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Synthesis of axially chiral compounds
through catalytic asymmetric reactions of alkynes

Zhi-Xin Zhang,1 Tong-Yi Zhai,1 and Long-Wu Ye1,2,*
The bigger picture

Axial chirality exists in a wide

range of important molecules,

such as bioactive compounds,

chiral ligands and catalysts, and

optically pure materials. The

atroposelective synthesis of

axially chiral compounds has been

well established over the past

decades. As an important

building block in organic

synthesis, alkynes have beenmore

and more widely used in the

construction of atropisomers in

the past two decades. This review

summarizes the advances in the

field of catalytic asymmetric

synthesis of atropisomers from

alkynes by highlighting the

reaction scope, mechanistic

insights, and synthetic

applications. The current

challenges and the future

directions to accelerate this field

to the next level are also provided.
SUMMARY

Axially chiral compounds are a result of the nonplanar arrangement
of four groups in pairs about a chirality axis. Axially chiral molecules
not only exist in a range of bioactive compounds, but also are widely
applied in chiral ligands and catalysts. With these wide-ranging util-
ities, the construction of axially chiral compounds is attracting more
and more interest from chemists. Recent advances in this rapidly ex-
panding field involving the synthesis of axially chiral compounds via
catalytic asymmetric reaction of readily available alkynes are intro-
duced in this review, including transition-metal-catalyzed and orga-
nocatalytic reactions. A discussion of the reaction scope, mecha-
nistic insights, and synthetic applications of these catalytic
asymmetric reactions of alkynes is presented. We hope that this re-
view will provide timely illumination and beneficial guidance for
organic chemists who are interested in this area, and we strongly
anticipate continued development of the field in the future.

INTRODUCTION

Axially chiral compounds are a result of the nonplanar arrangement of four groups in

pairs about a chirality axis (IUPAC).1 The restricted rotation around a single bond is

imperative in the formation of atropisomers. When the energy barrier to rotation is

high enough, the atropisomers can be isolated. In 1922. Christie and Kenner discov-

ered the atropisomerism of 2,6,20,60-tetrasubstituted biphenyl compounds,2 which

was the first discovery of axial chirality. Except for the classical (hetero)biaryl atro-

pisomers, it has been reported that nonbiaryl compounds such as aryl-substituted

amides, anilines, and styrene derivatives may show axial chirality (Scheme 1).3

Axial chirality exists in a range of bioactive compounds, such as vancomycin,4 koru-

pensamine A,5 mastigophorene,6 steganacin,7 and eupoluphagin8 (Scheme 2).

Furthermore, axially chiral molecules are also widely applied in chiral ligands and

catalysts (Scheme 3A). One of the most representative ligands is BINAP,9 which is

an axially chiral biphosphoric ligand and is an efficient ligand for transition-metal-

catalyzed asymmetric reactions. Nowadays, various chiral reagents with axially chiral

scaffolds, such as BINOL10 and BINOL-derived chiral phosphoric acids (CPAs),11 are

substantially being used in catalytic asymmetric reactions. It is notable that axial

chirality also plays a key role in material science (Scheme 3B).

With the wide-ranging utilities of axially chiral compounds, the construction of axially

chiral compounds is attracting more and more interest from chemists.1,12–16 There

are three major approaches to synthesizing axially chiral molecules: (1) formation

of axial bonds, (2) construction of aryl rings, and (3) functionalization of prochiral

or racemic compounds to achieve desymmetrization or kinetic resolution. Alkynes,

readily available precursors and known as valuable building blocks for organic
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synthesis, can undergo numerous useful transformations such as nucleophilic addi-

tion and cycloaddition. The transition-metal-catalyzed reactions of alkynes have

been well developed during past decades,17–24 and organocatalyzed reactions of al-

kynes have been achieved in recent years.12,25,26 Despite these achievements

involving alkynes, the catalytic asymmetric reactions of alkynes to construct atro-

pisomers had not been reported before 2004. With the development of the synthe-

sis of atropisomers, alkynes are being utilized more and more in atroposelective syn-

thesis due to their unique characteristics.

In this review, we will discuss the progress achieved in the field of synthesis of axially

chiral compounds via the catalytic asymmetric reaction of alkynes. This review

involving catalytic atroposelective reactions of alkynes is divided into two major

parts: (1) progress in transition-metal-catalyzed reactions and (2) progress in organo-

catalytic reactions.

TRANSITION-METAL-CATALYZED CONSTRUCTION OF AXIALLY
CHIRAL COMPOUNDS FROM ALKYNES

Transition-metal-catalyzed reactions, as a powerful approach to numerous com-

pounds, have a history of more than 100 years. Transition-metal-catalyzed construc-

tion of atropisomers via cross-coupling, C–H arylation, desymmetrization, and ki-

netic resolution has been well established. In 2004, the first transition-metal-

catalyzed atroposelective synthesis of axially chiral compounds from alkynes was re-

ported by Shibata et al.27 In this section, we will introduce the transition-metal-cata-

lyzed atroposelective reaction of alkynes since 2004.

[2+2+2] cycloaddition

Transition-metal-catalyzed [2+2+2] cycloaddition28–30 is considered an efficient

strategy for the synthesis of six-membered rings. Compared with other typical

methods for the construction of substituted arenes, [2+2+2] cycloadditions are

more atom-economic. Various compounds containing unsaturated bonds, such as

alkynes, alkenes, and nitriles, have been employed as the substrates of [2+2+2]

cycloaddition in the past decades. Of these reactions, [2+2+2] reactions involving

alkynes have been well established.29

Enantioselective [2+2+2] cycloaddition of alkynes was first reported by Sato, Nishi-

mata, and Mori.31 They selected nickel(0) as the catalyst to construct isoindolines or

isoquinolines bearing a chiral center via catalytic desymmetrization of triynes. Other

examples of transition-metal-catalyzed [2+2+2] cycloadditions were reported

several years later using nickel(0) or cobalt(0) as the catalyst.

