucidate the
reaction pathway and the origin of enantiocontrol. The
reaction involves CPA 13 mediated transformation of alkyne

69 into axially chiral allene (VQM). The tautomerization of
diphenylphosphine oxide 80 generated hydroxydiphenylphos-
phane bearing a nucleophilic phosphorus which attack onto
(S)-VQM from the side contrary to bulky tert-butyl group of
the allene (E-face). It results in the formation of C−P bond
and simultaneous transfer of axial chirality of allene into
alkene-aryl bond. During the formation of C−P linkage, four
coordination positions of Cu are inhabited by two chlorine
atoms and two oxygen atoms from CPA and hydroxydiphe-
nylphosphane. Concurrently, the Cu−O coordination encour-
ages the creation of a new hydrogen bond between the oxygen
of VQM and hydroxyl H atom of hydroxydiphenylphosphane
(Scheme 24).

3.2. AzaVinylidene Quinone Methide (azaVQM) as
Electrophile. In 2020, Zhang et al.88 reported the synthesis of
atropisomeric styrenes in excellent yield and enantioselectivity
by asymmetric nucleophilic addition of 1-(ethynyl)naphthalen-
2-amines 82 into indoles 83 or 4-hydroxycoumarins 84
(Scheme 25). The π−π interaction and hydrogen bonding of
CPA 14 with 82 would generate azaVQM. The nucleophilic
attack of indole 83 or 4-hydroxycoumarins 84 onto aza-VQM
would result in the preparation of enantioenriched products 85

Scheme 21. Construction of Axially Chiral Styrene via
Intermolecular Friedel−Crafts Alkylation of Ortho-
Alkynylnaphthols and Substituted Indoles

Scheme 22. Atroposelective Synthesis of Axially Chiral
Styrenes Linked with Axially Chiral Naphthyl Indoles

Scheme 23. Synthesis of Heterobiaryl Atropisomers and
Axially Chiral Styrenes

Scheme 24. Synthesis of Axially Chiral Styrene-Phosphines
via Asymmetric Hydrophosphinylation of Alkynes
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and 86 with 95% yield and 95% ee along with the regeneration
of CPA 14. The reactivity and enantiocontrol in the product
were brought about by hydrogen bond. N-methylindole, on the
other hand, showed no selectivity under same reaction
conditions. Following chemical changes, product 85 produced
chiral squaramide, which allowed for more diversification
through amination. Alkyl, ester, and halogens substituted
indoles 83 under the standard conditions generated desired
enantioselective axially chiral products in good to excellent
yields. Additionally, 1-alkyne-2-naphthylamines 82 featuring
aryl groups with diverse electron-donating and electron-
withdrawing functionalities at the para-positions yielded axially
chiral products with 60−90% yield and 90−95% ee. However,
the presence of steric hindrance from ortho- and meta-
substituents on the aryl group led to a reduction in reaction
yield.
3.3. (3-Alkynyl-2-indolyl)methanols as Electrophiles.

In 2020, Shi and co-workers used the approach of organo-
catalytic E/Z selective enantioselective (4 + 3) cyclization of
(3-Alkynyl-2-indolyl)methanols 87 with phenols 89 or 2-
naphthols 88 to synthesized a new seven-membered bridging
ring axially chiral styrene scaffolds (90 and 91).89 With the
introduction of CPA 21, (3-Alkynyl-2-indolyl)methanols 87
smoothly yield optically active allenes (Int 4). 2-Naphthol
attacked optically active allenes selectively to produce acyclic
chiral styrenes (Int 5) which undergoes intramolecular
dehydration (Int 6) to synthesize a novel fused atropisomeric
styrene 90 showing 97% ee, > 95:5 E/Z and 98% yield
(Scheme 26). This method has addressed the significant
difficulties associated with creating axially chiral alkene-
heteroaryl scaffolds and offered a potent technique for the
enantioselective synthesis of axially chiral aryl-alkene-indole
scaffolds.
3.4. Isatins as Electrophiles. Liang J. et al. reported the

synthesis of axially chiral oxindole based styrene derivatives by
the condensation reaction between isatin 92 and (o-amino-
benzyl) indole 93 using Bronsted acid as a catalyst.
Unfortunately, the racemic mixture of oxindole based styrene
derivatives 94a and 94b was obtained because Bronsted acid
catalyzed condensation reaction did not offer enantiocontrol.90

In 2020, to overcome the problem of racemization, Shi and co-
workers used the strategy of catalytic kinetic resolution of
racemic mixture of oxindole based styrenes (Scheme 27). They

used azlactones 92 for kinetic resolution which undergoes ring
opening by the attack of amino group of oxindole based
styrenes. The CPA 22 was used as a catalyst in this reaction
which formed hydrogen bonding with both reacting species
which enhances the reaction rate of one atropisomer 94a with
azlactone 95, thus producing enantiomerically pure product 96
as well as accumulate enantiomerically pure substrate 94b.
Two types of oxindole-based axially chiral styrene compounds
with high selectivity factors and good diastereoselectivities (up
to 94:6 dr) and great enantioselectivities (up to 98% ee) were
provided by this technique. Along with the synthesis of axially
chiral oxindole based styrene, this reaction also provides a
reliable technique to prepare bisamide derivatives displaying
axial and central chirality.91

■ CONCLUSIONS AND OUTLOOK
Axial chiral allenes, characterized by a chiral axis along the
allenic bond, and axial chiral styrenes, featuring a chiral axis
along the olefinic bond, have emerged as versatile building

Scheme 25. CPA Catalyzed Enantioselective Construction
of Heterocycle-Substituted Styrenes

