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a b s t r a c t

Over the past decades, vinyl cations have been developed as versatile synthetic intermediates in organic

chemistry, that allow the construction of various C–C and C–X bonds. However, the catalytic enantiose-

lective transformation of vinyl cations remains one of the major challenges in asymmetric catalysis, espe-

cially for the organocatalytic enantioselective reaction. Herein, we report a chiral Brønsted acid-catalyzed

atroposelective reaction of vinyl cations by combining organocatalytic diyne cyclization with C(sp2)–H

functionalization of diphenols. The effective chiral induction model of vinyl cations enables the stream-

lined synthesis of axially chiral acyclic tetrasubstituted alkenes with the simultaneous control of chemos-

electivity, regioselectivity, E/Z selectivity and enantioselectivity. Further derivatizations and applications

demonstrate the potential utility of constructed axially chiral skeletons in asymmetric catalysis. Compu-

tational mechanistic studies reveal the reaction mechanism and origin of selectivities. Notably, this pro-

tocol represents the first organocatalytic asymmetric intermolecular reaction of vinyl cations, as well as

the first organocatalytic enantioselective diyne cyclization.

© 2026 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Vinyl cations are powerful intermediates in organic synthesis,

which have been employed in diverse bond-forming transforma-

tions due to their carbene-like properties. Over the past decades,

a range of strategies have been developed to generate the highly

reactive vinyl cation intermediates, including ionization of vinyl

triflate analogues, addition of electrophiles to alkynes and al-

lenes, cyclization of enynes and diynes, as well as decomposi-

tion of β–hydroxy-α-diazo ketones [1–4]. Based on these method-

ologies, C–H functionalization [5–9], rearrangement [10,11], addi-

tion [12,13] and other cascade reactions [14,15] could be real-

ized using vinyl cation-mediated approach (Scheme 1a). However,

the catalytic enantioselective transformation of vinyl cations has

been rarely reported, especially for the related organocatalytic re-

action. In 2019, our group developed a chiral copper-catalyzed

asymmetric diyne cyclization reaction through vinyl cations via
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the remote control of enantioselectivity [16], which could be ex-

tended to divergent intramolecular [17–21] and intermolecular

[22–26] reactions and led to the preparation of various chiral N-

heterocycles (Scheme 1b). Of note, the organocatalytic enantiose-

lective reaction is more challenging. In 2022, the only organocat-

alytic enantioselective reaction of vinyl cations was disclosed by

Nelson and co-workers through imidodiphosphorimidate (IDPi)-

catalyzed intramolecular desymmetric C–H insertion of piperidinyl

fragments (Scheme 1c) [27]. Despite the efficacy of the estab-

lished approaches, the organocatalytic enantioselective reaction

of vinyl cations is still limited to intramolecular manner. There-

fore, it is crucial to develop a new catalytic system to realize

the metal-free enantioselective intermolecular transformation of

vinyl cations, particularly with improved substrate flexibility, atom-

economy, and potential utility.

https://doi.org/10.1016/j.cclet.2025.111738

1001-8417/© 2026 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia Medica, Chinese Academy of Medical Sciences.
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Scheme 1. Catalytic enantioselective transformation of vinyl cations.

During the past decades, chiral Brønsted acid (CBA) catalysis

has been developed as an efficient method in asymmetric synthe-

sis [28–32]. Motivated by the seminal contribution from Akiyama

[33] and Terada [34] groups on CBA-catalyzed Mannich-type re-

actions, CBA catalysis was further incorporated into various trans-

formations of imines and carbonyls by hydrogen bonding and ion-

pairing interactions. Although these impressive advances achieved,

the CBA-catalyzed reaction of C–C multiple bonds is less investi-

gated [32]. Our group developed a CBA-catalyzed strategy for the

enantioselective reaction of ynamides [35–41] by direct activation

of C–C triple bonds [42–45], which enabled varieties of intramolec-

ular transformations, including hydroalkoxylation/rearrangements

[42,43], dearomative cyclization [44] and hydroamination [45]. The

enantioselective intermolecular reaction of ynamides was reported

by Tan group through an elegant multicomponent strategy using

well-designed amines and aldehydes as reactants [46]. Neverthe-

less, the related atroposelective transformation is still unknown,

probably due to the insufficient reactivity of sterically hindered

substrates in atroposelective reactions. Thus, more reactive inter-

mediates that controlled by effective catalytic system become im-

perative for the organocatalytic atroposelective transformation of

ynamides.

