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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 synthesis'”. 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 achieve®. 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 le' chemistry processes’®.
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 configurations®'. 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)% 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
materials™". 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 effects”. Similarly,
Tamoxifen, used in breast cancer treatment for its antiestrogenic
activity, has an opposite stereoisomer that exhibits estrogenic
activity'®”. Therefore, precisely defining the geometric structure of
these alkenes during synthesis is crucial for understanding their
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Fig. 1| Stereodivergent borylalkylation of alkynes. a Ligand enabled geometric configuration differences of Ni (I) complexes. b Examples of how olefin geometry
influences biological activity. ¢ Catalyst-controlled stereodivergent borylalkylation of alkynes.

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 reactions'®, cross-coupling of alkenyl
partners”, alkene metathesis®®, functionalization of alkynes* > or
allenes®*, light-promoted alkene isomerization” 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 by providing a convenient and
versatile platform for the efficient construction of complex molecules
tailored for pharmaceutical targets®*". 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 materials®**°. Among these,
carboboration stands out—the rich transformability of boron
moieties"*? affords extensive scope for the synthesis of poly-
substituted alkenes. However, alkyne carboboration reactions pre-
dominantly exhibit syn-stereoselectivity***, thereby impeding the
formation of anti-addition stereoisomers. While anti-selectivity can be
obtained in a few cases through coordinating groups***, steric
hindrance, or alternative pathways involving radical intermediates*’,
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 1r-systems®**,
particularly the successful development of Ni-catalyzed asymmetric
anti-selective borylalkylation of terminal alkynes*’, 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 coupling partners. 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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stirred at 40 °C for 12 h. GC yields, syn:anti selectivities were determined by GC
analysis of the crude reaction mixture. ‘3 (0.8 mmol, 2.0 equiv).

byproducts were alkyne trimers and homocoupling 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
Pr-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 alkenes™
(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 a-
bromophosphate, propargyl bromide, secondary a-bromoester,
a-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, a-
bromophosphate (66), propargyl bromide (67), along with a-
bromoester (68), a-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, two distinct stereoisomers, 6 and 36, obtained
from this reaction, which were subsequently subjected to Matteson
homologation and oxidation®*. This transformation efficiently pro-
ducedboth (£)-and (2)-allylalcohols71and 72 (Fig. 5a), representing
a significant improvement over previously reported methods that
required 4 and 6 synthetic steps for their respective preparations.
Thesealcoholsserveaskeyintermediatesinthesynthesisofanagent
with anticancer activity> and a human Icmtinhibitor*®, respectively.
Second, we successfully synthesized key intermediate 74, which is
crucial for the construction of the natural product Conulothiazole
A%, infour 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 toxic OsO4. More importantly, we achieved
an even more streamlined synthesis of the natural product (E,E)-a-
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 steps®®*? to only two, highlights the efficiency and practicality of
our methodology.
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product; syn:anti selectivities were determined by GC analysis of the crude reaction
mixtures. ? L9 (6-methyl-2,2"-bipyrdine) was used. ® CPME was used. ¢ L5 was used.

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
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was at 40 °C stirred for 12 h. The given isolated yields refer to the single isomeric
product; anti:syn selectivities were determined by GC analysis of the crude reaction
mixtures. * L5 was used.

(79) and B,pin, were reacted with H,O 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), 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 H.O, the resulting

