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Abstract
The catalytic (asymmetric) allylation and propargylation have been established as powerful strategies allowing access to enantio-
enriched α-chiral alkenes and alkynes. In this context, combining allylic and propargylic substitutions offers new opportunities to
expand the scope of transition metal-catalyzed substitution reactions. Since its discovery in 2022, copper-catalyzed yne-allylic sub-
stitution has undergone rapid development and significant progress has been made using the key copper vinyl allenylidene interme-
diates. This review summarizes the developments and illustrates the influences of copper salt, ligand, and substitution pattern of the
substrate on the regioselectivity and stereoselectivity.
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Introduction
Copper is earth-abundant, inexpensive, relatively stable, and
low toxic. Copper-catalyzed asymmetric allylic [1-22] and
propargylic [23-32] substitutions are effective strategies for
constructing new C–C and C–heteroatom bonds vicinal to
alkenyl or alkynyl groups, which are highly valuable for down-
stream synthesis. At present, unstabilized nucleophiles [33-51]
are commonly used in Cu-catalyzed allylic substitutions
because of the inner-sphere mechanism and relatively harsh

reaction conditions such as anhydrous, anaerobic, and low tem-
peratures are usually required (Scheme 1a). Therefore, using
stabilized nucleophiles in Cu-catalyzed allylic substitutions is a
tremendous challenge. On the other hand, since the pioneering
work of van Maarseveen [52] and Nishibayashi [53] groups in
2008, Cu-catalyzed asymmetric propargylic substitutions have
made significant progress [54-60]. The protocol allows the use
of stabilized nucleophiles via the outer-sphere mechanism, and
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Scheme 1: Copper-catalyzed allylic and yne-allylic substitution.

Scheme 2: Challenges in achieving highly selective yne-allylic substitution.

the copper allenylidene intermediate formed by copper and ter-
minal alkyne is the active species in the reactions. In this
regard, merging the unique feature of Cu-catalyzed propargylic
substitution with allylic substitution is a feasible solution to the
challenge, which will represent a new sort of substitution reac-
tion.

From 2022, the Cu-catalyzed yne-allylic substitution has
emerged as a new and robust approach to achieve formal allylic
substitution using stabilized nucleophiles. The copper acetylide-
bonded allylic cation with copper vinyl allenylidene species as
its resonance structure is key for the process, which can achieve
the outer-sphere attack of nucleophiles (Scheme 1b). However,

to achieve a highly selective yne-allylic substitution, a range of
challenges must be addressed. First, how to achieve the regiose-
lectivity under the coexistence of alkenyl and alkynyl units;
second, how to realize the enantioselectivity control that is
remote from the catalytic center; finally, the selectivity
affording E-enyne and Z-enyne product is also an issue to be
addressed, and possible side reactions need to be suppressed
(Scheme 2).

In this review, we summarize the recent development of copper-
catalyzed yne-allylic substitutions. It is worth noting that when
we were preparing this review, another review on copper-cata-
lyzed asymmetric propargylic substitution including some yne-



Beilstein J. Org. Chem. 2024, 20, 2739–2775.

2741

Scheme 3: Yne-allylic substitutions using indoles and pyroles.

allylic substitutions was reported by Lin et al. [61]. We hope
that this review can provide more guidance for the use of new
nucleophiles and the development of new reaction modes
related to yne-allylic substitutions.

Review
Copper-catalyzed yne-allylic substitutions
affording 1,3- and 1,4-enynes
In 2022, Fang et al. [62] realized the copper-catalyzed yne-
allylic substitution involving stabilized “soft” nucleophiles for

the first time. Indoles and pyrroles with various substituents
were found to be suitable for the reaction, delivering 1,3-enynes
with medium to high yields and excellent regioselectivities
(Scheme 3, 3a–e, 3n–p). Interestingly, when the 3-position of
indole was blocked by a methyl group, the 2-position of indole
underwent nucleophilic attack with an E/Z ratio of 2:1
(Scheme 3, 3e). Carbonates with aryl or styryl residue can
undergo the reaction smoothly (Scheme 3, 3f–k), but alkyl-
substituted substrates showed low yields (Scheme 3, 3l and
3m). Moreover, secondary amines with various substituents,
acyclic amines, primary amines, or even the amine moieties in
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Scheme 4: Yne-allylic substitutions using amines.

drug molecules were all suitable nucleophiles (Scheme 4,
5a–k). When R2 is an H atom, the reactions occur at the γ-posi-
tion, resulting in the formation of 1,4-enynes (Scheme 4, 6a–d).
Acyclic 1,3-dicarbonyls could also react with yne-allylic
carbonates 1 at the γ-position because of the possible chelation
interaction between the enolate derived from acyclic 1,3-dicar-
bonyl compounds and copper (Scheme 5, 8a–j). Detailed
control experiments indicate that the terminal alkyne moiety is
critical and the reaction proceeds through an SN1 mechanism.
An outer-sphere nucleophilic attack through copper acetylide-
bonded allylic cation as the key intermediate is proposed
(Scheme 6a). It is worth noting that the nucleophilic attack
favors a less sterically hindered site. Therefore, disubstituted

alkene moiety prefers γ-attack while trisubstituted alkene
moiety is inclined to α-attack (Scheme 6b).

