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SUMMARY

Having full control over the regio- and stereoselective isomerization of C=C double bonds is essential for ac-

cessing stereochemically defined olefins. However, most of the double-bond migration techniques used in

the past decades have relied on precious-metal hydrides or radical-based approaches. These methods often

suffer from reversible equilibria, hydrogen scrambling, incomplete E/Z selectivity, and high costs. Herein, we

demonstrate a nonprecious, reductant-free, and atom-economical copper(I)-catalyzed regioselective and

stereodivergent proton migration in skipped enynes. The developed method demonstrates high functional

group compatibility and good Z/E selectivity under mild conditions and provides a variety of E- or Z-conju-

gated 1,3-enynes. Mechanistic and density functional theory (DFT) studies reveal the ligand-controlled pro-

ton migration process in detail.

INTRODUCTION

Olefins are widely used functional groups in the materials, phar-

maceuticals, and food industries, serving as crucial chemical

building blocks for various transformations.1,2 The geometric

arrangement of olefin π-bonds significantly influences their func-

tion, with examples like trans rosuvastatin (Crestor) showing

enhanced anti-cardiovascular disease performance3,4 and cis-

configured (+)-discodermolide dominating microtubule-stabiliz-

ing ability,5 while switching the olefin configuration significantly

decreased the bioactivity (Scheme 1A). Therefore, achieving

the selective and well-defined construction of alkenes is of

utmost importance. Among the numerous synthetic methods

for incorporating olefins,6–12 one promising approach is the

isomerization of existing C=C double bonds through regio-

and stereoselective proton transfer. Four general mechanisms

for metal-catalyzed alkene isomerization are proposed, namely,

the alkyl-,13–17 π-allyl-,18–22 hydrogen atom transfer (HAT)-,23

and metalloradical-induced H atom relocation mechanisms24–28

(Scheme 1B, a–d). Despite these achievements, the E/Z selec-

tivity often remains incomplete, leading to challenging purifica-

tion processes. Additionally, few studies have succeeded in

simultaneously controlling the E/Z selectivity of olefins29–32

(Scheme 1C). Recently, the Engle and Vantourout groups devel-

oped an Ni-H-mediated insertion/elimination approach that

selectively controls Z- or E-isomerization of terminal alkenes.

Although this approach is effective for various terminal alkenes,

it is less successful with styrenyl alkynes, which yield only Z-1,3-

enynes with moderate efficiency and a Z/E ratio of 82:18. This

method does not provide access to E-1,3-enynes, which are

valuable intermediates for synthesizing functional materials

and bioactive compounds such as terbinafine,33–35 diabetes

treatment candidate NNC 61-4655,36,37 and bioactive constitu-

ents isolated from Asparagus cochinchinensis36 (Scheme 1A).

Few examples demonstrate effective, stereodivergent Z/E

selectivity for the synthesis of conjugated 1,3-enynes.37–39 In

2018, Zhao and co-workers reported the catalytic effects of

iron(II) complexes with functionalized amine-pyrazolyl tripodal
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ligands, achieving KOtBu- and NaOtBu-mediated E/Z selectivity

during terminal aryl alkyne dimerization.39 However, the scope

was limited to aromatic substrates with limited Z/E selectivity.

To date, general catalytic methods promoting stereodivergent

proton migration from skipped enynes to conjugated 1,3-

enynes, providing both E- and Z-isomers with high selectivity,

Scheme 1. Relevance, precedents, and synopsis of work

(A) Representative bioactive molecules and natural products containing E-olefins and Z-olefins.

(B) The known mechanisms for metal-catalyzed alkene transposition.

(C) Several examples of Z- or E-selective olefin isomerization.

(D) This work: ligand-controlled stereodivergent proton migration in skipped enynes.

Table 1. Optimization of the reaction conditions

Entrya
Metal (%) Ligand (%) Proton source (equiv) Yield of (Z)-2a + (E)-3a (%)b Yield of (4a) (%)b (Z)-2a:(E)-3ac