Scheme 26. Enantioselective Synthesis of Seven-Membered
Bridging Ring Axially Chiral Styrene Using CPA as Catalyst

Scheme 27. CPA Catalyzed Synthesis of Axially Chiral
Oxindole Based Styrene
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blocks with intriguing stereochemical properties. These
compounds have found widespread applications in agro-
chemicals, pharmaceuticals, and molecular materials, showcas-
ing remarkable achievements in the past decade. Additionally,
their unique stereochemical properties make them valuable
tools for the construction of chiral ligands, catalysts, and
functional materials with tailored properties. Recent advance-
ments in asymmetric organocatalysis have significantly
contributed to the catalytic asymmetric synthesis of chiral
allenes and styrenes.
This review highlights key developments in utilizing chiral

phosphoric acid and its derivatives for the synthesis of chiral
allene and styrene units. Notably, chiral phosphoric acids
derived from BINOL, H8-BINOL, TADDOL, and SPINOL
have been effectively employed in the asymmetric construction
of these compounds. While substantial progress has been made
in this area, challenges persist with current methods. The
review delves into recent advancements in highly enantio- and
diastereoselective synthesis of these valuable compounds.
Through in-depth exploration of the reactivity and synthetic

capabilities of axial chiral allenes and styrenes, researchers have
the potential to open up novel pathways for the advancement
of innovative synthetic approaches and the identification of
new chemical reactions. This exploration is anticipated to
enable the creation of organic molecules featuring multiple
axial chiral centers and diverse axial chiralities. The advance-
ment of efficient synthetic protocols and the design of chiral
organocatalyst systems are poised to expand the utility of these
compounds in the synthesis of natural products, pharmaceut-
icals, materials, and various organic substances, offering
significant benefits to both academic research and industrial
applications.

■ AUTHOR INFORMATION

Corresponding Author
Alemayehu Gashaw Woldegiorgis − Bule Hora University,
College of Natural Science, Department of Chemistry, Bule
Hora 144, Ethiopia; orcid.org/0000-0002-0657-4406;
Email: alexgashaw1987@yahoo.com

Authors
Aleena Mustafai − Bahauddin Zakariya University, Institute
of Chemical Sciences, Multan 60800, Pakistan

Faisal Yasin Muhammad − Government College University
Faisalabad, Department of Chemistry, Faisalabad 38040,
Pakistan

Rehmatullah Farooqi − Bahauddin Zakariya University,
Institute of Chemical Sciences, Multan 60800, Pakistan

Leta Deressa Tolesa − Adama Science and Technology
University, School of Applied Natural Science, Adama 1000,
Ethiopia

Khadija Aimun − Government College University Faisalabad,
Department of Chemistry, Faisalabad 38040, Pakistan

Complete contact information is available at:
https://pubs.acs.org/10.1021/acsomega.4c04206

Author Contributions
The manuscript was a collaborative effort among all authors,
with Author 1 and 2 responsible for writing the initial draft.
Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
This work was supported by Bule Hora University and Adama
Science and Technology University.

■ ABBREVIATIONS
CPA Chiral Phosphoric Acids
VQM vinylidine quinone methides
TMS Trimethyl silane

■ REFERENCES
(1) Ogasawara, M. Catalytic enantioselective synthesis of axially
chiral allenes. Tetrahedron: asymmetry 2009, 20, 259−271.
(2) Vaithiyanathan, V.; Ravichandran, G.; Thirumailavan, V.
Synthesis of chiral allene moiety from Morita-Baylis-Hillman adduct
of isatin derivatives via Claisen rearrangement. Tetrahedron Lett. 2019,
60, 507−510.
(3) Neff, R. K.; Frantz, D. E. Recent advances in the catalytic
syntheses of allenes: a critical assessment. ACS Catal. 2014, 4, 519−
528.
(4) Van’t Hoff, J. H. La chimie dans l’espace; Bazendijk: 1875; Vol. 1.
(5) Jiang, Y.; Diagne, A. B.; Thomson, R. J.; Schaus, S. E.
Enantioselective synthesis of allenes by catalytic traceless petasis
reactions. J. Am. Chem. Soc. 2017, 139, 1998−2005.
(6) Hoffmann-Röder, A.; Krause, N. Synthesis and properties of
allenic natural products and pharmaceuticals. Angew. Chem., Int. Ed.
2004, 43, 1196−1216.
(7) Kim, H.; Williams, L. J. Recent developments in allene-based
synthetic methods. Curr. Opin. Drug. Discovery Devel. 2008, 11, 870−
894.
(8) Krause, N.; Hoffmann-Röder, A. Allenic natural products and
pharmaceuticals. Modern allene chemistry 2004, 997−1040.
(9) Ban, H. S.; Onagi, S.; Uno, M.; Nabeyama, W.; Nakamura, H.
Allene as an Alternative Functional Group for Drug Design: Effect of
C-C Multiple Bonds Conjugated with Quinazolines on the Inhibition
of EGFR Tyrosine Kinase. ChemMedChem: Chemistry Enabling Drug
Discovery 2008, 3, 1094−1103.
(10) Ma, S. Some typical advances in the synthetic applications of
allenes. Chem. Rev. 2005, 105, 2829−2872.
(11) Cai, F.; Pu, X.; Qi, X.; Lynch, V.; Radha, A.; Ready, J. M. Chiral
allene-containing phosphines in asymmetric catalysis. J. Am. Chem.
Soc. 2011, 133, 18066−18069.
(12) Ye, J.; Ma, S. Palladium-catalyzed cyclization reactions of
allenes in the presence of unsaturated carbon-carbon bonds. Acc.
Chem. Res. 2014, 47, 989−1000.
(13) Li, X.; Sun, J. Organocatalytic Enantioselective Synthesis of
Chiral Allenes: Remote Asymmetric 1, 8-Addition of Indole Imine
Methides. Angew. Chem., Int. Ed. 2020, 59, 17049−17054.
(14) Qian, D.; Wu, L.; Lin, Z.; Sun, J. Organocatalytic synthesis of
chiral tetrasubstituted allenes from racemic propargylic alcohols. Nat.
commun. 2017, 8, 567.
(15) Tang, Y.; Chen, Q.; Liu, X.; Wang, G.; Lin, L.; Feng, X. Direct
Synthesis of Chiral Allenoates from the Asymmetric C-H Insertion of
α-Diazoesters into Terminal Alkynes. Angew. Chem., Int. Ed. 2015,
127, 9648−9652.
(16) Matsumoto, Y.; Naito, M.; Uozumi, Y.; Hayashi, T. Axially
chiral allenylboranes: catalytic asymmetric synthesis by palladium-
catalysed hydroboration of but-1-en-3-ynes and their reaction with an
aldehyde. J. Chem. Soc. Chem. Commun. 1993, 1468−1469.
(17) Hayashi, T.; Inoue, K.; Taniguchi, N.; Ogasawara, M.
Rhodium-catalyzed hydroarylation of alkynes with arylboronic acids:
1, 4-shift of rhodium from 2-aryl-1-alkenylrhodium to 2-alkenylar-
ylrhodium intermediate. J. Am. Chem. Soc. 2001, 123, 9918−9919.
(18) Yao, Q.; Liao, Y.; Lin, L.; Lin, X.; Ji, J.; Liu, X.; Feng, X.
Efficient synthesis of chiral trisubstituted 1, 2-allenyl ketones by
catalytic asymmetric conjugate addition of malonic esters to enynes.
Angew. Chem., Int. Ed. 2016, 55, 1859−1863.