product (80) was obtained with a low syn/anti ratio (Fig. 6¢). More-
over, when benzyl bromide (3) was used instead of H,O 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 principle®®®, the
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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
clock experiment was performed with the alkylbromide derivative, 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)*%. The CV measurement revealed a sig-
nificant observation: the electrochemical profile obtained after the
addition of B,pin, and LiOMe closely matched that of a Ni(ll) salt
(Fig. 6g). This finding provides evidence against the possibility of Ni(ll)
reduction by the that the combination of B,pin,/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 this multicomponent
reaction is initiated by the migratory insertion of an alkyne into the Ni
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(I)-Bpin species, generating a syn-alkenylnickel (Il) intermediate,
which then undergoes reversible isomerization to form an anti-alke-
nylnickel (1) species (Fig. 7). 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(l)
species reacts with the alkyl halides 3, producing the alkyl radical and
regenerating the Ni(ll) catalyst.
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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 intermediate®*®°,(ii) an alkene-radical intermediate formed
through reversible Ni-C homolysis®’, and (iii) a three-membered n
vinylnickel transition state®® 2, The first two pathways seemed unlikely
(See Supplementary information Supplementary Figs. S19 and S20 for
details). Instead, the DFT calculations suggest that isomerization most
likely proceeds via the n2-vinylnickel transition state (Fig. 8a). Although
it has relatively high energy, the radical chain initiation step surmounts
a comparable energy barrier (Fig. 8b)”>”7¢, and the free radicals need to
cross solvent cages”’, leading to a low concentration of alkyl radicals.
As aresult, the catalytic system is likely to reach equilibrium before 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 "CP3 and "CP4 to adopt either tetra-
hedral or square pyramidal coordination geometries with a triplet
(high-spin) state to alleviate steric hindrance caused by ortho-
substituents’®’°. 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(ll) 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. Thisinnovative strategy provides
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 10 ml reaction tube equipped with a magnetic stir
bar, the following were added in a nitrogen-filled environment:
NiCl, DME (4.4 mg, 0.02 mmol, 5 mol%), L4 or L8 (0.02 mmol, 5 mol
%), LiOMe (30.2 mg, 0.8 mmol, 2.0 equiv.) and B,pin, (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 (1.0 mL) were added in this order, and the mixture was
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stirred at 40 °C for 12 h. Upon completion, the reaction mixture 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
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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.

References

1.

10.

.

12.

13.

14.
15.

16.

17.

18.

19.

20.

21.

Hartwig, J. F. Organotransition Metal Chemistry: From Bonding to
Catalysis (2010).

Bullock, R. M. Catalysis without Precious Metals. (Wiley-VCH, 2010).
Tasker, S. Z., Standley, E. A. & Jamison, T. F. Recent advances in
homogeneous nickel catalysis. Nature 509, 299-309 (2014).
Obligacion, J. V. & Chirik, P. J. Earth-abundant transition metal
catalysts for alkene hydrosilylation and hydroboration. Nat. Rev.
Chem. 2, 15-34 (2018).

Ogoshi, S. Nickel Catalysis in Organic Synthesis. (Wiley-VCH, 2020).
Hazari, N., Melvin, P. R. & Beromi, M. M. Well-defined nickel and
palladium precatalysts for cross-coupling. Nat. Rev. Chem. 1,
0025 (2017).

Fu, G. C. Transition-metal catalysis of nucleophilic substitution
reactions: a radical alternative to SN1and SN2 processes. ACS Cent.
Sci. 3, 692-700 (2017).

Diccianni, J., Lin, Q. & Diao, T. Mechanisms of nickel-catalyzed
coupling reactions and applications in alkene functionalization.
Acc. Chem. Res. 53, 906-919 (2020).

Schroder, D., Shaik, S. & Schwarz, H. Two-state reactivity as a new
concept in organometallic chemistry. Acc. Chem. Res. 33,
139-145 (2000).

Poli, R. Open-shell organometallics as a bridge between werner-
type and low-valent organometallic complexes. The effect of the
spin state on the stability, reactivity, and structure. Chem. Rev. 96,
2135-2204 (1996).

Qamar, O. A., Cong, C. & Ma, H. Solid state mononuclear divalent
nickel spin crossover complexes. Dalton. Trans. 49, 17106-17114
(2020).

Duval, H., Bulach, V., Fischer, J. & Weiss, R. Four-coordinate, low-
spin (S = 0) and six-coordinate, high-spin (S = 1) nickel(ll) complexes
of tetraphenylporphyrins with 3-pyrrole electron-withdrawing
substituents: porphyrin-core expansion and conformation. Inorg.
Chem. 38, 5495-5501 (1999).

Itami, K. & Yoshida, J. -i Multisubstituted olefins: platform synthesis
and applications to materials science and pharmaceutical chem-
istry. Bull. Chem. Soc. Jpn. 79, 811-824 (2006).

Wang, J. Stereoselective Alkene Synthesis. (Springer, 2012).
Molloy, J. J. et al. Boron-enabled geometric isomerization of alkenes
via selective energy-transfer catalysis. Science 369, 302-306
(2020).