1 MesCu (5) L1 (5) tBuOH (1.0) trace – –

2 MesCu (5) L2 (5) tBuOH (1.0) trace – –

3 MesCu (5) L3 (5) tBuOH (1.0) trace – –

4 MesCu (5) L4 (5) tBuOH (1.0) 89 0 >20:1

5 MesCu (5) L5 (5) tBuOH (1.0) trace – –

6 MesCu (5) L6 (5) tBuOH (1.0) 20 53 1:1

7 MesCu (5) L7 (5) tBuOH (1.0) 20 66 1:2

8 MesCu (5) L7 (5) MeOH (1.0) 73 19 1:11

9 MesCu (5) L4 (5) MeOH (0.5) 82 12 >20:1

10d MesCu (10) L7 (10) MeOH (0.5) 93 – 1:12

11d MesCu (10) L7 (10) iPrOH (0.5) 91 – 1:5

12d MesCu (10) L7 (10) EtOH (0.5) 83 10 1:8

13d – L7 (10) MeOH (0.5) 0 – –

14d MesCu (10) – MeOH (0.5) 0 – –

15d MesCu (5) L7 (5) – 0 – –

16 MesCu (5) – tBuOH (1.0) 0 – –

17 MesCu (5) L4 (5) – 0 – –

18 – L4 (5) tBuOH (1.0) 0 – –

aGeneral reaction conditions: metal (5–10 mol %), ligand (5–10 mol %), and proton source (0.5–1.0 equiv) were reacted in tetrahydrofuran (THF)

(1.0 mL) at room temperature for 10 min. Then, 1a (0.2 mmol) was added and reacted for 3.0 h under argon.
bYields were determined by 1H-NMR analysis of the crude mixture using N,N-dimethylformamide as an internal standard.
cThe Z/E ratios were determined by 1H-NMR analysis of the crude mixture.
dReaction time was 1.0 h at 0◦C–5◦C.

Cell Reports Physical Science 6, 103020, December 17, 2025 3

Article

ll
OPEN ACCESS



Scheme 2. Substrate scope of (Z)-1,3-enyne under proton transfer conditions

General reaction conditions: MesCu (0.01 mmol), (R,R)-Ph-BPE (0.01 mmol), and tBuOH (0.2 mmol) were reacted in THF (1.0 mL) at room temperature for 10 min.

Then, 1 (0.2 mmol) was added and reacted for 3.0 h at 21◦C. Isolated yields. The Z/E ratios and [(2+3):4] were determined by 1H-NMR analysis of the crude

reaction mixture.
aReaction was conducted using 10 mol % (0.02 mmol) of MesCu/(R,R)-Ph-BPE loading.
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remain an unsolved challenge. The lack of progress may be

attributed to limited reaction patterns and ligands that effectively

support the metal center during the reaction to precisely deliver

the proton atom.

We are intrigued by the transition-metal-catalyzed redox-

neutral proton migration approach, due to its apparent simplicity,

while also recognizing the fundamental complexity involved in

achieving regioselectivity during the protonation step. Among

various catalyst options, copper stands out for its advantages

of being abundantly available, cost-effective, and environmen-

tally sustainable. The σ or π coordination ability of copper com-

plexes with a wide range of functional groups, along with the

versatility in selecting mono- and bidentate ligands, makes

them powerful tools for ligand-controlled proton migration.40

While copper-catalyzed direct vinylogous reactions offer an alter-

native method for installing olefins,41 the stereoselectivity is

generally determined by the intermolecular C–C-bond-forming

process, with a well-established six-member-ring transition

state,42–45 and stereo-switchable olefin isomerization via cata-

lyst-controlled direct protonation has not been established so

far. In our previous work, we identified a novel chiral ferrocenyl

phosphine ligand that enabled regio- and enantioselective proton

migration of skipped enynes, presenting a new concept for con-

verting readily available and abundant hydrocarbon feedstocks

into high-value-added molecules through C–H reconstitution.46

In this context, we envision that employing a copper catalyst

with precisely designed coordination patterns will allow us to

switch the regioselectivity from C1 to C5, leading to the synthesis

of bioactive cis- or trans-conjugated enynes in a catalyst-

controlled, stereodivergent manner (Scheme 1D).

RESULTS AND DISCUSSION

Optimization of reaction conditions

Based on the above-mentioned working hypothesis, we initi-

ated our investigation using 1-phenyl-4-penten-1-yne (1a) as a

model substrate, alcohols as a proton source, and a 5–10

mol % catalyst loading (Table 1). After preliminary experiments

on copper sources, phosphorus ligands, and proton sources

(entries 1–7; supplemental methods; Tables S1 and S2), we

found that employing 5 mol % of mesitylcopper (MesCu) and

(R,R)-Ph-BPE (L4), with tBuOH as the proton source, afforded

Z-selective conjugated enyne (Z)-2a in 89% yield and with

>20:1 Z/E selectivity (entry 4). During ligand evaluation, the

replacement of L4 with Xantphos (L7) was found to switch prod-

uct selectivity from (Z)-2a to (E)-3a in a 1:2 Z/E ratio (entry 7). To

improve E-selectivity, we examined common alcohol proton

sources, such as MeOH, EtOH, iPrOH, etc. Surprisingly, using

MeOH as the proton source led to the highest E-selectivity

(E/Z = 1:12) and an excellent yield (93%) (entries 10–12). Control

experiments indicated that MesCu, ligand L4 or L7, and proton

source tBuOH or MeOH were all essential reagents (entries 13–

18). Additionally, we explored the dependency on reaction

parameters, catalyst dosage, reaction temperature, concentra-

tion, and other conditions (supplemental methods; Tables S3–

S9). Consequently, both stereoisomers, (Z)-2a and (E)-3a,

were selectively accessible in high yields and stereodivergency

simply by switching the type of bidentate phosphine ligand for

the copper catalyst.

