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Catalyst-controlled stereodivergent
synthesis of polysubstituted alkenes

Chengmi Huang 1,2,5, DongWu1,5, Yu-Qing Zheng3,5, LujinWang1, Yuqiang Li 4,
Yangyang Li 1,2 , Wen-Bo Liu 3 & Guoyin Yin 1,2

The strategic utilization of earth-abundant transition metals in catalysis has
emerged as a trans-formative movement in advancing of synthetic chemistry.
Despite notable progress, the potential of leveraging diverse geometric con-
figurations of these catalysts to achieve divergent synthesis remains largely
untapped. In this work, we present a stereodivergent three-component bor-
ylfunctionalization of alkynes, enabled by ligand-modulated geometric varia-
tions in nickel catalysts. This approach provides a versa-tile platform for the
stereodivergent synthesis of two classes of valuable polysubstituted alkene
building blocks, a challenging feat in organic synthesis. Its practical utility is
showcased by the rapid construction of biologically relevant molecules.
Mechanistic studies support that different geometric configurations of nickel
catalysts display distinct reactivity during key reaction steps, leading to the
observed stereochemical outcomes.

The development of synthetic methods employing earth-abundant
transition-metal catalysis has become a defining trend in the field of
organic synthesis1,2. This progress is fueled by a growing commitment
to sustainable chemical synthesis and the significant potential to dis-
cover and develop novel reactions that rare and precious metal cata-
lysts cannot achieve3,4. In this regard, nickel catalysts have risen to
prominence as a paragon, attributed to their diverse oxidation states—
extending across the series from Ni (0) to Ni (IV) and their ambidex-
trous capacity to facilitate both 2e- and 1e- chemistry processes5–8.
These features set the predominant logic for the reaction design in the
realm of homogeneous nickel catalysis over the past several decades.
In addition, it is well-known that organometallic complexes of the first-
row transition metals exhibit diverse geometric configurations9,10. For
instance, four-coordinate nickel (II) complexes typically exhibit either
square planar or tetrahedral coordination geometries. In contrast, five-
coordinate nickel (II) complexes tend to adopt either trigonal bipyr-
amidal or square pyramidal geometries (Fig. 1a)11,12. These distinct
coordination geometries significantly influence the reactivity and

selectivity of the complexes. Specifically, variations in the spatial
structure and electronic effects of the ligands can lead to stereospatial
differences when the substrate coordinates with the metal. This, in
turn, plays a crucial role in the stereoselectivity of the reaction by
modulating key elementary steps, such as oxidative addition and
reductive elimination. However, the effective use of these properties
for reaction development remains underexplored.

Polysubstituted alkenes are essential structural components
found extensively in natural products, pharmaceuticals, and organic
materials13,14. Different stereoisomeric forms of these alkenes often
exhibit distinct activities, and in some cases, can have opposing effects
in pharmaceutical applications (Fig. 1b). For example, Alitretinoin and
Isotretinoin, two commercial drugs with opposite stereochemical
configurations, display distinct therapeutic effects15. Similarly,
Tamoxifen, used in breast cancer treatment for its antiestrogenic
activity, has an opposite stereoisomer that exhibits estrogenic
activity16,17. Therefore, precisely defining the geometric structure of
these alkenes during synthesis is crucial for understanding their
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impact on biological activity in drug development campaigns. Con-
sequently, it has stimulated significant interest in the precise synthesis
of stereodefined polysubstituted olefins, which has led to substantial
advancements in Wittig reactions18, cross-coupling of alkenyl
partners19, alkene metathesis20, functionalization of alkynes21–25 or
allenes26–28, light-promoted alkene isomerization29 and others. These
methods typically require starting materials with well-defined stereo-
chemistry or result in the production of only one stereoisomer. Ste-
reodivergent synthesis of versatile polysubstituted alkenes has
significantly transformed the landscape byproviding a convenient and
versatile platform for the efficient construction of complex molecules
tailored for pharmaceutical targets30–37. However, the product space of
existing strategies is still very limited. Therefore, developing effective
strategies for the stereodivergent synthesis of versatile poly-
substituted alkenes is still highly desirable.

