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1,4-Enyne units are ubiquitous skeletons in biologically active molecules and natural products. Especially,
they represent versatile building blocks for abundant downstream derivatizations via controllable modifi-
cations of both alkene and alkyne units independently. Recently, great efforts have been made to establish
efficient protocols to achieve optically active 1,4-enynes. Considering the enormous application potential
of enantioenriched 1,4-enyne units but no related review on this topic has been described, here we aim
to provide a comprehensive summary on the catalytic methods established for enantioselective construc-
tions of these intriguing skeletons. According to the reaction types, this review is divided into five parts,
including asymmetric allylic substitution, asymmetric propargylic substitution, asymmetric alkynylallylic
substitution, asymmetric hydroalkynylation and asymmetric 1,2-addition of alkynes to conjugated imines

or ketones.

© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

1. Introduction

1,4-Enynes bearing internal stereogenic centers are privileged
motifs in biological active molecules (Fig. 1) [1,2] and also serve as
important synthetic intermediates [3-7]. In especial, due to the re-
liable and controllable downstream transformations of alkene and
alkyne units, enantioenriched 1,4-enynes have proved to be valu-
able building blocks for organic synthesis. For example, with the
special methylene-interrupted unit, 1,4-enynes could undergo var-
ious transformations such as stereospecific proton migration [8,9],
cycloaddition [10-12], cycloisomerization [13-15], and others [16-
20]. As a result, a variety of efficient synthetic methods to achieve
this manifold have been developed. Despite of these great progress
during the past decade in this field, related review for this emerg-
ing area on catalytic asymmetric construction of 1,4-enynes re-
mains absent.

Herein, we review the reported methods and strategies towards
the preparations of enantioenriched 1,4-enynes and outline re-
lated mechanisms. The synthetic methodologies are mainly catego-
rized into five types based on the reaction design, including allylic
substitutions with alkynyl nucleophiles, propargylic substitutions
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with alkenyl nucleophiles, alkynylallylic substitution, hydroalkyny-
lation, and 1,2-addition of alkynes to conjugated imines/aldehydes
(Scheme 1). Each section might further be divided into several sub-
classes based on catalyst types including transition metal catalysis
and organic catalysis.

2. Asymmetric allylic substitution with alkynyl nucleophiles
2.1. Cu catalysis

Asymmetric allylic substitution reactions are among the most
important methods for constructing a series of stereogenic cen-
ters [21-25]. Undoubtedly, asymmetric allylic substitution turns to
be a prevalent strategy for the synthesis of 1,4-enynes. Although
Kobayashi developed copper-involved Sy2-selective allylic substi-
tution of enantiopure allyl electrophiles with alkynyl Grignard
reagent in 2009 [26-27], the first Cu-catalyzed asymmetric allylic
substitution to achieve optically active 1,4-enynes from racemic
substrates was reported by Hoveyda in 2011 (Scheme 2) [28]. By
using NHC-Cu as the catalyst and alkynylaluminum reagent as the
nucleophile generated in situ, a variety of chiral 1,4-enynes bear-
ing all-carbon quaternary stereogenic centers were produced with
modest to high yields, excellent regio- and enantioselectivities.
Notably, «,8-unsaturated esters bearing a y-phosphate group are
suitable substrates under the established conditions, of which the
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Fig. 1. Bioactive molecules containing 1,4-enynes.
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Scheme 1. Strategies for asymmetric syntheses of 1,4-enynes.
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Scheme 2. Asymmetric allylic substitution to achieve 1,4-enyne bearing all-carbon
quaternary stereogenic centers.

products could be facilely converted into unsaturated chiral cyclic
lactones through Au-catalyzed cyclization.

Later, Hoveyda’s group extended the reaction scope to trisubsti-
tuted allylic phosphates containing a carboxylic ester group at C2
position with L1b or L1c as chiral ligands (Scheme 3) [8]. Under
almost identical conditions, 1,4-enyne containing a tertiary stere-
ogenic carbon center was efficiently prepared. The enantioenriched
products were converted into chiral trisubstituted allenes through
axial-to-central chirality transfer. A library of trisubstituted allenes
with axial chirality were obtained with high ee and es values
through this stereospecific proton migration approach, highlighting
the potential application of this method in chemical synthesis.