Quirke, V. M. Tamoxifen from failed contraceptive pill to best-
selling breast cancer medicine: A case-study in pharmaceutical
innovation. Front. Pharmacol. 8, https://doi.org/10.3389/fphar.
2017.00620 (2017).

Harper, M. J. K. & Walpole, A. L. Contrasting endocrine activities of
cis and trans isomers in a series of substituted triphenylethylenes.
Nature 212, 87-87 (1966).

M. Edmonds, A. A. in In Modern Carbonyl Olefination. (Wiley-
VCH, 2003).

Gong, Y., Hu, J., Qiu, C. & Gong, H. Insights into recent nickel-
catalyzed reductive and redox C-C coupling of electrophiles,
C(sps)-H bonds and alkenes. Acc. Chem. Res. 57, 1149-1162 (2024).
Hoveyda, A. H. et al. Taking olefin metathesis to the limit: stereo-
controlled synthesis of trisubstituted alkenes. Acc. Chem. Res. 56,
2426-2446 (2023).

Armstrong, M. K., Goodstein, M. B. & Lalic, G. Diastereodivergent
reductive cross coupling of alkynes through tandem catalysis: Z-

22.

23.

24.

25.

26.

27.

28.

20.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

and E-selective hydroarylation of terminal alkynes. J. Am. Chem.
Soc. 140, 10233-10241 (2018).

Long, T. et al. Ligand-controlled stereodivergent alkenylation of
alkynes to access functionalized trans- and cis-1,3-dienes. Nat.
Commun. 14, 55 (2023).

Chen, J., Wei, W.-T., Li, Z. & Lu, Z. Metal-catalyzed Markovnikov-type
selective hydrofunctionalization of terminal alkynes. Chem. Soc.
Rev. 53, 7566-7589 (2024).

Li, W. et al. Synthesis of axially chiral alkenylboronates through
combined copper- and palladium-catalysed atroposelective aryl-
boration of alkynes. Nat. Syn. 2, 140-151 (2023).

Prakash, A. et al. Zero-valent copper catalysis enables regio- and
stereoselective difunctionalization of alkynes. Angew. Chem., Int.
Ed. 64, 202418901 (2025).

Yang, X., Yuan, C. & Ge, S. Ligand-enabled stereodivergence in
nickel-catalyzed regioselective hydroboration of internal allenes.
Chem 9, 198-215 (2023).

Li, G., Huo, X., Jiang, X. & Zhang, W. Asymmetric synthesis of allylic
compounds via hydrofunctionalisation and difunctionalisation of
dienes, allenes, and alkynes. Chem. Soc. Rev. 49, 2060-2118
(2020).

Tan, T.-D. et al. Kinetically controlled Z-alkene synthesis using iron-
catalysed allene dialkylation. Nat. Syn. 4, 116-123 (2025).
Nevesely, T., Wienhold, M., Molloy, J. J. & Gilmour, R. Advances in
the E > Z isomerization of alkenes using small molecule photo-
catalysts. Chem. Rev. 122, 2650-2694 (2022).

Li, P. et al. Stereodivergent access to non-natural a-amino acids via
enantio- and Z/E-selective catalysis. Science 385, 972-979 (2024).
Nguyen, T. T., Koh, M. J., Mann, T. J., Schrock, R. R. & Hoveyda, A. H.
Synthesis of E- and Z-trisubstituted alkenes by catalytic cross-
metathesis. Nature 552, 347-354 (2017).

Zhang, L. & Nagib, D. A. Carbonyl cross-metathesis via deox-
ygenative gem-di-metal catalysis. Nat. Chem. 16, 107-113 (2024).
Zhu, C. et al. A multicomponent synthesis of stereodefined olefins
via nickel catalysis and single electron/triplet energy transfer. Nat.
Catal. 2, 678-687 (2019).

Wisthoff, M. F., Pawley, S. B., Cinderella, A. P. & Watson, D. A. Ste-
reoselective synthesis of Cis- and trans-tetrasubstituted vinyl
silanes using a silyl-heck strategy and hiyama conditions for their
cross-coupling. J. Am. Chem. Soc. 142, 12051-12055 (2020).
Flrstner, A. Trans-hydrogenation, gem-hydrogenation, and trans-
hydrometalation of alkynes: An interim report on an unorthodox
reactivity paradigm. J. Am. Chem. Soc. 141, 11-24 (2019).