Metal-catalyzed difunctionalization of alkynes represents an
attractive and efficient platform for constructing polysubstituted
alkenes using readily available starting materials38–40. Among these,
carboboration stands out—the rich transformability of boron
moieties41,42 affords extensive scope for the synthesis of poly-
substituted alkenes. However, alkyne carboboration reactions pre-
dominantly exhibit syn-stereoselectivity43–45, thereby impeding the
formation of anti-addition stereoisomers. While anti-selectivity can be
obtained in a few cases through coordinating groups46,47, steric
hindrance48, or alternative pathways involving radical intermediates49,
such approaches significantly restrict the reaction’s substrate scope. In
addition, stereodivergent synthesis that enables both syn and anti-
selectivity remains underexplored. Building on our previous

investigation into metal-catalyzed functionalization of π-systems50,51,
particularly the successful development of Ni-catalyzed asymmetric
anti-selective borylalkylation of terminal alkynes52, we hypothesized
that strategic ligand selection might effectively modulate the iso-
merization of alkenyl-nickel intermediates and their subsequent reac-
tivity with electrophiles, potentially enabling stereodivergent
synthesis. Herein, we demonstrate the validity of this hypothesis
through the development of a nickel-catalyzed stereodivergent bor-
ylfunctionalization of alkynes, which highlights the crucial role of
catalyst geometric configurations in controlling reaction stereo-
selectivity (Fig. 1c). In addition, this study introduces an efficient
platform for the precise assembly of two classes of valuable tri- and
tetrasubstituted alkenylboronates from simple feedstock chemicals by
switching the supporting ligand. The observed ligand-dictated ste-
reodivergence results from the distinct geometries of nickel catalysts,
influencing elementary steps and consequently modifying stereo-
chemical outcomes.

Results
Reaction development
Our study began by exploring the carboboration reaction of
4-ethoxyphenylacetylene (1), using pinacol diboronate (2) and benzyl
bromide (3) as couplingpartners. Extensive experimentations revealed
that the choice of ligand is a crucial factor in determining the stereo-
chemical outcome of this three-component reaction. As illustrated in
Fig. 2, employing bioxazoline (L1), 1,2-diamine (L2), and terpyridine
(L3) resulted in a mixture of syn- and anti-carboboration products (4
and 5) with low efficiency and poor stereoselectivity. The main
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byproductswere alkyne trimers andhomocoupling of benzyl bromide.
To our surprise, utilizing sterically hindered 2,2’-bipyridine (L4) and
Pyox (L6) type ligand favoring the syn-selective product (4). Among
them, L4 yielded the best results with high stereoselectivity. In con-
trast, applying sterically unhindered 2,2’-bipyridine(L5), Pyox (L7), and
iPr-Pmrox type ligand (L8) resulted in a reversal of the stereoselectivity
pattern, with L8 yielding the optimal efficiency and selectivity for the
anti-selective product (5). These results underscore the nature of the
ligand in dictating the stereoselectivity of this nickel-catalyzed alkyne
carboboration reaction.

Substrate scope
With the optimized reaction conditions in hand, we explored the
substrate scope of the syn-selective borylalkylation of alkynes,
with the results summarized in Fig. 3. This catalytic system
exhibited remarkable stereoselectivity and excellent functional
group tolerance across a broad range of substrates. The reaction
demonstrated good performance with various terminal aryl
alkynes and aliphatic alkynes containing diverse functional
groups (6–18). More significantly, the system proved to be ver-
satile enough to address challenging cases, as evidenced by the
successful conversion of both symmetric and unsymmetric
internal alkynes into the corresponding tetrasubstituted alkenes53

(19–24) with moderate to excellent stereoselectivity under iden-
tical reaction conditions. Further exploration revealed that vary-
ing the benzyl bromide (25–30) or switching it to α-
bromophosphate, propargyl bromide, secondary α-bromoester,
α-bromoamide, or allyl bromide also generated the correspond-
ing syn-selective products (31–35) with high stereoselectivity. The
stereochemistry of the tri- and tetrasubstituted alkenes was
confirmed by X-ray diffraction analysis of representative products
24 and 28.