In 2014, Sawamura and co-workers also described Cu/NHC-
catalyzed allylic substitution reactions to yield enantioenriched 1,4-
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Scheme 3. Cu-catalyzed allylation with alkynylaluminum reagent and stereospecific
proton migration to generate trisubstituted allene.

CuCl (10 mol%)

OP(O)(OEt H 2
(O)OE, L2 (12 mol%) R
——
) 7
’ ; LiO'Bu (2.6 equiv.) R
R R Tol/DCM = 4:1

-50t0-10°C, 48 h

L .

OH BF4

Ph
~
Z

85% vyield, 70% ee

73% vyield, 90% ee 73% yield, 74% ee

Ph Ph
= =
=7 Z
NBn,

88% yield, 86% ee

R! Rz’\/

56% vyield, 85% ee

Cu

| | O.A.
—

Scheme 4. Cu/NHC-catalyzed allylic alkynylation with terminal alkyne nucle-
ophiles.

enynes [29,30]. Different from the necessity of sensitive alkynyla-
luminum reagent adopted in Hoveyda’s work, which may be detri-
mental to the function group compatibility and operational con-
venience, terminal alkynes directly served as nucleophiles for this
transformation. With Z-form allylic phosphate as the electrophile,
the catalytic system displayed a broad substrate scope and high
regio- and enantioselectivity control (Scheme 4). In contrast, the
more general E-form allylic phosphates delivered products in very
low yields and poor enantiocontrol. The authors proposed that the
alkynyl copper(l) intermediate would react with allylic electrophile
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Scheme 5. (Guanidine)copper-catalyzed asymmetric allylic alkynylation.

via oxidative addition to generate Cu(Ill) species and then under-
went reductive elimination to provide the chiral 1,4-enynes.

Different from NHC/Cu system developed by Hoveyda and
Sawamura aforementioned, Tan and co-works described a chiral
guanidine-ligated copper as the catalyst for allylic alkynylation
in 2018 [31]. They used racemic cyclic allylic bromides as elec-
trophiles and terminal alkynes as nucleophiles under a bipha-
sic dichloromethane—water reaction system. Various 6-, 7- and 8-
membered cyclic 1,4-enynes were obtained with high yields and
good stereocontrol (Scheme 5).

Interestingly, when enantioenriched allylic bromide was used
as the substrate, under standard condition with no nucleophile,
rapidly racemization was observed. In contrast, no racemization
was detected in the absence of catalyst. Moreover, the author also
found that allylic bromide always remains as a racemate in the
whole course of standard reaction. According to these results to-
gether with DFT calculations, the author speculated that Cu(I) cat-
alyzed the racemization of allylic bromide with the assistance of
intramolecular N-H---Br hydrogen bonding, which induced enan-
tiomer interconversion equilibrium before nucleophilic attack, and
thus realized a dynamic kinetic resolution process.

2.2. Ir catalysis

In 2013, Carreira’s group reported the only example of Ir-
catalyzed asymmetric allylic alkynylation to yield chiral 1,4-enynes
(Scheme 6). Taking advantage of the Ir/(Polefin) catalyst, substi-
tutions of free allylic alcohols with alkynyl trifluoroborates pro-
ceeded in moderate to good yields, excellent regio- and enantiose-
lectivities [32]. The reliability and applicability of this transforma-
tion were further highlighted by its application to the concise syn-
thesis of AMG837, a biologically active molecule for the treatment
of type II diabetes. Different from previous alkynylmetal reagent
or terminal alkynes serving as the nucleophiles, alkynyl trifluorob-
orates were adopted in present methodology and thus expanded
the scope of reacting partners. Most recently, similar to L4, a 1,16-
dihydroxytetraphenylene-derived (P,olefin)-ligand developed by Cui
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Scheme 6. Ir-catalyzed asymmetric allylic alkynylation and application.
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Scheme 7. Ir-catalyzed enantioselective alkynylation of racemic allyl alcohols via
kinetic resolution.

et al. also displayed high stereocontrol for this Ir-catalyzed allylic
alkynylations [33].

