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ABSTRACT 

β-Methylene carbonyl motifs constitute privileged structural frameworks that play vital roles as a pharmacophore and serve 
as key intermediates in the assembly of architecturally complex molecules. Despite their synthetic importance, asymmetric 
approaches for their preparation remain scarce and are largely confined to substrate-controlled or stoichiometric chiral auxiliary 
methods. Herein, we report a nickel hydride-catalyzed enantioconvergent α-alkenylation of carbonyl compounds with alkynes, 
providing a direct and general route to α-chiral β-methylene carbonyl derivatives. The transformation proceeds via Markovnikov- 
selective alkyne hydronickellation followed by nickel-radical recombination to forge the α-stereogenic center, delivering the 
desired products with high levels of regio- and enantioselectivity. The protocol accommodates a wide range of alkynes and α- 
halocarbonyl partners, displays excellent functional group tolerance, and can be applied to the modification of biologically relevant 
molecules. Mechanistic investigations indicate that a partially protic Ni(II)H species governs the observed regioselectivity, while 
enantio-discrimination occurs during the radical capture step. This work establishes NiH catalysis as a versatile platform for 
expanding the synthetic repertoire for enantioenriched β-methylene carbonyl architectures. 
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 Introduction 

-Methylene carbonyl motifs and their reduced derivatives con-
titute privileged structural frameworks that find broad utility
cross diverse domains of chemical research and synthesis. In
articular, those bearing chirality at the α-position are preva-
ent in natural products and biologically relevant compounds
Scheme 1a ) [ 1–5 ] and have also been extensively employed as
trategic intermediates in the construction of architecturally com-
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plex molecules [ 6–15 ]. Moreover, the β-methylene unit presents
a unique opportunity for multifaceted β-branching transfor-
mations by means of alkene functionalization [ 16–22 ], thus
enhancing molecular complexity in a manner complementary to
biosynthetic β-branching pathways that typically rely on the mod-
ification of a β-ketone functionality [ 23 ]. Given this versatility
and synthetic potential, the development of robust and general
synthetic methods for accessing such valuable building blocks
remains a demanding area of research. 
oDerivs License, which permits use and distribution in any medium, provided the original work 
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SCHEME 1 Synthesis of α-enantioenriched β-methylene carbonyl 
compounds. 
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econjugative α-functionalization of α, β-unsaturated carbonyl
ompounds may represent the most common strategy for the
onstruction of β-methylene carbonyls [ 24–29 ]. Although bene-
iting from simplicity, this approach is often plagued by narrow
tructural diversity and the requirement for strong bases. More
ritically, asymmetric induction within this synthetic platform
emains somewhat limited, typically necessitating either the pre-
nstallation of chiral auxiliaries into the reactants [ 30–36 ] or
n-situ formation of stoichiometric amounts of chiral lithium
mides as stereodirecting agents (Scheme 1b ) [ 37–39 ]. An appeal-
ng strategy would be to directly connect the methylene and
arbonyl units at the α, β-junction while catalytically promoting
symmetric induction, ideally through functionalization of read-
ly available chemical feedstocks. The catalytic Conia-ene-type
eaction, an intramolecular C–C bond-forming process between
lkyne (or alkene) and enolizable carbonyl functionality, has
njoyed success in this context [ 40–45 ], finding broad appli-
ations in natural product synthesis [ 46–52 ] and asymmetric
atalysis [ 53–58 ]. However, the extension of such enantioselective
rocesses to intermolecular variants has lagged behind thus far
 59, 60 ]. 

n recent years, catalysis based on transition metal hydrides
TMH) has emerged as a new frontier for alkene and alkyne
ydrofunctionalization, offering unique reactivity and selectiv-
of 13
ity that were previously inaccessible by traditional methods
[ 61–70 ]. We hypothesized that β-methylene carbonyls bearing
α-chiral centers could be accessed through systematic opti-
mization of such a catalytic system for Markovnikov-selective
alkyne hydrometallation and successive enantioconvergent α-
alkenylation of carbonyl compounds (Scheme 1c ). In related
studies, the Lalic and Fu groups have recently developed
elegant copper and cobalt hydride systems that mediate anti-
Markovnikov [ 71 ] and regiodivergent [ 72 ] hydroalkylation reac-
tions, respectively. The latter strategy, in particular, provides a
convenient entry to β-methylene amides [ 72 ]; however, much
of the work was primarily focused on achiral reactions despite
the utilization of chiral ligands, thus underscoring the persistent
challenges associated with asymmetric catalysis. Furthermore,
expanding such systems to accommodate more readily trans-
formable carbonyl motifs, such as esters, is also highly desirable
to enable broader diversification and application. 

