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a b s t r a c t

A cooperative Pd/Cu-catalyzed three-component cross-coupling reaction of alkynes, B2Pin2 and alkene-

tethered aryl halides is reported. This reaction proceeds under mild conditions and shows broad sub-

strate scope, providing a variety of heterocycles containing tetrasubstituted alkenylboronate moieties in

synthetically useful yields with excellent chemoselectivity and regioselectivity. This transformation fea-

tures the catalytic generation of β-borylalkenylcopper intermediates and their use in Pd-catalyzed Heck

cyclization/cross-couplings. An enantioselective cascade cyclization/cross-coupling process has also been

developed for the synthesis of enantiomerically enriched oxindole bearing a tetrasubstituted alkenyl-

boronate moiety.

© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Organoboron compounds play an integral role in synthetic

chemistry because C-B bonds can be readily and efficiently con-

verted into a wide variety of useful functional groups. Among all

classes of organoboron compounds, alkenylboronates are versatile

building blocks for the preparation of tetrasubstituted alkenes

that are widely found in biologically active molecules [1–3]. Thus,

the synthesis of alkenylboronates continues to be an important

research field. The classic approach to the synthesis of alkenyl-

boronates is the reaction of organolithium or Grignard reagents

with trialkyl borates, which may suffer from selectivity problems

and lack of functional group compatibility [4]. To overcome these

problems, various methods for the selective synthesis of alkenyl-

boronates have been developed in the past decade [5–7]. Among

them, transition metal-catalyzed especially copper-catalyzed car-

boboration of internal alkynes has emerged as a powerful strategy

for the synthesis of tetrasubstituted alkenylboronates [8–20].

This transformation typically involves the migratory insertion of

alkynes into borylcopper complexes [21] to generate nucleophilic

β-borylalkenylcopper species, which can react with various elec-

trophiles to form tetrasubstituted alkenylboronates (Scheme 1a).

However, the control of regioselectivity remains a challenge,

mainly because of the low reactivity of unsymmetrical internal

alkynes.
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On the other hand, transition metal-catalyzed difunctionaliza-

tion of alkenes has evolved as a powerful engine for the rapid

build-up of benzo-fused carbo- and heterocycles with sterically

congested quaternary carbon centers. Such transformation, involv-

ing intramolecular Heck cyclization followed by intermolecular

nucleophilic [22–34] or electrophilic [35–43] capture of the re-

sulting σ -alkyl-metal intermediate, has been extensively studied

(Scheme 1b).

Inspired by the copper/palladium dual-catalyzed carboboration

of π bonds [44–51] and our continuing interest in developing

Ni-catalyzed difunctionalization of alkenes for efficient construc-

tion of nitrogen-containing heterocycles [52–61], we envisaged

that a β-borylalkenyl copper intermediate could be generated cat-

alytically and exploited in a Ni-catalyzed Heck cyclization/cross-

coupling (Scheme 1c). This bimetallic synergistic catalytic system

[62–64] would allow the simultaneous activation of alkyne and

alkene substrates and provide complete control over the different

selectivity factors associated with this transformation, leading to

a wide variety of heterocycles bearing a tetrasubstituted alkenyl-

boronate moiety which can be further functionalized.

To achieve the conceptually simple but appealing transforma-

tions described above, several competing reaction pathways must

be avoided, such as: (1) Intramolecular arylboration of alkenes is

known and conversion of 1 to 4 has been reported [65–69]; (2)

Direct Miyaura borylation of aryl halides [70–73]; (3) The reduc-

tive Heck cyclization of 1 to 5 using diboron-water as the hydride

source was previously developed by us [74].

To probe this hypothesis, we started our studies by investigating

the catalytic cascade cyclization/borylation/cross-coupling reaction
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Scheme 1. Synthesis of tetrasubstituted alkenylboronates.

of aryl bromide (1a), alkyne (2a), and B2Pin2 (Table 1). We first

examined the strategy of nickel/copper synergistic catalysis, unfor-

tunately, using CuI and Ni(COD)2 as catalysts and LiOtBu as base in

THF at 80 °C, we did not observe the expected product 3aa and

only isolated the arylborylated by-product 4aa (entry 1). To our

delight, the target product 3aa could be isolated in 4% yield us-

ing palladium instead of nickel as the catalyst, demonstrating the

feasibility of the concept (entry 2). Subsequently, a survey of the

ligands was performed (entries 3–5). And the desired product 3aa

could be obtained in 24% yield when PCy3 was employed (entry

4). The copper precursor exerted a profound effect on the reac-

tivity (entries 6–8), and CuCl was found to be the most effective,

providing 3aa in 34% yield (entry 7). The effect of solvent on the

reaction was also explored (entries 9–11). When the reaction was

carried out in toluene, the yield of 3aa was significantly increased

to 49% (entry 10). Further fine-tuning the reaction conditions al-

lowed us to define the following optimized conditions: Pd(OAc)2
(10 mol%)/CuCl (10 mol%) as catalyst, PCy3 as ligand, and tBuOLi

(2 equiv.) as a base in toluene at 80 °C. Under these conditions,

oxindole 3aa was isolated in 71% yield with high chemoselectiv-

ity (entry 12). Finally, controlled experiments confirmed that both

palladium and cooper catalysts were essential for the reaction to

occur (entries 13 and 14).

