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Dicarbofunctionalization reactions of unsaturated systems via
radical relay strategies are crucial for the efficient synthesis of
complex molecules. Mechanochemical synthesis offers a compel-
ling alternative to traditional solvent-based methods, providing
advantages such as straightforward operation, shorter reaction
times, minimal solvent use, and simplified workup. Although
racemic two- and three-component solid-state cross-coupling
reactions have seen significant advancements, the development of
their catalytic asymmetric counterparts remains notably limited. In
this study, we report a mechanochemical protocol for an asym-
metric three-component radical reductive coupling reaction.
Leveraging this approach, we successfully synthesized the target
products in yields ranging from moderate to excellent (49%-88%)
and achieved enantioselectivities of up to 90%. Notably, this is the
first reported example of a nickel-catalyzed asymmetric reductive
cross-coupling reaction under mechanochemical conditions,
thereby expanding the frontiers of asymmetric synthesis within the
realm of mechanochemistry.
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Introduction

Mechanochemistry, which directly harnesses mechanical
energy to drive chemical reactions,” offers unique synthetic
opportunities by circumventing issues related to solubility.
This approach has unlocked new chemical reactivities*™®
and selectivity,”® enabling diverse transformations. Classical
organic reactions such as Buchwald-Harting,”'® Negishi coup-
ling,"" Friedel-Crafts,"> Suzuki-Miyaura'*® and cross-electro-
phile coupling'” have been successfully adapted to mechano-
chemical conditions. However, the application of ball milling
in asymmetric organic synthesis remains limited, with pre-
vious efforts focused primarily on condensation, addition and
substitution reactions.'® For instance, Su and colleagues
demonstrated a Cu(u)-pybox catalyzed asymmetric three-
component reaction under ball-milling conditions, showcasing
the recovery and reuse of the chiral catalytic system'’ (Fig. 1a).
Similarly, a ball-milling-enabled asymmetric three-component
Mannich reaction highlighted the method’s potential to accel-
erate reactions and efficiently control enantioselectivity*
(Fig. 1b). Additionally, a mechanochemical asymmetric cross-
dehydrogenative coupling reaction provided a green and
efficient approach for the rapid synthesis of chiral a-alkyl
a-amino acids®" (Fig. 1c). In our previous work, we established
a nickel-catalyzed 1,4-alkylarylation of 1,3-enynes under
mechanochemical conditions, providing a versatile route for
synthesizing tetrasubstituted allenes* (Fig. 1).

Chiral allenes, featuring a cumulative diene system within
their structures, exhibit axial chirality in the presence of
different substituents at the two termini. Notably, axial chiral
allenes exist widely in natural products and bioactive mole-
cules. Meanwhile, they also serve as dynamic synthons and
catalysts, significantly broadening the scope of organic
synthesis**** (Fig. 2). Thus, the synthesis of axially chiral and
optically active allenes with multi-substituted stereocenters
has become the focus of modern organic chemistry.

Over the past decade, significant progress has been made
in the synthesis of optically active, axially chiral allenes featur-
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Fig. 1 Utilization of ball milling in asymmetric organic synthesis.
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Fig. 2 Selected examples of natural products, bioactive molecules and
synthetic catalysts containing chiral allenes.

ing polysubstituted stereocenters, further expanding the syn-
thetic toolbox for such complex molecular architectures.?> >°
Despite significant advances, the construction of a single
chiral tetrasubstituted allene center remains a formidable
challenge in asymmetric synthesis.>'"*> Building on our pre-
vious work on the synthesis of tetrasubstituted allenes, we
envisioned a strategy to achieve single chiral center formation
through the structural modulation of chiral ligands. This
breakthrough extends the scope of mechanochemistry into the
realm of asymmetric nickel-catalyzed reductive coupling,
offering new opportunities for exploration and innovation in
this emerging field.