To this end, nickel hydride (NiH) catalysis offers a promising
mechanistic platform for the designed asymmetric transforma-
tion, given its well-established capability for enantioselective
C–C bond formation via hydroalkylation [ 73–80 ]. Nonethe-
less, while NiH-catalyzed enantioconvergent α-alkylation of
α-carbon electrophiles have been extensively developed via anti-
Markovnikov [ 81, 82 ] and remote alkene hydronickellation [ 82,
83 ], the alkenylation variant for the asymmetric construction
of β-methylene frameworks remains underexplored, with a
only single reported example of cyclic substrate that exhibits
moderate regioselectivity [ 81 ]. The lack of general methods
in this context likely stems from the intrinsic challenge that
steric features required for effective enantioselectivity control
can simultaneously compromise the attainment of Markovnikov
selectivity. More recently, alternative strategies employing alkenyl
electrophiles have emerged as attractive solutions to potentially
circumvent these limitations by pre-defining the reacting site
[ 84, 85 ]; however, these approaches predominantly rely on 1-
alkenyl electrophiles to furnish β, γ-unsaturated linear products.
In light of the comparatively limited accessibility of 2-alkenyl
electrophiles, the development of a Markovnikov-selective NiH
catalytic system for enantioconvergent α-alkenylation using read-
ily available alkynes would provide a complementary and highly
valuable approach to α-enantioenriched β-methylene carbonyl
compounds. 

Herein, we demonstrate that chiral NiH catalysis indeed enables
the designed process with high regio- and enantioselectivity,
exhibiting broad substrate scope across a wide range of alkynes
and α-haloesters (Scheme 1c ). The synthetic utility of this
method is further evidenced by its excellent functional group
tolerance, practicality, and applicability to the modification of
biologically relevant molecules and synthesis of a key building
block for natural products, as well as by a variety of post-
modification, including NiH-catalyzed sequential hydroalkyla-
tion for β-branching transformation. Mechanistic investigations
suggest that the partial protic character of Ni(II)H may account
for the observed regioselectivity, whereas the enantioselectivity
is established during the Ni-radical recombination step. Density
functional theory (DFT) calculations elucidate the key elements
governing enantioselectivity, a mechanistic aspect that has been
previously underexplored in NiH-catalyzed enantioconvergent
C–C bond formation. 
Angewandte Chemie International Edition, 2026
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SCHEME 2 Optimizations of reaction parameters for achiral and enantioconvergent α-alkenylation via alkyne hydronickellation. 
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 Results and Discussion 

.1 Reaction Optimizations 

o achieve a generality for the desired Markovnikov-selectivity
irst, we commenced our investigation with an achiral system
sing alkyne 1 and ethyl chloroacetate 2a as model substrates
Scheme 2a ). After extensive screenings of a range of reaction
arameters, guided by our previous experience in NiH catalysis
 86–89 ] (see Tables S1–S6 for further details), optimal conditions
ere obtained with NiCl2 (PCy3 )2 (5 mol%), 4,4’-di- tert -butyl-2,2’-
ipyridine L1 (20 mol%), diethoxy(methyl)silane (DEMS; 4.0
quiv), K2 HPO4 ⋅3H2 O (2.0 equiv) as a base, and toluene/DMSO
ixture (7:3) as solvent, which led to β-methylene ester 3 in
4% yield and excellent regioselectivity (r.r. > 20:1) after 24 h
eaction at 30◦C (Scheme 2a , entry 1). Alternative sources of
ickel precatalysts (Scheme 2a , entries 2 and 3) gave dimin-
ngewandte Chemie International Edition, 2026

