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Enantioselective construction of cycloalkyl amines
via nickel-catalysed alkene desymmetrization†
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Pengli Zhang*b and Guoqin Xia *a,b,c

Three-dimensional chiral cyclic frameworks containing multiple stereocenters are prevalent skeletons in

natural products and bioactive molecules. Nevertheless, the synthetic methods for these architectures are

limited to date. In this study, an efficient synthetic route for cyclic chiral amines with two adjacent stereo-

centers was developed by employing symmetric cyclopentenylamine derivatives as starting materials. This

reaction demonstrates a broad substrate scope with various functional groups, resulting in excellent yields

and stereoselectivities. The proposed mechanism involves a sophisticated sequence of NiH species-

mediated transformations, including NiH insertion, β-hydride elimination, reversed NiH insertion and

alkylation steps, which collectively enable the precise construction of these complex chiral architectures.

Introduction

The prevalence of flat molecular architectures in traditional
pharmaceuticals largely stems from the ready availability and
synthetic flexibility of benzene rings sourced from petrochem-
icals.1 However, recent scientific advancements have revealed
that increasing molecular saturation significantly enhances
drug-like properties. This enhancement primarily arises from
improved three-dimensional spatial selectivity during target
protein engagement, resulting in stronger molecular inter-
actions and reduced dissociation rates. Moreover, elevated sat-
uration levels promote superior solubility profiles, facilitating
the creation of clinically effective drug formulations.2 These
advantages emphasize the strategic value of reducing sp2

carbons while augmenting sp3 carbons in drug development
processes. Furthermore, the enantiomeric variants of a single
molecule frequently exhibit distinct pharmacological and
pharmacokinetic behaviours, highlighting the critical need for
stereoselective synthetic methods in creating saturated hydro-
carbon compounds.3 Given the widespread availability of unsa-
turated hydrocarbons as chemical precursors, we propose that

utilizing alkenes or alkynes as foundational reaction platforms
to establish novel sp3 carbon chiral centres could offer a
robust strategy for constructing three-dimensional chiral mole-
cular structures with promising pharmaceutical applications.

Transition metal catalysis with chiral ligands represents
one of the most thoroughly investigated domains in asym-
metric synthesis.4 Among these catalysts, nickel has emerged
as a particularly noteworthy element due to its abundance on
earth and its variable valence state between +1, +2 and +3. In
the past two decades, nickel catalysts have been widely used in
C(sp3)–C(sp3) bond formation reactions via single electron
transfer processes.5 In 2004, Vicic et al. hypothesized that the
Ni-catalysed C(sp3)–C(sp3) bond coupling might occur via a
radical coupling mechanism during their investigation of the
Negishi reaction.6 This was followed by a significant break-
through in 2005, when Fu’s group reported the first example of
Ni-catalysed asymmetric C(sp3)–C(sp3) bond coupling.7 In
2006, Fu’s group systematically investigated the mechanism
behind these Ni-catalysed C(sp3)–C(sp3) bond coupling reac-
tions and provided compelling evidence for the formation of
alkyl radical intermediates in such reactions.8 Since the
primary work of Fu’s group, a series of Ni-catalysed enantio-
selective C(sp3)–C(sp3) bond coupling reactions have been
reported using organometallic reagents and alkyl halides as
the substrates.9 In recent years, transition metal hydrides were
also used as a reactive intermediate for alkene functionali-
zation. The first remarkable breakthrough was made by
Buchwald’s group, who developed a series of CuH-catalysed
hydroamination and carbonyl addition reactions utilizing
alkenes as starting materials.10 Beyond the well-established
catalytic systems, researchers have identified a range of tran-
sition metals, including Mn, Fe, and Co, as effective catalysts
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for olefin hydrofunctionalization processes.11 In parallel devel-
opments, nickel hydride complexes have also emerged as ver-
satile catalysts, demonstrating remarkable efficacy in hydro-
functionalization reactions of alkene substrates.12 The primary
work for Ni-catalyzed hydroalkylation of alkene was reported
by Hu’s group in 2012, utilizing a pincer nickel catalyst with
diethoxymethylsilane as the hydrogen donor.13 Significant pro-
gress was achieved in 2016 when Fu and Liu introduced a
methodology for terminal alkene hydrocarbonation, employ-
ing 4,4′-di-tert-butyl-2,2′-bipyridine as ligand.14 In 2017, Zhu’s
group demonstrated the capability of NiH species to facilitate
remote C(sp3)–H arylation through NiH migration.15 Their sub-
sequent investigations revealed the prevalence of chain-
walking mechanisms in NiH-catalyzed reductive alkene
functionalization.16 The field witnessed another milestone
when G. C. Fu’s laboratory pioneered enantioselective NiH-
catalyzed hydroalkylation, utilizing a chiral nickel-bis(oxazo-
line) catalyst to achieve stereochemical control.17 Despite these
advancements, the scientific community continues to grapple
with the persistent challenge of regioselectivity control in
nickel species insertion into non-activated alkenes. To address
this challenge, researchers have developed various directing
groups that coordinate with nickel catalysts to facilitate con-
trolled insertion reactions. Engle’s laboratory has pioneered a
series of nickel-catalyzed regioselective difunctionalization
reactions involving unactivated alkenes, utilizing aminoquino-
line as an effective bidentate directing group.18 This approach
has been further developed by Shu’s research team and Fu’s
group, who successfully applied similar methodologies to
achieve nickel hydride-catalyzed enantioselective hydrocarbo-
nation of diverse substrates, including acrylamides, acyl enam-
ines, and unactivated alkenes.19