We next extended our investigations to the substrate scope of the
anti-selective carboboration reaction. As illustrated in Fig. 4, similar to
the syn-selective carboboration reaction, aryl and heteroaryl alkynes
with a variety of electronically diverse substituents (36–44) were effi-
ciently converted to the corresponding trisubstituted alkenylbor-
onates, achieving high yields and excellent anti-selectivities. A wide
range of functional groups, such as ester (37), ketone (38), and sulfonyl
(39), bromide (40) and boronate (41), were well-tolerated, offering
significant versatility for subsequent cross-coupling reactions. More-
over, aliphatic alkynes tethering various substituents exhibited

excellent compatibility without compromising reactivity and selectiv-
ity (45–51). Moreover, the scope was not limited to terminal alkynes;
internal alkynes were also compatible, delivering tetrasubstituted
alkenes with good yields and anti-stereoselectivities (52–54). Further
examination of benzyl halides bearing a range of functional groups
(55–61) and hetero-aromatic benzyl bromides (62–65) revealed that all
these organohalides underwent smooth carboboration reactions,
producing the corresponding alkenes with moderate to excellent
yields, as well as good regio- and stereoselectivity. Importantly, α-
bromophosphate (66), propargyl bromide (67), along with α-
bromoester (68), α-bromoamide (69), and allyl bromide (70), were
all suitable coupling partners in this nickel-catalyzed system, resulting
in the desired anti-selective products with good to excellent yields and
stereoselectivities. In addition, the mass balance under moderate
reaction yields was accounted for by alkyne trimerization (See Sup-
plementary Information Section 5 for details). The structure and ste-
reochemistry of the products were confirmed by X-ray diffraction
analysis of compounds 52 and 58.

Synthetic applications
To demonstrate the synthetic utility of this stereodivergent chem-
istry, we applied it to the synthesis of biologically relevant com-
pounds (Fig. 5). First, twodistinct stereoisomers,6 and36, obtained
from this reaction, which were subsequently subjected toMatteson
homologation and oxidation54. This transformation efficiently pro-
ducedboth(E)- and(Z)-allylalcohols71and72 (Fig. 5a), representing
a significant improvement over previously reported methods that
required 4 and 6 synthetic steps for their respective preparations.
Thesealcoholsserveaskey intermediates inthesynthesisofanagent
with anticancer activity55 andahuman Icmt inhibitor56, respectively.
Second, we successfully synthesized key intermediate 74, which is
crucial for the construction of the natural product Conulothiazole
A57, in four steps (Fig. 5b). This represents a significant improvement
over the previously reported five-step sequence, which not only
required additional synthetic steps but also involved the use of
alkylcopper reagent and toxicOsO4.More importantly,we achieved
an even more streamlined synthesis of the natural product (E,E)-α-
homofarnesene (78), completing its preparation in just two steps
starting from commercially available materials (Fig. 5c). This
remarkable reduction in step count, from the previously required
five steps58,59 toonly two, highlights theefficiency andpracticality of
our methodology.

Fig. 2 | Reaction discovery. Identification of the optimal reaction conditions.
NiCl2·DME (5mol %), L (5mol %), 1 (0.4mmol, 1.0 equiv.), 2 (0.8mmol, 2 equiv.), 3
(0.6mmol, 1.5 equiv.), and LiOMe (0.8mmol, 2 equiv.) in 1,4-dioxane (2.0mL),

stirred at 40 oC for 12 h. GC yields, syn:anti selectivities were determined by GC
analysis of the crude reaction mixture. +3 (0.8mmol, 2.0 equiv).
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Mechanistic study
To gain insights into the ligand-exerted dichotomy in this nickel-
catalyzed three-component reaction, we carried out a series of
mechanistic experiments. We found no evidence of isomerization for

product 4 under the anti-selective reaction conditions, nor for pro-
duct 5 under syn-selective reaction conditions (Fig. 6a). These results
confirm that the observed syn/anti-stereoselectivity is not attribu-
table to product isomerization. Furthermore, when phenylacetylene

Fig. 3 | Scope of the syn-selective carboboration reaction. General reaction
conditions: alkyne (0.4mmol, 1.0 equiv.), B2pin2 (2.0 equiv.), alkyl bromide (1.5
equiv.), NiCl2·DME (5mol%), L4 (5mol%), LiOMe (2.0 equiv.) in 1,4-dioxane (0.2M)

was at 40 oC stirred for 12 h. The given isolated yields refer to the single isomeric
product; syn:anti selectivities weredetermined byGC analysis of the crude reaction
mixtures. a L9 (6-methyl-2,2’-bipyrdine) was used. b CPME was used. c L5 was used.
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(79) and B2pin2 were reacted with H2O instead of benzyl bromide,
product 80 was obtained with a 7:1 syn/anti ratio under the syn-
selective reaction conditions. Similarly, under anti-selective condi-
tions, the reaction yielded product 81 with a 1.3:1 anti/syn ratio
(Fig. 6b). A series of stoichiometric experiments were conducted
using Ni(cod)₂ and two optimal ligands (L4 and L8) with bromoalk-
enyl boronate (82) of different Z/E ratios as the starting material.
When these reactions were quenched with H₂O, the resulting

product (80) was obtained with a low syn/anti ratio (Fig. 6c). More-
over, when benzyl bromide (3) was used instead of H₂O in these
stoichiometric experiments, high syn- and anti-selectivity was
achieved under the same conditions, regardless of the initial syn/anti
ratio of 82 (Fig. 6d). These results strongly suggest the involvement
of a rapid and reversible isomerization process in the catalytic
cycle, which likely occurs prior to the oxidative addition step, and
are consistent with the Curtin–Hammett principle60,61, the