With optimal reaction conditions in hand, we set out to ex-

plore the generality of this transformation (Scheme 2). Aryl bro-

mide, aryl iodide, and aryl triflate are all suitable electrophiles,

providing oxindole 3aa in 68%−83% yield. The structure of 3aa

was unequivocally determined by X-ray single crystal diffraction

analysis. Aromatic rings with different substitution patterns, and

those with electron-donating (methyl and methoxyl) or electron-

withdrawing (chloro, fluoro and trifluoromethyl) groups, were well

compatible and provided the corresponding oxindoles 3ba-3ja in

46%−86% yields. The aryl bromide 1k with a sterically hindered

isopropyl group at the internal position of the alkene was also tol-

erated to furnish the corresponding oxindole 3ka in 89%. Notably,

Table 1

Optimization of reaction conditions.a

Entry Catalyst Ligand Solvent Yield (%)b

3aa 4aa

1 CuI Ni(cod)2 PPh3 THF 0 23

2 CuI Pd(OAc)2 PPh3 THF 4 47

3 CuI Pd(OAc)2 PtBu3 THF 11 36

4 CuI Pd(OAc)2 PCy3 THF 24 11

5 CuI Pd(OAc)2 SPhos THF 6 34

6 CuBr Pd(OAc)2 PCy3 THF 8 10

7 CuCl Pd(OAc)2 PCy3 THF 34 6

8 CuOAc Pd(OAc)2 PCy3 THF 4 12

9 CuCl Pd(OAc)2 PCy3 1,4-Dioxane 5 9

10 CuCl Pd(OAc)2 PCy3 Toluene 49 4

11 CuCl Pd(OAc)2 PCy3 MeCN 12 0

12c CuCl Pd(OAc)2 PCy3 Toluene 71 <3

13 – Pd(OAc)2 PCy3 Toluene 0 90

14 CuCl – PCy3 Toluene 0 0

a Reaction conditions: 2a (0.1mmol), 1a (1.2 equiv.), B2Pin2 (1.5 equiv.), [Cu] (10

mol%), [M] (10 mol%), ligand (80 mol%), LiOtBu (1.8 equiv.) in solvent (2mL) in a

sealed tube at 80 °C for 48 h
b Isolated yields.
c 1a (0.1mmol), 2a (1.5 equiv.).

in the case of benzyl substitution on the double bond (1l), the al-

ternative process involved the Heck cyclization/intramolecular C–H

activation leading to spirooxindole did not occur [75–78]. The N-

benzyl protected substrate was also accommodated, providing the

corresponding product 3ma in 81% yield. Since the benzyl group is

easily removed, this method can be used for the synthesis of N–H

oxindoles. In addition, heterocyclic aryl bromides such as quinolin-

2-one and azaindole could also be efficiently converted to the cor-

responding products 3na and 3oa. Excitingly, not only the activated

alkenes, but also the unactivated alkene substrates 1p and 1q could

effectively participate in the reaction, and the corresponding indo-

line 3pa and benzofuran 3qa were successfully isolated in 64% and

72% yields, respectively.

The substrate scope with respect to internal alkynes 2 was next

investigated (Scheme 3). Symmetrical diarylalkynes with electron-

donating (methoxy) or electron-withdrawing (fluoro) groups

were both compatible with this reaction (3ab-3ac). Strikingly,

heteroaryl-substituted internal alkyne such as 1,2-bis(thiophen-

2-yl)acetylene 2d was also competent substrate, providing the

desired product 3ad in 61% yield. Furthermore, this transformation

is not limited to aryl-substituted alkynes, but alkyl-substituted

alkyne is also applicable. As shown in Scheme 3, oct–4–yne 2e

could be coupled with 1a and B2Pin2 to produce the correspond-

ing oxindole 3ae, albeit in moderate yield. We speculate that

the copper-borylation of electron-rich alkynes is slower than the

intramolecular carbon-palladation of alkenes. The rate mismatch

between the two steps resulted in the accumulation of σ -alkyl-

palladium species, as we observed various side products generated

from aryl-borylation and reductive Heck reaction of alkenes.

The more challenging unsymmetrical alkynes were explored

next. We were pleased to find that a variety of unsymmetrical

alkynes were tolerated to provide the corresponding oxindoles

2
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Scheme 2. Substrate scope of acrylamides 1.

3af-3at in moderate to good yields (49%−85% yield) with high

regioselectivity (>20:1). In all cases, only single regioisomers

were obtained in which the alkyne carbon with the less electron

donating group (Ar/Het) was attached to the terminal carbon of

the alkene moiety of 1, and the alkyne carbon with the more

electron-donating substituent (alkyl) attached to the boron atom.