Obviously, these Ir-involved protocols were restricted to the use
of aryl-substituted allyl alcohols as electrophiles. That is, alkyl-
substituted allyl alcohols were not suitable for these transforma-
tions aforementioned. Soon after, an enantioselective alkynylation
of alkyl-substituted allyl alcohols via kinetic resolution was re-
ported by Zhou, Wong and Cui [34]. With the combination of
iridium catalyst and tetraphenylene-derived (P,olefin)-ligand L5, a
reasonable range of enantioenriched 1,4-enynes and alkyl allyl al-
cohols were obtained from racemic allyl alcohols with excellent
enantioselectivities and with high s-factors (Scheme 7).

2.3. Rh catalysis

As early as 2008, Hayashi and Nishimura et al. realized
enantioselective rhodium-catalyzed allylic alkynylation reaction
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Scheme 9. Rh-catalyzed asymmetric desymmetrization with terminal alkynyl
boronates and proposed mechanism.

[35]. They employed azabenzonorbornadienes as electrophiles and
terminal alkynes as nucleophiles. The corresponding asymmet-
ric desymmetrization proceeded smoothly under Rh/(R)-DTBM-
SEGPHOS catalysis, and the ring-opening products were observed
in high yields and excellent enantioselectivities (Scheme 8). The
sterically bulky silyl substituent in the alkyne nucleophiles was
necessary to guarantee the high enantioselectivity of the products.

Similar to Hayashi’s work, Pineschi’s group also developed a
desymmetrizative ring-opening reaction. Employing Rh/BINAP-type
ligands as catalyst, alkynyl boronates as nucleophiles, a number of
cyclic chiral 1,4-enynes were constructed from bicyclichydrazines
but in moderate yields and enantioselectivities (Scheme 9) [36].
A proposed mechanism was outlined. Acetyliderhodium species
from alkynylboronate reacted with alkene via migratory insertion
to generate alkyl-Rh(I) intermediate. Subsequent B-N elimination
afforded the ring-opening product and regenerated Rh catalyst via
protonation.

Considering the atom- and step-economy, undoubtedly, termi-
nal alkynes should be the most direct and easily accessible nu-
cleophiles for allylic alkynylation. Although Sawamura and Tan re-
alized this goal, a lot of substrate limitations existed for allylic
electrophiles, such as the requirement of Z-form or cyclic allylic
partners [30,31]. Li et al. developed a bimetallic synergistic Rh/Cu
catalysis system to realize the coupling of terminal alkynes and
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Scheme 10. Rh/Cu-cocatalyzed asymmetric allylic alkynylation.

racemic allylic carbonates in 2020 (Scheme 10) [37]. This method
performed efficiently across a broad scope of reaction partners.
Quaternary stereogenic centers were also feasible with this proto-
col but in poor enantioselectivities. Li further applied the method
to the construction of the key fragment of (+)-breynolide.

In this work, the authors conducted a series of experiments to
uncover the critical mechanistic features. When allyl RhL8 com-
plex was reacted with Cu-acetylide, additional equivalent of L8
was necessary to promote the reaction. In addition, the absolute
configuration of the product was the same as that in allyl RhL8
complex. Based on these facts, copper was proposed to be simply
engaged in acetylide formation and subsequent transmetalation to
rhodium, followed by reductive elimination to generate chiral 1,4-
enynes. This was very different from classical outer-sphere allylic
substitution process. Additional ligand for copper was mandatory,
presumably due to the role of extra L8 in facilitating the breaking
of Cu acetylide oligomers and generating the key Cu-L8 acetylide
for transmetalation.

2.4. Ni catalysis

In 2021, Zhao described a Ni/Cu bimetallic catalytic system for
the construction of enantioenriched 1,4-enynes (Scheme 11) [38].
With racemic vinyl ethylene carbonates (VEC) as electrophiles and
terminal alkynes as nucleophiles, (R)-SIPHOS as the chiral ligand,
a group of 1,4-enynes bearing a hydroxy unit were prepared with
good enantioselectivities and moderate regiocontrol. DFT calcu-
lations suggested a transmetalation from Cu(I)-acetylide to Ni(Il)
which was generated from the oxidative addition of Ni(0) by VEC
and subsequent reductive elimination process.
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Scheme 12. Cu-catalyzed asymmetric radical allylic C-H alkynylation.