Lin and He et al. [63,64] reported the first amine-mediated
highly enantioselective copper-catalyzed asymmetric yne-allylic
substitution, affording 1,4-enynes with up to 98% ee and
>20:1 rr. A series of secondary amines can react smoothly and
achieve good enantioselectivities and regioselectivities
(Scheme 7, 6a–w). Interestingly, both Cu(I) and Cu(II) can
promote the reaction and the reaction is not sensitive to water
(Scheme 7, 6g). The intramolecular decarboxylative yne-allylic
substitution can also be achieved (Scheme 8, 6a–u). O-Nucleo-
philes and C-nucleophiles are all suitable reactants, yielding
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Scheme 5: Yne-allylic substitution using 1,3-dicarbonyls.

Scheme 6: Postulated mechanism via copper acetylide-bonded allylic cation.

alkoxylation and alkylation products with the assistance of
Lewis acid as co-catalyst (Scheme 9). Starting from four differ-
ent racemic substrates, the same product 6g with 96% ee was
obtained under standard conditions. This indicates that the reac-

tions proceed through the same transition state and the stereo-
center of the product is controlled by the catalyst. A single
crystal of Cu(I) was investigated by X-ray and proved to be the
dicopper complex, while the Cu(II) catalyst was revealed as
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Scheme 7: Amine-participated asymmetric yne-allylic substitution.

mononuclear copper coordinated with two ligands. Further
kinetic isotope experiments and nonlinear relationship studies
for the Cu(I) system indicate that it is not the formation of
alkynyl copper intermediate but the formation of active copper
vinyl allenylidene intermediate is the rate-limiting step
(Scheme 10).

Due to the gaseous nature of dimethylamine at room tempera-
ture, it needs to be stored in special solvents, which further

limits the preparation of the related compounds. He et al. [65]
used tetramethyldiaminomethane as a suitable surrogate of
dimethylamine to achieve the asymmetric dimethylamination of
yne-allylic esters, providing an efficient and convenient path-
way for the synthesis of enantioenriched 1,4-enynes with
dimethylamine moiety (Scheme 11, 6x and 6y). In addition to
tetramethylenediaminomethane, other tetraalkyldiamino-
methanes can also be used as supplants of dialkylamines,
leading to products with dialkylamine units with high yields
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Scheme 8: Asymmetric decarboxylative yne-allylic substitution.

Scheme 9: Asymmetric yne-allylic alkoxylation and alkylation.

Scheme 10: Proposed mechanism for Cu(I) system.
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Scheme 11: Asymmetric yne-allylic dialkylamination.

Scheme 12: Proposed mechanism of yne-allylic dialkylamination.

and enantioselectivities (Scheme 11, 6a, 6g, 6i and 6z). Further
control experiments and DFT calculations show that during the
catalytic process, tertiary amine directly participates as a
nucleophilic reagent to give the ammonium salt, which then
releases dimethylaminium to provide the final product
(Scheme 12).

Chiral allylic sulfone compounds can be easily transformed into
a series of useful molecules, enabling them an important

backbone in organic synthesis. Lin et al. [66] used sodium
sulfinates as the nucleophiles to realize the asymmetric
sulfonylation of yne-allylic esters. The reaction can be
carried out under mild conditions with good to excellent regio-,
stereo-, and enantioselectivities, resulting in a series of chiral
yne-allylic sulfone compounds with different substituents
(Scheme 13, 14a–q). Due to the high steric hindrance of the
γ-site, nucleophilic substitutions preferentially occur at the
α-site. Through subsequent control experiments, they demon-
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Scheme 13: Asymmetric yne-allylic sulfonylation.

strated that the terminal alkyne unit is crucial for the process
and the reactions using different isomers all proceed via the
same intermediate. Nonlinear relationship experiments proved
that the active catalyst is a mono-copper complex containing
one ligand. A catalytic cycle is proposed in which copper vinyl
allenylidene is the key intermediate during the process
(Scheme 14).