 
Fig. 4 | Scope of the anti-selective carboboration reaction. General reaction
conditions: alkyne (0.4mmol, 1.0 equiv.), B2pin2 (2.0 equiv.), alkyl bromide (2.0
equiv.), NiCl2·DME (5mol%), L8 (5mol%), LiOMe (2.0 equiv.) in 1,4-dioxane (0.2M)

was at 40 oC stirred for 12 h. The given isolated yields refer to the single isomeric
product; anti:syn selectivities weredetermined byGC analysis of the crude reaction
mixtures. a L5 was used.
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stereoselectivity is mainly determined by the oxidative addition and
reductive elimination steps.

In addition, radical trapping experiment revealed that addition of
TEMPO resulted in significant inhibition of the reaction, and the benzyl
radical was identified as the TEMPO-trapped adduct (Fig. 6e). Radical
clockexperimentwas performedwith the alkylbromidederivative, and
the ring-opened product was observed (Fig. 6f). These results indi-
cated the involvement of an alkyl radical in the reaction system.
Moreover, we conducted a series of electrochemical investigations

using cyclic voltammetry (CV)62. The CV measurement revealed a sig-
nificant observation: the electrochemical profile obtained after the
addition of B₂pin₂ and LiOMe closely matched that of a Ni(II) salt
(Fig. 6g). This finding provides evidence against the possibility of Ni(II)
reduction by the that the combination of B₂pin₂/LiOMe system, and
suggests that the catalytic cycle is initiated through the formation of a
Ni(II)-Bpin species.

Based on the above results, we propose that thismulticomponent
reaction is initiated by the migratory insertion of an alkyne into the Ni
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(II)-Bpin species, generating a syn-alkenylnickel (II) intermediate,
which then undergoes reversible isomerization to form an anti-alke-
nylnickel (II) species (Fig. 7)63. The ligand plays a crucial role in reg-
ulating the relative reactivity of these two nickel species toward alkyl

radicals, thereby enabling the selective formation of the correspond-
ing carboboration products and Ni(I) species. In addition, the Ni(I)
species reacts with the alkyl halides 3, producing the alkyl radical and
regenerating the Ni(II) catalyst.

Fig. 6 | Mechanistic study. a Isomerization experiment. b Quenching experiment. c Proton-stoichiometric experiment. d BnBr-stoichiometric experiment. e Radical
trapping experiment. f Radical clock experiment. g CV experiment.
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DFT calculations
To further validate these findings, we investigated the isomerization
process using density functional theory (DFT) calculations (Fig. 8).
Three potential pathways were considered: (i) a zwitterionic carbene-
type intermediate64–66,(ii) an alkene-radical intermediate formed
through reversible Ni-C homolysis67, and (iii) a three-membered η²-
vinylnickel transition state68–72. The first two pathways seemed unlikely
(See Supplementary information Supplementary Figs. S19 and S20 for
details). Instead, the DFT calculations suggest that isomerizationmost
likelyproceeds via theη²-vinylnickel transition state (Fig. 8a). Although
it has relatively high energy, the radical chain initiation step surmounts
a comparable energy barrier (Fig. 8b)73–76, and the free radicals need to
cross solvent cages77, leading to a low concentration of alkyl radicals.
As a result, the catalytic system is likely to reach equilibriumbefore the
oxidative addition step, indicating that the stereoselectivity-
determining step is governed by subsequent transformations, con-
sistent with our mechanistic studies (Fig. 6b–d).