rea
ished yields, but high Markovnikov-selectivity was maintained
in all these cases. Other solvents were generally less effective
(Scheme 2a , entries 4–6), except benzene/DMSO combination
that gave 3 equally in a high yield (Scheme 2a , entry 7). 4,4’-
Dimethyl-2,2’-bipyridine ligand L2 was found as effective as L1
(Scheme 2a , entry 8), but the presence of 6,6’-disubstituents on
bipyridine ( L3 ) and phenanthroline ligands ( L4 and L5 ) resulted
in poor reactions (Scheme 2a , entries 9–11). Other bases were
less competent (Scheme 2a , entries 12), but the amount of ligand
could be reduced to 15 mol% with only negligible loss of efficiency
(Scheme 2a , entry 13). Ethyl bromoacetate 2b could be employed
as a replacement of 2a , albeit giving product 3 in a lower yield
(Scheme 2a , entry 14). 

With the Ni system proven superior for the desired Markovnikov-
selective hydroalkylation, we next wished to explore the feasi-
bility of enantioconvergence of the carbonyl substrates having
3 of 13
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n additional α-substituent. Unfortunately, a simple replacement
f ligand L1 with any sort of chiral ligands was unsuccessful
nder the above optimized conditions (see Tables S7–S16 for full
etails of optimization investigations). The choice of solvents was
ound to be more essential in this case, with the combination of
thyl acetate and NMP (7:3) initially allowing for the formation
f α-substituted- β-methylene esters 5a–5d by using biimidazoline
BIIM) ligands (Scheme 2b ). Notably, the O -substituents on the
ster motif displayed substantial effects on the enantioselectivity,
mproving the enantiomeric ratio (e.r.) as they become bulkier
 vide infra for mechanistic investigation). For instance, using
IIM ligand L6 that contains 4,4’-di- sec -butyl and N,N’ -di-( 3 -
ert -butyl)phenyl substituents, methyl ( 4a ; R = Me), ethyl ( 4b ;
 = Et), and isopropyl esters ( 4c ; R = i Pr) were converted to
he corresponding β-methylene products ( 5a–5c ) with moderate
nantioselectivities, whereas tert -butyl variant 4d led to 5d with
n improved selectivity (e.r. = 94:6). However, the regioselectivity
as diminished under these asymmetric conditions, presumably
ecause the steric constraints of the ligands now interfere with
he regiocontrol. 

igand screening was next performed to improve both the
fficiency and selectivity of the reaction between alkyne 1 and
-bromoalkanoate 4d , through variation of the 4,4’- and N , N’ -
ubstituents on the ligands (Scheme 2c ). While BIIM ligand
earing bulkier 4,4’-substituents ( L7 ; R = tert -butyl) significantly
eteriorated the reaction, the sterically less demanding analog
 L8 ; R = benzyl) afforded the desired product 5d , albeit in
oorer yield and lower selectivity. In contrast, 4,4’-di-isopropyl
igand L9 delivered comparable results to those obtained with
6 . Electronic modification at the N , N’ -aryl groups was also
ound to be influential ( L10–L12 ), with electron-withdrawing
ubstituents leading to poorer reactivity ( L12 ). Pleasingly, regios-
lectivity could be improved by employing ligand L13 appended
ith N , N’ -mesityl groups, although with a slight decrease in
nantioselectivity (e.r. = 92:8). 

urther optimization studies were carried out using ligands L6
nd L13 , through which we established effective asymmetric
onditions for the designed transformations (Scheme 2d ). The
ptimal protocol employed NiBr2 ⋅diglyme (10 mol%), L13 (12
ol%), DEMS (3.0 equiv), KF (3.0 equiv) as a base, H2 O (2.5 equiv)
s additive, and THF/PhCF3 mixture (17:3) as solvent at –20◦C.
nder these conditions, β-methylene ester 5d was obtained in 91%
ield with excellent regio- ( > 10:1 r.r.) and high enantioselectivity
95:5 e.r.) after 48 h reaction (Scheme 2d , entry 1). Ligand L6 also
roved effective; 24 h reactions gave consistent results regardless
f temperature, albeit in slightly diminished yield and lower
egioselectivity when conducted in EA/NMP solvent (Scheme 2d ,
ntries 2 and 3). On the other hand, THF/PhCF3 was identified
s a more compatible solvent system for L13 (Scheme 2d , entries
 and 5), with which the reaction exhibited greater temperature
ensitivity (Scheme 2d , entry 6). The reaction employing L13
roceeded more slowly at –20◦C with minimal decomposition
Scheme 2d , entry 7), which likely accounts for its excellent
verall efficiency. 