In 2004, transition-metal-catalyzed atroposelective [2+2+2] cycloaddition was first

reported by Shibata et al.,27 and it created a trend in the construction of axially chiral

compounds in the subsequent several years. In this section, we will introduce the

synthesis of axially chiral compounds via [2+2+2] cycloaddition.

Construction of axially chiral biaryl compounds via [2+2+2] cyclotrimerization of
alkynes

Alkyne [2+2+2] trimerization is a powerful strategy for the construction of phenyl

rings,28–30 but the reactions for the synthesis of axially chiral compounds via alkyne

trimerization were not reported until 2004. The first transition-metal-catalyzed con-

struction of axially chiral compounds via asymmetric [2+2+2] cycloaddition was

achieved by Shibata and co-workers.27 As shown in Scheme 4A, the authors em-

ployed 1,6-diyne 1 and symmetrical internal alkynes 2 as substrates. They
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Scheme 1. Different types of axially chiral compounds

ll
Review
successfully synthesized axially chiral compounds 3 in the presence of an iridium

catalyst. Various 1,6-diynes, including nitrogen or oxygen-bridged 1,6-diynes, and

ortho-substituted phenyls or naphthyls substituted on the terminus of 1,6-diynes

were well tolerated in this reaction. Different protected 2-butyne-1,4-diols as sym-

metrical internal alkynes could also achieve excellent results. In addition, the use

of cis-olefin-tethered octa-1,7-diyne 4 with alkyne 2 under standard conditions, fol-

lowed by oxidation by 2,3-dichloro-5,6-dicyano-1,4-benzoquinone (DDQ), could

lead to the formation of chiral ternaphthylene 6 in high enantioselectivity and dia-

stereoselectivity (Scheme 4B).

Rhodium also shows high reactivity in [2+2+2] cycloaddition reactions for the synthe-

sis of arenes.32 Intermolecular cyclotrimerization of electron-efficient alkynes and

terminal alkynes was reported by Tanaka et al. in 2003.33 Based on the above results,

Tanaka and co-workers devised a strategy for rhodium-catalyzed enantioselective

cross-trimerization of unsymmetrical 1,6-diynes and alkynes in 2004.34 Initially,

they utilized terminal alkynes 8 as monoynes. The reaction generated two re-

gioisomers, and the enantiomeric excesses (ees) of major products were moderate

(Scheme 5A). Through further investigation, they discovered that using symmetrical
Scheme 2. Bioactive natural products with axial chirality
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Scheme 3. Atropisomers in ligands, catalysts, and material science

(A) BINAP, BINOL, CPA, and a bifunctional catalyst.

(B) A fluorescent sensor, molecular rotor, and molecular receptor.
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internal monoynes 2 could give only products 11 with good yields and high ees.

Different Ar groups of 7 were well tolerated in this reaction, and it is worth noting

that the hydroxyl group on monoynes 2 (R = H) could also be well tolerated in this

reaction (Scheme 5B).

Compared with the above two examples involving catalytic [2+2+2] cycloaddition, car-

rying out complete intermolecular cyclotrimerization of two or three different alkynes will

face greater challenges. In 2005, Tanaka and co-workers accomplished the construction

of fully substituted phenyl rings via rhodium-catalyzed [2+2+2] reaction (Scheme 6).35 A

trimerization was performedwith twomolecules of electron-deficient dimethyl or diethyl

acetylene dicarboxylate alkynes 13 and onemolecule of internal alkynes 12. When the R

group on 12 was H or a methoxy group, the reaction could not give satisfying results,

which means that the acetoxymethyl group on 12 is crucial. On the other hand, various

aryl substitutes on 12, including different phenyl groups bearing ortho-substituted

groups and naphthyl, could be well tolerated in this reaction.

Aplausiblemechanism is shown inScheme7. The rhodium-ligand complex initially forms

the rhodacyclopentadiene intermediate 15, and this step is considered to be the chemo-

and enantioselectivity-determining step. Intermediate 15 thengenerates complex 16 via

the coordinationof rhodium toalkyne12a. Finally, the insertionof alkyneand subsequent

reductive elimination deliver product 14a and regenerate the rhodium complex.

[2+2+2] cycloaddition of ynamides with diynes to construct axially chiral
compounds containing C–N axes

Ynamides are a type of electron-rich alkyne with an amide group directly attached to

the terminus of alkyne. Ynamides have been widely applied to various synthetic
Chem Catalysis 1, 1378–1412, December 16, 2021 1381



Scheme 4. Synthesis of axially chiral compounds via iridium-catalyzed [2+2+2] cycloaddition

(A) Selected examples.

(B) Synthesis of axially chiral ternaphthylene.
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methodologies in the past decades.36–44 In 2006, Tanaka and co-workers demon-

strated a rhodium-catalyzed [2+2+2] cyclotrimerization of 1,6-diynes and trimethyl-

silylynamides.45 As shown in Scheme 8, the authors utilized internal diynes 17

because terminal diynes formed homo [2+2+2] cycloadducts rapidly, and the

desired anilides 19 with a C–N chiral axis were successfully constructed with high

enantioselectivities. The formation of rhodacyclopentadiene and the subsequent

coordination to the ynamide is considered to be the enantioselectivity-determining

step, which is similar to the examples reported above.34,35
1382 Chem Catalysis 1, 1378–1412, December 16, 2021
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Scheme 5. Rhodium-catalyzed asymmetric [2+2+2] cycloaddition of monoynes and diynes

(A) Terminal alkynes.