To further validate the origin of reaction stereoselectivity,
additional DFT calculations were conducted. After comprehen-
sively exploring the reaction potential energy surface and reaction
pathways as thoroughly as possible, we found that the stable
configuration of the divalent alkenylnickel species is significantly
influenced by the ligand’s nature. In the catalytic system with L4
(Fig. 8c), using the ligand with a 6-substituent allows the divalent
alkenylnickel complexes TCP3 and TCP4 to adopt either tetra-
hedral or square pyramidal coordination geometries with a triplet
(high-spin) state to alleviate steric hindrance caused by ortho-
substituents78,79. Both configurations create a crowded environ-
ment for the radical addition step, making it quite sensitive to the
alkenylnickel species’ stereochemistry. CP4, with distorted square
pyramidal geometry, is more prone to be attacked by free radicals
than CP3, with tetrahedral geometry, as evidenced by a 1.6 kcal/
mol energy gap between TS3 and TS4. Through distortion/inter-
action analysis, we found this difference comes from the distinct
steric hindrance distributions of the two key intermediates, which
was further corroborated by the surface distance projection map.
(See Supplementary Information Supplementary Fig. S14 for
details). This result indicates that the radical addition step is the
stereochemistry-determining step for the syn-selective reaction. In
contrast, in the reaction system with L8, the alkenylnickel

complexes SCP7 and SCP8 preferentially adopt a square-planar
coordination geometry with a singlet (low spin) state (Fig. 8d).
Unlike the tetrahedral and distorted square pyramidal coordina-
tion geometries, the square-planar coordination geometry results
in a less congested environment. As a result, the radical addition
step is minimally influenced by the stereochemistry of the alke-
nylnickel species, as evidenced by the negligible energy difference
between the transition states TS7 and TS8. Moreover, a 4.5 kcal/
mol energy gap between TS9 and TS10 in the reductive elimina-
tion step indicates that this step is the key determinant of ste-
reochemistry in the anti-selective reaction. We also investigated
the reactivity of Ni(II) complex with different spin states and
configurations. The alternative pathways are less favored due to
the higher energy barrier.

Discussion
In summary, we have successfully developed a nickel-catalyzed
stereodivergent borylcarbofunctionalization of alkynes, high-
lighting the potential of catalyst geometric configuration in mod-
ulating reaction stereoselectivity. This innovative strategyprovides
a convenient and efficient approach for synthesizing valuable tri-
and tetrasubstituted alkenylboronic esters using readily available
alkynes, alkyl bromides, and a diboron reagent, with exceptional
levels of chemo-, regio-, and stereoselectivities. The method show-
cases remarkable functional group compatibility and a broad sub-
strate scope, encompassing both terminal and internal alkynes as
well as diverse alkyl bromides. The synthetic utility of this chemistry
is underscored by its ability to streamline the synthesis of drug-
relevant molecules.

Methods
Representative procedure for stereodivergent bor-
ylfunctionalization of alkynes
To an oven-dried 10ml reaction tube equipped with a magnetic stir
bar, the following were added in a nitrogen-filled environment:
NiCl2

.DME (4.4 mg, 0.02mmol, 5 mol%), L4 or L8 (0.02mmol, 5 mol
%), LiOMe (30.2 mg, 0.8 mmol, 2.0 equiv.) andB2pin2 (0.8 mmol, 2.0
equiv.). Then anhydrous 1,4-dioxane (1.0 mL), alkynes (0.4 mmol,
1.0 equiv.), alkyl bromides (0.6 mmol, 1.5 equiv.) and anhydrous 1,4-
dioxane (1.0mL) were added in this order, and the mixture was
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stirred at 40 °C for 12 h. Upon completion, the reactionmixture was
cooled to ambient temperature and subjected directly to pre-
parative thin-layer chromatography to afford the corresponding
product. For further details, please see the Supplementary
Information.

Data availability
All information relating to optimization studies, experimental proce-
dures, mechanistic studies, DFT calculations, NMR spectra, and high-
resolution mass spectrometry are available in Supplementary Infor-
mation. All other data are available from the corresponding authors

Fig. 8 | DFT calculations. a Computational analysis of syn/anti isomerization.
b Computational analysis of chain initiation. c Computational analysis of syn-
selective. d Computational analysis of anti-selective. DFT calculations were

performed at the M06/def2-TZVP/SMD(1,4-dioxane)//B3LYP-D3(BJ)/def2-SVP of
theory. CP complex; TS transition state.
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upon request. Crystallographic data for the structures reported in this
Article have been deposited at the Cambridge Crystallographic Data
Center, under deposition numbers CCDC2320520 (24), 2261903(28),
2279115(52), 2248596 (58). Copies of the data can be obtained free of
charge via https://www.ccdc.cam.ac.uk/structures/. Source data are
provided in this paper.
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