s shown in scheme 2 , the present asymmetric system furnishes
 R )-configured products as the major isomers, later confirmed by
-ray crystallographic analysis and by comparison of the specific
otation of a derivatized product ( 66 ) with reported data ( vide
of 13
infra ). It is also noteworthy that the addition of H2 O was not
essential when alternative bases were used (see Tables S12–S13 ),
suggesting that H2 O is less likely to participate directly in the
catalytic cycle. Although the role of H2 O as a thermodynamic
promoter [ 86 ] cannot be completely ruled out, it may simply
enhance the reaction efficiency by facilitating the solubilization
of KF in the reaction medium. 

2.2 Substrate Scope 

With the optimized conditions in hand, we first probed the scope
of alkynes amenable to the reactions with achiral α-halocarbonyl
compounds (Scheme 3 , top). Under the optimized conditions
employing achiral ligand L1 , the reaction exhibited excellent
compatibility across a wide range of alkynes, showing high
functional group tolerance and structural diversity ( 3 , 6–22 ). As
with the standard substrate ( 3 ), alkynes bearing a benzoate group
led to β-methylene esters ( 6 and 7 ) in good yields. Not only were
tosyloxy ( 8 ), silyloxy ( 9 ), and acetal ( 10 ) groups well tolerated, but
even subtle functionalities such as free hydroxyl ( 11 and 12 ) and
aldehyde ( 13 ) could also be successfully incorporated. The gen-
erality of the reaction was further demonstrated by compatibility
with epoxide ( 14 ), phthalimide ( 15 ), and amine ( 16 ) substrates.
Aliphatic alkynes proved to be highly effective regardless of the
backbone structure ( 17–21 ), whereas phenylacetylene afforded
β-methylene ester 22 only in moderate yield. The reaction was
also applicable to 2-halocarbonyl partners bearing amides ( 23
and 24 ), cyclic ester ( 25 ), cyclic amide ( 26 ), and ketones ( 27–
32 ), generally providing the corresponding β-methylene carbonyl
derivatives in moderate to excellent yields. An exception was
observed for the secondary amide derivative ( 24 ), which was
hampered by the formation of a semi-reduction side product to
result in a comparatively lower yield. This side reaction likely
arises from protodenickellation of the alkenyl-Ni intermediate, a
process presumably facilitated by the presence of an amide N–H
motif. 

Our scope investigation was next expanded to the asymmetric
system (Scheme 3 , bottom). Remarkably, the superb functional
group tolerance was retained, delivering high regio- and enan-
tioselectivity across a broad range of alkynes and tert -butyl
α-bromoesters ( 5d and 33–58 ). Outstanding enantioselectivity
was achieved for the α-isopropyl-substituted ester, leading to
α-enantioenriched products ( 33–47 ) in excellent enantioselec-
tivity and moderate to good yields. Functional groups that
had proven compatible in the achiral system were equally
well tolerated in the asymmetric variant ( 33–40 ), along with
newly examined functionalities such as nitrile ( 41 ), ester ( 42 ),
N -(carbonyloxy)succinimide ( 43 ), and chloro ( 44 ) groups. Struc-
tural diversity with respect to α-bromoesters was also broad: alkyl
( 5d and 48–52 ), benzyl ( 53 and 54 ), and phenethyl ( 55 ) sub-
stituents at the α-position were readily accommodated, yielding
the corresponding β-methylene esters with high enantioconver-
gence in reactions with alkyne 1 . Compatibility of indole ( 56 ),
sulfide ( 57 ), and ether ( 58 ) functionalities further underscores the
versatility of the present asymmetric process, although somewhat
diminished enantioselectivity was observed in the cases of 56
and 58 . Notably, excellent regioselectivity was maintained for
most substrates, with only a few exceptions ( 36 , 40 , 47 , 49 , and
52 ) displaying slightly reduced r.r. without discernible trends.
Angewandte Chemie International Edition, 2026
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SCHEME 3 Reaction scope of the α-alkenylation of halocarbonyls via alkyne hydronickellation. [a] Conditions A : 2-halocarbonyl compound 
(0.2 mmol), alkyne (0.4 mmol), NiCl2 (PCy3 )2 (5.0 mol%), L1 (20 mol%), DEMS (4.0 equiv), and K2 HPO4 ⋅3H2 O (2.0 equiv) in toluene/DMSO (7:3, 
2.0 mL) or benzene/DMSO (7:3, 2.0 mL) for 24 h at 30◦C under argon atmosphere. [b] Conditions B : 2-bromoalkanoate (0.2 mmol), alkyne (0.3 mmol), 
NiBr2 ⋅diglyme (10 mol%), L13 (15 mol%), DEMS (3.0 equiv), KF (3.0 equiv), and H2 O (2.5 equiv) in glyme/NMP (9:1, 4.0 mL) or THF/PhCF3 (17:3, 
4.0 mL) for 48 h at –20◦C under argon atmosphere; reported yields are those of isolated products; regioisomeric ratios (r.r.) of those with diminished 
regioselectivity (r.r. < 10:1) were determined by 1 H NMR of the crude reaction mixtures. 