(B) Internal monoynes.
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By applying a similar strategy, Hsung and co-workers reported another [2+2+2] cy-

clotrimerization of 1,6-diynes and ynamides catalyzed by rhodium in 2007

(Scheme 9).46 In this work, they introduced achiral ynamides 21 to furnish chiral

N,O-biaryls. In the presence of a rhodium catalyst and optimized chiral ligand

(S)-L3, ynamides 21 and internal 1,6-diynes 20 were efficiently converted into axially

chiral products 22 with C–N and C–C axes simultaneously. Reaction scope studies

showed that ynamides containing a gem-dimethyl group and bearing ortho-

substituted aryl groups were compatible with this reaction.

Atroposelective [2+2+2] cycloadditions of alkynes with other unsaturated motifs

The [2+2+2] cycloaddition of alkynes with nitriles is a valuable method to synthesize

a broad variety of substituted pyridines. The construction of pyridine derivatives via

cobalt(I)-catalyzed [2+2+2] cycloaddition was reported in 2003.47 In 2004, Heller

and co-workers disclosed an intermolecular reaction between alkynes and nitriles,48

which was performed with visible light in the presence of cobalt complex C1

(Scheme 10). At first, the authors subjected monoynes and nitriles to this reaction,

but unsatisfying results were obtained. After replacing monoynes with 2-methoxy-

1-(1,7-octadiynyl)naphthalene 23, the enantioselectivity and the yield of this reac-

tion were significantly improved. Different nitriles were compatible with this

reaction.
Chem Catalysis 1, 1378–1412, December 16, 2021 1383



Scheme 6. Complete atroposelective intermolecular trimerization via rhodium catalysis
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The proposed mechanism shows that cobaltacyclopentadiene 25 is first formed by

the reaction of diyne 23 with Co complex C1. This step is considered to be the enan-

tioselectivity-determining step. This species is then attacked by different nitriles to

eventually furnish products 24. Based on this hypothesis, the authors explained

that the sterically and electronically different nitriles had little effect on the

enantioselectivity.

Transition-metal-catalyzed [2+2+2] cycloaddition of alkynes with isocyanates is a useful

tool to construct 2-pyridones. By applying this strategy, the synthesis of 2-pyridoneswas

first reported by Yamazaki using a cobalt catalyst.49 In 2005, Tanaka and his co-workers

utilized this strategy to achieve Rh(I)-catalyzed enantioselective [2+2+2] cycloaddition to

construct substituted 2-pyridones with a stereogenic axis (Scheme 11).50 They first per-

formed this reaction with terminal monoynes and isocyanates but failed to obtain satis-

fying results. Then they discovered that the reactionof isocyanates 27with 1,6-diynes 26,

instead of terminalmonoynes, proceeded smoothly to deliver the desired products28 in

high yields. In particular, excellent enantioselectivities were achieved when (R)-L4 was

employed as the chiral ligand. Both cyanates and alkynes bearing various substituents

were well tolerated in this reaction.
Scheme 7. Proposed mechanism of rhodium-catalyzed [2+2+2] cycloaddition of alkynes

1384 Chem Catalysis 1, 1378–1412, December 16, 2021



Scheme 8. Atroposelective [2+2+2] cycloaddition of diynes and ynamides to construct anilides with a stereogenic C–N axis
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Except for the axially chiral compounds containing a s bond, it is found that some

spiro compounds also have stable axial chirality, and some of these spiro com-

pounds have been widely used in chiral ligands.51–53 The axially chiral spiro
Scheme 9. Synthesis of compounds containing two chiral axes via rhodium-catalyzed [2+2+2] cycloaddition of diynes and ynamides

Chem Catalysis 1, 1378–1412, December 16, 2021 1385



Scheme 10. Cobalt-catalyzed atroposelective [2+2+2] cycloaddition of alkynes and nitriles
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compounds can be constructed via [2+2+2] cycloaddition of appropriate substrates.

For example, in 2007, Tanaka and co-workers synthesized a type of C2-symmetric

spirobipyridine through rhodium-catalyzed intramolecular double [2+2+2] cycload-

dition of bis-diynenitriles.54
Synthesis of axially chiral compounds via cyclization of alkynes

Alkynes, on one hand, can be activated by transition metals and be attacked by

various nucleophiles.21–23,55–60 On the other hand, some transition metals can
Scheme 11. Atroposelective [2+2+2] cycloaddition of alkynes and isocyanates

1386 Chem Catalysis 1, 1378–1412, December 16, 2021



Scheme 12. Construction of indoles containing C–N axes via palladium-catalyzed intramolecular cyclization
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undergo insertion into alkynes. Those two reaction pathways can lead to the cycliza-

tion of alkynes and deliver indoles, phenyls, and other rings. When the substrates

bear an appropriate bulky group, the cyclization of alkynes may produce axially chi-

ral compounds if the rotation around the axes is effectively restricted.
Scheme 13. Construction of biindoles via rhodium-catalyzed C–H activation and nucleophilic cyclization

Chem Catalysis 1, 1378–1412, December 16, 2021 1387



Scheme 14. Synthesis of axially chiral 2,3-disubstituted indoles via palladium-catalyzed enantioselective Cacchi reaction
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In this section, we will summarize the construction of axially chiral compounds via

transition-metal-catalyzed cyclization of alkynes.

