
Chinese Chemical Letters 33 (2022) 4074–4078

Contents lists available at ScienceDirect

Chinese Chemical Letters

journal homepage: www.elsevier.com/locate/cclet

Selective Ni-catalyzed cross-electrophile coupling of alkynes,

fluoroalkyl halides, and vinyl halides

Yubei Dai, Fang Wang, Shengqing Zhu, Lingling Chu∗

State Key Laboratory for Modification of Chemical Fibers and Polymer Materials, Center for Advanced Low-Dimension Materials, College of Chemistry,

Chemical Engineering and Biotechnology, Donghua University, Shanghai 201620, China

a r t i c l e i n f o

Article history:

Received 27 October 2021

Revised 21 December 2021

Accepted 22 December 2021

Available online 26 December 2021

Keywords:

Fluoroalkylation

Cross-electrophile coupling

Nickel catalysis

Difunctionalization

Alkynes

a b s t r a c t

We report a Ni-catalyzed three-component cross-electrophile coupling of alkynes with alkenyl halides

and fluoroalkyl halides to generate fluoroalkyl-incorporated 1,3-dienes. This mild and operationally simple

protocol is distinguished by its broad substrate scope and excellent chemo-, regio-, and stereo-selectivity,

offering a new and organometallic agent-free platform for the construction of fluoroalkyl-incorporated

diene motifs. Preliminary mechanistic studies have been conducted to probe the potential reaction path-

way.

© 2022 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Due to the unique properties of the fluorine atom, the se-

lective incorporation of fluorine and fluoroalkyl groups into or-

ganic molecules has attracted significant attention [1–3]. Impres-

sive progress has been made in the direct fluoroalkylation of aro-

matic motifs during the last decade [4–9], however, methodologies

for the straightforward construction of fluoroalkyl-incorporated

alkenes, particularly multisubstituted alkenes and dienes, remained

underexplored [10–13]. Currently known protocols mainly focus on

two-component systems involving fluoroalkylative cross-couplings

between alkenyl nucleophiles (or electrophiles) and fluoroalky-

lating agents [14–21]. Recently, increasing attention has been

drawn to transition metal-catalyzed three-component fluoroalkyla-

tive functionalization of alkynes [22–34], that allows for the instal-

lation of fluoroalkylated alkenes with a simultaneous introduction

of another C−C bond (Fig. 1A). Such a three-component strategy

not only offers a new retrosynthetic route for the assembly of fluo-

roalkylated alkenes, but also enables a rapid increase in the molec-

ular complexity of these valuable motifs. However, most of these

reactions focus on the couplings with aryl, alkynyl, or cyanide nu-

cleophiles in the presence of palladium or copper complexes. How-

ever, the similar strategy has not been applied to the construction

of fluoroalkylated dienes with vinyl parters, particularly enabled by

non-noble transition metal catalysts.

Transition metal-catalyzed dicarbofunctionalization of alkynes

has been identified as a powerful platform for the construction
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of multisubstituted alkenes, where two different carbon-centered

fragments have been appended into alkynes in one single op-

eration [35–41]. Generally, these transformations have been ac-

complished by selectively coupling alkynes with an electrophile

and a nucleophile that typically is an organometallic agent. Re-

cently, nickel-catalyzed cross-electrophile couplings with two elec-

trophiles in the presence of stoichiometric reductants, that avoid

the use of sensitive organometallic agents, have emerged as at-

tractive strategy for 1,2-difunctionalization of unsaturated π-bonds

[42–46]. Nevertheless, the majority of these processes focus on

the utilization of olefins to forge C(sp3)-alkyl or C(sp3)-aryl bonds

[40,41,46–50]. In contrast, similar transformations of alkynes re-

main underexploited, probably due to the problematic step of rad-

ical addition to alkynes [51] as well as the inherent chemoselec-

tivity challenge. To date, only two examples of Ni-catalyzed three-

component reductive dicarbofunctionalization of alkynes with two

electrophiles have been disclosed [52,53]. To the best of our knowl-

edge, no examples of catalytic carbo-alkenylation of alkynes with

alkenyl halides to forge 1,3-dienes, that are prevalently found

in many biologically active natural products and pharmaceuticals

as well as serving as versatile synthetic intermediates for drugs,

dyes, and functionalized polymers [54–62], have been disclosed.

As part of our continuing interest in Ni-catalyzed difunctional-

ization of unsaturated π-bonds [63–73], we herein report a new

and efficient three-component fluoroalkyl-alkenylation of alkynes

with alkenyl halides and fluoroalkyl halides via nickel-catalyzed

cross-electrophile coupling (Fig. 1B). This protocol enables straight-

forward access to stereodefined fluoroalkyl-incorporated 1,3-

https://doi.org/10.1016/j.cclet.2021.12.050

1001-8417/© 2022 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia Medica, Chinese Academy of Medical Sciences.