Results and discussion

All mechanochemical reactions were conducted in a Retsch
MM500 mill (stainless-steel milling jar; 30 Hz; stainless-steel
balls). As a proof of concept, we began the exploration of the
reaction using 1,3-enyne (1a) and selected the commercially
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available 4-bromobenzonitrile 2a and tert-butyl bromide 3a as
the model substrates. These were added, along with other
additives, into a 1.5 mL stainless-steel milling jar containing
one grinding ball (stainless steel, diameter: 5.0 mm) under
ambient air conditions. Based on our previous work and the
reported literature,*>° our study commenced with the investi-
gation of several ligands with different skeletons. To our disap-
pointment, no desired product 4a was detected in the presence
of ligands L1-L10 and both starting materials remained
unreacted (Table S1, entries 1-107). We then explored the per-
formance of other chiral bisphosphine ligands, chiral mono-
oxazoline ligands and chiral BOX ligands (Table S17). The use
of L20 greatly improved the reactivity and afforded 4a in 89%
yield with 47% ee (Table 1, entry 5). Afterward, structural
modifications of ligand L20 led to the development of L21. It
was found that L21 could significantly enhance the enantio-
meric excess (ee) value of 4a, albeit with a certain degree of
reduction in the yield (Table 1, entry 6). Subsequent investi-
gations into the liquid-assisted grinding (LAG, Table S1,
entries 21-361) effect confirmed that solvent polarity and
structure significantly influence both reaction yield and
enantioselectivity (ee). Dioxane afforded the highest yield
(88%) and enantioselectivity (85% ee). Acetone provided the
maximum yield (89%) but with a lower ee (75%). Moderate-
polarity solvents tetrahydrofuran (THF) and 2-methyl-

Table 1 Optimization of ligands and LAGs

NiBrosDME (10 mol%)

Ligand (12 mol%)
CN Zn (2 equiv), Nal (3 equiv)
N : Lk e G
< ar Br LAG (0.4 ul/img)
o 30H

Z, 1 h, Air

Entry” Ligand LAG Yield” (%) ee’ (%)
1 L16 THF 68 32
2 L17 THF 67 28
3 L18 THF 71 40
4 L19 THF 72 17
5 L20 THF 89 47
6 L21 THF 86 81
7 L21 DME 62 70
8 L21 DMF 21 73
9 L21 4-MeTHF 68 76
10 L21 CH,CN 30 69
11 L21 Dioxane 88 85
12 L21 Acetone 89 75
°/>_<\° o o o O~ e
L16 L17 L18 L19

“The reactions were carried out with 0.2 mmol 4-bromobenzonitrile in
a stainless-steel ball-milling jar (1.5 mL) with a stainless-steel ball
(5 mm). “Isolated yield. “The ee values were determined by HPLC
analysis.
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tetrahydrofuran (4-MeTHF) gave yields of 86% (81% ee) and
68% (76% ee), respectively. High-polarity solvents dimethyl-
formamide (DMF), acetonitrile (CH;CN), and methanol
(MeOH) resulted in significantly reduced yields (21%, 30%,
43%) while maintaining ee values between 69% and 74%.
Low-polarity solvents (cyclohexane, toluene, trifluorotoluene
(CFsPh)) and water produced no detectable product.
Dichloromethane (DCM) and methyl tert-butyl ether (MTBE)
performed poorly, affording 12% (63% ee) and 19% (83% ee)
yields, respectively. Ethyl acetate (EA), 1,2-dimethoxyethane
(DME), and tetrahydropyran (THP) showed intermediate
results, affording 55% (78% ee), 62% (70% ee), and 55% (79%
ee) yields. Notably, the polarity and molecular structure of LAG
emerged as core factors governing yield and ee. Moderate-
polarity solvents with adaptive structures were critical for
achieving efficient conversion and excellent chiral control, as
evidenced by the dioxane-mediated results. Subsequent com-
parison with traditional solution reactions revealed no signifi-
cant variation in ee values, whereas the product yield obtained
from the 24 hour reaction at 1 M concentration was notably
lower than that obtained from the 1 hour ball milling reaction
(Table S1, entries 26 and 37-40%). This highlights that ball
milling can significantly accelerate the reaction process. No
significant change in ee values was observed when the addi-
tives were changed (Table S2+).