ACS Omega http://pubs.acs.org/journal/acsodf Review

https://doi.org/10.1021/acsomega.4c04206
ACS Omega 2024, 9, 33351−33364

33362

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Alemayehu+Gashaw+Woldegiorgis"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-0657-4406
mailto:alexgashaw1987@yahoo.com
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Aleena+Mustafai"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Faisal+Yasin+Muhammad"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Rehmatullah+Farooqi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Leta+Deressa+Tolesa"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Khadija+Aimun"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c04206?ref=pdf
https://doi.org/10.1016/j.tetasy.2008.11.039
https://doi.org/10.1016/j.tetasy.2008.11.039
https://doi.org/10.1016/j.tetlet.2019.01.018
https://doi.org/10.1016/j.tetlet.2019.01.018
https://doi.org/10.1021/cs401007m?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cs401007m?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.6b11937?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.6b11937?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.200300628
https://doi.org/10.1002/anie.200300628
https://doi.org/10.1002/9783527619573.ch18
https://doi.org/10.1002/9783527619573.ch18
https://doi.org/10.1002/cmdc.200800073
https://doi.org/10.1002/cmdc.200800073
https://doi.org/10.1002/cmdc.200800073
https://doi.org/10.1021/cr020024j?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr020024j?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja207748r?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja207748r?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ar4002069?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ar4002069?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.202006137
https://doi.org/10.1002/anie.202006137
https://doi.org/10.1002/anie.202006137
https://doi.org/10.1038/s41467-017-00251-x
https://doi.org/10.1038/s41467-017-00251-x
https://doi.org/10.1002/ange.201501918
https://doi.org/10.1002/ange.201501918
https://doi.org/10.1002/ange.201501918
https://doi.org/10.1039/c39930001468
https://doi.org/10.1039/c39930001468
https://doi.org/10.1039/c39930001468
https://doi.org/10.1039/c39930001468
https://doi.org/10.1021/ja0165234?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja0165234?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja0165234?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.201509455
https://doi.org/10.1002/anie.201509455
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.4c04206?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


