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The copper-catalyzed enantioselective [4 + 1] annulation of yne-thienyl esters with 1,3-dicarbonyl com-
pounds was realized through an elegant remote stereocontrol strategy. Greatly diverse spirocycles were
obtained in moderate to good yields with excellent stereochemical control. Moreover, preliminary mecha-
nistic studies suggest an remote substitution and Conia-ene cascade pathway on the remote stereochem-
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Copper-catalyzed asymmetric propargylic substitution reactions
of propargylic esters constitute an important strategy for the syn-
thesis of chiral propargylic derivatives [1-7]. In addition, propar-
gylic esters have been well established as C2 synthons and have
been widely applied in propargylic cyclization reactions, such as
asymmetric [2+3] and [2+4] cycloadditions, providing efficient
access to chiral five- and six-membered frameworks (Scheme 1a)
[8-13]. In 2022, Fang and co-workers developed yne-allylic es-
ters, which under copper catalysis undergo yne-allylic substitu-
tion as well as [4+ 1] cyclization reactions with a broad range of
mono- and bis-nucleophiles [14]. Subsequently, Xu and co-workers
reported asymmetric [4+ 1] cyclizations of these reagents with C-
bis-nucleophiles via a remote yne-allylic/Conia-ene cyclization pro-
cess [15-17], thereby establishing yne-allylic esters as a class of
C4 synthons (Scheme 1b) [18-28]. Further studies demonstrated
that these reagents could also participate in [4+ 1] cyclizations
with arylamines, enabling the construction of axially chiral pyrrole
derivatives [29,30].

In 2023, the groups of He and Xu almost simultaneously re-
placed the alkenyl moiety in yne-allylic esters with an aryl group
and disclosed remote asymmetric benzylic substitution reactions
of yne-thienyl esters with various mono-nucleophiles (Scheme 1c¢)
[31,32]. He and co-workers further reported an asymmetric [4+ 1]
annulation with naphthylamines to access axially chiral products,
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although only a single example was achieved [33]. Subsequently,
the same group described a [4 + 2] cyclization of yne-thienyl esters
with hydrazines [34]. However, catalytic asymmetric control was
not realized. As a result, asymmetric annulation reactions of yne-
thienyl esters as C4 synthons remain highly challenging. This chal-
lenge may be attributed to the planar aromatic nature of the thio-
phene moiety, which diminishes alkynyl reactivity and increases
molecular rigidity, thereby disfavoring intramolecular cyclization.

Inspired by interest in copper-catalyzed propargylic substitution
and annulation chemistry [35-73], we set out to address this chal-
lenge and herein report a copper-catalyzed asymmetric [4+ 1] an-
nulation of yne-thienyl esters with cyclic active methylene com-
pounds (Scheme 1d).

We commenced our investigation by examining the feasibility
of the reaction between (3-ethynylthiophen-2-yl)(phenyl)methyl
carbonate 1a and 1H-indene-1,3(2H)-dione 2a under copper cataly-
sis, using N,N-diisopropylethylamine (DIPEA) as the base in MeOH
(Table 1, see Supporting information for details). Initial screening
of chiral ligands revealed that representative tridentate PyBox lig-
ands were capable of promoting the formation of the proposed
copper-vinylallenylidene intermediate. However, sterically demand-
ing ligands such as ‘Pr-PyBox L1 (entry 1) and ‘Bu-PyBox L2 (en-
try 2) afforded the desired product with poor enantioselectivity.
We therefore evaluated less hindered PyBox ligands and found that
Me-PyBox L5 (entry 5) significantly improved the enantioselectiv-
ity to 74 % ee, indicating that reduced steric congestion around the
copper center is beneficial for asymmetric induction. Encouraged
by this result, we next investigated the electronic effects of sub-
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a) Copper-catalyzed asymmetric substitution and annulation of propargylic esters
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d) Copper-catalyzed remote enantioselective [4+1] annulation of yne-thienyl esters
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Scheme 1. Remote Cu-catalyzed substitution and annulation reactions.