Inspired by the recent development of vinyl cation-mediated

asymmetric reactions [16–27] and CBA catalysis [42–46], we envi-

sioned to explore the CBA-catalyzed enantioselective intermolec-

ular transformation of vinyl cations. In this method, the CBA-

catalyzed diyne cyclization could generate key vinyl cation in-

termediates, and the chiral environment created by CBA catalyst

might control the enantioselectivity for further nucleophilic addi-

tion. Moreover, vinyl cations and sterically hindered nucleophiles

could be the ideal synthons for the straightforward construction of

axially chiral alkenes. The success of this organocatalytic enantios-

elective intermolecular reaction of vinyl cations relies on address-

ing the following challenges. (1) The feasibility for the generation

of vinyl cations from CBA-catalyzed diyne cyclization is unknown,

and the balance of stability and reactivity of vinyl cation inter-

mediates in acidic conditions is challenging. (2) The combination

of hydrogen bonding and ion-pairing interactions is essential for

this CBA-catalyzed intermolecular reaction, which is unpresented

in vinyl cation chemistry. (3) The requirement of sterically hin-

dered substrates in atroposelective reactions could reduce their re-

activity. Therefore, highly reactive catalytic systems are under great

demand.

Axial chirality is a widespread chirality element in nature, and

its construction [47–54] significantly promoted the applications

in asymmetric catalysis, bioactive molecules and materials [55–

59]. Among these, axially chiral alkenes are unique atropisomeric

architectures bearing relatively distorted double bonds, and ad-

ditional challenges exist for their preparation [60–63], particu-

larly for acyclic tetrasubstituted alkenes [64–72]. The simultane-

ous control of E/Z selectivity and enantioselectivity requires re-

active intermediates and efficient chiral induction model. Herein,
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Table 1

Optimization of reaction conditions for the CBA-catalyzed atroposelective C(sp2)–H

functionalization of diphenol 2a.a

Entry Catalyst Reaction conditions Yield (%)b ee of 3a (%)c

3a 3a′

1 A1 DCM, 30 °C, 19 h 28 20 21

2 A2 DCM, 30 °C, 50 h 47 <2 <2

3 A3 DCM, 30 °C, 50 h 58 15 <2

4 A4 DCM, 30 °C, 19 h 32 20 33

5 A5 DCM, 30 °C, 5 h 77 5 77

6 A6 DCM, 30 °C, 3 h 54 6 80

7 A7 DCM, 30 °C, 57 h 11 4 11

8 A8 DCM, 30 °C, 1.5 h 61 6 73

9 A9 DCM, 30 °C, 1 h 62 8 70

10 A10 DCM, 30 °C, 72 h 35 62 25

11 A11 DCM, 30 °C, 46 h 42 8 56

12 A12 DCM, 30 °C, 72 h 33 8 27

13 A13 DCM, 30 °C, 50 h 12 <2 55

14 A14 DCM, 30 °C, 0.5 h 80 5 93

15 A14 DCE, 30 °C, 0.5 h 76 7 90

16 A14 Toluene, 30 °C, 12 h 51 4 73

17d A14 DCM, 30 °C, 1 h 74 4 93

18d,e A14 DCM, 30 °C, 1 h 82 4 94

19d,e A14 DCM, 20 °C, 1 h 88 5 94

a Reaction conditions: 1a (0.05mmol), 2a (0.1mmol), catalyst (0.01mmol),

solvent (2mL), 20–30 °C, 0.5–72h, in vials. PMP=4-methoxyphenyl, DCE=1,2-

dichloroethane.
b Measured by 1H NMR using dimethyl terephthalate as the internal standard.
c Determined by HPLC analysis.
d A14 (0.0075mmol).
e DCM (4mL).

we disclose the development of such a CBA-catalyzed atropose-

lective intermolecular C(sp2)–H functionalization of diphenols with

vinyl cations by diyne cyclization pathway. This metal-free proto-

col leads to the practical and atom-economic preparation of axi-

ally chiral tetrasubstituted alkenes with high chemoselectivity, re-

gioselectivity, E/Z selectivity and enantioselectivity, which could be

rationalized by computational studies. The resulting atropisomeric

framework can be derivatized to axially chiral ligand for asym-

metric catalysis. Importantly, this transformation not only contin-

ues the first organocatalytic enantioselective intermolecular reac-

tion of vinyl cations, but also features the first organocatalytic

atroposelective intermolecular reaction of ynamides and the first

organocatalytic enantioselective diyne cyclization (Scheme 1d).