Angewandte Chemie International Edition, 2026 5 of 13
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SCHEME 4 Synthetic utility of the NiH-catalyzed α-alkenylation protocol. See Supporting Information for experimental details. 
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xtension of this asymmetric protocol to amide and ketone
erivatives met with limited success, as the current system
as precisely tailored to the steric profile of ester substrates.
he poor performance of these analogs is likely attributable to
neffective catalyst–substrate coordination for amides and the
tereochemical instability of ketone products (see Scheme S1 ). 

.3 Applications 

ith both achiral and chiral systems proven highly effective, we
ext explored the feasibility of these transformations for late-stage
of 13
functionalization (Scheme 4a ). Interestingly, the reaction was
applicable to biologically relevant molecules containing diverse
functional motifs ( 59–65 ). For example, theophylline-derived
alkyne and clobetasol propionate reacted efficiently with ethyl
chloroacetate 2a and phthalimide-based alkyne, respectively,
furnishing the corresponding β-methylene carbonyl compounds
59 and 60 in good yields under achiral conditions. Asymmetric
catalysis was also feasible for relatively complex alkynes such
as ethynylestradiol ( 61 ), flumioxazin ( 62 ), biotin alkyne ( 63 ),
and clodinafop-propargyl ( 64 ), of which the reactions with α-
bromoester 4d allowed for the Markovnikov addition with high
stereoselectivities ( > 20:1 d.r. for 61, 63, 64 and 94:6 e.r. for
Angewandte Chemie International Edition, 2026
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2 ). X-Ray crystallographic analysis of 61 revealed the stereo-
hemical outcome of our asymmetric process, with the structure
f the major diastereomer confirming the configuration at the
ond-forming α-carbon relative to the pre-existing stereocen-
ers. Complex α-bromoesters derived from lithocholic acid was
lso a viable substrate to enable the α-alkenylation reaction in
xcellent stereoselectivity ( 65 ; > 20:1 d.r.). Notably, high yields
ere obtained except the reaction of biotin alkyne, further
emonstrating the tolerance of various functional groups such as
eterocyclic motifs, free hydroxyl, and fluoro groups. 

he present transformation could also be applied to access chiral
omoallylic alcohols through sequential reduction, as exempli-
ied by the synthesis of enantioenriched alcohol 66 (Scheme 4b ,
op), which has been previously utilized as a key building block in
he synthesis of several natural products [ 30 , 90–92 ]. This reaction
as achieved by employing a gaseous alkyne reactant (propyne)
n the initial NiH-catalyzed α-alkenylation, further highlighting
he exceptional efficiency of the current system. In contrast to pre-
ious approaches that rely either on multi-step sequences from
-enantioenriched substrates [ 90–92 ] or on the pre-installation of
hiral auxiliaries (Scheme 4b , bottom) [ 30 ], the present method
rovides 66 catalytically using commercially available starting
aterials in a concise two-step and single-purification procedure.