Kojima, C., Lee, K.-H., Lin, Z. & Yamashita, M. Direct and base-
catalyzed diboration of alkynes using the unsymmetrical dibor-
ane(4), pinB-BMes,. J. Am. Chem. Soc. 138, 6662-6669 (2016).
Chen, M., Tugwell, T. H., Liu, P. & Dong, G. Synthesis of alkenyl
boronates through stereoselective vinylene homologation of
organoboronates. Nat. Syn. 3, 337-346 (2024).

Yoshida, H. Borylation of alkynes under base/coinage metal cata-
lysis: Some recent developments. ACS Catal. 6, 17799-1811 (2016).
Whyte, A., Torelli, A., Mirabi, B., Zhang, A. & Lautens, M. Copper-
catalyzed borylative difunctionalization of m-systems. ACS Catal. 10,
11578-11622 (2020).

Altarejos, J., Valero, A., Manzano, R. & Carreras, J. Synthesis of Tri-
and tetrasubstituted alkenyl boronates from alkynes. Eur. J. Org.
Chem. 2022, 202200521 (2022).

Carreras, J., Caballero, A. & Pérez, J. Alkenyl boronates: synthesis
and applications. Chem. Asian J. 14, 329-343 (2019).

Hall, D. G. Boronic Acids: Preparation and Applications in Organic
Synthesis and Medicine; (Wiley-VCH: Weinheim, 2011.)

Alfaro, R., Parra, A., Aleman, J., Garcia Ruano, J. L. & Tortosa, M.
Copper(l)-catalyzed formal carboboration of alkynes: synthesis of
tri- and tetrasubstituted vinylboronates. J. Am. Chem. Soc. 134,
15165-15168 (2012).

Nature Communications | (2025)16:9107

10


https://www.ccdc.cam.ac.uk/structures/
https://doi.org/10.3389/fphar.2017.00620
https://doi.org/10.3389/fphar.2017.00620
www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-64114-6

44. ltoh, T., Shimizu, Y. & Kanai, M. Ligand-enabled, copper-catalyzed
regio- and stereoselective synthesis of trialkylsubstituted alke-
nylboronates from unactivated internal alkynes. J. Am. Chem. Soc.
138, 7528-7531 (2016).

45. Lesieur, M., Bidal, Y. D., Lazreg, F., Nahra, F. & Cazin, C. S. J. Versatile
relay and cooperative palladium(0) N-heterocyclic carbene/cop-
per(l) N-heterocyclic carbene catalysis for the synthesis of tri- and
tetrasubstituted alkenes. ChemCatChem 7, 2108-2112 (2015).

46. Daini, M., Yamamoto, A. & Suginome, M. Nickel-catalyzed cycliza-
tive trans-carboboration of alkynes through activation of
boron-chlorine bonds by using organometallic reagents as donors
of organic groups. Asian J. Org. Chem. 2, 968-976 (2013).

47. Chen, Z. et al. Ligand-controlled regiodivergent Ni-catalyzed trans-
hydroboration/carboboration of internal alkynes with Bopin,. Chem.
Sci. 15, 2236-2242 (2024).

48. Yamamoto, A. & Suginome, M. Nickel-catalyzed trans-alkynylbora-
tion of alkynes via activation of a boron—-chlorine bond. J. Am. Chem.
Soc. 127, 15706-15707 (2005).

49. Suzuki, K., Sugihara, N., Nishimoto, Y. & Yasuda, M. Anti-selective
borylstannylation of alkynes with (o-phenylenediaminato)boryl-
stannanes by a radical mechanism. Angew. Chem., Int. Ed. 61,
202201883 (2022).

50. Li, Y. et al. Modular access to substituted cyclohexanes with kinetic
stereocontrol. Science 376, 749-753 (2022).

51. Li, Y. &Yin, G. Nickel chain-walking catalysis: a journey to migratory
carboboration of alkenes. Acc. Chem. Res. 56, 3246-3259 (2023).

52. Huang, C., Wu, D., Li, Y. & Yin, G. Asymmetric anti-selective bor-
ylalkylation of terminal alkynes by nickel catalysis. J. Am. Chem.
Soc. 145, 18722-18730 (2023).