At the outset, diyne 1a was employed as the vinyl cation pre-

cursor to explore this CBA-catalyzed atroposelective C(sp2)–H func-

tionalization of diphenol 2a (Table 1, for more conditions, see Sup-

porting information). The proof-of-concept experiment was per-

formed with catalytic amount of BINOL-derived chiral phospho-

ric acid (CPA) A1 in DCM at 30 °C, delivering the expected axi-

ally chiral alkene 3a in 28% yield and 21% ee albeit with poor

chemoselectivity (entry 1). Other BINOL-derived CPAs A2–A6 con-

taining polycyclic aryl groups and multisubstituted phenyl groups

were then screened, and 2,4,6-trisubstituted phenyl groups were

found to be beneficial for both chemoselectivity and enantiose-

lectivity (entries 2–6). The replacement of BINOL with H8-BINOL

skeleton resulted in similar enantioselectivities, and H8-BINOL-

derived CPAs A7–A9 afforded the desired product in 11%–62%

yields with 11%–73% ee (entries 7–9). To our delight, catalyst opti-

mization using SPINOL-derived CPAs A10–A14 effectively improved

the yield and enantioselectivity (entries 10–14). The bulky 2,4,6-

triisopropylphenyl-substituted CPA catalyst A14 was determined as

the best catalyst to produce atropisomeric alkene 3a in 80% yield

and 93% ee, and the yield of O-attack byproduct 3a′ could be re-

duced to 5% (entry 14). The screening results of solvents revealed

that DCM was the optimal solvent for this atroposelective reaction

(entries 15 and 16). Further optimization of reaction conditions by

lowering the catalyst loading as well as decreasing the concentra-

tion and temperature successfully improved the efficiency (entries

17–19), and the axially chiral tetrasubstituted alkene 3a was gen-

erated in 88% yield with 94% ee using A14 (15 mol%) as catalyst

in DCM at 20 °C (entry 19). Of note, the chemoselectivity and E/Z

selectivity could be well-controlled in this CPA-catalyzed transfor-

mation.

The scope of this atroposelective C(sp2)–H functionalization was

then explored under the optimized reaction conditions (Table 1,

entry 19). A broad range of diynes 1 and diphenols 2 equipped

with various functional groups were compatible with this reac-

tion to produce the corresponding axially chiral tetrasubstituted

alkenes smoothly. As shown in Scheme 2, diynes bearing differ-

ent sulfonyl protecting groups, including Ms (3a), Ts (3b), SO2Ph

(3c) and Bs (3d), could be efficiently transformed into the de-

sired atropisomeric alkenes in 78%–90% yields with 93%–94% ee.

By replacing catalyst A14 with (R)-A14, the enantiomer of 3a was

obtained with similar yield and enantioselectivity (ent–3a). Sub-

stituents with different electronic and steric properties (such as

F, Cl, Br, Me, OMe, OTIPS, styryl and alkynyl groups) could be in-

troduced into the different positions of the phenyl linker, allow-

ing the assembly of products 3e–3r in 58%–94% yields with 84%–

95% ee. Next, we turned our attention to the alkyl substituents on

the ynamide moiety (R2), and the replacement of n–butyl group

with isobutyl (3s), phenylpropyl (3t) and phenylethyl (3u) groups

resulted in good to excellent yields and enantioselectivities. Benefit

from the metal-free reaction conditions, a panel of alkyl ynamides

containing different functional groups including alkene (3v), alkyne

(3w), chloride (3x), bromide (3y), silyl ether (3z), amide (3aa) and

acetal (3ab), were all compatible with this atroposelective reaction.

Further exploration into the aryl moieties (R3 =Ar) connected with

alkyne indicated that OBn (3ac), disubstituted electron-rich aryl

groups (3ad and 3ae) and 1,3-benzodioxole (3af) could react well

to produce the target products in 57%–81% yields with 83%–94%

ee. Moreover, this catalytic protocol showed good compatibility

with drug molecules and bioactive compounds. Diverse medicinally

relevant molecules, such as indomethacin (3ag), naproxen (3ah),

deoxycholic acid (3ai), dihydrocholesterol (3aj), geraniol (3ak) and

estrone (3al), could be incorporated into the diyne substrates and

converted into the expected axially chiral alkenes in 50%–91%

yields with excellent enantiocontrol. Of note, the reaction pro-

ceeded with excellent E/Z ratios for all these examples. The abso-

lute configuration of 3c was unambiguously determined by single

crystal X-ray crystallographic analysis.