Cycloalkanes with multiple chiral centers are frequently
encountered in bioactive small molecules, underscoring the
significance of developing efficient methods for synthesizing
these architectures from readily available starting materials
(Fig. 1a). In 2021, Brown group demonstrated that amide

group could direct the arylboration of cyclopentenes utilizing
nickel catalyst for the preparation of 1,3,4-trisubstituted
cycloalkanes.20 Recent work by Zhu’s group and our group
also revealed that esters and amides were able to direct the
hydroalkylation of cycloalkenes via NiH catalysis21 (Fig. 1b).
Notably, these transformations consistently produce 1,2-di-
substituted products through five-membered nickel metalla-
cycle intermediates, which benefit from thermodynamic stabi-
lity. A significant unanswered question remains regarding the
applicability of this strategy to cyclopentenyl amine substrates.
In such cases, amide-directed NiH insertion would generate
six-membered nickel intermediates, traditionally considered
less stable than their five-membered counterparts.22 Motivated
by these considerations, we sought to develop a hydroalkyla-
tion protocol for cyclopentenyl amines that could efficiently
produce diverse chiral 1,2-disubstituted cycloalkyl amines,
which are potentially valuable for bioactive molecule
synthesis.

Results and discussion

We initiated this reaction by evaluating various amide
directing groups on cyclopentenyl amine substrates. The reac-
tion system employed alkyl iodide 2 as the coupling partner,
nickel acetate as the catalyst, bis(oxazoline) L1 as the ligand,
dimethoxymethylsilane as the hydrogen source, and potassium
carbonate as the base in THF. Our initial screening revealed
promising results when benzamide served as the directing
group, yielding the hydroalkylation product in 32% yield with
72% ee and an 8 : 1 dr (Table 1, entry 1). However, directing
groups bearing electron-withdrawing or sterically bulky substi-
tuents proved ineffective (Table 1, entries 2 and 3). Further
optimization showed that 4-methoxybenzamide was viable,
while 2-methoxybenzamide delivered superior performance,
achieving 76% yield, 74% ee, and a dr exceeding 20 : 1
(Table 1, entries 4 and 5). Subsequent ligand screening identi-
fied bis(oxazoline) L8 as optimal, significantly enhancing the
enantioselectivity (Table 1, entries 6–12). Further refinement
of nickel catalysts and solvents revealed that Ni(OBs)2 in 1,4-
dioxane, combined with L8, provided the best outcome.
Lowering the temperature to 40 °C further improved the yield
to 65%, with 92% ee and a dr > 20 : 1. Finally, increasing
(MeO)2MeSiH to 4.0 equivalents established the optimal reac-
tion conditions, which provided a yield of 70%, with 91% ee
and a dr value exceeding 20 : 1 (entries 13–15).