Construction of axially chiral compounds via indole formation

In 2010, Kitagawa and his co-workers developed a protocol for the construction of

indoles with N–C axial chirality via palladium-catalyzed hydroaminocyclization of

2-alkynylanilines.61 As shown in Scheme 12, the 2-alkynylanilines 29 could undergo

an enantioselective 5-endo-dig cyclization in the presence of a catalytic amount of

palladium catalyst and chiral ligand, affording a range of axially chiral indoles 30

in high yields, and the highest ee value reaches 83%. The authors proposed that

the dynamic chirality of the C–C bond between alkyne moiety and phenyl-group-

bearing ortho-substituent contributed to the formation of axial chirality. In other

words, the construction of an axially chiral N–C bond occurs in the step of cyclization.

It is difficult to direct stereocontrol by the chiral palladium species due to its long dis-

tance to the N–C axis being constructed.

In 2019, Li and his co-workers reported an approach for the synthesis of axially chiral

biindoles via rhodium(III)-catalyzed C–H activation and nucleophilic cyclization.62 As
1388 Chem Catalysis 1, 1378–1412, December 16, 2021



Scheme 15. Proposed mechanism for the palladium-catalyzed synthesis of 2,3-disubstituted indoles
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shown in Scheme 13, the reaction occurred efficiently in the presence of rhodium

catalyst C2 and co-catalyst AgOAc with a stoichiometric amount of Cu(OAc)2 and

PivOH. The CpRh(III) catalyst would allow amerge of C–H activation and nucleophilic

cyclization due to its high activity and Lewis acidity. A series of mechanistic studies

revealed that this reaction pathway was likely through a pathway of initial cyclome-

tallation of 33 and C2 followed by alkyne cyclization to form a Rh(III) diaryl complex,

eventually affording biindole products 34 via reductive elimination.

In 2020, Zhu and his co-workers disclosed a protocol for the synthesis of axially chiral 2,3-

disubstituted indoles via a palladium-catalyzed enantioselective Cacchi reaction

(Scheme 14).63 Alkynes 29 could react smoothly with aryl boric acids in the presence

of the palladium catalyst and optimized ligand under an atmosphere of oxygen, gener-

ating axially chiral products 30 in good to high yields and with excellent ee values. The

substrate scope studies show that different aryl boronic acids bearing various groups

were well tolerated in this reaction. The nature of the OR groups on the naphthyl ring

attached to the terminus of alkynes was also compatible with this reaction.

A plausible mechanism is depicted in Scheme 15 based on the results of control ex-

periments. The palladium complex first undergoes a transmetallation with aryl boric

acid to afford ArPdLX species 31. The coordination of 31 to 29 generates palladium

complexes 32, followed by nucleophilic cyclization and subsequent reductive elim-

ination giving the desired products 30. The palladium(0) species is oxidized into the

palladium(II) peroxo complex by oxygen, which can form 31 with the aryl boric acid.
Chem Catalysis 1, 1378–1412, December 16, 2021 1389



Scheme 16. Rhodium-catalyzed benzannulation of 1-arylalkynes and 2-(cyanomethyl)phenylboronates
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Construction of axially chiral compounds via benzene ring formation

2-Boronophenyl acetonitriles could react with alkynes in the presence of a palladium

catalyst to deliver substituted 2-naphthalenamines, which were reported by the Tsu-

kamoto group.64 Based on these reports, Hayashi and his co-worker developed a

method to access axially chiral 2-aminobiaryls by rhodium-catalyzed benzannulation

of 1-aryl alkynes and 2-(cyanomethyl)phenylboronates in 2018.65 As shown in

Scheme 16, the reaction proceeded smoothly at 22�C, affording major products

38 and minor products 39, with high ratios of 38/39. Various substituents on the ter-

minus of alkynes and the naphthyl or ortho position of phenyl groups were well toler-

ated in this reaction.

The proposed mechanism is shown in Scheme 17. The rhodium catalyst and chiral

ligand first form a rhodium-ligand complex, which undergoes a transmetallation

with 37 to afford 40. The alkenyl-rhodium intermediate 41 is then formed via the

addition of 40 to 36, which subsequently generates 42 by stereoselective intramo-

lecular addition to the cyano group. Finally, hydrolysis of the N-Rh bond and aryla-

tion deliver the main product 38.
1390 Chem Catalysis 1, 1378–1412, December 16, 2021



Scheme 17. Proposed mechanism for the palladium-catalyzed synthesis of axially chiral 2-aminobiaryls
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The dehydro-Diels-Alder (DDA) reaction is a type of Diels-Alder reaction involving

alkynes in the substrate(s).66,67 In particular, the intramolecular DDA reaction of al-

kynes with aromatic enynes is a useful approach to synthesize compounds contain-

ing multicyclic fused aromatic rings. Based on this background, in 2018, Shibata and

co-workers reported a catalytic enantioselective intramolecular consecutive DDA re-

action. After investigation of the intramolecular DDA reaction of tetraynes 43

(Scheme 18),68 the authors disclosed that the tetraynes 43 would initially form a

fused aryl ring via thermal DDA cyclization without any catalysts, followed by a

rhodium-catalyzed enantioselective DDA reaction to construct the second fused

aryl rings and eventually the axially chiral polycyclic products 44.

