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a b s t r a c t

An enantioselective catalytic method for the direct [4+1] annulation of yne–allylic acetates with pyra-

zolones has been realized by a copper-catalyzed remote strategy. A variety of enantioenriched spiropy-

razolones are rapidly accessed in high yields with moderate to good enantiocontrol. The facile follow-up

transformations highlight its potential utility in the synthesis of diverse spiropyrazolones building blocks.

© 2025 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Spiropyrazolones and heterocyclic-fused analogues are impor-

tant molecular scaffolds in natural products, biologically active

molecules, and pharmaceuticals (Scheme 1a) [1-4]. Consequently,

considerable efforts have been devoted to the asymmetric synthe-

sis of five-membered spiropyrazolones. For example, Lu’s group de-

veloped the first phosphine-catalyzed enantioselective [4+1] an-

nulation of substituted allenoates for the formation of enriched 4-

spiro-5-pyrazolones [5]. Whereas Enders and co-workers reported

an organocatalytic Michael addition/Ag-catalyzed Conia-ene reac-

tion between alkyne-tethered nitroalkenes and pyrazolones [6].

The same group also described an asymmetric NHC-catalyzed

[3+2] annulation of cinnamaldehyde derivatives with pyrazolones

[7]. Particularly, You’s group pioneered the asymmetric rhodium-

catalyzed C(sp2)–H functionalization of 4-aryl-5-pyrazolones and

subsequent annulation with alkynes for the asymmetric syn-

thesis of highly enantioenriched five-membered-ring 4-spiro-5-

pyrazolones (Scheme 1b) [8].

In recent years, catalytic asymmetric [4+1] annulation have

been developed for the synthesis of five-membered rings [9-11].

Widely utilized C4 synthons, including allenyl acetates [12-15], 1,3-

dienes [16-21], 1,4-diones [22-24], and cyclobutanols [25-30], have

played integral roles in asymmetric [4+1] cyclization processes.

Metal-allenylidene intermediates, which are more reactive, and
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widely employed in nucleophilic substitution reactions [31-50] and

annulation reactions [51-56]. With C=C bond installed in propar-

gylic esters, which offered numerous opportunities for chemists to

explore new activation modes and create new chiral chemicals. In

2012, Haak’s group reported the ruthenium-catalyzed [4+1] an-

nulation of cyclic 1,3-dicarbonyl compounds with 1-vinyl propar-

gyl alcohols, wherein the first metal-vinylallenylidene intermedi-

ates was proposed [57-59]. In 2022, Fang’s group successfully syn-

thesized a series of racemic yne-allylic substituted products using

yne–allylic esters as a C4 synthon which [60]. Recently, our group

successfully achieved copper-catalyzed asymmetric [4+1] annula-

tion of yne–allylic esters with 1,3-dicarbonyl compounds for chi-

ral spirocycles by challenging remote stereocontrol [61]. Yne-allylic

esters regarded as a novel C4 synthon for asymmetric copper-

catalyzed remote transformations [62-69]. On the basis of our in-

terest in asymmetric copper catalysis [70-76], we envisaged the

remote asymmetric annulation of yne–allylic acetates with pyra-

zolones for highly enantioenriched spiropyrazolones using earth-

abundant copper catalyst.

Our investigations were implemented with yne–allylic acetate

1a and 1,3-diphenyl-pyrazolone 2a (Table 1). The investigation re-

vealed that the Ph-PyBox ligand L1 delivered the desired product

3a in 99% yield, albeit with moderate enantiocontrol in the pres-

ence of a Cu(I) catalyst with DIPEA as the base in MeOH (entry

1). The ee value of 3a with less steric hindrance Me-PyBox lig-

and L2 could be enhanced to 92%/91% ee with 54:46 dr (entry 2).

Further investigation of the C4-substitution effect of the pyridine
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Scheme 1. Selected bioactive spiropyrazolones and general outline of the strategy

in asymmetric synthesis of spiropyrazolones.

moieties in the Me-PyBox ligands indicated that both enantiose-

lectivity and diastereoselectivity were affected. With the ligand L3

gave the highest enantioselectivity (entries 3–6). Screening differ-

ent bases showed that Et3N provided promising results in terms of

ee and dr values (entries 7–9). After further optimization of reac-

tion parameters, such as reaction temperature and time, we found

that the ee and dr values of 3a could be enhanced to 96%/97% and

72:28, respectively, at –10 °C (entries 10–12).

With the optimal conditions in hand, we then probed the scope

of yne–allylic acetates for this asymmetric [4+1] annulation reac-

tion (Scheme 2). A series of aryl yne–allylic acetates with electron-

donating or -withdrawing substituents reacted smoothly, affording

spiropyrazolones in excellent yields with good enantioselectivities

and moderated diastereoselectivities. Halogens and cyano group

at the para-position in yne–allylic acetates were compatible, giv-

ing the spirocycles products 3b–3d in good yields with excellent

ee values. The reaction tolerated meta- and ortho-substituted aryl

yne–allylic acetates (3e–3h) very well. Even yne–allylic acetetes

adjacent to the more sterically bulky 2,6-dimethylphenyl group re-

acted smoothly, resulting in the desired product 3i with an ex-

cellent yield, albeit with a decreased ee value. However, the less

reactive aliphatic yne–allylic acetates led to diminished yield. The

Me-substituted yne–allylic acetate provided annulation product 3j

in 99%/99% ee values. However, the ee values of the more steri-

cally bulky t-Bu-substituted substrate decreased to 82%/61% (3k).