(19) Qian, H.; Yu, X.; Zhang, J.; Sun, J. Organocatalytic
enantioselective synthesis of 2, 3-allenoates by intermolecular addition
of nitroalkanes to activated enynes. J. Am. Chem. Soc. 2013, 135,
18020−18023.
(20) Deska, J.; del Pozo Ochoa, C.; Bäckvall, J. E. Chemoenzymatic
dynamic kinetic resolution of axially chiral allenes. Chem.�Eur. J.
2010, 16, 4447−4451.
(21) Hashimoto, T.; Sakata, K.; Tamakuni, F.; Dutton, M. J.;
Maruoka, K. Phase-transfer-catalysed asymmetric synthesis of
tetrasubstituted allenes. Nat. Chem. 2013, 5, 240−244.
(22) Liu, Y.; Hu, H.; Zheng, H.; Xia, Y.; Liu, X.; Lin, L.; Feng, X.
Nickel (II)-Catalyzed Asymmetric Propargyl and Allyl Claisen
Rearrangements to Allenyl-and Allyl-Substituted β-Ketoesters.
Angew. Chem., Int. Ed. 2014, 53, 11579−11582.
(23) Chu, W.-D.; Zhang, L.; Zhang, Z.; Zhou, Q.; Mo, F.; Zhang, Y.;
Wang, J. Enantioselective synthesis of trisubstituted allenes via Cu (I)-
catalyzed coupling of diazoalkanes with terminal alkynes. J. Am. Chem.
Soc. 2016, 138, 14558−14561.
(24) Crouch, I. T.; Neff, R. K.; Frantz, D. E. Pd-catalyzed
asymmetric β-hydride elimination en route to chiral allenes. J. Am.
Chem. Soc. 2013, 135, 4970−4973.
(25) Imada, Y.; Nishida, M.; Kutsuwa, K.; Murahashi, S.-I.; Naota,
T. Palladium-catalyzed asymmetric amination and imidation of 2, 3-
allenyl phosphates. Org. Lett. 2005, 7, 5837−5839.
(26) Mbofana, C. T.; Miller, S. J. Diastereo-and enantioselective
addition of anilide-functionalized allenoates to N-acylimines catalyzed
by a pyridylalanine-based peptide. J. Am. Chem. Soc. 2014, 136, 3285−
3292.
(27) Yang, M.; Yokokawa, N.; Ohmiya, H.; Sawamura, M. Synthesis
of conjugated allenes through copper-catalyzed γ-selective and
stereospecific coupling between propargylic phosphates and aryl-or
alkenylboronates. Org. Lett. 2012, 14, 816−819.
(28) Chu, W.-D.; Zhang, Y.; Wang, J. Recent advances in catalytic
asymmetric synthesis of allenes. Catal. Sci. Technol. 2017, 7, 4570−
4579.
(29) Wan, B.; Ma, S. Enantioselective decarboxylative amination:
synthesis of axially chiral allenyl amines. Angew. Chem., Int. Ed. 2013,
125, 459−463.
(30) Liu, H.; Leow, D.; Huang, K.-W.; Tan, C.-H. Enantioselective
synthesis of chiral allenoates by guanidine-catalyzed isomerization of
3-alkynoates. J. Am. Chem. Soc. 2009, 131, 7212−7213.
(31) Tap, A.; Blond, A.; Wakchaure, V. N.; List, B. Chiral allenes via
alkynylogous Mukaiyama aldol reaction. Angew. Chem., Int. Ed. 2016,
55, 8962−8965.
(32) Lo, V. K.-Y.; Zhou, C. Y.; Wong, M. K.; Che, C. M. Silver(I)-
mediated highly enantioselective synthesis of axially chiral allenes
under thermal and microwave-assisted conditions. Chem. Commun.
2010, 46, 213−5.
(33) Uehling, M. R.; Marionni, S. T.; Lalic, G. Asymmetric synthesis
of trisubstituted allenes: copper-catalyzed alkylation and arylation of
propargylic phosphates. Org. Lett. 2012, 14, 362−365.
(34) Hashimoto, T.; Sakata, K.; Tamakuni, F.; Dutton, M. J.;
Maruoka, K. Phase-transfer-catalysed asymmetric synthesis of
tetrasubstituted allenes. Nat. chem. 2013, 5, 240−244.
(35) Zheng, W.-F.; Zhang, W.; Huang, C.; Wu, P.; Qian, H.; Wang,
L.; Guo, Y.; Ma, S. Tetrasubstituted allenes via the palladium-
catalysed kinetic resolution of propargylic alcohols using a supporting
ligand. Nat. Catal. 2019, 2, 997−1005.
(36) Mbofana, C. T.; Miller, S. J. Diastereo- and enantioselective
addition of anilide-functionalized allenoates to N-acylimines catalyzed
by a pyridylalanine-based peptide. J. Am. Chem. Soc. 2014, 136, 3285−
92.
(37) Tap, A.; Blond, A.; Wakchaure, V. N.; List, B. Chiral Allenes via
Alkynylogous Mukaiyama Aldol Reaction. Angew. Chem., Int. Ed.
2016, 55, 8962−5.
(38) Bao, X.; Rodriguez, J.; Bonne, D. Enantioselective synthesis of
atropisomers with multiple stereogenic axes. Angew. Chem., Int. Ed.
2020, 59, 12623−12634.