Substrate scope

Next, we explored the substrate scope of the reaction under the

optimized conditions, using 5–20 mol % catalyst, depending on

the substrate reactivity (Schemes 2 and 3). Our investigations re-

vealed that the general reaction conditions tolerated a diverse

array of functional groups. Various skipped enynes with elec-

tron-donating substituents (methyl and methoxy) at ortho-,

meta-, or para-positions (2b–2f and 3b–3g) were tolerated.

Halogen substituents, such as fluoride (2g–2i and 3h–3j), chlo-

ride (2j, 2k, 3k, and 3l), and bromide (2l, 2m, 3m, and 3n), as

well as electron-deficient trifluoromethyl (2n–2p and 3o–3q)

groups, were efficiently converted to their corresponding iso-

mers within 1.0–3.0 h, exhibiting excellent yields (70%–94%)

and stereoselectivities (up to >20:1). Furthermore, heterocyclic

compounds, such as thiophene and pyrazole (2q, 2r, 3r, and

3s), were also effectively converted into the desired products.

The scope was further expanded to other aromatic cores,

such as biphenyl (2s and 3t), naphthalene (2t and 3u), and pyr-

ene (2u and 3v), all efficiently forming the desired products in

79%–91% yields and good stereoselectivity. Moreover, the sub-

strate scope extended beyond aromatic compounds, as

aliphatic compounds (2v–2y and 3x–3aa; Schemes 2 and 3)

and siliceous compounds (2aa and 3ad; Schemes 2 and 3)

were also amenable to the reaction. Even challenging sub-

strates, such as aliphatic amines (2z and 3ac; Schemes 2 and

3), could be converted to the corresponding products with

good yields and stereoselectivity. In addition, compounds with

halogen-substituted ends (3w and 3ab; Scheme 3) can also be

well transformed and widely used in subsequent derivatization.

Overall, the stereodivergent proton migration strategy pro-

ceeded with excellent regioselectivity ((2+3):4 > 20:1 was deter-

mined by 1H-NMR analysis), providing the desired conjugated

enyne products. It is also noteworthy that other olefins, such

as tert-butyl but-3-enoate, could be isomerized to form the cor-

responding trans product (2ac and 3af) in moderate yields and

with >20:1 stereoselectivity.

Synthetic applications

The migration also exhibits excellent selectivity and efficiency

on a 1-g scale (Scheme 4A): after obtaining the skipped enyne

Scheme 3. Substrate scope of (E)-1,3-enyne under proton transfer conditions

General reaction conditions: MesCu (0.02 mmol), Xantphos (0.02 mmol), and CH3OH (0.1 mmol) were reacted in THF (1.0 mL) at room temperature for 10 min.

Then, 1 (0.2 mmol) was added and reacted for 1.0 h at − 10◦C. Isolated yields. The Z/E ratios and [(2+3):4] were determined by 1H-NMR analysis of the crude

mixture.
aThe reaction was conducted at 0◦C–5◦C.
bReaction was conducted using 20 mol % of MesCu/Xantphos loading.
c0.5 equiv of magnesium di(2-propanolate) was used as additive.
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B

Scheme 4. Gram-scale reaction and synthetic utilities of final products

(A) Large-scale reaction.

(B) Transformation of the products.
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1a through a copper-catalyzed substitution reaction,47 the

proton migration for the synthesis of conjugated enynes (E)-

3a was carried out on a gram scale using 5 mol % catalyst at

0◦C–5◦C for 1.0 h. The reaction proceeded smoothly, yielding

pure product (E)-3a in a 74% yield with perfect regioselectivity

(E/Z = 10:1). The resulting product can be easily purified, mak-

ing it an ideal method for the practical and straightforward

synthesis of valuable 1,3-enynes from readily available starting

materials.