Recently, Fang et al. [67] used electron-rich arenes as the
nucleophiles to achieve remote enantioselective control of yne-
allylic substitutions. It is worth noting that when indoles or
indolizines were used, the reactions yielded mono yne-allylic
substituted products (Scheme 15, 3a–w), but while pyrroles
were used as nucleophiles, double yne-allylic substituted prod-
ucts can be obtained with high dr and ee values (Scheme 16,
15a–c). They also demonstrated the importance of terminal
alkyne through control experiments and confirmed that a
copper–ligand monomer complex exists in the mechanism
through nonlinear relationship experiments and kinetic studies
(Scheme 17).

Scheme 14: Proposed mechanism of yne-allylic sulfonylation.
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Scheme 15: Aymmetric yne-allylic substitutions using indoles and indolizines.

Scheme 16: Double yne-allylic substitutions using pyrrole.



Beilstein J. Org. Chem. 2024, 20, 2739–2775.

2749

Scheme 18: Aymmetric yne-allylic monofluoroalkylations.

Scheme 17: Proposed mechanism of yne-allylic substitution using
electron-rich arenes.

He et al. [68] developed the regio- and enantioselective mono-
fluoroalkylation of yne-allylic esters using fluorinated
malonates as the starting materials, giving rise to a series of dif-
ferently substituted 1,4-enynes with monofluoroalkyl units in
high yields and ee values (Scheme 18, 18a–i). The reaction
effectively overcomes the drawbacks of low activity of tertiary Scheme 19: Proposed mechanism.

carbon nucleophiles and instability of fluorinated compounds.
Preliminary mechanistic studies showed that the reaction exhib-
its a negative nonlinear effect, while the kinetic experiments in-
dicate that a mono-copper catalyst might be involved in the
rate-limiting step. They speculated that the observed nonlinear
effect might arise from the existence of both the inactive homo-
dimer of ligands and active mono-copper species in the enantio-
determining step (Scheme 19).

Lin et al. [69] achieved, for the first time, the asymmetric yne-
allylic substitution using anthrones as the substrates by using a
p-CF3 substituted Pybox ligand, yielding 1,3-enynes containing
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Scheme 20: Aymmetric yne-allylic substitution of yne-allylic esters with anthrones.

anthrone units with high regioselectivities and stereoselectiv-
ities (Scheme 20). The reaction tolerated various substituents in
the yne-allylic esters (Scheme 20, 20a–h), and showed good
chiral induction effects for other multiring substrates
(Scheme 20, 20i–k) and linear substrates as well (Scheme 20,

20l–o). A disubstituted yne-allylic ester was also a suitable sub-
strate for the reaction (Scheme 20, 20p). In addition, the
presence of substituents such as hydroxy or chlorine groups on
the anthrones had no impact on the reaction (Scheme 20,
20q–t).
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Scheme 21: Aymmetric yne-allylic substitution of yne-allylic esters with coumarins.

Chiral coumarins, renowned for their bioactive properties, form
the cornerstone of numerous natural products and pharmaceuti-
cal prospects. Given their significance, the pursuit of efficient
and direct synthetic routes to access functionalized chiral
coumarins has garnered substantial interest. While the literature
is abundant with reports on coumarin-based propargylic and
allylic substitutions, the realm of yne-allylic substitution
remains relatively unexplored. This scarcity of reports stems
primarily from the inherent challenges posed by the presence of

two unsaturated bonds in the substrates, which often compli-
cates the control of regioselectivity. Additionally, the competi-
tion among various nucleophilic reagents further hampers the
reactivity of coumarins. Xu, Peng and Feng et al. [70] intro-
duce a groundbreaking dual remote enantioselective copper-cat-
alyzed yne-allylic substitution methodology tailored specifi-
cally for coumarins (Scheme 21). This innovative approach
facilitates the precise and highly regioselective construction of
an array of novel chiral coumarin derivatives, characterized by



Beilstein J. Org. Chem. 2024, 20, 2739–2775.

2752

Scheme 22: Aymmetric yne-allylic substitution of with coumarins by Lin.

their exceptional synthetic efficiency and remarkable tolerance
towards a broad spectrum of functional groups (Scheme 21,
22a–n).