2.5. Radical allylic C-H alkynylation

Previously, allylic alkynylation required the use of classical al-
lylic electrophiles bearing suitable leaving groups. In contrast, a
more straightforward alternative strategy should be direct allylic
C-H alkynylation. Recently, Liu’s group reported a copper-catalyzed
asymmetric radical oxidative coupling between allylic C(sp?)-H
bond and C(sp)-H bond of terminal alkynes (Scheme 12) [39]. Both
acyclic and cyclic olefin electrophiles were suitable for accessing
1,4-enynes with moderate yields and moderate to good enantios-
electivities. The reactions proceeded under mild conditions but
needed a long reaction time. Although P(Ill) ligand was adopted,
it was thought to be oxidized to form P(V) under oxidants. Thus,
the key to the success of this scenario is the rationally designed
anionic N,N,P(O) tridentate ligands featuring chiral oxazoline and
pentavalent phosphine oxide which are resistant to the strong ox-
idative condition required for hydrogen atom abstraction.

A plausible mechanism was also proposed (Scheme 13). First,
the generated Cu(I)-acetylide A would be oxidized to form Cu(II)
species B via a single electron transfer process. The resulting N-
centered radical abstracted a hydrogen atom from allylic elec-
trophile to generate allyl radical C which would then react with
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Scheme 14. Organocatalytic asymmetric allylic alkynylation and proposed transi-
tion state.

B to provide high-valent Cu(Ill) intermediate D. Finally, a reductive
elimination from D occurred to furnish the product and regenerate
Cu(l).

2.6. Organocatalytic allylic alkynylation

In 2016, Shibata et al. provided a metal-free protocol for asym-
metric allylic alkynylation. With (DHQD),PHAL as the organocata-
lyst, they exploited Baylis—Hillman type reaction between unsatu-
rated ester containing an allylic fluoride leaving group and TMS-
substituted alkyne (Scheme 14) [40]. A variety of corresponding
1,4-enyne products were obtained in moderate to good enantiose-
lectivities. The chair-like Zimmerman—Traxler transition state was
proposed to explain the observed stereocontrol outcome. The si-
multaneous Si-F and Lewis base-promoted allylation interactions
are thought to be responsible for the activation of C-F bond. Thus,
no fully charged species was generated, which inhibited the possi-
ble racemization of products under basic condition.

3. Asymmetric propargylic substitution with alkenyl
nucleophiles

3.1. Cu catalysis

Compared with asymmetric allylic alkynylation, the asymmetric
propargylic olefination was less developed. A decade ago, Maarse-
veen and Nishibayashi sequentially reported one related case in-
dependently in low stereocontrol via copper-catalyzed propargylic
amination (Scheme 15) [41,42]. The reactions were proposed to un-
dergo the formation of critical copper-allenylidene intermediate.
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Scheme 16. Cu-catalyzed asymmetric propargylic substitution cascade with Wittig
reaction.

Until 2017, Xiao’s group described a novel asymmetric propar-
gylation of propargylic acetates with phosphorus ylides [43]. The
newly generated phosphorus ylide products could be quenched by
Wittig reaction with aldehyde or ketene in a one-pot sequence.
Thus, various 1,4-enynes and 1,4-allenynes bearing different func-
tion groups were obtained with remarkable yields and stereoselec-
tivities (Scheme 16). The phosphorus ylide substrate was used as
a precursor of olefin and allene and might find additional applica-
tions in other reaction systems. Similar copper-allenylidene inter-
mediate was proposed in the catalytic cycle in this work.

Although the construction of chiral 1,4-enynes from 1,4-enyne
electrophiles via Cu-catalyzed propargylation was shown to be
challenging [41,42], Gong and Song realized this process via a
synergistic Cu/N-heterocyclic carbene catalysis in 2022 [44]. With
1,4-enyne bearing an internal leaving group under copper catalyst
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as the electrophile and aldehyde under NHC as the nucleophile,
a diastereo- and enantio-selective coupling performed smoothly.
Generally, high stereocontrol was observed but with a low yield
(Scheme 17).