he resulting β-methylene unit also offers valuable opportuni-
ies for β-branching transformations. Although a wide range
f alkene functionalization reactions are available [ 16–22 ], we
ought to develop a sequential NiH protocol to access β-
ubstituted carbonyl compounds via regio-switching sequential
nsertion (Scheme 4c ). Further optimization was required for
he anti-Markovnikov-selective hydroalkylation of β-methylene
arbonyl compounds with alkyl iodides (see Tables S17 and S18 ),
herein pyridine-imidazoline ligand L14 was found optimal.
hen combined with the achiral α-alkenylation conditions, this
trategy furnished β-substituted carbonyl compounds ( 67–70 ) in
oderate to good yields, again through a two-step and single-
urification process using selected range of alkynes and alkyl
odides. 

-Substituted substrates were less compatible in the sequential
pproach; however, hydroalkylation of the isolated β-methylene
roduct 48 successfully furnished the β-branched ester 71 in 61%
ield (Scheme 4d ). Asymmetric induction remained somehow
hallenging for the hydroalkylation of β-methylene units in both
he sequential (Scheme 4c ) and isolated approaches (Scheme 4d ),
he former affording nearly racemic mixtures and the latter
xhibiting low diastereoselectivity ( ∼ 1.5:1 d.r.). Nevertheless,
his double hydroalkylation protocol provides an alternative
imension for accessing β-substituted carbonyl compounds. In
articular, for those substrates bearing α-chirality, each of the
esulting diastereomers may hold individual significance, illus-
rating the potential applicability of this approach in medicinal
hemistry research. 

he practicality of the present method was next demonstrated by
 2.5 mmol-scale reaction between alkyne 1 and the isopropyl car-
onyl substrate, which furnished the corresponding β-methylene
roduct 33 using only 5 mol% of the nickel precatalyst and 7.5
ol% of L13 (Scheme 4e ), with efficiency and selectivity com-
arable to those observed in small-scale reactions. Furthermore,
ngewandte Chemie International Edition, 2026
the ester moiety in 33 could be readily transformed via reduction
and deprotection to afford chiral diol 72 and carboxylic acid 73 ,
respectively, without any loss of enantiopurity ( > 99:1 e.r.). Epox-
idation of 33 also proceeded smoothly to give the corresponding
epoxide 74 in high yield, although the diastereoselectivity was not
dictated by the pre-existing chirality ( ∼ 2:1 d.r.). Nevertheless, the
two diastereomers were separable, and their enantiopurity was
confirmed to be retained. 

2.4 Mechanistic Investigation 

With the proven synthetic utility in hand, we next carried
out mechanistic investigations to elucidate the origins of the
observed regio- and enantioselectivity (Scheme 5 ). To simplify
the discussion, the achiral system was first examined to probe
the plausible catalytic pathway and rationalize the regioselectivity
outcome. Control experiments under modified achiral conditions
using a combination of K2 HPO4 (2.0 equiv) and D2 O (6.0 equiv)
furnished the β-methylene product 3 without any deuterium
incorporation, indicating that the reaction proceeds through the
insertion of hydride rather than proton source (Scheme 5a ). 

One of the potential mechanisms for NiH-catalyzed hydroalky-
lation involves alkyne insertion into an alkyl-Ni species [ 93, 94 ];
however, this pathway appears less plausible in our system, given
the relatively lower nucleophilicity of the α-carbon in esters.
Indeed, DFT calculations revealed that such a carbonickellation
process is energetically demanding with high energy barriers (see
Scheme S2 ). We therefore investigated an alternative, more widely
accepted hydronickellation pathway using 1-octyne as a model
substrate, wherein the anti-Markovnikov and Markovnikov
modes of insertion were compared (Scheme 5b ). Notably, the
Ni(I)H-based pathway was calculated to favor anti-Markovnikov
hydronickellation ( Ni(I)_TS1_AM vs Ni(I)_TS1_M ; ∆∆G‡ =
3.1 kcal mol—1 ), whereas the Ni(II)H-based process preferred
the Markovnikov pathway ( Ni(II)_TS1_M vs Ni(II)_TS1_AM ;
∆∆G‡ = 1.9 kcal mol—1 ). 