Upon the establishment of the optimized reaction con-
ditions, we initiated an exploration into the substrate scope of
1,3-enynes applicable to the 1,4-alkylarylation reaction (Fig. 3).
The alkene C2-aryl substituent demonstrated excellent toler-
ance, regardless of its electronic nature (neutral, electron-with-
drawing, or electron-donating). Under standard conditions,
these substrates afforded tetrasubstituted allenes (4a-4h) in
49-88% yields with 67-90% ee. Notably, the consistently high
stereoselectivities across electronically diverse substrates
suggest that the reaction mechanism is relatively insensitive to
both steric and electronic effects at this position. When the
linear alkane on R' of 1,3-enyne (4a) was replaced with a steri-
cally hindered group, the resulting allene product (4i) was
obtained in moderate yield (49%) with good enantioselectivi-
ties (90% ee), presumably due to steric hindrance. Next, we
evaluated the scope of aryl bromides in this protocol. When
the cyano group was replaced with other functional groups, it
was found that tert-butyl, methoxy, trifluoromethyl, ester,
formyl, meta-cyano, and para- and meta-polysubstituted groups
were compatible under the standard conditions (5a-5i, with
yields of 38-70% and 73-87% ee). Additionally, various tert-
alkyl bromides bearing aryl, primary alkyl bromide or ester
substituents delivered the corresponding products in excellent
yields (6a-6¢, 78-84%) with good enantioselectivities (85-89% ee).

Based on our previous results and literature reports,>*>”38
two plausible mechanisms are proposed, as outlined in Fig. 4.
Path I: the reaction begins with the formation of a Ni' species
[Ni'"L*X] (A). This species reacts with the tertiary alkyl bromide
via a single electron transfer (SET) pathway to produce
[Ni"L*X,] (B). Simultaneously, the generated tertiary alkyl
radical undergoes radical addition with 1,3-enyne to form the

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 Substrate scope of 1,3-enynes, aryl bromides and tertiary alkyl
bromides. Reaction conditions: under an air atmosphere, 1 (0.15 mmol),
2 (0.10 mmol), 3 (0.25 mmol), NiBr,-DME (10 mol%), L21 (12 mol%), Zn
(2.0 equiv.), Nal (3.0 equiv.) and dioxane (0.4 uL mg™) were placed in a
ball milling vessel (stainless, 1.5 mL) loaded with one grinding ball (stain-
less, diameter: 5.0 mm). Subsequently, the vessel was closed and placed
in the ball mill (Retsch MM500, 30 Hz, 1.0 h). Isolated yields are
reported. The ee values were determined by HPLC analysis.
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Fig. 4 Proposed mechanistic pathway.

propargyl radical E, which tautomerizes to yield the allenyl
radical F. Complex B is reduced by zinc to generate the nickel
(0) complex [Ni’L*] (C), which then undergoes oxidative
addition with aryl bromide to form the Ni" complex [Ar-Ni"L*-
Br] (D). The combination of D and F produces the key chiral
intermediate Ni"" complex G. Finally, the reductive elimination
of G yields the chiral allene product and regenerates [Ni'L*X]
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(A). Path II: a bimolecular oxidative addition of [Ni'L*X] (A)
with aryl bromides initiates the reaction to provide D, wherein
complex A is regenerated by the reduction of nickel(u) complex
B with zinc. Thereafter, reduction of D with zinc affords the
aryl-nickel(r) complex (H), which reacts with tertiary alkyl
bromide via a SET pathway to produce D and the tertiary alkyl
radical. As before, alkyl radical F is generated from 1,3-enyne
and the tertiary alkyl radical. Combination of D and F provides
the pivotal chiral intermediate G. Finally, reductive elimination
of G affords the chiral product and regenerates A. These
mechanistic insights highlight the role of chiral ligands in
controlling the reactions of chiral key intermediates and chiral
products, further validating the proposed catalytic cycle.

Conclusions

In summary, we have developed an efficient synthetic route for
asymmetric tetrasubstituted allenes, demonstrating the suc-
cessful application of mechanochemistry in asymmetric
nickel-catalyzed reductive coupling reactions. This study is the
first report of an asymmetric three-component nickel-catalyzed
reductive coupling reaction using ball-milling techniques.
While the enantioselectivities obtained represent significant
progress for this challenging transformation, ongoing efforts
are focused on further optimization of ee values through
ligand design and reaction engineering. Overall, this innova-
tive mechanochemical protocol provides a more efficient and
practical approach for asymmetric radical reductive coupling,
with significant potential for a wide range of applications in
organic synthesis.
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