Almost at the same time, Lin et al. [71] also devised a copper-
catalyzed protocol for the vinylogous yne-allylic substitution
utilizing coumarins as substrates (Scheme 22). The methodolo-
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Scheme 23: Proposed mechanism.

gy stands out for its exceptional regio and enantioselectivities,
while employing readily available starting materials and mild
reaction conditions, showcasing the robustness of the method to
access structurally diverse chiral coumarin derivatives, which
are of great interest in the fields of medicinal chemistry and
synthetic organic chemistry (Scheme 22, 22a–y). Moreover, the
utilization of 2-(1-ethoxyethylidene)malononitrile as a
γ-nucleophile yielded the desired product 22z with a moderate
40% yield, but impressively high enantiomeric excess of 83%.
To further validate the mechanistic pathway of the reaction, the
authors conducted both radical trapping experiments and con-
trolled experiments. These investigations conclusively demon-
strated that the reaction did not proceed via a radical mecha-
nism and the presence of terminal alkynes was found to be
crucial for the smooth progression of the reaction, which sug-
gested that the reaction proceeded through the same copper
vinyl allenylidene intermediate (Scheme 23).

Yne-allylic substitutions through
dearomatization and rearomatization
In 2023, Lin and He et al. [72] achieved the challenging
dearomatization of heteroarenes through d-orbital electron of
the transition-metal center and thus completed the asymmetric
substitutions with remote stereoselective control induced by
alkynylcopper. A newly electron-rich ligand was developed to

enhance the back donation of d-orbital electron of copper,
thereby achieving dearomatization and rearomatization with
excellent yields and enantioselectivities. A series of synthe-
sized useful diarylmethyl (Scheme 24, 24a–r) and triaryl-
methyl (Scheme 25, 26a–l) structures were obtained. Moreover,
they also achieved the construction of C–N axis chirality
through remote substitution/cyclization/1,5-H shift process
(Scheme 26). The control experiments confirmed that the reac-
tion requires the joint participation of copper and terminal
alkyne, and the radical-capture experiment also ruled out a
radical-involved mechanism. In addition, a positive nonlinear
relationship between the product and ligand indicated that the
dinuclear copper is the active catalyst, which was also proved
by single crystal X-ray analysis. However, kinetic experiments
showed the reaction is first-order on copper, implying that the
dinuclear copper complex is the precursor of the active mono-
copper species which is involved in the turnover-limiting step
(Scheme 27).

Subsequently, Zhu and Xu et al. [73] also achieved the distal
enantioselective heteroarylation of yne-thiophene carbonates by
applying a simpler p-OMe substituted pybox ligand
(Scheme 28, 26a–m). The thiophene unit of the carbonate could
also be replaced by benzothiophene (Scheme 28, 26h) or furan
(Scheme 28, 26m), and pyrrole (Scheme 28, 26j), phenol
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Scheme 24: Amination by alkynylcopper driven dearomatization and rearomatization.

(Scheme 28, 26k); coumarin derivative (Scheme 28, 26n), and
dibenzylamine (Scheme 28, 24a) could also undergo the reac-
tions smoothly as nucleophilic reagents, producing the products
with high enantioselectivities. They also conducted radical-trap-
ping experiments and confirmed that the reaction does not
involve a radical intermediate. Unlike the previous yne-allyllic
substitutions, this reaction could be carried out without the pres-
ence of terminal alkyne, although no ee value was obtained.
Therefore, they speculated that the direct substitution at the
benzyl position is the key to causing the side reaction that
affected the enantioselectivity.

Recently, Zhu and Xu et al. [74] achieved the η-nucleophilic
substitutions of 5-ethynylthiophene esters. A series of C-, N-,

O-, and S-nucleophiles could react smoothly to obtain various
thiophene derivatives with different functional groups
(Scheme 29, 28a–t). Control experiments showed that terminal
alkyne and copper catalysts are crucial for the smooth progress
of the reaction. Therefore, they believe that the dearomatization
caused by copper vinyl allenylidene intermediate remains a key
step in the reaction (Scheme 30).

Copper-catalyzed yne-allylic
substitution–annulation reactions
In the pioneering report [62], Fang et al. found that when cyclic
1,3-dicarbonyls such as Meldrum’s acid and 1,3-dimethylbarbi-
turic acid were used as the nucleophiles, the yne-allylic substi-
tution products underwent further intramolecular cyclizations to
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Scheme 25: Arylation by alkynylcopper driven dearomatization and rearomatization.

Scheme 26: Remote substitution/cyclization/1,5-H shift process.
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Scheme 27: Proposed mechanism.

Scheme 28: Arylation or amination by alkynylcopper driven dearomatization and rearomatization.
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Scheme 29: Remote nucleophilic substitution of 5-ethynylthiophene esters.

give the spiro-cyclic products in high yields (Scheme 31,
30a–f). The generation of products likely begins with an
α-attack on the yne-allylic cation intermediate, followed by an
intramolecular cyclization. The disparity in reactivity could
stem from the chelation between acyclic 1,3-dicarbonyl enolates
and the copper catalyst, enhancing γ-position attack in an intra-
molecular manner. Conversely, Meldrum's acid's rigid cyclic
structure precludes stable copper-carbonyl interaction, favoring
attack from a less hindered site.