This contrasting outcome can be attributed to an electronic
change on the hydride ligand, as transition metal hydrides are
known to exhibit amphoteric characters, with their hydridic or
protic nature modulated by multiple factors [ 95–98 ]. In particular,
the protic character of metal hydrides generally increases as
the oxidation state of the central metal rises. Our natural bond
orbital (NBO) analysis indeed supports this trend: the computed
natural charges show that the hydrogen atom bears a partial
negative charge in the Ni(I)H system when bound to the alkyne
( Ni(I)_int1_M and Ni(I)_int1_AM ), whereas it carries a par-
tial positive charge in the Ni(II)H system ( Ni(II)_int1_M and
Ni(II)_int1_AM ). Consequently, the electron-richer terminal
carbon of the alkyne would electronically favor the interac-
tion with the partially acidic hydrogen in the Ni(II)H species,
thus leading to the observed Markovnikov-selectivity via highly
endergonic hydronickellation process. Conversely, in this Ni(II)H
manifold, diverting the reaction toward anti-Markovnikov selec-
tivity appears challenging. While steric factors may influence
regioselectivity to some extent, effective control for the access
to the linear products would likely require a catalytic system
operating via Ni(I)H. The predominance of Ni(II)H catalysis over
Ni(I)H in our system may arise from the oxidizing nature of
7 of 13
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SCHEME 5 Mechanistic investigations. [a] Energies calculated at the M06/6-311 + G**|SDD(Ni)/SMD(toluene)// M06/6-31G**| SDD(Ni) level of 
theory. [b] Energies calculated at the M06/6-311 + G**|SDD(Ni)/SMD(THF)// M06/6-31G**|SDD(Ni) level of theory. 
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he α-halocarbonyl substrates, which presumably oxidize Ni(I)
ntermediates to Ni(II) rapidly while being reduced themselves
o the corresponding alkyl radicals. 

he feasibility of such a single-electron transfer was examined
hrough radical clock experiments employing the cyclopropyl-
ubstituted α-halocarbonyl substrate 75 in reaction with alkyne
 (Scheme 5c ). Under the optimized achiral conditions, ring-
pened product 76 was obtained in 55% yield, supporting the
of 13
intermediacy of an α-carbon radical. Combining these exper-
imental and computational results, a plausible Ni(II)H-based
mechanism is depicted in Scheme 5d . As discussed above, alkyne
undergoes Markovnikov-selective migratory insertion into the in
situ-generated Ni(II)H to furnish the alkenyl-Ni intermediate I .
This species then captures the α-carbon radical II , generated via
single-electron reduction of the α-halocarbonyl substrate by a
transient Ni(I) species. Subsequent reductive elimination from
the resulting Ni(III) intermediate III delivers the β-methylene
Angewandte Chemie International Edition, 2026
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roduct. Crucially, Ni(I)X is regenerated within the catalytic
ycle to sustain the single-electron transfer with α-halocarbonyl
ubstrate, although its initial formation likely stems from the
artial reduction of Ni(II) to Ni(0) by silanes, followed by
omproportionation with the remaining Ni(II) [ 99 ]. In an effort to
xperimentally substantiate this overall mechanistic picture, the
ynthesis of the key alkenyl-Ni intermediate proved challenging
ue to its inherent instability (see Figure S1 ); nonetheless, DFT
alculations indicate that the proposed Ni(II)H-based mechanism
s energetically feasible (see Scheme S3 for the full energy profile).

inally, we sought to identify the catalyst features govern-
ng enantioselectivity, a mechanistic aspect that has rarely
een exploited in related NiH-catalyzed enantioconvergent C–
 bond-forming reactions. Although our system operates via
 distinct catalytic manifold compared to recent photoredox-
ediated α-deracemization strategies [ 100–104 ], the possibility
f post-synthetic stereoconvergence could not be completely
xcluded. To probe this, a racemic mixture of product 33 ( rac -
3 ) was subjected to the standard asymmetric conditions, both
n the presence and absence of a silane source (Scheme 5e ).
hese control experiments revealed that the enantiomeric ratio
emained unchanged (50:50), confirming the configurational
tability of the α-stereocenter under the reaction conditions. This
esult indicates that the observed enantioselectivity originates
rom a stereoselective Ni-radical recombination step, rather
han via thermodynamic equilibration of nonselectively formed
roducts. 