To further demonstrate the synthetic utility of our protocol, we

conducted several transformations of the conjugated enyne moi-

ety (Scheme 4B). The cis-conjugated enyne moiety (Z)-2a can be

selectively and stereoselectively converted into the cis-diene

moiety through palladium-catalyzed hydrosilylation conditions,

affording compound 5 in a high yield (Scheme 4B, a).48 In addi-

tion, (Z)-2a can also be converted with HBpin into 1,3-dienylbo-

rate ester 6 in a 73% yield, which have important synthetic value

(Scheme 4B, b).49 The epoxidation of conjugated enyne (Z)-2a

and (E)-3a led to the formation of the corresponding products

in high yields (7: 90% and 8: 68%) (Scheme 4B, c and d).50–52

Moreover, this method was applied to the concise preparation

of an antifungal drug, terbinafine, which contains the (E)-1,3-

enyne structural moiety. Terbinafine exhibits strong antimycotic

activity and is currently used for the treatment of skin mycoses.35

Several strategies have been described, including the Pd-cata-

lyzed Stille coupling of an (E)-vinyl iodide with an alkynyl tin and

the Sonogashira coupling of an (E)-vinyl chloride with tert-

butyl acetylene.53,54 In our approach, we treated the (E)-1-

chloro-6,6-dimethyl-2-heptene-4-yne ((E)-3ab, E/Z > 20:1) with

N-methyl-1-naphthalenmethyamine in the presence of sodium

carbonate. As expected, the desired terbinafine was obtained

in a 94% isolated yield, showcasing the practicality and

A

B

Scheme 5. Mechanism studies

(A) Deuteration experiments.

(B) Isomerization experiments of 2a and 3a.
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efficiency of our method (Scheme 4B, e). Additionally, we tar-

geted a key intermediate, (E)-3w, in the synthesis of peroxisome

proliferator-activated receptor (PPAR) agonist NNC 61-4655,

which exhibits excellent pharmacokinetic properties and is

considered a promising antidiabetic drug candidate.34,55,56 By

incorporating our copper-catalyzed proton migration protocol

in the early steps of the synthesis, we achieved a shorter route

to NNC 61-4655 through alkylation and hydrolysis of the ester

(Scheme 4B, f). Apart from these representative examples, a con-

jugated enyne moiety offers a plethora of possibilities for further

transformations, making it widely applicable in chemistry,

biology, medicine, materials, and other fields.57–61 Its prevalence

as a structural element in various natural products and biologi-

cally active compounds makes it a pivotal building block for syn-

thesizing diverse compounds, ranging from fine chemicals to

functional polymers. Various functional groups, including conju-

gated olefins,62 chiral propargylamines,63 alkenylsilanes,64 iso-

xazole derivatives,65 and others,66 can be efficiently synthesized

through strategies such as regioselective reduction and stereo-

dispersive tandem reactions starting from conjugated enynes.

This opens up new avenues for developing innovative structures

in organic materials and bioactive molecules.

Theoretical basis

To gain insight into the reaction mechanism, we conducted

deuteration experiments using CD3OD as a deuterium source

(Scheme 5). When a Cu/Xantphos catalyst was employed, the

trans-conjugated enyne product (E)-3a was obtained with

deuteration at the C3 and C5 positions, while the cis-conjugated

enyne product (Z)-2a showed a similar deuteration pattern, high-

lighting the crucial role of CD3OD as the medium for proton migra-

tion. Notably, the allene product 4a, achieved through deutera-

tion at the C1 position, which was predominant in our previous

work, was not observed in either case. These results provide

valuable mechanistic insight, suggesting that the reprotonation

of the intermediate organocopper species at the C3 position

competes in both stereoselective proton migration pathways:

from 1a to (E)-3a with MesCu/Xantphos and from 1a to (Z)-2a

with MesCu/(R,R)-Ph-BPE. Furthermore, we conducted isomer-

ization experiments of (Z)-2a and (E)-3a. The fact that (Z)-2a did

not undergo stereoselective transformation under E-type reac-

tion conditions and deuterium was not incorporated at the C1,

C3, and C5 positions, while (E)-3a showed similar results under

Z-type reaction conditions, rules out the possibility that (Z)-2a

or (E)-3a was generated through Z/E-selective isomerization.

Density functional theory (DFT) calculations were performed to

gain insights into the ligand control of E/Z selectivity in this reac-

tion. As shown in Figure 1, the proton abstraction process of 1a

occurs with energy barriers of 7.4 kcal/mol with L4 and 10.4 kcal/

mol with L7. Notably, intermediate (IM)2 with the L7 ligand is

more stable than with L4 by 11.9 kcal/mol. IM3 is formed with

the release of one molecule of MeOH, followed by a conforma-

tional change (Figure S4), resulting in the relatively stable species

IM5_L4_Z and IM4_L7_E (see 3D structures in Figure S2).