Recently, Liu's group described a copper-catalyzed asymmet-
ric propargylic substitution of propargyl bromides with alkenyl-
boronate esters [45]. With a novel cinchona alkaloid-derived hemi-
labile N,N,N-tridentate ligand, remarkable enantioselectivities were
generally obtained for the 1,4-enyne products. From the potential
mechanism, the reaction was proposed to follow an enantiocon-
vergent radical cross-coupling pathway, in which alkenyl Cu(I) was
oxidized by propargylic bromide to generate alkenyl Cu(Il) species
and propargylic carbon radical. The subsequent coupling via a pos-
sible reductive elimination from Cu(lll) intermediate provided the
final product (Scheme 18).

3.2. Organocatalytic propargylation

The only organocatalytic propargylation was published by
Maruoka group in 2019. With the employment of a highly acidic
chiral N-triflyl phosphoramide as Brgnsted acid catalyst and alkenyl
boroxine as reaction partner, free propargylic alcohols contain-
ing diverse functional groups were smoothly alkenylated in good
to excellent enantioselectivities (Scheme 19) [46]. Both aryl and
alkyl-substituted propargylic alcohols were suitable for the trans-
formation. A plausible transition state was given. The Brensted acid
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Scheme 19. Organocatalytic asymmetric propargylic substitution with alkenyl
boroxine.

NaCH(CO,Me), (2.0 equiv.)
(EtCN)3Mo(CO)3 (10 mol%) MeO,C
L17 (15 mol%) B

CO,Me

/\/\OCOZMe
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MeO,C - COZMe
MeO,C_ COZMe

/\/ ©/\/ 8NH HN‘%\:>

5.3:1rr,99% ee 7.3:11r,99% ee
(yield not given) (yield not given)

Scheme 20. Alkynylallylic substitution via Mo catalyst.

played the activation via hydrogen-bonding interaction with the
electrophile and electron-donating effect with the nucleophile.

4. Asymmetric alkynylallylic substitution
4.1. Mo catalysis

Different from allylic substitution and propargylic substitution
strategies, alkynylallylic substitution uses 1,3-enyne bearing an al-
lylic leaving group as the electrophilic substrate. It provides an al-
ternative but more direct approach to 1,4-enynes. Early in 1999,
Trost et al. disclosed molybdenum-catalyzed asymmetric alkyny-
lallylic substitution with stabilized carbon nucleophiles, furnish-
ing 1,4-enynes with excellent enantioselectivities and moderate
regioselectivities (Scheme 20) [47]. This is the first example of
asymmetric alkynylallylic substitution and the only example of
molybdenum-mediated process up to now.

4.2. Cu catalysis

In 2004, Hoveyda’'s group established Cu/dipeptide ligand-
catalyzed asymmetric alkynylallylic alkylation reaction with alkylz-
inc reagent as the nucleophile (Scheme 21) [48]. Two 1,4-enynes
were obtained in good yields and enantioselectivities. Especially,
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1
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R3 (R?),Zn R
THF, -15°C, 24 h R® R2
CSHﬂ\(\ \(\
Me° Et
% o
76% yield 77% yield '\
82:18 rr, 96% ee >30:1rr, 91% ee
Alexakis (2012)
/\/\u CuTC (5 mol%) 2

L19 (5.5 mol%)

+ _ = Z
_78° =z

R2MgBr (1.2 equiv.) CH,Clp, 41, -78°C

Et Q
= / i
/k/
Ph T™MS

94% yield 74% yield
94:6 rr, 97% ee 96:4 rr, 97.5% ee

/V/fﬁ

80% yield 92% vyield 96% vyield
99:1 1, 97% ee 95:5 rr, 95% ee 98:2 rr, 87% ee

R1

Scheme 21. Redox-cyclic Cu-catalyzed asymmetric alkynylallylic substitutions to
generate 1,4-enynes.

a quaternary stereogenic carbon center was also smoothly con-
structed via this protocol. A Cu(Ill)-involved mechanistic process
was generally proposed for this type of reactions.