(39) Toenjes, S. T.; Gustafson, J. L. Atropisomerism in medicinal
chemistry: challenges and opportunities. Future Med. Chem. 2018, 10,
409−422.
(40) Liao, G.; Zhou, T.; Yao, Q.-J.; Shi, B.-F. Recent advances in the
synthesis of axially chiral biaryls via transition metal-catalysed
asymmetric C-H functionalization. Chem. Commun. 2019, 55,
8514−8523.
(41) Zhao, H.; Hsu, D. C.; Carlier, P. R. Memory of chirality: An
emerging strategy for asymmetric synthesis. Synthesis 2005, 2005, 1−
16.
(42) Kumarasamy, E.; Raghunathan, R.; Sibi, M. P.; Sivaguru, J.
Nonbiaryl and heterobiaryl atropisomers: molecular templates with
promise for atropselective chemical transformations. Chem. Rev. 2015,
115, 11239−11300.
(43) Kawabata, T.; Yahiro, K.; Fuji, K. Memory of chirality:
enantioselective alkylation reactions at an asymmetric carbon adjacent
to a carbonyl group. J. Am. Chem. Soc. 1991, 113, 9694−9696.
(44) Mori, K.; Ohmori, K.; Suzuki, K. Stereochemical Relay via
Axially Chiral Styrenes: Asymmetric Synthesis of the Antibiotic TAN-
1085. Angew. Chem., Int. Ed. 2009, 48, 5633−5637.
(45) Mori, K.; Ohmori, K.; Suzuki, K. Hydrogen-bond control in
axially chiral styrenes: selective synthesis of enantiomerically pure C2-
symmetric paracyclophanes. Angew. Chem., Int. Ed. 2009, 48, 5638−
5641.
(46) Yoshimura, T.; Tomohara, K.; Kawabata, T. Asymmetric
induction via short-lived chiral enolates with a chiral C-O axis. J. Am.
Chem. Soc. 2013, 135, 7102−7105.
(47) Shan, G.; Flegel, J.; Li, H.; Merten, C.; Ziegler, S.; Antonchick,
A. P.; Waldmann, H. C- H bond activation for the synthesis of
heterocyclic atropisomers yields hedgehog pathway inhibitors. Angew.
Chem., Int. Ed. 2018, 130, 14446−14450.
(48) Wang, F.; Qi, Z.; Zhao, Y.; Zhai, S.; Zheng, G.; Mi, R.; Huang,
Z.; Zhu, X.; He, X.; Li, X. Rhodium (III)-Catalyzed Atroposelective
Synthesis of Biaryls by C- H Activation and Intermolecular Coupling
with Sterically Hindered Alkynes. Angew. Chem., Int. Ed. 2020, 59,
13288−13294.
(49) Zhu, S.; Chen, Y.-H.; Wang, Y.-B.; Yu, P.; Li, S.-Y.; Xiang, S.-
H.; Wang, J.-Q.; Xiao, J.; Tan, B. Organocatalytic atroposelective
construction of axially chiral arylquinones. Nat. Commun. 2019, 10,
4268.
(50) Feng, J.; Li, B.; He, Y.; Gu, Z. Enantioselective synthesis of
atropisomeric vinyl arene compounds by palladium catalysis: a
carbene strategy. Angew. Chem., Int. Ed. 2016, 55, 2186−2190.
(51) Pan, C.; Zhu, Z.; Zhang, M.; Gu, Z. Palladium-Catalyzed
Enantioselective Synthesis of 2-Aryl Cyclohex-2-enone Atropisomers:
Platform Molecules for the Divergent Synthesis of Axially Chiral
Biaryl Compounds. Angew. Chem., Int. Ed. 2017, 129, 4855−4859.
(52) Feng, J.; Li, B.; Jiang, J.; Zhang, M.; Ouyang, W.; Li, C.; Fu, Y.;
Gu, Z. Visible Light Accelerated Vinyl C-H Arylation in Pd-Catalysis:
Application in the Synthesis of ortho Tetra-substituted Vinylarene
Atropisomers. Chin. J. Chem. 2018, 36, 11−14.
(53) Sun, Q.-Y.; Ma, W.-Y.; Yang, K.-F.; Cao, J.; Zheng, Z.-J.; Xu, Z.;
Cui, Y.-M.; Xu, L.-W. Enantioselective synthesis of axially chiral vinyl
arenes through palladium-catalyzed C-H olefination. Chem. Commun.
2018, 54, 10706−10709.
(54) Song, H.; Li, Y.; Yao, Q. J.; Jin, L.; Liu, L.; Liu, Y. H.; Shi, B. F.
Synthesis of Axially Chiral Styrenes through Pd-Catalyzed Asym-
metric C- H Olefination Enabled by an Amino Amide Transient
Directing Group. Angew. Chem., Int. Ed. 2020, 132, 6638−6642.
(55) Jin, L.; Yao, Q.-J.; Xie, P.-P.; Li, Y.; Zhan, B.-B.; Han, Y.-Q.;
Hong, X.; Shi, B.-F. Atroposelective synthesis of axially chiral styrenes
via an asymmetric C-H functionalization strategy. Chem. 2020, 6,
497−511.
(56) Jolliffe, J. D.; Armstrong, R. J.; Smith, M. D. Catalytic
enantioselective synthesis of atropisomeric biaryls by a cation-directed
O-alkylation. Nat. Chem. 2017, 9, 558−562.
(57) Jia, S.; Chen, Z.; Zhang, N.; Tan, Y.; Liu, Y.; Deng, J.; Yan, H.
Organocatalytic enantioselective construction of axially chiral sulfone-
containing styrenes. J. Am. Chem. Soc. 2018, 140, 7056−7060.