To further explore the capacity of this intermolecular atropos-

elective C(sp2)–H functionalization, the scope of diphenols 2 was

then evaluated under the optimal reaction conditions. As depicted

in Scheme 3, phenyl-substituted resorcinol derivatives bearing both

electron-donating and -withdrawing groups at the para-, meta-,

3
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Scheme 2. Substrate scope for the atroposelective synthesis of axially chiral tetrasubstituted alkenes from different diynes 1. Reaction conditions: 1 (0.1mmol), 2a (0.2mmol),

A14 (0.015mmol), DCM (8mL), 20 °C, 1–46h, in vials; yields were those for the isolated products; ee values were determined by HPLC analysis. a (R)-A14 (0.015mmol) was

used as catalyst. b A14 (0.02mmol). PG=protecting group, PMP=4-methoxyphenyl, Bs=4-bromobenzenesulfonyl.
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Scheme 3. Substrate scope for the atroposeclective synthesis of axially chiral tetrasubstituted alkenes from different diphenols 2. Reaction conditions: 1a (0.1mmol), 2

(0.2mmol), A14 (0.015mmol), DCM (8mL), 20 °C, 1–4.5 h, in vials; yields were those for the isolated products; ee values were determined by HPLC analysis. a A14 (0.02mmol).

and ortho-positions of benzene ring were competent substrates for

the intermolecular reaction, affording products 3am–3as in 71%–

93% yields with 93%–95% ee. Diphenol nucleophiles with other

aryl substituents, including 2-naphthyl, 2-benzothienyl, 2-thienyl

and 3-thienyl groups, could undergo smooth C(sp2)–H function-

alization to forge 3at–3aw in good to excellent yields with ex-

cellent ee values. In addition to (hetero)aryl diphenols, cyclohex-

enyl, cyclopentenyl, cyclopentyl, and methyl-substituted resorci-

nols were also well compatible, and the corresponding axially chi-

ral alkenes 3ax–3ba were synthesized in 81%–95% yields with

84%–93% ee values. This reaction provided a convenient path-

way for the assembly of axially chiral alkenes from various simple

diphenols.

Based on the good configurational stability of constructed ax-

ially chiral tetrasubstituted alkenes 3 (for details, see Supporting

information), the synthetic utility of this CPA-catalyzed atropose-

lective C(sp2)–H functionalization was then explored. As shown in

Scheme 4a, the scale-up reaction of diyne 1c with diphenol 2a pro-

ceeded well to deliver the desired product 3c in 83% yield with

93% ee. Containing both alkene and phenol moieties, the axially

chiral product could undergo various transformations, leading to

diverse chiral architectures. For example, the enamide moiety on

3c could be hydrogenated to chiral amide 4 bearing a new carbon

stereocenter, and the diastereoselectivity was effectively controlled

(>20:1 dr). The treatment of axially chiral alkene 3c with dif-

ferent electrophiles, including 4-phenyl-3H-1,2,4-triazole-3,5(4H)–

dione (PTAD) [73], Tf2O and MeI, successfully functionalized the

diphenol moiety at different positions to give products 5–7 regios-

electively. The absolute configuration of 4 was determined by X-ray

diffraction.

Further synthetic manipulations of the constructed scaffold pro-

vided an alternative way towards axially chiral ligand. Axially chi-

ral alkene 7 could be diversified to atropisomeric phosphine oxide

8 through trifluoromethanesulfonylation and palladium-catalyzed

C–P coupling, followed by a facile reduction to yield the target

axially chiral phosphine 9 (Scheme 4b). Interestingly, phosphine 9

could be employed as an effective chiral ligand to control the enan-

tioselectivity in the palladium-catalyzed asymmetric allylic func-

tionalization. The reaction of rac-1,3-diphenylallyl acetate 10 with

nucleophiles, such as benzyl alcohol 11 and indole 13, took place

smoothly to forge products 12 and 14 in 82%–94% yields with

90%–93% ee (Scheme 4c). These results indicate the constructed

axially chiral alkene skeletons to be potentially useful in asymmet-

ric catalysis.

To illustrate the reaction mechanism and the origin of selectiv-

ities, density functional theory (DFT) calculations were carried out

based on the non-linear effect investigations (for details, see Sup-

porting information) using diyne 1a and diphenol 2a as substrates.