A general approach for copper-catalyzed asymmetric alkyny-
lallylic substitution was documented by Alexakis group in 2012.
Instead of zinc nucleophile, Alexakis utilized more readily avail-
able Grignard reagent as the alkylation nucleophile coupling with
alkynylallylic chloride as the electrophile (Scheme 21) [49]. With
copper and phosphoramidite L19 as the catalyst, the transforma-
tion generally exhibited good reactivity, regioselectivity and enan-
tioselectivity with a series of alkyl Grignard reagents. However,
when phenyl Grignard reagent was used, substitution via Sy2 path-
way was observed as the only product. In addition, in the case
of methyl magnesium bromide, nearly no regioselectivity was ob-
served, leading to a nearly 1:1 mixture of branch/linear regioiso-
mers.

In 2022, He's group communicated a general protocol for redox-
free Cu-catalyzed asymmetric alkynylallylic substitution [50]. They
demonstrated that both Cu(I) and Cu(Il) could catalyze the trans-
formation in high yield and excellent regio- and enantioselectivity.
Remarkably, the reaction underwent smoothly in gram-scale even
under water and air, demonstrating the practicability and robust-
ness of the process. A variety of functional groups on amine nu-
cleophiles and 1,3-enyne electrophiles showed high compatibility
under mild and robust conditions. Diverse bioactive molecules de-
rived substrates were suitable for the substitutions (Scheme 22).

In addition to alkynylallylic amination, the present protocols
were further extended to cover asymmetric alkynylallylic alkoxy-
lation and alkylation with alcohol and enol as nucleophiles respec-
tively (Scheme 23). Both catalytic systems relied on the combina-
tion of copper catalyst and boronic acid as a cocatalyst. Therefore,
alkynylallylic alkoxylation and alkylation proceeded well and good
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Scheme 22. Redox-free Cu-catalyzed asymmetric alkynylallylic substitutions.
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Scheme 23. Intermolecular alkynylallylic alkoxylation and alkylation and decar-
boxylative alkynylallylic substitution.

yields and stereoselectivities were obtained. At the same time, an
intramolecular decarboxylative alkynylallylic substitution process
was also disclosed by He’s group (Scheme 23). Similarly, high reac-
tion efficiency and stereocontrol were observed with different sub-
strates. It provides an alternative pathway for the intermolecular
process aforementioned. This catalytic system was also very effec-
tive for classical propargylic substitutions that failed to construct
1,4-enynes in high stereocontrol or efficiency [41,42,44]. Based on
this result, process, regio- and enantioconvergent transformation
was carried out and provided a single product from eight sub-
strates.
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Scheme 24. Mechanistic studies and proposed mechanism for Cu-catalyzed redox-
free alkynylallylic substitutions.

The authors conducted a series of mechanistic experiments to
elucidate the possible mechanism (Scheme 24). Comparing the X-
ray structures of Cu(I) and Cu(ll), they found that the latter fea-
tured a mononuclear metal center ligated with two chiral ligands,
different from classical Cu(I) complex possessing dinuclear metal
centers with two chiral ligands. Kinetic studies uncovered that the
reaction was first order on catalyst but zero order on both two
substrates. Finally, a proposed mechanism was described. Copper
first reacted with 1,3-enyne under base to give alkynyl copper in-
termediate Int-1, which then generated the critical Cu-allenylidene
species Int-3. A following outer-sphere nucleophilic substitution
and proton transfer released the product and catalyst. The forma-
tion of Int-3 was the rate-limiting step for the catalytic cycle.

5. Asymmetric hydroalkynylation
5.1. Ni-catalyzed process with diene

Different from classical substitutions with the requirement of
a prestored leaving group in the electrophile, hydroalkynylation
of unsaturated bond features 100% atom economy and convenient
availability of substrates. In 2010, Suginome and coworkers re-
ported the first Ni-catalyzed asymmetric hydroalkynylation of di-
enes. With TADDOL-derived phosphoramidite L22 and Ni(0) as the
catalyst, 1,4-enynes were achieved with >90% ee values (Scheme
25) [51]. A possible mechanism [52] involved the oxidation of ter-
minal alkyne to Ni(0) to generate alkynyl Ni(Il) species, which
would insert into diene to form a thermodynamic stable allylic
Ni intermediate. A final reductive elimination process provided the
product and regenerated Ni(0).