Later, Qi and Xu et al. [75] achieved highly enantioselective
copper-catalyzed [4 + 1] cyclization of yne-allylic esters and

cyclic 1,3-dicarbonyls, achieving remote stereoselective control
through copper vinyl allenylidene species. A series of different-
ly substituted spiro-cyclic products can be obtained with high
yields, regio- and stereoselectivities (Scheme 32, 30a–x). Pre-
liminary mechanistic studies indicated that the reaction first
undergoes a substitution at the α-position of yne-allylic ester,
followed by a Conia-ene cyclization. The absolute configura-
tion of the products is controlled by the ligand, which further
confirms the remote stereocontrol of the copper catalyst. They
obtained a single crystal of dinuclear copper and confirmed that
the catalytic efficiency of the single crystal is consistent with
the standard reaction conditions. However, nonlinear effect ex-



Beilstein J. Org. Chem. 2024, 20, 2739–2775.

2758

Scheme 30: Proposed mechanism.

Scheme 31: [4 + 1] annulation of yne-allylic esters and cyclic 1,3-dicarbonyls.

periments confirmed that the active catalyst is a mono-copper
species, so it is speculated that the dinuclear copper is the pre-
cursor of active single copper species (Scheme 33).

Fang et al. [67] achieved the first asymmetric [3 + 2] cycliza-
tion of yne-allylic esters and 2-naphthalenols, resulting in a
range of allenyl dihydronaphthofuran products with high
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Scheme 32: Asymmetric [4 + 1] annulation of yne-allylic esters.

diastereo- and enantioselectivities (Scheme 34, 32a–h). The
attempt to separate the intermediate before cyclization failed,
indicating that the following annulation and the formation of
allene is very fast. It is speculated that in the formation of allene
the copper catalyst still plays a key role in activating the alkyne
unit (Scheme 35).

Han and Huang et al. [76] also achieved the yne-allylic substitu-
tion and Conia-ene cyclization process using vinyl ethynyleth-
ylene carbonates as the starting materials, thus completing their
enantioselective formal [4 + 1] cycloadditions with cyclic 1,3-
dicarbonyl compounds (Scheme 36, 34a–k). They speculated
that in the reaction mechanism, the key step is the formation of
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Scheme 33: Proposed mechanism.

Scheme 34: Asymmetric [3 + 2] annulation of yne-allylic esters.
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Scheme 35: Postulated annulation step.

Scheme 36: [4 + 1] Annulations of vinyl ethynylethylene carbonates and 1,3-dicarbonyls.

the copper vinyl allenylidene intermediate from vinyl
ethynylethylene carbonates and copper catalysts (Scheme 37).

He et al. [77] completed formal [4 + 1] and [4 + 2] annulations
and obtained two types of seldomly studied heterocycles of
thieno[2,3-c]pyrrole (Scheme 38, 36a–j) and thieno[2,3-d]pyri-
dazine (Scheme 39, 38a–h) in high yields. It is worth noting
that the formal [4 + 1] and [4 + 2] cyclizations were carried out
through substitution by an alkynyl copper-driven dearomatiza-
tion/rearomatization/cyclization/isomerization process
(Scheme 40).

Li, Yu and Liu et al. [78] achieved the asymmetric catalyzed
dearomative [4 + 1] spiroannulation of nonfunctionalized
1-naphthol by applying a new ligand L14, leading to the rapid
construction of differently substituted chiral spirocyclic enones

40a–j with high yields and enantioselectivities (Scheme 41). It
is worth noting that when the C4 position of 1-naphthol was
occupied, the reaction occurred at the C2 position, resulting in
the C2-dearomatized naphthalenone products 41a–d with high
efficiency (Scheme 41). In addition, electron-rich phenols or
nonfunctionalized 2-naphthols could also be used as nucleo-
philes, providing the desired chiral spirocycles 43a–e and 44a–e
in good yields with excellent ee values (Scheme 42). Prelimi-
nary mechanistic studies have ruled out the 1,3-sigmatropic
shift, indicating that the reaction proceeds through a nucleo-
philic substitution–annulation process of a reactive π-extended
copper-allenylidene intermediate (Scheme 43).

At the same time, Qi and Xu et al. [79] also realized the dearo-
mative spiroannulation of 2-naphthols or electron-enriched
phenols under mild conditions with excellent regioselectivities,
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Scheme 37: Proposed mechanism.

Scheme 38: Formal [4 + 1] annulations with amines.
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Scheme 39: Formal [4 + 2] annulations with hydrazines.