The benzene ring can also be constructed via an insertion of an alkyne to a metal–C

bond. By applying this strategy, the synthesis of axially chiral compounds

can be achieved. For example, in 2020, Shibata and co-workers reported a
Scheme 18. Rhodium-catalyzed enantioselective DDA reaction of tetraynes

Chem Catalysis 1, 1378–1412, December 16, 2021 1391



Scheme 19. Palladium-catalyzed atroposelective intramolecular hydroarylation of alkynes

ll
Review
rhodium-catalyzed regioselective and enantioselective C–C bond activation of bi-

phenylenes to synthesize axially chiral polycyclic aromatic hydrocarbons.69

Construction of axially chiral compounds via the formation of other rings

Transition-metal-catalyzed intramolecular hydroarylation of alkynes has been

considered an efficient method for the construction of fused aromatic compounds.

It was first reported by Fujiwara and colleagues in 2000.70 In 2011, Tanaka and his co-

workers devised a strategy for palladium-catalyzed atroposelective intramolecular

hydroarylation of alkynes.71 As shown in Scheme 19, the treatment of 3-aryl propio-

lamides 45with a palladium catalyst and optimized chiral ligand could afford the cor-

responding axially chiral 4-aryl 2-quinolinones 46.

A plausible mechanism for the construction of 46 via enantioselective hydroarylation

is proposed by the authors. A key intermediate 47 is formed through the chelation of

alkynes and alkoxy groups by the palladium cation, which will induce the high reac-

tivity of alkyne. The axial chirality of 46 is well controlled due to the avoidance of ste-

ric interaction between the benzyl group of 45 and the aryl group on the chiral

ligand. By applying a similar strategy, a more efficient and active catalyst was devel-

oped by Alcarazo and colleagues.72 The authors utilized a gold catalyst and
1392 Chem Catalysis 1, 1378–1412, December 16, 2021



Scheme 20. Nickle-catalyzed denitrogenative transannulation to construct axially chiral isoquinolones
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optimized chiral ligands to achieve the atroposelective synthesis of 1,10-binaphtha-
lene-2,30-diols.

Triazole compounds are important building blocks for the synthesis of N-heterocy-

clic compounds. Transition-metal-catalyzed denitrogenative transannulation of tria-

zole rings and alkynes has been well established.73,74 In 2015, Liu and co-workers

applied nickel-catalyzed denitrogenative transannulation to construct axially chiral

isoquinolones from benzotriazin compounds 49 and internal alkynes 48.75 As shown

in Scheme 20, the benzotriazin derivatives 49 first generate nickelacycle intermedi-

ates 51 in situ and then undergo a regioselective insertion of alkynes 48. The isoqui-

nolones 50 are finally formed via the reductive elimination of intermediates 52.

Different substituents on the terminus of alkynes and on the benzotriazin derivatives

are well tolerated in this reaction.

Synthesis of axially chiral compounds via direct coupling with alkynes

There is a strategy for the construction of axially chiral compounds by asymmetric

substitution on achiral or pseudoachiral biaryls. This type of reaction has been widely

reported, and various substituents, such as aryl groups76 and alkenes,77 have been

introduced into biaryl compounds to deliver axially chiral biaryls. In 2016, Lassaletta

and co-workers demonstrated a protocol of dynamic kinetic asymmetric alkynylation

to construct axially chiral heterobiaryl alkynes (Scheme 21).78 Racemic biaryls 53
Chem Catalysis 1, 1378–1412, December 16, 2021 1393



Scheme 21. Palladium-catalyzed dynamic kinetic asymmetric alkynylation
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could react with terminal alkynes 54 in the presence of the palladium catalyst and the

optimized chiral ligand. The use of various substituted alkynes could afford chiral al-

kynylation products 55 with high yields and excellent ee values. The N-heteroaryl

group on biaryls 53 serves as a directing group. These biaryl compounds 53 are

configurationally labile, which is the reason that dynamic kinetic asymmetric alkyny-

lation could be achieved in this case.

ORGANOCATALYTIC CONSTRUCTION OF AXIALLY CHIRAL
COMPOUNDS FROM ALKYNES

Organocatalysis has received tremendous interest over the past two decades, and

numerous efficient synthetic methods have been developed. Compared with transi-

tion-metal catalysis, organocatalysis has the advantage of being cheaper and

greener. While the research on the construction of axial compounds has focused

on transition-metal catalysis in past decades, methodologies in the field of organo-

catalytic asymmetric construction of axially chiral compounds from alkynes have

been more and more reported in recent years.

In this section, we will give an introduction to the construction of axially chiral com-

pounds via the organocatalytic asymmetric reaction of alkynes.
1394 Chem Catalysis 1, 1378–1412, December 16, 2021



Scheme 22. Organocatalytic asymmetric HDA cycloaddition of o-phenylenediyne-linked bis(arenol)s
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Synthesis of axially chiral compounds via VQMs

Vinylidene o-quinone methide (VQM) intermediates have received much attention

due to their high reactivity and useful applications in organic synthesis.79,80 VQM in-

termediates can be commonly generated from ortho-(phenylethynyl)phenols via a

prototropic rearrangement under basic or acid conditions. In general, VQM interme-

diates show their electrophilicity on the vinylidene moiety, which benefits Michael

addition to generate the substituted ortho-(phenylethenyl)phenols. In this section,

we will summarize the construction of axially chiral compounds through VQMs.

Construction of axially chiral polycyclic compounds

In 2013, Irie and co-workers realized the first metal-free catalytic construction of in-

deno[1,2-c]chromenes from o-phenylenediyne-linked bis(arenol)s.81 As shown in

Scheme 22, the reaction proceeded smoothly in the presence of K2CO3 or Et3N,

furnishing the desired racemic products in high yields. They explained that the o-hy-

droxy naphthyl alkyne moiety might undergo a prototropic rearrangement to

generate a VQM, which was considered as the key intermediate of this reaction.