Y. Dai, F. Wang, S. Zhu et al. Chinese Chemical Letters 33 (2022) 4074–4078

Fig. 1. Ni-catalyzed cross-electrophile fluoroalkyl-alkenylation of alkynes.

Table 1

Reaction optimizations.a

Entry Variations from standard conditions Yield of 4 (%)

1 none 92 (90b)

2 NiBr2 ·DME 88

3 NiCl2(Py)4 45

4 Ni(COD)2 67

5 ethyl acetate, instead of THF 78

6 Et2O, instead of THF 48

7 PhMe, instead of THF 0

8 MeCN, instead of THF 18

9 only THF 53

10 only diglyme 23

11 Zn or TDAE, instead of Mn 0

12 w/o nickel, dtbbpy, or Mn 0

13 w/o TMSCl 71

a Reactions were carried out with alkyne 1 (0.2 mmol), vinyl iodide 2 (0.1 mmol),

C2F5I 3 (0.2 mmol), NiCl2·DME (10 mol%), dtbbpy (12 mol%), TMSCl (0.05 mmol),

Mn (0.25 mmol), THF/diglyme = 1:1 [0.17 mol/L], 30 °C, 3 h. Yields were deter-

mined by GC using dodecane as the internal standard. dtbbpy = 4,4′-di–tert–butyl–
2,2′-bipyridine; diglyme = diethylene glycol dimethyl ether.

b Isolated yield.

dienes from readily available starting materials under mild

conditions.

Evaluation of this Ni-catalyzed reductive fluoroalkyl-

alkenylation strategy was examined with 2-methyl phenylacetylene

1, benzyl (E)-3-iodoacrylate 2, and C2F5I 3 as model substrates

(Table 1). In the presence of catalytic NiCl2·DME and 4,4′-di-tert-
butyl-2,2′-bipyridine (dtbbpy) with Mn as reductant and TMSCl

as additive, we were pleased to find that the three-component

reaction of 1 with 2 and C2F5I ([1∼1.2 mol/L] in diglyme) un-

derwent smoothly to afford (E)-C2F5-diene product 4 in 92%

yield (entry 1). Both Ni(II) and Ni(0) catalysts were effective

for this transformation, whilst simple NiCl2·DME proved to be

optimal (entries 1−4). Solvents also play an important effect

to reaction efficiency. THF turned out to be the best solvent,

while running the reaction in other polar or nonpolar solvents

resulted in decreased and even sluggish efficiency (entries 5−8).

Switching to other commonly employed reductants such as Zn

and TDAE (tetrakis(dimethylamino)ethylene) led to no formation

of the desired products (entry 11). Control experiments further

confirmed that nickel catalyst, ligand, and reductant were all

required for the desired transformation, as no detection of desired

products in the absence of each of them (entry 12). The addition

of TMSCl as an additive, which might facilitate the activation of

Mn [74–76], was found to be beneficial to the reaction efficiency

(entry 13). Excellent regio- and stereo-selectivity is observed,

and neither (Z)-isomers nor regioisomers were detected in all

cases.

With the optimal reaction conditions in hand, we began

to explore the generality of this Ni-catalyzed three-component

fluoroalkyl-alkenylation reaction with respect to various alkynes.

As shown in Scheme 1, a wide range of terminal arylalkynes bear-

ing electron-withdrawing, -donating, or -neutral substituents on

the aromatic rings all underwent efficient cross-couplings with

alkenyl iodide 2 and C2F5I, furnishing the desired 1,3-diene prod-

uct with moderate to high yields and excellent chemo-, regio-

and stereoselectivity (4−20, 65%−90% yields). The mild condi-

tions tolerate many functional groups, including ethers, trifluo-

romethylates, cyanos, and halides. Generally, ortho-substituted ary-

lalkynes performed with slightly higher efficiency than para- or

meta-substituted ones. We reasoned that the steric hindrance of

ortho-substituents might help to slow down the undesired alkyne

trimerization process [77]. Heteroaryl-incorporated alkynes, exem-

plified by thiophenes, functioned as efficient coupling partners to

afford the corresponding 1,3-dienes in moderate yields (21 and 22,

45% and 67% yields, respectively). Notably, internal alkynes such

as prop-1-yn-1-ylbenzene also worked well in this protocol, yield-

ing diene 23 with excellent regio- and stereoselectivity. However,

aliphatic alkynes were incompetent substrates in this Ni-catalyzed

reductive protocol.