Alkynes with various substituents such as methoxy, chlorine, fluo-

rine, trifluoromethyl, and boronate ester in the para position of the

aromatic ring were efficiently converted into the corresponding

products 3ag-3al in 50%−80% yields. The structure of 3ak was

unequivocally determined by X-ray single crystal diffraction anal-

ysis. Substitution at the meta position of the triple bond was

also compatible (3am). To further demonstrate the robustness

of this approach, we subsequently examined various heteroaryl-

substituted alkynes. Indole, benzothiophene, dibenzothiophene,

and dibenzofuran could be successfully intercalated into the cor-

responding products 3an-3aq in 72%−85% yield with excellent

regioselectivity. Finally, alkyl-substituted alkynes including func-

tionalized substituents, such as CH2OMe and CH2CH2CO2Me, were

compatible, leading to the corresponding oxindoles 3ar-3at in 74%

and 68% yields, respectively.

We performed a gram-scale reaction of 1a using 5 mol% pal-

ladium and copper catalysts to provide 3aa in 86% yield (1.82 g),

revealing the practical applicability of this Pd/Cu synergistic cataly-

sis (Scheme 4). To further demonstrate the synthetic advantages of

our domino cyclization, further transformations of vinylboronate

3aa were conducted. Boron was readily removed by means of

Ag-catalyzed hydrogenation reduction to provide the trisubsti-

tuted alkene 6 in 87% yield reaction with retained configuration.

Suzuki-coupling of vinylboronate 3aa with iodobenzene afforded

the triaryl-substituted indoline 7 in 89% yield. Tetrasubstituted

alkenyl halides with defined configurations are ideal substrates for

many transition metal-catalyzed coupling reactions. Despite their

synthetic utility, their synthetic preparation is very challenging

and cannot be accessed by simple addition reactions between

aryl or acyl halides and internal alkynes [79]. Interestingly, the

C-B bond of 3aa could be converted to the corresponding C-X

bond (X=Cl, Br, I) in a stereoretentive manner, providing tetra-

substituted alkenyl halides 8–10 in synthetically useful yields, thus

demonstrating the potential application of our method.

To gain a deeper insight into the reaction mechanism, alkenyl-

copper complex 11 was synthesized in 86% yield by react-

ing NaOtBu, B2Pin2, alkyne 2f with in situ generated Cy3PCuCl

(Scheme 5a) [14]. Treatment of complex 11 with 1a under stan-

dard conditions afforded the target product 3af in 46% yield and

high regioselectivity (>20:1) in the absence of copper catalyst. This

result suggests that the alkenylcopper intermediate 11 is the key

intermediate for this transformation (Scheme 5b).

On the basis of the above results and previous studies on coop-

erative Pd/Cu catalysis [44–51], a proposed mechanism is outlined

in Scheme 6. Oxidative addition of Pd0 to aryl halide 1 followed by

intramolecular Heck cyclization affords σ -alkyl-PdIIX intermediate

B (Scheme 6, red cycle). Ligand exchange of the σ -alkyl-PdIIX in-

termediate B with B2Pin2 followed by reductive elimination will

generate the arylboration by-product 4 [65–69]. Meanwhile, the

metathesis reaction between [(Cy3P)CuCl] and LiOtBu will afford

[(Cy3P)Cu-O
tBu], which reacts with B2Pin2 to generate a borylcop-

per complex [(Cy3P)Cu-BPin]. Migratory insertion of alkyne into

the Cu-B bond in a syn fashion leads to the β-boryl alkenylcopper

complex C (Scheme 6, blue cycle). Transmetalation between the β-

boryl alkenylcopper complex C and the σ -alkyl-PdIIX intermediate

B will provide the alkyl-PdII-alkenylboron complex D, which un-

dergoes reductive elimination to provide the oxindoles 3 bearing

tetrasubstituted alkenylboronate moieties.

Since Pd-catalyzed enantioselective intramolecular Heck cy-

clization reactions have been well established [22–43], we decided

to screen a series of chiral ligands in an attempt to render the

reaction asymmetric (see Table S3 in Supporting information for
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Scheme 3. Substrate scope of alkynes 2.

Scheme 4. Synthetic transformations.
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Scheme 5. Mechanistic studies.

Scheme 6. Possible mechanism.

Scheme 7. Pd/Cu-catalyzed enantioselective cyclization/cross-coupling.

details). We examined chiral sulfinamide monophosphine ligands

developed by Zhang’s group, which are very effective for this type

of cyclization reaction [80,81]. However, the expected product 3

could not be detected under our reaction conditions and only

the arylboration by-product 4 was observed (Table S3 for details).

After screening a range of chiral ligands, we were pleased to find

that diphenyl-Phox was the most efficient, providing 3ja in 45%

yield with 71% enantioselectivity (Scheme 7).

In summary, we have described a synergistic Cu/Pd-catalyzed

three-component reaction of alkynes, B2Pin2 and alkene-tethered

aryl halides. This transformation represents the first example of the

use of catalytically generated β-borylalkenylcopper species in Pd-

catalyzed Heck cyclization/cross-coupling reactions. The reaction

provides a wide variety of heterocycles containing tetrasubstituted

alkenylboronate moieties in good yields (up to 89% yield) with ex-

cellent chemoselectivity and regioselectivity (>20:1). Furthermore,

an enantioselective cascade cyclization/cross-coupling with bory-

lalkenylcopper species has also been developed.
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