The VQM intermediate subsequently generates indeno[1,2-c]chromene via formal

inverse-electron-demand hetero-Diels-Alder (HDA) cycloaddition. Of note, at-

tempts to construct axially chiral indeno[1,2-c]chromenes by employing a chiral

base catalyst C3 gave only moderate enantioselectivities. The results of this reaction

show the potential of organocatalytic asymmetric reactions of this type of alkynes.

On the basis of the above results, in 2018, Yan and co-workers utilized similar sub-

strates and carried out further optimization of organocatalysts (Scheme 23).82

They successfully constructed a variety of indeno[1,2-c]chromenes with high enan-

tioselectivities by employing a quinine-derived thiourea catalyst C4. The reaction

scope studies showed that various substituents on phenyl or naphthyl rings of sub-

strates 59 were compatible with this reaction. Moreover, nonsymmetric diynes were

also well tolerated in this reaction.

In 2019, Yan and co-workers reported an organocatalytic enantioselective synthesis

of both helical and axial stereogenic compounds.83 The bisquinine squaramide cata-

lyst C5 was selected as the organocatalyst. Various 2-ethynylnaphthol derivatives 61
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Scheme 23. Synthesis of axially chiral heterobiaryls via organocatalytic asymmetric intramolecular [4+2] cycloaddition
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bearing different substituents on the naphthol moieties and the phenyl groups could

afford the desired products 62 in high yields with excellent enantioselectivities and

diastereoselectivities (Scheme 24).

The authors envisioned that substrates 61 would furnish VQM intermediates 63

through a prototropic rearrangement (tautomerization). The following cyclization

and tautomerization generate VQM intermediates 64 with a stereogenic axis. After

the second cyclization, the compounds containing both chiral helicenes and stereo-

genic axes are finally obtained.

Construction of axially chiral biaryl compounds

In 2019, Yan and co-workers disclosed the synthesis of axially chiral naphthyl-C2-

indoles via organocatalytic asymmetric annulation of o-alkynylanilines.84 As shown

in Scheme 25, the authors used the quinine-derived thiourea catalyst C4 as the

metal-free catalyst. o-alkynylanilines 65 could be transformed into VQM
1396 Chem Catalysis 1, 1378–1412, December 16, 2021



Scheme 24. Organocatalytic asymmetric synthesis of both helical and axial stereogenic compounds
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Scheme 25. Organocatalytic asymmetric annulation of o-alkynylanilines
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intermediates followed by nucleophilic attack by the amino group, affording the

final products 66 with high yields and excellent enantioselectivities. Remarkably,

this reaction could be applied on a decagram scale and the products showed

high tolerance toward racemization, which indicates their potential as precursors

of chiral ligands or catalysts.

The authors applied monophosphine 67 derived from product 66 as an organocata-

lyst to the asymmetric aza-Baylis-Hillman reaction and [4+2] tandem cyclization, and

both of these reactions occurred smoothly, indicating the potential of the utility of

such a naphthyl-C2-indole skeleton.

Construction of axially chiral styrenes

In 2018, Yan and co-workers devised another interesting strategy for the construc-

tion of axially chiral sulfonestyrenes (Scheme 26).85 The authors utilized a variety

of substituted 1-ethynyl-2-naphthol derivatives 68, and the desired axially chiral

olefin products 70 could be obtained in high yields with excellent enantioselectiv-

ities in the presence of C4, L-proline, and boronic acid. Of note, the E/Z ratios of

70 are also satisfying.
1398 Chem Catalysis 1, 1378–1412, December 16, 2021



Scheme 26. Organocatalytic asymmetric synthesis of axially chiral sulfonestyrenes
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According to the reaction pathway shown in Scheme 27 depicted by the authors, 1-

ethynyl-2-naphthols 68 initially generate VQM intermediates 71 promoted by cata-

lyst C4 and form hydrogen bonds with the thiourea catalyst. L-proline and sodium

sulfonate can furnish the sulfonate anion salt, which increases the reactivity of so-

dium sulfonate. After subsequent nucleophilic addition, axially chiral products 70

are eventually obtained. The authors assumed that boric acidmay reactivate the pro-

line due to its proton buffering property.

In 2018, Yan and co-workers reported an attractive organocatalytic construction of

vicinal diaxial styrenes.86 The authors selected N-iodosuccinimide (NIS) as the elec-

trophile and aryl sulfonyl acid as the nucleophile. As shown in Scheme 28A, the re-

action proceeded smoothly and delivered tetrasubstituted axial styrenes 74 with

contiguous axes in high yields with excellent enantioselectivities and diastereoselec-

tivities. Also, the authors introduced two sterically hindered substituents based on

73 skeletons. The racemic substrates 73 could produce tetrasubstituted axially chiral

sulfonestyrenes 74 and unreacted chiral substrates 73 via kinetic resolution under

the standard condition (Scheme 28B).

A plausible mechanism was proposed by the authors. Tautomerization of 73 occurs

quickly, promoted by catalyst C6, and subsequently generates tetrasubstituted

VQM intermediates 70 in the presence of NIS. The succinimide anion released

from NIS can capture a proton from the sulfonyl acid and produce the sulfonate

anion, which undergoes a nucleophilic addition to VQM to afford the final

products 74.
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Scheme 27. Proposed mechanism for the synthesis of axially chiral sulfonestyrenes
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In 2020, Zhao and co-workers developed a method for the synthesis of axially chiral

amino sulfide vinyl arenes via organocatalytic cyclization (Scheme 29).87 The authors

utilized sulfide catalyst C7 and achieved atroposelective electrophilic carbothiola-

tion of alkynes 76. The use of various substituents on two aromatic rings of 76,

and trifluoromethyl or substituted phenyl groups attached to the sulfur atom of

77, could allow the formation of the desired products 78 in high yields with excellent

enantioselectivities.