Remarkably, thiophenyl-substituted yne–allylic ester delivered the

corresponding product 3l with good yield and excellent ee val-

ues. Subsequently, various pyrazolones were explored in the asym-

metric [4+1] annulation (Scheme 3). Different aryl-substituents at

Table 1

Optimization of reaction conditions.a

Entry L Base Yield (%)b ee (%)c dr (%)d

1 L1 DIPEA 99 80, 79 55:45

2 L2 DIPEA 99 92, 91 54:46

3 L3 DIPEA 99 92, 91 57:43

4 L4 DIPEA 99 92, 92 51:49

5 L5 DIPEA 99 92, 92 56:44

6 L6 DIPEA 99 91, 84 56:44

7 L3 Et3N 99 93, 94 59:41

8 L3 DBU 82 91, 89 62:38

9 L3 t-BuOK 76 90, 89 76:24

10e L3 Et3N 94 95, 95 65:35

11f L3 Et3N 98 96, 97 72:28

12g L3 Et3N 79 97, 96 65:35

a Reaction Conditions: 1a (0.1mmol), 2a (0.12mmol), Cu(CH3CN)4BF4 (10mol%), L

(12mol%) and base (1.5 equiv.) in MeOH (1mL) at 25 °C under N2 atmosphere for

10h.
b Isolated yield.
c The ee values were determined by HPLC.
d The dr values of syn-3a/anti-3a were determined by crude 1H NMR.
e Reaction was performed at 0 °C for 10h.
f Reaction was performed at –10 °C for 48h.
g Reaction was performed at –20 °C for 48h.

the 3-position of the pyrazolones, delivered the desired spiropy-

razolones 3m, 3n, and 3o in good yields with excellent ee val-

ues. Notably, the bulky isopropyl at the 3-position of the pyra-

zolones also showed good compatibility, yielding the desired an-

nulation product 3p in excellent yield, albeit with a decrease in

ee. Various N-aryl groups of the pyrazolones were well-tolerated,

giving 3q–3u in good yields and moderate enantioselectivity. Im-

portantly, N-alkyl group of the pyrazolones also reacted well, albeit

with low dr values (3v, 3w). Notably, two diastereomers of syn-3w

and anti-3w can be isolated by column chromatography. We are

delighted to observe that our developed method enables the isola-

tion of some products. Finally, the absolute configurations of prod-

uct syn-3w (CCDC: 2306695) and anti-3w (CCDC: 2306696) were

unambiguously assigned by X-ray diffraction analysis (Scheme 4).

To demonstrate the synthetic utility of this method, the ob-

tained spiropyrazolones were subjected to a selection of derivati-

zations (Scheme 5a). The amide group in 3a was successfully re-

duced with DIBAL-H, affording the pyrazoline derivative 4 in 85%

yield with 71:29 dr and 96%/96% ee. The Suzuki coupling of 3o

with boronic acid 5 resulted in the formation of chiral-preserving

coupling product 6.

The reaction of methyl-substituted pyrazolones 7 gave rise to

the γ -substituted yne–allylic product 8 in 69% yield with 60% ee

under the standard conditions. The result revealed that the reac-

tion probably went through a stepwise process and the enantio–

determining accompanied in the first nucleophilic substitution step

(Scheme 5b).

Based on previous reports, a putative catalytic cycle for the re-

action was proposed (Scheme 5c). Initially, the reaction of the chi-

ral copper catalyst with the terminal alkyne 1a afforded a catalyt-

ically active copper acetylide species I, which then underwent the

elimination of an acetyl group to form the copper- allenylidene in-

termediate II along with its resonance form acetylide intermedi-
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Scheme 2. Scope of yne–allylic esters. a Separate the diastereomers: syn-3j=45%, anti-3j=22%.

Scheme 3. Scope of pyrazolones. a Separate the diastereomers: syn-3w=43%, anti-3w=41%.

Scheme 4. X-ray diffraction analysis syn-3w and anti-3w.

ate II′ . Subsequently, an in situ-formed enolate anion 2a′ under-

went nucleophilic addition at the ε site of the copper-allenylidene

species, genernating the intermediate III. Next, the protodemet-

alation of intermediate III delivered the intermediate IV. Subse-

quently, the Conia-ene reaction of intermediate V was occurred

to deliver the intermediate VI. Finally, intermediate VI underwent

protodemetalation to provide the desired product 3a and regener-

nated the chiral copper catalyst for the next catalytic cycle.

In summary, we have described a copper-catalyzed asymmetric

[4+1] annulation of yne–allylic esters with pyrozalones by remote

stereocontrol in high yields (up to 99%) with excellent enantios-

electivities (up to 99%/99% ee) and moderate diastereoselectivities

(up to 82:18 dr). This method enables the transformation of yne–

allylic esters into highly enantioenriched spiropyrazolones contain-

ing all-carbon quaternary sterogenic centers.
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Scheme 5. Product transformations and proposed mechanism.
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