stituents on the pyridine moieties of the PyBox framework. The
para-CF3-substituted PyBox L6 delivered product 3a in 23 % yield
with a diminished enantioselectivity (60 % ee; entry 6) relative to
L5. This observation prompted us to examine PyBox ligands L7 and
L8 bearing electron-donating NMe, and OMe substituents at the
C4 position. However, no further improvement in enantioselectiv-
ity was observed (entries 7 and 8). Subsequently, switching to Ph-
PyBox ligand L9 led to a marked enhancement in enantioselectiv-
ity, affording 3a in 40 % yield with 84 % ee (entry 9). Nevertheless,
the moderate yield under these conditions was likely attributable
to the intrinsically low reactivity of substrate 1a. To address this
issue, we turned our attention to the effect of the leaving group
on the yne-thiophene ester. Notably, replacement of the carbon-
ate with an acetate leaving group resulted in a further increase in
enantioselectivity to 91 % ee (entries 10-12). Subsequently, system-
atic optimization of additional reaction parameters, including the
copper salt and substrate stoichiometry, revealed that the desired
product 3a could be obtained in 61 % yield with 92 % ee using 10
mol% CuCl, and a 1.5:1 ratio of 1 to 2a (entries 13-16). Notably,
the asymmetric annulation remained efficient even with a short-
ened reaction time (entry 17).

With the optimized reaction conditions in hand, we next in-
vestigated the substrate scope using a series of yne-thienyl esters
bearing diverse electronic and steric substituents (Scheme 2). Sub-
strates containing alkyl 3c-3h and alkenyl 3i substituents were
well tolerated, delivering the corresponding spirocyclic products in
good to moderate yields with uniformly excellent enantioselectiv-
ities, thereby enabling the efficient incorporation of a broad range
of functional groups. Yne-thienyl esters featuring para-, meta-,
and ortho-substituted phenyl rings all underwent the annulation
smoothly to afford the desired products. Notably, electrophilic sub-
stituents such as chloro 3j and fluoro 3k groups were fully com-
patible with the reaction conditions. In addition, extended aro-
matic systems, including naphthyl-substituted yne-thienyl esters,
also participated effectively, furnishing product 30 in good yield.
The generality of the reaction was further examined with respect
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Table 1

Optimization of reaction conditions.?
o
4 .-O
5 o
DIPEA (1 5 equiv)

o 0 TE O

2a 3a

Copper salt (10 mol%)
(12 mol%)

1a, LG = OBoc; 1b, LG = OCOPh; 1¢, LG = OCOCg4F5; 1d, LG = OAc

Me Me
L1,R=Pr L3,R=Cy L5 L6
L2, R =Bu L4, R =Et
N(CHs), OMe
o Ao N
0 o R
wd e Ph Ph
L7 L8 L9
Entry 1 L [Cu] Yield (%)P ee (%)°
1 1a L1 Cul 32 22
2 1a L2 Cul 24 -8
3 1a L3 Cul 15 34
44 1a L4 Cul 22 66
5d 1a L5 Cul 31 74
64 1a L6 Cul 23 60
7 1a L7 Cul 34 72
8 1a L8 Cul 37 52
9 1a L9 Cul 40 84
10 1b L9 Cul 18 90
114 1c L9 Cul 45 56
12 1d L9 Cul 12 91
13¢ 1d L9 Cul 57 92
14¢ 1d L9 CuCl 64 91
15¢ 1d L9 CuOTf 59 92
16¢ 1d L9 CuCl, 61 92
17¢ f 1d L9 CuCl, 70 93

2 Reaction conditions: 1 (0.20 mmol), 2a (0.40 mmol), copper salt (10 mol%), L (12
mol%) and DIPEA (1.5 equiv.) in MeOH (2.0 mL) at 25 °C under N, atmosphere
for 24 h.

b Isolated yield.

¢ The ee values were determined by HPLC.

41 (0.15 mmol), 2a (0.30 mmol).