5.2. Rh-catalyzed decarboxylative process with allene

In 2018, Breit disclosed a rhodium catalyzed asymmetric hy-
droalkynylation of allenes. Instead of typical terminal alkynes used
as nucleophiles, they exploited arylpropiolic acids as alkyne surro-
gates. A broad scope of allenes and propiolic acids readily under-
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Scheme 25. Ni-catalyzed asymmetric hydroalkynylation of dienes.
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Scheme 26. Rh-catalyzed decarboxylative hydroalkynylation of allenes.

went this reaction to deliver corresponding compounds with good
yields and enantioselectivities (Scheme 26) [53].

Preliminary studies indicated the existence of interconvertible
m-o-m allylrhodium intermediate. The crossover experiments im-
plied that allylic alkynyl ester was kind of off-cycle product. A
plausible catalytic pathway was proposed. Initially, a Rh(Ill) hy-
dride complex was formed via oxidative addition of Rh(I) by tri-
fluoroacetic acid. The insertion of allene by Rh(IIl) hydride pro-
vided n3-allylrhodium species and n'-allylrhodium species which
could convert to each other through 7 —o—m isomerization. After
the ligand exchange with arylpropiolic acid and following decar-
boxylation, allyl alkynyl rhodium species was formed. Ultimately,
reductive elimination from this species yielded the product and re-
generated Rh catalyst.
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Scheme 27. Cu-catalyzed asymmetric 1,2-addition of alkynes to conjugated imines.

6. Asymmetric 1,2-addition of alkynes to conjugated aldehydes
and imines

Three-component coupling of aldehyde, alkyne, and amine (A3
coupling) is an attractive and efficient pathway for rapid con-
struction of complex skeletons. Nevertheless, a general catalytic
asymmetric method for the use of conjugated aldehydes or imines
has remained elusive for a long time. In 2004, Knochel reported
two cases for Cu-catalyzed asymmetric A3 coupling of unsaturated
aldehyde, terminal alkyne and secondary amine (Scheme 27) [54].
High yields and good enantioselectivities were observed for 1,4-
enyne products with the use of copper catalyst and L24. Recently,
Ma’'s group modified ligand L24 and obtained a new ligand L25
which showed much higher enantiocontrol than that in Knochel’s
work (99% vs. 82%). This reaction also featured lower temperature
and shorter reaction time [55].

In addition, aldehydes are known to be less electrophilic than
imines. With the use of chiral Lewis acid generated in situ, Pu’s
group developed several systems to realize this type of transforma-
tion [56-58]. However, a high chiral ligand loading (20%-40%) and
equivalent of transition metals were generally required. Similarly,
Xu designed new chiral 8-hydroxy amide ligands for this reaction
and observed good enantiocontrol with high catalyst loading [59].

7. Conclusions

The present review provides an overview of the hitherto ad-
vances that have been made in catalytic asymmetric synthesis of
1,4-enynes. Elegant methods divided into five major strategies have
been depicted. Comparing with the extensive studies and appli-
cations of allyl and propargyl motifs bearing stereogenic centers,
chiral 1,4-enynes have received much less attention. Considering
the much higher application potential of 1,4-enynes via control-
lable modifications of both alkenyl and alkynyl units, novel and
efficient synthetic protocols for the construction of 1,4-enynes are
still heavily needed. In especial, several obvious limitations exist.
First, with respect to molecular diversity, the present protocols are
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limited to asymmetric construction of C-C, C-N and C-O bonds. To
expand the product diversity and application space, approaches to-
wards chiral 1,4-enynes bearing other heteroatom-containing stere-
ocenters including S, P, B, Si, represent intriguing direction. Mean-
while, methods for the construction of quaternary stereocenters in
1,4-enynes are limited. In addition, asymmetric alkynylallylic sub-
stitution represents a direct route to achieve 1,4-enynes and has
displayed high efficiency and generality, but still remains underde-
veloped. We hope this short review will provide a useful summary
and perspective for the synthetic community and inspire further
exciting developments in this rapidly evolving research area.
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