ACS Omega http://pubs.acs.org/journal/acsodf Review

https://doi.org/10.1021/acsomega.4c04206
ACS Omega 2024, 9, 33351−33364

33363

https://doi.org/10.1021/ja409080v?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja409080v?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja409080v?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/chem.201000301
https://doi.org/10.1002/chem.201000301
https://doi.org/10.1038/nchem.1567
https://doi.org/10.1038/nchem.1567
https://doi.org/10.1002/anie.201404643
https://doi.org/10.1002/anie.201404643
https://doi.org/10.1021/jacs.6b09674?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.6b09674?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja401606e?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja401606e?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ol0523502?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ol0523502?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja412996f?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja412996f?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja412996f?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ol2033465?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ol2033465?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ol2033465?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ol2033465?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C7CY01319A
https://doi.org/10.1039/C7CY01319A
https://doi.org/10.1002/ange.201204796
https://doi.org/10.1002/ange.201204796
https://doi.org/10.1021/ja901528b?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja901528b?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja901528b?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.201603649
https://doi.org/10.1002/anie.201603649
https://doi.org/10.1039/B914516H
https://doi.org/10.1039/B914516H
https://doi.org/10.1039/B914516H
https://doi.org/10.1021/ol2031119?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ol2031119?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ol2031119?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/nchem.1567
https://doi.org/10.1038/nchem.1567
https://doi.org/10.1038/s41929-019-0346-z
https://doi.org/10.1038/s41929-019-0346-z
https://doi.org/10.1038/s41929-019-0346-z
https://doi.org/10.1021/ja412996f?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja412996f?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja412996f?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.201603649
https://doi.org/10.1002/anie.201603649
https://doi.org/10.1002/anie.202002518
https://doi.org/10.1002/anie.202002518
https://doi.org/10.4155/fmc-2017-0152
https://doi.org/10.4155/fmc-2017-0152
https://doi.org/10.1039/C9CC03967H
https://doi.org/10.1039/C9CC03967H
https://doi.org/10.1039/C9CC03967H
https://doi.org/10.1055/s-2004-834931
https://doi.org/10.1055/s-2004-834931
https://doi.org/10.1021/acs.chemrev.5b00136?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.5b00136?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00025a057?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00025a057?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00025a057?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.200901968
https://doi.org/10.1002/anie.200901968
https://doi.org/10.1002/anie.200901968
https://doi.org/10.1002/anie.200901974
https://doi.org/10.1002/anie.200901974
https://doi.org/10.1002/anie.200901974
https://doi.org/10.1021/ja4018122?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja4018122?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/ange.201809680
https://doi.org/10.1002/ange.201809680
https://doi.org/10.1002/anie.202002208
https://doi.org/10.1002/anie.202002208
https://doi.org/10.1002/anie.202002208
https://doi.org/10.1038/s41467-019-12269-4
https://doi.org/10.1038/s41467-019-12269-4
https://doi.org/10.1002/anie.201509571
https://doi.org/10.1002/anie.201509571
https://doi.org/10.1002/anie.201509571
https://doi.org/10.1002/ange.201701467
https://doi.org/10.1002/ange.201701467
https://doi.org/10.1002/ange.201701467
https://doi.org/10.1002/ange.201701467
https://doi.org/10.1002/cjoc.201700618
https://doi.org/10.1002/cjoc.201700618
https://doi.org/10.1002/cjoc.201700618
https://doi.org/10.1039/C8CC05555F
https://doi.org/10.1039/C8CC05555F
https://doi.org/10.1002/ange.201915949
https://doi.org/10.1002/ange.201915949
https://doi.org/10.1002/ange.201915949
https://doi.org/10.1016/j.chempr.2019.12.011
https://doi.org/10.1016/j.chempr.2019.12.011
https://doi.org/10.1038/nchem.2710
https://doi.org/10.1038/nchem.2710
https://doi.org/10.1038/nchem.2710
https://doi.org/10.1021/jacs.8b03211?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.8b03211?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.4c04206?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


(58) Tan, Y.; Jia, S.; Hu, F.; Liu, Y.; Peng, L.; Li, D.; Yan, H.
Enantioselective construction of vicinal diaxial styrenes and multiaxis
system via organocatalysis. J. Am. Chem. Soc. 2018, 140, 16893−
16898.
(59) Liang, Y.; Ji, J.; Zhang, X.; Jiang, Q.; Luo, J.; Zhao, X.
Enantioselective Construction of Axially Chiral Amino Sulfide Vinyl
Arenes by Chiral Sulfide-Catalyzed Electrophilic Carbothiolation of
Alkynes. Angew. Chem., Int. Ed. 2020, 59, 4959−4964.
(60) Uraguchi, D.; Terada, M. Chiral Brønsted acid-catalyzed direct
Mannich reactions via electrophilic activation. J. Am. Chem. Soc. 2004,
126, 5356−7.
(61) Akiyama, T.; Itoh, J.; Yokota, K.; Fuchibe, K. Enantioselective
Mannich-type reaction catalyzed by a chiral Brønsted acid. Angew.
Chem., Int. Ed. 2004, 43, 1566−8.
(62) Rahman, A.; Lin, X. Development and application of chiral
spirocyclic phosphoric acids in asymmetric catalysis. Org. Biomol.
Chem. 2018, 16, 4753−4777.
(63) Lin, X.; Wang, L.; Han, Z.; Chen, Z. Chiral Spirocyclic
Phosphoric Acids and Their Growing Applications. Chin. J. Chem.
2021, 39, 802−824.
(64) Shao, Y.; Cheng, D. J. Chiral Phosphoric Acid: A Powerful
Organocatalyst for the Asymmetric Synthesis of Heterocycles with
Chiral Atropisomerism. ChemCatChem. 2021, 13, 1271−1289.
(65) Zhang, P.; Huang, Q.; Cheng, Y.; Li, R.; Li, P.; Li, W. Remote
Stereocontrolled Construction of Vicinal Axially Chiral Tetrasub-
stituted Allenes and Heteroatom-Functionalized Quaternary Carbon
Stereocenters. Org. Lett. 2019, 21, 503−507.
(66) Qian, D.; Wu, L.; Lin, Z.; Sun, J. Organocatalytic synthesis of
chiral tetrasubstituted allenes from racemic propargylic alcohols. Nat.
Commun. 2017, 8, 567.
(67) Chen, M.; Qian, D.; Sun, J. Organocatalytic enantioconvergent
synthesis of tetrasubstituted allenes via asymmetric 1, 8-addition to
aza-para-quinone methides. Org. Lett. 2019, 21, 8127−8131.
(68) Zhang, L.; Han, Y.; Huang, A.; Zhang, P.; Li, P.; Li, W.
Organocatalytic Remote Stereocontrolled 1,8-Additions of Thiazo-
lones to Propargylic Aza-p-quinone Methides. Org. Lett. 2019, 21,
7415−7419.
(69) Yue, Z.; Xia, Y.; Shen, B.; Liu, C.; Yu, P.; Li, P.; Li, W.
Organocatalytic Remote Stereocontrolled Synthesis of Tetrasubsti-
tuted Allenes via Asymmetric 1, 8-Addition of Propargylic Aza-p-
Quinone Methides. ACS. Catal. 2024.3661078
(70) Li, X.; Sun, J. Organocatalytic Enantioselective Synthesis of
Chiral Allenes: Remote Asymmetric 1,8-Addition of Indole Imine
Methides. Angew. Chem., Int. Ed. 2020, 59, 17049−17054.
(71) Wang, Z.; Lin, X.; Chen, X.; Li, P.; Li, W. Organocatalytic
stereoselective 1, 6-addition of thiolacetic acids to alkynyl indole
imine methides: access to axially chiral sulfur-containing tetrasub-
stituted allenes. Org. Chem. Front. 2021, 8, 3469−3474.
(72) Li, P.; Wu, Y. S.; Yue, Z.; Qian, C.; Chen, X.; Li, F.; Li, W.
Organocatalytic Enantioselective Construction of Axially Chiral
Tetrasubstituted Allenes via 1,6-Addition of Alkynyl Indole Imine
Methides with 2-Substituted Indoles. Asian J. Org. Chem. 2021, 11,
No. e202100724.
(73) Zhu, W.-R.; Su, Q.; Diao, H.-J.; Wang, E.; Wu, F.; Zhao, Y.;
Weng, J.; Lu, G. Enantioselective Dehydrative γ-Arylation of α-Indolyl
Propargylic Alcohols with Phenols: Access to Chiral Tetrasubstituted
Allenes and Naphthopyrans. Org. Lett. 2020, 22, 6873−6878.
(74) Lin, X.; Shen, B.; Wang, Z.; Cheng, Y.; Chen, X.; Li, P.; Yu, P.;
Li, W. Organocatalytic Enantioselective 1, 10-Addition of Alkynyl
Indole Imine Methides with Thiazolones: An Access to Axially Chiral
Tetrasubstituted Allenes. Org. Lett. 2022, 24, 4914−4918.
(75) Yue, Z.; Shen, B.; Cao, J.; Chen, X.; Fang, F.; Li, P.; Yu, P.; Li,
W. Organocatalytic enantioselective reaction of tertiary α-(7-indolyl)
methanols with tryptamines. Org. Chem. Front. 2023, 10, 3662−3668.
(76) Umemiya, S.; Lingqi, K.; Eto, Y.; Terada, M. Chiral Brønsted
Acid Catalyzed Enantioconvergent Synthesis of Chiral Tetrahydro-
carbazoles with Allenylsilanes from Racemic Indolylmethanols. Chem.
Lett. 2022, 51, 391−394.