The possible pathway of this reaction is shown in Scheme 30. The intermediates 79

are first generated from the reaction of catalystC7 and sulfur reagents 77 in the pres-

ence of the Lewis acid trimethylsilyl trifluoromethanesulfonate (TMSOTf). Intermedi-

ates 79 will react with substrates 76 to afford thiirenium ion intermediates 80. After

the following tautomerization, intermediates 81 are furnished. Finally, an intramo-

lecular hydroarylation on intermediates 81 gives the desired products 78. The au-

thors disclosed that amino groups on both catalyst and substrate protected by

appropriate groups could form hydrogen bonds and lead to good

enantioselectivities.

In 2019, Li and co-workers reported an organocatalytic asymmetric construction of

axially chiral styrenes containing a stereogenic center.88 As shown in Scheme 31,

in the presence of catalyst C5, alkynes 82 could react with 5H-oxazol-ones 83 to

give styrenes 84 in high yields with excellent ee values, diastereomeric ratio (dr)

values, and E/Z ratios. The 5H-oxazolones act as nucleophiles and are activated

by the cinchona alkaloid catalyst C5 through deprotonation, thus affording the eno-

lates, which undergo nucleophilic addition to VQM intermediates generated from

82, furnishing the desired products 84.
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Scheme 28. Organocatalytic asymmetric construction of vicinal diaxial and triaxial styrenes

(A) Selected examples containing two stereogenic axes.

(B) Selected examples containing three stereogenic axes (kinetic resolution).
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Scheme 29. Synthesis of axially chiral amino sulfide vinyl arenes via organocatalytic cyclization
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In 2019, Tan and co-workers disclosed a CPA-catalyzed enantioselective synthesis of

axially chiral 1,10-(ethane-1,1-diyl)binaphthols (EBINOLs).89 As shown in Scheme 32,

the authors used 2-naphthols 85 and o-hydroxy or N-substituted amino arylethyny-

lenes 86 as substrates, and the reaction proceeded smoothly in the presence of the

CPA catalyst to deliver the corresponding products 87. Different substituents on the

ortho position of the ethynyl group of 85, including the hydroxyl group, phenyl-

substituted amino groups, and benzyl amino groups, could afford EBINOL deriva-

tives 87 in high yields with excellent ee and dr values. Notably, the CPA 88 and chiral

phosphine ligands 89 and 90 derived from EBINOLs performed well in some cata-

lytic reactions, indicating the potential applications of EBINOLs.

According to the calculated free energy profile for the reaction, a plausible mecha-

nism of this reaction is depicted in Scheme 33. Initially, the reaction of 86a and C10

forms a relatively stable intermediate 91, and the subsequent concerted 1,5-H trans-

fer generates intermediate 92 with axial chirality. Then, 2-naphthol undergoes a

nucleophilic attack to produce intermediate 92, which transfers the axial chirality

from allene to alkene, furnishing intermediate 94. Finally, intermediate 94 un-

dergoes aromatization to afford the final product 87a and regenerate the free

catalyst.

Construction of axially chiral compounds via direct Michael-type addition

In 2017, Tan and co-workers reported an elegant protocol for organocatalytic

asymmetric construction of axially chiral styrenes.90 As shown in Scheme 34,
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Scheme 30. Proposed mechanism for the synthesis of axially chiral amino sulfide vinyl arenes
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3-(4-bromobenzyl)pentane-2,4-diones or 2-benzylmalononitriles 95 could react with

2-substituted phenylpropiolaldehydes 96 in the presence of the secondary amine

catalyst C11, giving products 97 in high, ee values, and E/Z ratios.

The proposed reaction mechanism is shown in Scheme 35. Alkynals 96 are initially

converted into intermediates 98, followed by the nucleophilic addition generating

allenamine intermediates 99. The formation of allenamines controls the axial

chirality of products. Subsequently, the intermediates 99 are further converted

into iminium intermediates 100 with efficient control of E/Z selectivity. Finally, the

hydrolysis of intermediates 100 delivers products 97.

By employing a similar strategy, in 2019, Yan and co-workers realized an organo-

catalytic atroposelective Michael addition of ynones with sulfone-type nucleophiles

(Scheme 36).91 The authors employed a-amido sulfones 102 and ortho-substituted

ynones 101 as substrates. The reaction proceeded efficiently in the presence of the

cinchona alkaloid catalyst, affording the corresponding sulfonyl styrenes 103 in

good yields with excellent enantioselectivities.

Construction of axially chiral bridged biaryl compounds via NHC catalysis

Axially chiral bridged biaryls, which bear an additional linkage between the two are-

nes, are abundant in bioactivemolecules.6,7 However, the synthesis of these bridged

biaryls generally requires multistep procedures. In 2019, Zhao and co-workers devel-

oped a strategy for the construction of axially chiral eight-membered lactone-

bridged biaryls through N-heterocyclic carbene (NHC)-catalyzed cascaded
Chem Catalysis 1, 1378–1412, December 16, 2021 1403



Scheme 31. Asymmetric construction of axially chiral styrenes containing stereogenic centers via organocatalysis
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cyclization (Scheme 37).92 A wide range of substituted propargylic alcohols 104 and

enals 105 could be converted to the desired products 106with both central and axial

chirality with high yields, ee values, and dr values.