Figure 1. Gibbs free energy profile for the protonation of the carbon–carbon double bond catalyzed by the Cu catalyst with ligands

(R,R)-Ph-BPE (L4) and Xantphos (L7) ligands are in orange and green, respectively. 3D structures of key transition states are given, and the nonpolar hydrogens

are hidden for clarity. Distances are given in angstroms (Å). See also Figure S4.
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IM5_L4_Z and IM4_L7_E lead to the final products P_Z and P_E

through six-membered-ring transition states, with energy bar-

riers of 14.1 and 11.2 kcal/mol, respectively, which agrees with

the experimental observations. The catalyst (IM1) is released at

the end of the reaction.

To further understand the role of the ligands L4 and L7 in con-

trolling the E/Z selectivity, we investigated the transition-state en-

ergy barriers for the formation of Z/E products, as shown in

Figure 2. With the L4 ligand, the transition state leading to the Z

conformer product is favored by 0.9 kcal/mol energy compared

to the E conformer product. Conversely, with the L7 ligand, the

situation is reversed: the energy barrier for the formation of the

conformer E product is 1.9 kcal/mol lower than that for the Z

conformer product. This difference is likely due to steric effects

between the ligand and the substrate46,67–70 (see the noncovalent

interaction analysis in supplemental methods and Figure S3).

In conclusion, we have presented a novel strategy for the ster-

eodivergent synthesis of conjugated enynes through copper-

catalyzed proton migration from skipped enynes. Our findings

suggest a mechanistic pathway involving the activation of sp3–

C–H bonds in readily available hydrocarbon skipped enynes

under mild conditions, independent of electron-withdrawing

groups (EWGs). Theoretical DFT calculations support a catalyst-

controlled proton-transfer process, facilitated by tBuOH/MeOH,

and indicate the importance of ligands (L4/L7) in controlling

both the regio- and stereoselectivity of this reaction. This method

introduces an innovative concept for transforming readily avail-

able and abundant hydrocarbon feedstocks into high-value-

added molecules through C–H reconstitution.

Limitations of the study

Despite its broad applicability, our protocol could not be suc-

cessfully applied to skipped enynes with terminal methyl (1aq),

dimethyl (1ar), or phenyl (1as) substituents, as well as heterocy-

clic systems containing pyridine moieties (1ah and 1aq). For an

overview of unsuccessful substrates, please see Table S10 in

the supplemental methods.

METHODS

Further details regarding the experimental descriptions, general

information, reagents, and information about all syntheses and

characterizations are provided in the supplemental methods.

RESOURCE AVAILABILITY

Lead contact

Requests for further information and resources should be directed to and will

be fulfilled by the lead contact, Xiaofeng Wei (xiaofeng.wei@xjtu.edu.cn).

Materials availability

Unless otherwise stated, reactions were carried out using dry solvents under a

nitrogen atmosphere. Conversion was monitored by thin-layer chromatography

(TLC) using Silicycle 200 mm silica gel GF-254 plates and visualized by UV light

at 254 nm. Flash-column chromatography was performed over the silica gel

(200–300 mesh). All NMR spectra were measured on JEOL JNM-ECZ400S/

L1 and AVANCE III HD 600 spectrometers, NMR (400 MHz for 1H-NMR and

101 MHz for 13C-NMR). Chemical shifts are given in ppm, and the spectra are

calibrated using the residual CDCl3 or DMSO-d6 signals. Multiplicities are

abbreviated as follows: singlet (s), doublet (d), triplet (t), quartet (q), doublet of

doublets (dd), doublet of triplets (dt), doublet of doublet of doublets (ddd),

doublet of quartet (dq), triplet of doublets (td), multiplet (m), and broad (br).

Chemical shifts of common trace 1H-NMR impurities (ppm) are as follows:

H2O, 1.56; CH2Cl2, 5.31; and CHCl3, 7.26. Infrared spectra were collected on

a Bruker VERTEX70 as a thin attenuated total reflection, and the selected

maximum absorbance was reported in wavenumbers. High-resolution mass

spectra (HRMSs) were obtained on a Waters I-Class VION IMS QTof and are re-

ported as m/z (relative intensity).

Data and code availability

• All experimental data supporting this article have been included as part

of the supplemental methods.

• This paper does not report original code.

• Any additional information required to reanalyze the data reported in this

paper is available from the lead contact upon request.
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Figure 2. 3D structures of Z/E transition states and Gibbs free en-

ergies

L4 is in orange, and L7 is in green. The nonpolar hydrogens are hidden for

clarity. Distances are given in angstroms (Å). See also Figures S2 and S3.
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