(77) Yang, J.; Wang, Z.; He, Z.; Li, G.; Hong, L.; Sun, W.; Wang, R.
Organocatalytic Enantioselective Synthesis of Tetrasubstituted α-
Amino Allenoates by Dearomative γ-Addition of β,γ-alkynyl-α-imino
esters and 2,3-disubstituted indoles. Angew. Chem., Int. Ed. 2020, 59,
642−647.
(78) Li, F.; Liang, S.; Luan, Y.; Chen, X.; Zhao, H.; Huang, A.; Li, P.;
Li, W. Organocatalytic regio-, diastereo- and enantioselective γ-
additions of isoxazol-5(4H)-ones to β,γ-alkynyl-α-imino esters for the
synthesis of axially chiral tetrasubstituted α-amino allenoates. Org.
Chem. Front. 2021, 8, 1243−1248.
(79) Woldegiorgis, A. G.; Han, Z.; Lin, X. Organocatalytic
Asymmetric Dearomatization Reaction for the Synthesis of Axial
Chiral Allene-Derived Naphthalenones Bearing Quaternary Stereo-
centers. Org. Lett. 2021, 23, 6606−6611.
(80) Zhang, X.; Song, X.; Ni, Q. Organocatalytic regio-and
enantioselective C1-arylation of β, γ-alkynyl-α-imino esters with
pyrrolo [2, 1-a] isoquinolines. Chem. Commun. 2024, 60, 831−834.
(81) Wang, J.; Zheng, S. J.; Rajkumar, S.; Xie, J.; Yu, N.; Peng, Q.;
Yang, X. Chiral phosphoric acid-catalyzed stereodivergent synthesis of
trisubstituted allenes and computational mechanistic studies. Nat.
Commun. 2020, 11, 5527.
(82) Wang, G.; Li, L.; Jiang, Y.; Zhao, X.; Ban, X.; Shao, T.; Yin, Y.;
Jiang, Z. Kinetic Resolution of Azaarylethynyl Tertiary Alcohols by
Chiral Brønsted Acid Catalysed Phosphine-Mediated Deoxygenation.
Angew. Chem., Int. Ed. 2023, 62, No. e202214838.
(83) Wang, Y.-B.; Yu, P.; Zhou, Z.-P.; Zhang, J.; Wang, J.; Luo, S.-
H.; Gu, Q.-S.; Houk, K.; Tan, B. Rational design, enantioselective
synthesis and catalytic applications of axially chiral EBINOLs. Nat.
Catal. 2019, 2, 504−513.
(84) Zhang, W.; Song, R.; Yang, D.; Lv, J. Construction of axially
chiral styrenes linking an indole moiety by chiral phosphoric acid. J.
Org. Chem. 2022, 87, 2853−2863.
(85) Woldegiorgis, A. G.; Gu, H.; Lin, X. Atroposelective Synthesis
of Axially Chiral Styrenes Connecting an Axially Chiral Naphthyl-
indole Moiety Using Chiral Phosphoric Acid Catalysis. Org. Lett.
2023, 25, 2068−2072.
(86) Gou, B. B.; Tang, Y.; Lin, Y. H.; Yu, L.; Jian, Q. S.; Sun, H. R.;
Chen, J.; Zhou, L. Modular Construction of Heterobiaryl
Atropisomers and Axially Chiral Styrenes via All-Carbon Tetrasub-
stituted VQMs. Angew. Chem., Int. Ed. 2022, 61, No. e202208174.
(87) Cai, B.; Cui, Y.; Zhou, J.; Wang, Y. B.; Yang, L.; Tan, B.; Wang,
J. Asymmetric Hydrophosphinylation of Alkynes: Facile Access to
Axially Chiral Styrene-Phosphines. Angew. Chem., Int. Ed. 2023, 62,
No. e202215820.
(88) Li, Q.-Z.; Lian, P.-F.; Tan, F.-X.; Zhu, G.-D.; Chen, C.; Hao, Y.;
Jiang, W.; Wang, X.-H.; Zhou, J.; Zhang, S.-Y. Organocatalytic
enantioselective construction of heterocycle-substituted styrenes with
chiral atropisomerism. Org. Lett. 2020, 22, 2448−2453.
(89) Wang, C. S.; Li, T. Z.; Liu, S. J.; Zhang, Y. C.; Deng, S.; Jiao, Y.;
Shi, F. Axially chiral aryl-alkene-indole framework: a nascent member
of the atropisomeric family and its catalytic asymmetric construction.
Chin. J. Chem. 2020, 38, 543−552.
(90) Liang, J.; Zhang, H.-H.; Wang, C.-S.; Wu, Q.; Shi, F. An
Efficient Synthesis of Functionalized 2-Oxoindole Derivatives by
Organocatalytic Z/E-Selective Benzylic Functionalization of (o-
Aminobenzyl) indoles with Isatins. Synthesis 2016, 48, 4548−4554.
(91) Ma, C.; Sheng, F.-T.; Wang, H.-Q.; Deng, S.; Zhang, Y.-C.; Jiao,
Y.; Tan, W.; Shi, F. Atroposelective access to oxindole-based axially
chiral styrenes via the strategy of catalytic kinetic resolution. J. Am.
Chem. Soc. 2020, 142, 15686−15696.