Next, we evaluated the scope of the alkenyl halide component

in this protocol. A series of substituted β-iodo acrylates were ap-

plicable with good efficiency (24−26, 42%−84% yields). Installa-

tion of substitutions on the α-position of β-iodo acrylates has no

dramatic effect on the reaction efficiency (24 and 26, 80% and

84% yields, respectively). Interestingly, both (E)- and (Z)-alkenyl io-

dides worked in this protocol and yielded the same (E)-C2F5-dienes

with excellent selectivity, whilst (Z)-alkenyl iodides showed much

lower efficiency compared to their trans-isomers (25, 81% vs. 42%).

Furthermore, β-iodo acrylamides with various substituents were

also suitable partners, furnishing the desired δ-C2F5 conjugated

amides under mild conditions (27−31, 72%−86% yields). Notably,

β-iodo acrylamides derived from nortriptyline, an anti-depressant

drug [78], can be selectively coupled with alkyne 1 and C2F5I with

good efficiency (37, 71% yield). Pleasingly, this reductive protocol

could be further expanded to β-iodo/bromo aryl- and heteroaryl

alkenes with moderate to good efficiency (32−36, 45%−81% yields).

Besides vinyl iodides, vinyl bromides also functioned as efficient

coupling partners, albeit with slightly decreased yields (4, 79% vs.

90%; 26, 73% vs. 84%; 33, 58% vs. 74%). Pleasingly, heteroaryl and

aryl halides also proved to be competent coupling partners in this

Ni-catalyzed reductive coupling protocol, delivering trisubstituted

fluoroalkylated alkenes with moderate yields and excellent trans-

selectivity (44−46, 60%−71% yields).

Finally, we investigated the scope of perfluoroalkyl iodides un-

der the optimal conditions. A variety of fluoroalkyl iodides can

serve as the competent coupling partners, affording the fluoroalky-

lated 1,3-dienes with moderate to high efficiency and excellent

selectivity (38−41, 75%−89% yields). Nevertheless, fluoroalkyl io-

dides with the longer carbon chain demonstrated slightly de-

creased yields, probably due to their poorer solubility. Reaction

with FSO2CF2CF2OCF2CF2I proceeds with high efficiency, leaving

the SO2F group untouched (43, 81% yield). Moreover, both iodo-

and bromo–difluoroiodoacetate were applicable to couple with
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Scheme 1. Substrate scope of Ni-catalyzed three-component reductive fluoroalkyl-vinylation of alkynes. Reaction conditions: alkyne (0.2 mmol), alkenyl iodide (0.1 mmol),

fluoroalkyl iodide (0.2 mmol), NiCl2·DME (10 mol%), dtbbpy (12 mol%), Mn (0.25 mmol), TMSCl (0.05 mmol), THF/diglyme = 1:1 [0.17 mol/L], 30 °C, 3 h. Isolated yields.
a With alkenyl bromide. b With ethyl (Z)−3-iodoacrylate. c With ethyl bromodifluoroacetate.

alkyne 1 and alkenyl iodide 2 with good efficiency (42, 85% and

78% yield, respectively).

To further demonstrate the usefulness of our catalytic radical

domino protocol, we carried 1,3-diene compounds for a diverse of

synthetic derivations, as shown in Scheme 2. Selective reduction

of compound 33 with H2 in the presence of catalytic Pd/C deliv-

ered trisubstituted alkene 47 in 70% yield (condition a) [79]. Prod-

uct 4 was easily converted into corresponding alkenyl acid 48 [69].

amide 49 [80], and allyllic alcohol 50 [81] via classical hydrolysis

or nucleophilic additions b−d. Furthermore, selective reduction of

the ester group of 4 with DIBAL-H afforded dienyl allyl alcohol 51

in 78% yield (condition e) [82]. [4 + 2] Cycloaddition of 51 with tri-

azole dione (PTAD) gave C2F5-incorporated pyridazine dione 52 in

82% yield (condition f) [83]. Reaction of 51 with vinylmagnesium

bromide in the presence of nBuLi underwent a sequential nucle-

ophilic addition/defluorination process to deliver fluorinated diene

53 in 85% yield (condition g) [84,85].