ccordingly, DFT calculations were further carried out to eluci-
ate how the catalyst establishes the chiral environment, using
13 as the model ligand. The structure of the alkenyl-Ni interme-
iate ( L*Ni(II)_int1_chir ) was first optimized, and its 3D steric
ap revealed an accessible region for the radical to approach
t the lower left part when oriented as shown in Scheme 5f .
he corresponding 2D steric map (bottom view) also indicated a
mall cavity extending inward toward the ligand backbone near
he coordinating nitrogen on the left-hand side, which is likely
apable of accommodating substituents that are less sterically
emanding at their distal positions. 

ndeed, the Ni-radical recombination with the isopropyl-based α-
arbon radical ( int0_chir ) was calculated to occur at this specific
ite (Scheme 5g ). While the ester functionality itself is essential
or stereocontrol, the bulky tert -butyl O -substituent serves as a
ritical handle for restricting the approach trajectory. Specifi-
ally, directing this distal steric group toward the cavity causes
ignificant steric repulsion at the ligand backbone, whereas α-
lkyl substituents, being proximal to the radical center, can be
ccommodated within the cavity with less steric interference.
onsistent with this hypothesis, two transition states were located
o give relatively lower energies, in which the distal tert -butyl
roup is oriented away from the cavity ( TS1_ R and TS1_ S ; see
cheme S4 for additional computed transition states). Among
hese, the transition state leading to the major ( R )-configured
somer was energetically favored ( TS1_ R , ∆∆G‡ = 2.7 kcal
ol—1 ). The subsequent reductive elimination steps for both
athways were found to have relatively lower activation barriers
 TS2_ R and TS2_ S ; see Scheme S5 for additional computed
ransition states), further supporting that the preceding Ni-radical
ecombination step serves as the enantio-determining step. 
ngewandte Chemie International Edition, 2026
Given the absence of any stabilizing secondary interactions, the
kinetic preference for the major pathway can be rationalized
primarily by steric factors. Further examination of the computed
structures for TS1_ R and TS1_ S revealed that the sec -butyl group
on the left side of the ligand might also contribute to steric
congestion to some extent (Scheme 5h ). When the isopropyl
substituent occupies the cavity, the tert -butyl ester in TS1_ S is
oriented slightly toward the left portion of the ligand, whose
steric clash restricts the directional freedom as the radical
approaches the metal center. In contrast, TS1_ R features a small
hydrogen substituent placed toward the oxazoline part of the
ligand, which provides greater spatial allowance for the alkyl
radical to approach with increased directional freedom. As a
result, conformational flexibility within the cavity is enhanced,
leading to reduced steric repulsion and correspondingly greater
stabilization (see Tables S19 and S20 for summarized energy
components of all DFT-optimized structures). This mechanistic
picture not only rationalizes the observed enantioselectivity but
may also guide the systematic development of further asymmetric
transformations based on Ni-radical recombination. 

3 Conclusion 

In conclusion, we have developed a NiH-catalyzed enantiocon-
vergent α-alkenylation of carbonyl compounds with alkynes,
providing a direct and general approach to α-chiral β-methylene
carbonyl frameworks. The reaction proceeds via Markovnikov-
selective alkyne hydronickellation followed by Ni-radical recom-
bination, enabling highly regio- and enantioselective C–C
bond formation across a broad substrate scope. The protocol
exhibits excellent functional group tolerance, accommodates
both achiral and chiral systems, and is amenable to late-stage
functionalization of complex, biologically relevant molecules.
The regio-switching sequential hydroalkylation protocol further
underscores the versatility of the present system, enabling the
construction of β-substituted products with increased molecu-
lar complexity. Mechanistic experiments and DFT calculations
collectively support a Ni(II)H-centered catalytic cycle, in which
the partially protic character of Ni(II)H dictates regioselectivity,
while the Ni-radical recombination step governs enantiodiscrim-
ination. The present study expands the conceptual boundaries
of hydronickellation chemistry and paves the way for future
development of stereoselective hydrofunctionalization reactions.
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