ACS Omega http://pubs.acs.org/journal/acsodf Review

https://doi.org/10.1021/acsomega.4c04206
ACS Omega 2024, 9, 33351−33364

33364

https://doi.org/10.1021/jacs.8b09893?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.8b09893?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.201915470
https://doi.org/10.1002/anie.201915470
https://doi.org/10.1002/anie.201915470
https://doi.org/10.1021/ja0491533?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja0491533?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.200353240
https://doi.org/10.1002/anie.200353240
https://doi.org/10.1039/C8OB00900G
https://doi.org/10.1039/C8OB00900G
https://doi.org/10.1002/cjoc.202000446
https://doi.org/10.1002/cjoc.202000446
https://doi.org/10.1002/cctc.202001750
https://doi.org/10.1002/cctc.202001750
https://doi.org/10.1002/cctc.202001750
https://doi.org/10.1021/acs.orglett.8b03801?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.orglett.8b03801?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.orglett.8b03801?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.orglett.8b03801?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41467-017-00251-x
https://doi.org/10.1038/s41467-017-00251-x
https://doi.org/10.1021/acs.orglett.9b03224?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.orglett.9b03224?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.orglett.9b03224?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.orglett.9b02726?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.orglett.9b02726?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/adsc.202301286
https://doi.org/10.1002/adsc.202301286
https://doi.org/10.1002/adsc.202301286
https://doi.org/10.1002/anie.202006137
https://doi.org/10.1002/anie.202006137
https://doi.org/10.1002/anie.202006137
https://doi.org/10.1039/D1QO00394A
https://doi.org/10.1039/D1QO00394A
https://doi.org/10.1039/D1QO00394A
https://doi.org/10.1039/D1QO00394A
https://doi.org/10.1002/ajoc.202100724
https://doi.org/10.1002/ajoc.202100724
https://doi.org/10.1002/ajoc.202100724
https://doi.org/10.1021/acs.orglett.0c02386?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.orglett.0c02386?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.orglett.0c02386?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.orglett.2c01794?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.orglett.2c01794?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.orglett.2c01794?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/D3QO00577A
https://doi.org/10.1039/D3QO00577A
https://doi.org/10.1246/cl.210803
https://doi.org/10.1246/cl.210803
https://doi.org/10.1246/cl.210803
https://doi.org/10.1002/anie.201911420
https://doi.org/10.1002/anie.201911420
https://doi.org/10.1002/anie.201911420
https://doi.org/10.1039/D0QO01505A
https://doi.org/10.1039/D0QO01505A
https://doi.org/10.1039/D0QO01505A
https://doi.org/10.1021/acs.orglett.1c01849?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.orglett.1c01849?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.orglett.1c01849?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.orglett.1c01849?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/D3CC04946A
https://doi.org/10.1039/D3CC04946A
https://doi.org/10.1039/D3CC04946A
https://doi.org/10.1038/s41467-020-19294-8
https://doi.org/10.1038/s41467-020-19294-8
https://doi.org/10.1002/anie.202214838
https://doi.org/10.1002/anie.202214838
https://doi.org/10.1038/s41929-019-0278-7
https://doi.org/10.1038/s41929-019-0278-7
https://doi.org/10.1021/acs.joc.1c02750?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.joc.1c02750?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.orglett.3c00425?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.orglett.3c00425?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.orglett.3c00425?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.202208174
https://doi.org/10.1002/anie.202208174
https://doi.org/10.1002/anie.202208174
https://doi.org/10.1002/anie.202215820
https://doi.org/10.1002/anie.202215820
https://doi.org/10.1021/acs.orglett.0c00659?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.orglett.0c00659?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.orglett.0c00659?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/cjoc.202000131
https://doi.org/10.1002/cjoc.202000131
https://doi.org/10.1055/s-0036-1588297
https://doi.org/10.1055/s-0036-1588297
https://doi.org/10.1055/s-0036-1588297
https://doi.org/10.1055/s-0036-1588297
https://doi.org/10.1021/jacs.0c00208?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.0c00208?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.4c04206?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