53. Flynn, A. B. & Ogilvie, W. W. Stereocontrolled synthesis of tetra-
substituted olefins. Chem. Rev. 107, 4698-4745 (2007).

54. Collins, B. S. L., Wilson, C. M., Myers, E. L. & Aggarwal, V. K.
Asymmetric synthesis of secondary and tertiaryboronic esters.
Angew. Chem., Int. Ed. 56, 11700-11733 (2017).

55. Tiwari, M. K. et al. Design, synthesis, structure-activity relationship
and docking studies of novel functionalized arylvinyl-1,2,4-triox-
anes as potent antiplasmodial as well as anticancer agents.
ChemMedChem 15, 1216-1228 (2020).

56. Bergman, J. A., Hahne, K., Hrycyna, C. A. & Gibbs, R. A. Lipid and
sulfur substituted prenylcysteine analogs as human lcmt inhibitors.
Bioorg. Med. Chem. Lett. 21, 5616-5619 (2011).

57. Nitelet, A., Gérard, P., Bouche, J. & Evano, G. Total synthesis of
conulothiazole A. Org. Lett. 21, 4318-4321 (2019).

58. Wilson, E. O. Source and possible nature of the odor trail of fire ants.
Science 129, 643-644 (1959).

59. Yin, W., Liang, W., Guo, L., Lei, J. & Qiu, F. G. Stereoselective
synthesis of homofarnesenes: establishment of an efficient method
for the stereoselective preparation of acyclic tetrasubstituted ole-
fins. ACS Omega 3, 4551-4556 (2018).

60. Chakraborty, S. & Saha, C. The Curtin-Hammett principle. Reson 21,
151-171 (2016).

61. Eliel, E. L. & Wileln, S. H. Stereochemistry of Organic Compounds.
(John Wiley & Sons, 1994).

62. Kong, W. et al. Base-modulated 1,3-Regio- and stereoselective
carboboration of cyclohexenes. Angew. Chem., Int. Ed. 62,
202308041 (2023).

63. Liu, W. & Kong, W. Ni-catalyzed stereoselective difunctionalization
of alkynes. Org. Chem. Front. 7, 3941-3955 (2020).

64. Lin, Z., Hu, W., Zhang, L. & Wang, C. Nickel-catalyzed asymmetric
cross-electrophile trans-aryl-benzylation of a-naphthyl propargylic
alcohols. ACS Catal. 13, 6795-6803 (2023).

65. Yap, C. et al. Enantioselective nickel-catalyzed intramolecular
allylic alkenylations enabled by reversible alkenylnickel E/Z iso-
merization. Angew. Chem. Int. Ed. 56, 8216-8220 (2017).

66. Huggins, J. M. & Bergman, R. G. Mechanism, regiochemistry, and
stereochemistry of the insertion reaction of alkynes with
methyl(2,4-pentanedionato)(triphenylphosphine)nickel. A cis
insertion that leads to trans kinetic products. J. Am. Chem. Soc. 103,
3002-3011 (1981).

67. Wang, X., Liu, Y. & Martin, R. Ni-catalyzed divergent cyclization/
carboxylation of unactivated primary and secondary alkyl halides
with CO,. J. Am. Chem. Soc. 137, 6476-6479 (2015).

68. Choi, H., Lyu, X., Kim, D., Seo, S. & Chang, S. Endo-selective intra-
molecular alkyne hydroamidation enabled by NiH catalysis incor-
porating alkenylnickel isomerization. J. Am. Chem. Soc. 144,
10064-10074 (2022).

69. Zell, D. et al. Stereoconvergent and -divergent synthesis of tetra-
substituted alkenes by nickel-catalyzed cross-couplings. J. Am.
Chem. Soc. 143, 19078-19090 (2021).

70. Frohnapfel, D. S. & Templeton, J. L. Transition metal n,-vinyl com-
plexes. Coord. Chem. Res. 206, 199-235 (2000).

71. Lu, Z. et al. Enantioselective assembly of cycloenones with a
nitrile-containing all-carbon quaternary center from mal-
ononitriles enabled by Ni catalysis. J. Am. Chem. Soc. 142,
7328-7333 (2020).