As depicted in Scheme 5, the reaction starts with the activation of

C≡C bond of ynamide moiety with CPA catalyst through transition

state TS1, followed by the generation of keteniminium intermedi-

ate Int1 through proton transfer. Then, both phosphoryloxylation

and ion-pairing pathways were investigated for the following cy-

clization step. For the phosphoryloxylation pathway, although the

enamide intermediate Int2′ is thermodynamically stable, the fol-

lowing cyclization step is kinetically unfavorable (52.1 kcal/mol),

which could be excluded. For the ion-pairing pathway, direct cy-

clization takes place to give vinyl cation intermediate Int2 via ion

pair transition state TS2 with a free energy barrier of 10.1 kcal/mol,

which further captures diphenol 2a to afford a more stable in-

termediate Int3. Subsequently, the nucleophilic attack of diphe-

5
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Scheme 4. Transformations and applications of atropisomeric tetrasubstituted alkenes.

nol onto vinyl cation moiety generates the dearomatized chiral

intermediate Int4 through (E,R)-TS4 with a free energy barrier

of 22.8 kcal/mol, which is the rate-, E/Z- and enantioselectivity-

determining step. An analysis of other transition states indicates

that the free energy barrier of (E,R)-TS4 is 3.0 kcal/mol lower than

that of (Z,R)-TS4 (leading to Z isomer), and 1.6 kcal/mol lower than

that of (E,S)-TS4 (leading to the minor enantiomer). Thus, the

dearomatized chiral intermediate Int4 is kinetically more favor-

able than other intermediates, and the calculated E/Z selectivity

and enantioselectivity are consistent with the experimental results.

Finally, the catalytic cycle culminates in an exothermic rearomati-

zation, delivering the axially chiral alkene 3a and releasing the CPA

catalyst.

Furthermore, energy decomposition analysis was performed to

elucidate the source of E/Z selectivity and enantioselectivity. As il-

lustrated in Scheme 6a, the inspection of transition states (E,R)-TS4

and (Z,R)-TS4 shows that the C=C bond of the planar alkene in the

substrate is distorted to 118.5° in (Z,R)-TS4, which is larger than

that of (E,R)-TS4 (135.1°). In addition, the angle and dihedral an-

gle of the arms in the free catalyst (�123=120.4°, �1234=112.9°)
are distorted to 121.0° and 134.2° in (Z,R)-TS4, which are more

significant than that of (E,R)-TS4 (120.7°, 120.3°). Thus, the ob-

tained E/Z selectivity arises from the distortion of catalyst and sub-

strate. Scheme 6b demonstrates that the angle and dihedral an-

gle change from �123=120.4° and �1234=112.9° in the free cat-

alyst to �123=125.4° and �1234=150.3° in (E,S)-TS4, and (E,S)-

TS4 exhibits shorter distances between catalyst and substrates

(b1=2.135 Å and b2=1.666 Å) than (E,R)-TS4 (b1=2.640 Å and

b2=1.734 Å), which could result in greater steric repulsion. There-

fore, the distortion of catalyst as well as the steric effects provide

a higher free energy of (E,S)-TS4, and lead to the observed enan-

tioselectivity. Further analysis of (E,R)-TS4 disclosed additional π-

π stacking interactions between resorcinol ring and indene moiety,

which was evidenced by NCI analysis (see Supporting information

for details).

In conclusion, a CBA-catalyzed enantioselective intermolecular

transformation of vinyl cations has been realized by C(sp2)–H func-

tionalization of diphenols, providing a modular platform for the

atom-economic synthesis of axially chiral tetrasubstituted alkenes.

The effective control mode of vinyl cations enables high chemose-

lectivity, regioselectivity, E/Z selectivity and enantioselectivity. Im-

portantly, this protocol represents the first organocatalytic enan-

tioselective intermolecular reaction of vinyl cations, as well as the

first organocatalytic atroposelective intermolecular transformation

of ynamides. By taking advantage of the facile scalability and prod-

uct derivatizations, the constructed atropisomeric skeleton could

be transformed into chiral phosphine ligand, and applied to asym-

metric catalysis. Moreover, experimental and computational mech-

anistic studies provide insights into the reaction mechanism, ori-

gin of E/Z selectivity and enantioselectivity. We believe this CBA-

catalyzed enantioselective intermolecular reaction of vinyl cations

not only enriches the chemical space of axial chirality but also in-

spires the new aspects of vinyl cation chemistry and alkyne chem-

istry.
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Scheme 5. DFT calculated Gibbs free energy profiles for the reaction mechanism. Relative free energies (�G, in kcal/mol) of all the transition states and intermediates were

computed at the B3LYP-D3/6–311++G(d,p)-SMD(DCM)//B3LYP-D3/6–31G(d) level of theory.

Scheme 6. Energy decomposition analysis of key transition states (in kcal/mol).
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