The proposed mechanism based on density functional theory (DFT) calculations is

shown in Scheme 38. The NHC catalystC13 first reacts with 105 to form azolium eno-

lates. Then, a propargylic substitution of azolium enolates generates allene interme-

diates 107. Intermediates 107 can undergo two nucleophilic cyclizations to afford

the final products 106 through intermediates 108 and 109.
CONCLUSIONS

Axially chiral compounds are widely applied in the synthesis of bioactive mole-

cules, drug discovery, and asymmetric reactions. Although alkyne moieties cannot

be directly transformed into chiral centers, they can form alkenes or aryl rings with

potential axial chirality through various types of reactions such as nucleophilic

addition and cycloaddition. Atroposelective reactions of alkynes have received

more and more attention and attempts at the construction of axially chiral com-

pounds from alkynes have been made in recent years. For transition-metal catal-

ysis, [2+2+2] cycloaddition was the main approach for the synthesis of
1404 Chem Catalysis 1, 1378–1412, December 16, 2021



Scheme 32. CPA-catalyzed enantioselective synthesis of axially chiral EBINOLs

(A) The CPA catalysts C8–C10.

(B) Selected examples.

(C) CPA and phospheric ligands derived from 87.
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Scheme 33. Proposed mechanism for the CPA-catalyzed enantioselective synthesis of axially chiral EBINOLs
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atropisomers from alkynes before 2010. In the past decade, other methodologies

have been reported, including nucleophilic addition, insertion, and cross-coupling

of alkynes. Transition-metal catalysis is an efficient catalytic model with low catalyst
Scheme 34. Asymmetric construction of axially chiral styrenes via organocatalytic direct Michael-type addition
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Scheme 35. Proposed mechanism for the organocatalytic Michael-type addition of phenylpropiolaldehydes
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loading and short reaction time. However, some transition-metal-catalyzed reac-

tions require high temperature, which is unfavorable for the construction of axially

chiral compounds, since some atropisomers may racemize at high temperature. In

addition, many metal catalysts are sensitive to air, which may limit their potential

industrial application. Organocatalytic synthesis of atropisomers from alkynes

has been widely reported in recent years. VQM intermediates are generally

involved in these reactions. In addition, the organocatalytic direct Michael-type

addition of alkynes to synthesize atropisomers is also well established. The organo-

catalysts utilized in these reactions include thioureas, amines, CPAs, and NHCs.

The organocatalytic methodologies have developed rapidly in the past decade

due to their inherent advantages. Compared with transition-metal-catalyzed reac-

tions, organocatalytic reactions usually proceed smoothly under mild conditions

with low temperature (room temperature or lower), and an open-air condition is al-

lowed in organocatalytic reactions. The organocatalysts also possess the advan-

tages of being cheaper and greener. Nevertheless, these organocatalytic reactions

of alkynes still have several limitations. First, the reactions are feasible only for acti-

vated alkynes such as VQM precursors (ortho-hydroxy aryl ethynes) and alkynes
Scheme 36. Organocatalytic asymmetric Michael-type addition of ynones with sulfone-type nucleophiles
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Scheme 37. NHC-catalyzed cascade cyclization to construct axially chiral bridged biaryls
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attached with electron-withdrawing groups (EWGs). In other words, the organoca-

talytic reactions of inactivated alkynes to construct atropisomers are still chal-

lenging. Second, high catalyst loading is typically required.

Through the analysis of the field of atroposelective reactions based on alkynes, it is

obvious that there remain some challenges in this field despite the significant

achievements introduced in this review. Noble metals such as rhodium and palla-

dium are widely utilized in transition-metal-catalyzed atroposelective reactions of
Scheme 38. Proposed mechanism for the synthesis of axially chiral bridged biaryls
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alkynes, while the application of nonnoble metals, including copper, zinc, nickel,

and cobalt, etc., in the atroposelective reactions of alkynes is rarely reported,

although various other types of reactions of alkynes catalyzed by these nonnoble

metals have been well established. In addition, compared with the well-developed

atroposelective [2+2+2] cycloaddition of alkynes, the reports of atroposelective

insertion and cross-coupling of alkynes catalyzed by transition metals are sporadic.

For the organocatalytic atroposelective reactions of alkynes, these types of reac-

tions usually require activated alkynes as substrates, and the utilization of inacti-

vated alkynes is rarely reported. The most utilized organocatalysts in these types

of reactions are thiourea and amine catalysts, while other organocatalysts, such

as peptides, Brønsted acids, NHCs, phosphines, and phase-transfer catalysts,

are relatively less employed. Moreover, enzymes, which are a type of newly devel-

oped efficient catalyst and perform well in a variety of catalytic reactions, are ne-

glected in this field. In summary, it is urgent to improve catalytic atroposelective

reactions of alkynes in several aspects, including the catalysts, reaction types,

and universality of alkynes. We believe that these methodologies rarely reported

will be gradually established with the development of axially chiral chemistry,

and alkynes will further show their potential in the construction of axially chiral

compounds in the future.
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E., Fernández, R., and Lassaletta, J.M. (2013).
Dynamic kinetic cross-coupling strategy for the
asymmetric synthesis of axially chiral
Chem
heterobiaryls. J. Am. Chem. Soc. 135, 15730–
15733. https://doi.org/10.1021/ja4087819.

77. Zheng, J., Cui, W.-J., Zheng, C., and You, S.-L.
(2016). Synthesis and application of chiral spiro
Cp ligands in rhodium-catalyzed asymmetric
oxidative coupling of biaryl compounds with
alkenes. J. Am. Chem. Soc. 138, 5242–5245.
https://doi.org/10.1021/jacs.6b02302.

78. Hornillos, V., Ros, A., Ramı́rez-López, P.,
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