To shed some light on the potential reaction pathway of this

novel catalytic reductive fluoroalkyl-alkenylation reaction, we have

conducted several preliminary mechanistic experiments. The addi-

tion of 1 equiv. of TEMPO, a commonly employed radical inhibitor,

into the template reaction system completely shut down the de-

sired cross-coupling reaction, with only detection of TEMPO−C2F5
adduct 54 (Scheme 3A) [86]. Radical probe reaction with 1,5-diene

was next explored (Scheme 3B). While the reaction of 55 with

alkenyl iodide 2 and C2F5I under the optimal conditions gave the

cyclized alkyl iodide 56 in 47% yield, with no observation of the

desired alkyl-alkenylation product 57. We assume that 56 could be

generated via an iodide transfer of alkyl radical I, which is formed

via a radical addition followed by 5-exo radical cyclization. The

cis/trans ratio of 56 (cis/trans = 10:1) also matches the involvement

of radical intermediates, where the cis selectivity could attribute to

the stabilization of the conformation for the cyclization transition

state (Scheme 3B) [69,87]. Interestingly, GC–MS analysis of the re-

action mixture (in diglyme) detected the formation of alkenyl io-

dide 58 and a trace amount of dimer 59, further supporting the

involvement of vinyl radical species (Scheme 3C). Moreover, time

course studies of this reaction revealed the product formation was

accompanied by generation of alkenyl iodide at the early stage,

and alkenyl iodide was gradually converted into the final prod-
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Scheme 2. Synthetic applicability. (a) Pd/C (10 mol%), H2 (balloon), MeOH, r.t.,12 h;

(b) K2CO3, MeOH, r.t., 12 h; (c) LiClO4, pyrrolidine, r.t., 1 h; (d) EtMgBr, THF, −78 °C
to r.t.; (e) DIBAL-H, CH2Cl2, −78 °C to r.t.; (f) 4-phenyl-3H-1,2,4-triazole-3,5(4H)–

dione (PTAD), 1,2-dichloroethane, r.t.; (g) nBuLi, vinylmagnesium bromide, n-hexane,

−78 °C to 90 °C.

Scheme 3. Mechanistic studies.

uct at the late stage (see Supporting information). To further de-

termine whether vinyl iodide could be a reactive intermediate, we

subjected pre-prepared (E)-C4F9-alkenyl iodide 60 into the reaction

system. The reaction of 60 with alkenyl iodide 2 in the presence of

Ni(II)/dtbbpy/Mn furnished 1,3-diene 40 in 95% yield, suggesting

that alkenyl iodide could be a reactive intermediate in this catalytic

reductive system (Scheme 3D).

Scheme 4. Proposed reaction pathway.

Based on these experimental results as well as previous lit-

erature [48,88–93], we proposed a reaction pathway for this Ni-

catalyzed reductive fluoroalkyl-alkenylation reaction, as depicted in

Scheme 4. Initially, precatalyst Ni(II) is reduced by Mn to afford the

active Ni(0) species I. Oxidative addition of vinyl halide A to Ni(0)

gives (vinyl)Ni(II)-X II, which is then single-electron reduced by

Mn to yield (vinyl)Ni(I) intermediate III. At the same time, alkyne

B undergoes atom transfer radical addition (ATRA) with fluoroalkyl

iodide C, assisted by Ni(0) or Ni(I) species, to furnish E-alkenyl io-

dide IV. At this juncture, we surmise that a SET event between

(vinyl)Ni(I) and alkenyl iodide IV affords (vinyl)Ni(II) II and alkenyl

radical V. Alternatively, direct radical addition of fluoroalkyl radical

to alkyne also produces alkenyl radical V. V then combines with

Ni(II) II generates Ni(III) species VI, which undergoes facile re-

ductive elimination to furnish the desired fluoroalkylated 1,3-diene

product as well as Ni(I) VII. Finally, SET reduction of Ni(I) VII in the

presence of Mn would regenerate Ni(0) to close the catalytic cycle.

In this reaction, the regioselective outcome is mainly steered by

the addition of fluoroalkyl radicals to alkynes; while the excellent

trans-stereoselectivity could be attributed to the rapid inversion of

E/Z alkenyl radical V and a faster combination of Ni(II) II with less

sterically hindered E-alkenyl radical [94,95].

In conclusion, we have reported an efficient and selective three-

component cross-electrophile fluoroalkyl-alkenylation of alkynes

with fluoroalkyl halides and alkenyl halides via nickel catalysis.

This mild protocol enables the simultaneous incorporation of flu-

oroalkyl and alkenyl units, providing the straightforward approach

to fluoroalkylated 1,3-dienes from readily available starting mate-

rials with excellent chemo-, regio- and stereo-selectivity. The reac-

tion works well with a broad range of terminal and internal ary-

lalkynes, alkenyl halides, and fluoroalkyl halides. Mechanistic stud-

ies by radical probes and time course studies indicate that this re-

action could proceed via a Ni(0)/Ni(I)/Ni(II)/Ni(III) cycle.
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