Scheme 40: Proposed mechanism.
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Scheme 41: Dearomative annulation of 1-naphthols and yne-allylic esters.

enantioselectivities and diastereoselectivities (Scheme 44,
43a–g, 44a–q). In addition, the nucleophilic substitution–dearo-
mative cyclization process between indoles and yne-allylic
esters can also proceed smoothly, resulting in spiroindolenine
derivatives with high yields and ee values (Scheme 45, 45a–j).
They also conducted mechanism studies and believed that the

designed cyclic cis-yne-allylic esters are crucial for the progress
of the reaction. The distal yne-allylic substitution is considered
to be the determining step for the enantioselectivity, while the
diastereoselectivity is mainly induced by the chiral alkylated
naphthol intermediate in the second annulation step
(Scheme 46).
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Scheme 42: Dearomative annulation of phenols or 2-naphthols and yne-allylic esters.

Scheme 43: Postulated annulation mechanism.
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Scheme 44: Dearomative annulation of phenols or 2-naphthols.
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Scheme 45: Dearomative annulation of indoles.

Scheme 46: Postulated annulation step.
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Scheme 47: Asymmetric [4 + 1] cyclization of yne-allylic esters with pyrazolones.

Xu et al. [80] realized asymmetric [4 + 1] cyclization of yne-
allylic esters with pyrazolones. This catalytic strategy provided
direct access to a range of chiral spiropyrazolones in good to
high yields, displaying moderate to excellent enantiomeric
excess (Scheme 47, 47a–l). The method represents a novel ap-
proach for the synthesis of enantioenriched spirocyclic com-
pounds with structural complexity. Through control experiment,
they have proposed a reaction mechanism where the formation
of copper vinyl allenylidene and Conia-ene reaction are pivotal
steps in the process (Scheme 48).

Crafting atropisomers, particularly for those with 1,2-diaxes,
poses a formidable task owing to the intricate interplay of
ortho-aryl steric hindrance. Recently, Xu et al. [81] presents a
copper-catalyzed asymmetric [4 + 1] annulation strategy,
utilizing remote stereocontrol substitution/annulation/aromati-
zation to forge arylpyrroles with various C–C (Scheme 49,
48a–h), C–N (Scheme 50, 49a–h) or 1,2-di- (Scheme 51,
50a–l) axial chirality in remarkable enantiopurities. Mechanis-
tic studies and deuterium labeling experiments have revealed
that the reaction proceeds in a stepwise manner without involv-
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Scheme 48: Proposed mechanism.

Scheme 49: Construction of C–C axially chiral arylpyrroles.
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Scheme 50: Construction of C–N axially chiral arylpyrroles.

ing a 1,5-H migration process. Based on these findings, the
authors have proposed a mechanism wherein the stereoselec-
tive aromatization serves as a pivotal step in the transfer of
central chirality to axial chirality (Scheme 52).

To harness the full potential of CO2 as a renewable and abun-
dant carbon source, He et al. [82] proposed an innovative
strategy that married asymmetric yne-allylic substitution with
CO2 shuttling (Scheme 53, 51a–k). Furthermore, they estab-
lished a Cu-catalyzed asymmetric multicomponent reaction for
yne-allylic substitution, seamlessly integrating 13C-labeled CO2
into enantiomerically pure products (Scheme 54, 51a, 51c, 51f,
51g). This methodology enabled the synthesis of diverse,
high-value oxazolidinones with exceptional yields and
enantioselectivities. This not only addresses the challenge of

CO2 waste but also opens new avenues for the sustainable syn-
thesis of complex molecules. Comprehensive mechanistic in-
vestigations underscored the pivotal role of DABCO in
promoting CO2 capture and indicated that the carboxylative
cyclization is the rate-limiting step in the overall pathway
(Scheme 55).

Conclusion
Since the first report in 2022, copper-catalyzed yne-allylic sub-
stitution has attracted intensive studies during the past two
years. The protocol merges the features of both propargylic sub-
stitution and allylic substitution, but represents a new type of
reaction mode, and greatly expands the scope of transition
metal-catalyzed substitution reactions. Currently, yne-allylic
substitutions affording 1,3- or 1,4-enynes, remote substitutions



Beilstein J. Org. Chem. 2024, 20, 2739–2775.

2771

Scheme 51: Construction of chiral arylpyrroles with 1,2-di-axial chirality.

through dearomatization-rearomatization sequence, [4 + 1] and
[3 + 2] annulations involving yne-allylic substitutions have been
released. These studies have shown the huge potential of this

protocol in affording diversified molecular scaffolds, and more
studies will be expected to demonstrate the value of this reac-
tion.
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Scheme 52: Proposed mechanism.