72. Li, C. et al. Nickel-catalyzed atroposelective carbo-carboxylation of
alkynes with CO,: En route to axially chiral carboxylic acids. Angew.
Chem. Int. Ed. n/a, €202413305 (2024).

73. Greaves, M. E. et al. Unexpected nickel complex speciation unlocks
alternative pathways for the reactions of alkyl halides with dppf-
Nickel(0). ACS Catal. 10, 10717-10725 (2020).

74. Biswas, S. & Weix, D. J. Mechanism and selectivity in nickel-
catalyzed cross-electrophile coupling of aryl halides with alkyl
halides. J. Am. Chem. Soc. 135, 16192-16197 (2013).

75. Lin, X. & Phillips, D. L. Density functional theory studies of negishi
alkyl-alkyl cross-coupling reactions catalyzed by a methylterpyr-
idyl-Ni(l) complex. J. Org. Chem. 73, 3680-3688 (2008).

76. Chen, P.-P., McGinnis, T. M., Lin, P. C., Hong, X. & Jarvo, E.R. A
nickel-catalyzed cross-electrophile coupling reaction of 1,3-dime-
sylates for alkylcyclopropane synthesis: investigation of stereo-
chemical outcomes and radical lifetimes. ACS Catal. 13,
5472-5481 (2023).

77. Correa, A. Ni- and Fe-Based Cross-Coupling Reactions. (Springer
Cham, 2018)

78. Akana, M. E. et al. Computational methods enable the prediction of
improved catalysts for nickel-catalyzed cross-electrophile cou-
pling. J. Am. Chem. Soc. 146, 3043-3051 (2024).

79. Huang, H., Alvarez-Hernandez, J. L., Hazari, N., Mercado, B. Q. &
Uehling, M. R. Effect of 6,6'-substituents on bipyridine-ligated Ni
catalysts for cross-electrophile coupling. ACS Catal. 14, 6897-6914
(2024).

Acknowledgements

This work was supported by the National Natural Science Foundation of
China (22122107 to G.Y., 22401220 to Yangyang Li, 22371215 and
22222111 to W.L.), the National Key R&D Program of China
(NO.20227D0160100 to Yugiang Li, 2022YFA1502902 to W.L.), the
Fundamental Research Funds for the Central Universities (413100070 to
Yangyang Li), Guangdong Basic and Applied Basic Re-search Founda-
tion (2024A1515011689 to G.Y.), Scientific Research Innovation Cap-
ability Support Project for Young Faculty (ZYGXQNJSKYCXNLZCXM-H17
to G.Y.) and the Large Scale Instrument and Equipment Sharing Foun-
dation of Wuhan University. We thank the Core Facility of Wuhan Uni-
versity for help with X-ray crystallographic analysis. The numerical
calculations in this research have been done on the supercomputing
system in the Supercomputing Center of Wuhan University. Professor
Xiao-Tian Qi (WHU) is thanked for his supervision regarding the DFT
calculations.

Nature Communications | (2025)16:9107


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-64114-6

Author contributions

G.Y. designed the project and directed the work; C.H. developed the
catalytic method; C.H., D.W. and L.W. performed all synthetic experi-
ments and Y.Z., Yugiang Li, and W.L. performed all DFT calculations.
G.Y., C.H., D.W. and Yangyang Li. wrote the manuscript.

Competing interests
The authors declare no competing interests.

Additional information

Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s41467-025-64114-6.

Correspondence and requests for materials should be addressed to
Yangyang Li, Wen-Bo Liu or Guoyin Yin.

Peer review information Nature Communications thanks Ramesh
Rasappan and the other anonymous reviewer(s) for their contribution to
the peer review of this work. A peer review file is available.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jur-
isdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons licence, and indicate if
changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this licence, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2025

Nature Communications | (2025)16:9107

12


https://doi.org/10.1038/s41467-025-64114-6
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/naturecommunications

	Catalyst-controlled stereodivergent synthesis of polysubstituted alkenes
	Results
	Reaction development
	Substrate scope
	Synthetic applications
	Mechanistic study
	DFT calculations

	Discussion
	Methods
	Representative procedure for stereodivergent borylfunctionalization of alkynes

	Data availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