¢ 1 (0.30 mmol), 2a (0.20 mmol).

f Reaction was performed for 12 h.

to the nucleophilic component by employing a range of commer-
cially available 1,3-dicarbonyl compounds. Various pharmaceuti-
cally relevant heterocycles, including bioactive pyrrolidine deriva-
tives 3z and barbituric acid derivatives 3s-3x, were efficiently con-
verted to the corresponding spirocyclic products with high levels
of enantioselectivity. Moreover, dimethyl malonate, an acyclic bis-
nucleophile, afforded the desired product in moderate yield while
maintaining excellent enantiocontrol. Interestingly, this acyclic nu-
cleophile selectively delivered mono-alkylated products 4a-4d. The
absolute configuration of representative product 3d was unambigu-
ously established by single-crystal X-ray diffraction analysis (CCDC:
2503693), and the configurations of the remaining products were
assigned by analogy.

To further demonstrate the practicality of this methodology, the
synthesis of spirocyclic compound 3f was carried out on a scale-
up reaction, delivering the desired product without any erosion
in yield or enantioselectivity (Scheme 3a). In addition, a series of
control experiments were performed to gain mechanistic insight
into the reaction (Scheme 3b). In the absence of either the chi-
ral ligand or the copper salt, no formation of the target product
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Scheme 2. Scope of yne-thienyl esters and 1,3-dicarbonyls. Standard reaction conditions: 1 (1.5 equiv.), 2 (0.20 mmol), CuCl, (10 mol%), L9 (12 mol%), DIPEA (1.5 equiv.),
MeOH (2.0mL), N, 25°C for 12 h. 2 CuCl, (20 mol%), L9 (22 mol%). > 1 (0.2 mmol), 2 (1.5 equiv.).

was observed. Moreover, neither the phenyl-substituted substrate
1r nor substrate 1s, which lacks a terminal alkyne moiety, afforded
the desired product under the standard conditions. These results
clearly indicate that the copper catalyst, chiral ligand, and the pres-
ence of a terminal alkyne are all essential for this asymmetric
transformation. Furthermore, the proposed intermediate 1v was in-
dependently synthesized and was found to undergo intramolecular
cyclization under the reaction conditions. Collectively, these obser-
vations support a reaction pathway involving an initial nucleophilic
substitution event followed by a Conia-ene cyclization sequence,
likely proceeding through an enol or enolate intermediate. Addi-
tionally, to evaluate the biological activity of the target compounds,
the herbicidal activities of all target compounds were assessed by
Small-Beaker method (see Table S11 in Supporting information for
details). The results indicated that several compounds exhibited
moderate to good herbicidal activity, suggesting that these scaf-
folds possess promising herbicidal potential.

On the basis of these mechanistic studies, a plausible cat-
alytic cycle for the copper-catalyzed asymmetric [4+ 1] cycliza-
tion is proposed (Scheme 4). The catalytic cycle is initiated by ac-
tivation of the terminal alkyne of substrate 1 by the chiral cop-
per catalyst, generating a copper acetylide species I. Subsequent
elimination of the acetate leaving group leads to the formation
of a copper-vinylallenylidene intermediate II, which is in reso-
nance with a copper-acetylide species. The in situ generated eno-
late 2 then undergoes nucleophilic addition preferentially at the
e-position of the copper-vinylallenylidene intermediate. The result-
ing intermediate III is subsequently protonated and demetalated to
furnish intermediate IV [74]. Thereafter, coordination of the cop-
per catalyst promotes an intramolecular Conia-ene cyclization via
intermediate V, delivering intermediate VI. Final protonation and
demetalation afford the spirocyclic product 3, while simultaneously
regenerating the chiral copper catalyst to complete the catalytic
cycle.
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a) Scale-up reaction
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Scheme 3. Scale-up reaction and mechanism experiments.
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In summary, we have developed a copper-catalyzed enantiose-
lective [4+ 1] annulation of yne-thienyl esters with 1,3-dicarbonyl
compounds via remote stereocontrol, enabling efficient access to
highly enantioenriched spirocyclic architectures in good yields (up
to 98 %) and excellent enantioselectivities (up to 98 % ee). This
work overcomes a longstanding challenge associated with yne-
thienyl esters as C4 synthons and expands the synthetic utility of
copper-allenylidene chemistry. Further studies along these lines are
currently underway in our laboratory.
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