Scheme 53: CO2 shuttling in yne-allylic substitution.
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Scheme 54: CO2 fixing in yne-allylic substitution.

Scheme 55: Proposed mechanism.
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Abstract
We report the synthesis of germanyl triazoles formed via a copper-catalysed azide–alkyne cycloaddition (CuAAC) of germanyl
alkynes. The reaction is often high yielding, functional group tolerant, and compatible with complex molecules. The installation of
the Ge moiety enables further diversification of the triazole products, including chemoselective transition metal-catalysed cross-
coupling reactions using bifunctional boryl/germyl species.
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Introduction
Since its inception, click chemistry has been established as a
powerful approach for molecule synthesis. Strategies within
click chemistry include several widely used reactions such as
the (hetero-)Diels–Alder reaction [1,2], alkene hydrothiolation
[3], and an array of amide-bond-forming chemistries [4]. How-
ever, by virtue of the access to alkyne and azide precursors and
the formation of a single 1,4-disubstituted triazole product, the
copper-catalysed azide–alkyne cycloaddition (CuAAC) remains
the archetypal click reaction (Scheme 1) [5].

The reaction has shown applicability on small and large scale,
as well as under flow conditions [6], and extensive scope across

a range of benign solvent conditions [7-10]. In addition, the
CuAAC reaction uses inexpensive Cu catalysts [11], is insensi-
tive towards oxygen and water [12,13], and consistently
delivers high yields and (where relevant) enantioselectivities
[8-10,14-19]. As such, the reaction has been used extensively
throughout drug discovery [20,21], chemical biology [22,23],
and materials science [24-27]. Orthogonal alkyne reactivity can
also be observed under certain systems [28-30]. The reaction
typically uses a Cu(II) pre-catalyst, which is converted to a
mechanistically-required Cu(I) species in situ through the addi-
tion of a reductant (e.g., sodium ascorbate, NaAsc) [31,32], or
via Glaser–Hay alkyne homocoupling [33,34].
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Scheme 1: The CuAAC reaction and installation of functional groups for product diversification.

The mild and accessible nature of the CuAAC reaction has
allowed the use of azide or alkyne components that bear func-
tional groups for subsequent product diversification (Scheme 1).
For example, protected alkynylboron reagents can be employed
[35-37], such as N-methyliminodiacetic acid (MIDA)boronate
esters [38], potassium trifluoroborates [39], and others [40-42].
Similarly, organosilicon reagents have proven useful in various
Cu- and Pd-catalysed C–X-bond-forming strategies [43-51], in-
cluding widespread use across several CuAAC methodologies
[52-54].

Germanium-based functional groups have recently emerged as
highly useful components for transition-metal-catalysed cross-
couplings. Schoenebeck and co-workers have shown that
Ge-based compounds are versatile reagents within chemoselec-
tive cross-coupling processes for the formation of a variety of
C–C and C–X bonds [55-63]. Importantly, these transformat-
ions can take place in the presence of borylated functional
groups, allowing orthogonal cross-coupling, whilst also offering
excellent stability compared to boron-based reagents [57-67].

Based on their utility and stability, germanium units could
therefore be useful within CuAAC reactions and offer potential
as functional handles for downstream elaboration of CuAAC
products. To date, the main use of germanyl alkynes in (3 + 2)
cycloadditions has been limited to a small number of Huisgen
(non-Cu-catalysed) reactions [68,69]. Zaitsev and co-workers
reported the synthesis and CuAAC reactions of a dialkynyl
germane to access 1,2-bis(triazolyl)tetraphenyldigermanes [70].
Here, we report the development of germanyl alkynes as
CuAAC components, with exploration of their scope and down-
stream diversification.

Results and Discussion
We undertook an exploratory survey of CuAAC reaction condi-
tions using benzyl azide and triethylgermanyl acetylene (see
Supporting Information File 1). The most effective conditions
were found to be based on the classical combination of CuSO4/
NaAsc, with optimisation (see Supporting Information File 1)

delivering the general conditions shown in Scheme 2. These
afforded a clean conversion to the desired triazole products
1–21 without any observable degermylation or other side reac-
tions that could be anticipated based on transmetalation to Cu
[43].

The generality of the CuAAC process was explored using a
range of azides (Scheme 2a), with variation of the germanyl
alkyne motif (Scheme 2b), and with variation of both compo-
nents (Scheme 2c). In general, the CuAAC process worked
effectively, tolerating the functional groups for which the
CuAAC is well-known – in all cases the remaining mass
balance was accounted for by the germanyl acetylene,
suggesting sluggish CuAAC reactivity compared to other
alkynes, which typically require much shorter reaction times.
Extending the reaction time provided a higher conversion to the
product 14. Yields were observed to be greater for aryl azides
(e.g., 4 vs 6). Heterocycles such as pyridine (1), pyrimidine
(10), phenothiazine (11), and chromene (12) were tolerated.
Benzylic azides were accommodated including those bearing
nitro (2), iodo (3), and boronic ester groups (5, 21). Strained
rings were effective including cubane (18) and bicyclopentane
(20). While 18 and 20 were isolated in lower yield, no evidence
of ring opening was observed and the starting material could be
recovered in each case, consistent with observations by Lam
and MacMillan [71,72]. Variation of the steric and electronic
parameters of the germanyl acetylene was straightforward
(14–17; Scheme 2b). Several limitations were observed
(Scheme 2d): benzyl azides displaying an arylboronic acid and
MIDA ester (22 and 23) gave no reaction, side reactions were
observed with a dialkynyl germane (24), and the product
derived from azide 25 was unstable to purification.

To further demonstrate the compatibility and utility of germanyl
alkynes in CuAAC reactions, we applied the CuAAC process to
more challenging substrates. Using fluorophore- and choles-
terol-derived azides, coupling with the triethylgermanyl alkyne
delivered the expected products 26 and 27, respectively, in good
yield, enabling possible downstream diversification of these
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Scheme 2: Scope of germanyl acetylene CuAAC. Alkyne (1.0 equiv), azide (1.1 equiv), CuSO4·5H2O (5.0 mol %), NaAsc (50 mol %), NEt3
(1.0 equiv), t-BuOH/H2O 1:1 (250 mM), N2, rt, 16 h. Isolated yields. aReaction performed with CsF (2.0 equiv) as an additive. bReaction performed at
rt for 64 h.
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Scheme 3: (a) Application of Ge-alkyne CuAAC to functional molecules. (b) Functionalisation of germylated triazoles. Isolated yields unless stated.
(i) Pd(PPh3)4 (10 mol %), 2-bromothiazole (1.2 equiv), KCl (3.0 equiv), PhMe/EtOH 4:1, N2, 100 °C, 16 h. NMR yield in parentheses. (ii) Pd2(dba)3
(2.5 mol %), iodobenzene (1.5 equiv), AgBF4 (1.5 equiv), DMF, N2, 80 °C, 16 h. (iii) NBS (2.0 equiv), DMF, air, rt, 2 h. (iv) Pd(dtbpf)Cl2 (10 mol %),
2-acetylthiophen-3-ylboronic acid (1.2 equiv), K3PO4 (2.0 equiv), iPrOH/H2O 3:4, N2, 85 °C, 16 h. (v) Pd(dtbpf)Cl2 (2.0 mol %), 1-naphthylzinc bro-
mide (1.2 equiv), THF, N2, 45 °C, 16 h. (vi) Cu(OAc)2·H2O (30 mol %), B(OH)3 (2.0 equiv), DBU (2.0 equiv), MeCN, air, 70 °C, 24 h.
(vii) Cu(OAc)2·H2O (30 mol %), B(OH)3 (2.0 equiv), piperidine (2.0 equiv), MeCN, air, 70 °C, 24 h. See Supporting Information File 1 for full details.

functional molecules of relevance to chemical biology
(Scheme 3a).

The utility of the germanyl triazole products was then assessed
by subsequent derivatisation of exemplar compounds 15 and 21
(Scheme 3b). Chemoselective Suzuki–Miyaura cross-coupling
of the BPin moiety in 21 was straightforward, giving 28 in
excellent yield [73]. Similarly, cross-coupling of the GeEt3
moiety in 15 under conditions developed by Schoenebeck and
co-workers gave 29 [57]. Bromodegermanylation using NBS
employing conditions from Schoenebeck gave bromotriazoles
30 and 31 in moderate to excellent yield [62]. These could then
undergo Suzuki–Miyaura cross-coupling to give 32 or chemose-
lective Negishi coupling to give 33 [74]. Finally, BPin 21 could

be oxidised to the phenol derivative 34 or cross-coupled with
piperidine under Chan–Lam conditions to give the aniline deriv-
ative 35 in good yield [75].

Conclusion
In summary, we have developed a general method towards the
synthesis of germanyl triazoles. These reagents are generally
compatible but seem to be less reactive than other classes of
alkyne. The germanyl alkyne CuAAC is applicable to func-
tional group-rich molecules, opening opportunities for down-
stream diversification by chemoselective functionalisation
strategies [76]. The germanyl group installed in the triazole
products can be used as a reactive handle for further diversifica-
tion including cross-coupling reactions.
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