Having established the optimal reaction conditions, we pro-
ceeded to explore the substrate scope of this transformation.
Using compound 1a as our model substrate, we first evaluated
various alkyl iodide coupling partners (Fig. 2). The reaction
demonstrated remarkable versatility, successfully accommo-
dating a range of linear and branched alkyl iodides including
1-iodobutane, 1-iodohexane, 1-iodo-3-methylbutane,
(2-iodoethyl)cyclopropane, and 1-iodo-3-phenylpropane, all of
which afforded products (3a–3e) in high yields with outstand-
ing enantioselectivity and diastereoselectivity. The method-Fig. 1 Cyclopentyl amine skeletons and their synthetic approaches.
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ology proved equally effective with substituted homobenzylic
iodides bearing methoxy, bromo, and thiophene groups (3f–
3h), maintaining both excellent yields and stereoselectivity.
Notably, the reaction showed excellent functional group toler-
ance, accommodating halogen substituents (fluoride, chlor-
ide) and trifluoromethyl groups (3i–3k) without compromising
the high stereoselectivity. Further demonstrating its synthetic
utility, the protocol successfully incorporated various hetero-
atoms including nitrogen, boron, and oxygen (3l–3p).
Particularly noteworthy was the stability of the alkyl boron
group (3m), which remained intact without undergoing trans-
metallation with the nickel catalyst. The system also tolerated
carboxylate group (3q), delivering hydroalkylation products
with maintained efficiency. An exception was observed for sub-
strate containing a cyano group, where the diastereoselectivity
of the product decreased (3r). We hypothesize that the cyano
group may compete with the directing group for coordination
to the nickel catalyst. Finally, we extended the methodology to

aza-heterocyclic substrates, which reacted smoothly under the
optimized conditions, further highlighting the broad applica-
bility of this transformation (3s, 3t).

A variety of substituted cyclopentyl amines were also investi-
gated utilizing 2-(3-iodopropyl)isoindoline-1,3-dione as the
coupling partner under the optimal conditions (Fig. 3). We
found that all the alkyl substituents could provide good yields,
with the ee ranged from 80% to 91% (3u–3z). The benzyl sub-
stituted substrate only gave 25% yield with a ee of 83% (3aa).
We speculated that the steric effect of the benzyl group could
decrease the coordination of the amide directing group with
nickel catalyst. Cycloalkyl substituents also gave the moderate
yields and excellent stereoselectivity (3ac, 3ad). Unfortunately,
substituents with methoxy and trifluoromethyl groups only
gave moderate yields and moderate stereoselectivities (3ae,
3af ).

Our investigation also encompassed unsubstituted
cycloalkyl substrates at the α-position of the amine (Fig. 4).
The cyclopentenyl amine (4) demonstrated limited reactivity,
achieving only 31% yield despite extensive ligand screening

Table 1 Conditions optimizationa

Entry Ar L Ni(II) Solvent Yield ee dr

1 Ar1 L1 Ni(OAc)2 THF 32% 72% 8 : 1
2 Ar2 L1 Ni(OAc)2 THF n.d. — —
3 Ar3 L1 Ni(OAc)2 THF Trace — —
4 Ar4 L1 Ni(OAc)2 THF 33% 71% 6 : 1
5 Ar5 L1 Ni(OAc)2 THF 76% 74% >20 : 1
6 Ar5 L2 Ni(OAc)2 THF 66% 45% >20 : 1
7 Ar5 L3 Ni(OAc)2 THF 42% 32% 7 : 1
8 Ar5 L4 Ni(OAc)2 THF Trace — —
9 Ar5 L5 Ni(OAc)2 THF 70% 54% >20 : 1
10 Ar5 L6 Ni(OAc)2 THF 11% 30% 2 : 1
11 Ar5 L7 Ni(OAc)2 THF 58% 70% 8 : 1
12 Ar5 L8 Ni(OAc)2 THF 60% 80% 11 : 1
13 Ar5 L8 Ni(OBs)2 Dioxane 61% 90% >20 : 1
14b Ar5 L8 Ni(OBs)2 Dioxane 65% 92% >20 : 1
15c Ar5 L8 Ni(OBs)2 Dioxane 70% 91% >20 : 1

a The reaction was conducted with 1 (0.1 mmol), 2 (0.25 mmol), Ni(II)
(10 mol%), L (12 mol%), (MeO)2MeSiH (3.0 equiv.), K2CO3 (2.0 equiv.)
in appropriate solvent under N2 atmosphere for 24 h. Ni(OBs)2: nickel
(II) 2-AMino-5-methylbenzenesulfonate. The dr value was determined
by crude 1H NMR analysis. b The reaction was conducted at 40 °C.
c The reaction was conducted at 40 °C, (MeO)2MeSiH (4.0 equiv.).

Fig. 2 Substrate scope of alkyl iodide. a 4.0 equiv. of alkyl iodide was
used. b The dr value was determined by 1H NMR spectroscopy analysis.
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(with L9 emerging as optimal), though it exhibited excellent
enantioselectivity (94% ee). This diminished yield likely stems
from the absence of Thorpe–Ingold effect at the amide
directing group’s α-position, restricting conformational flexi-
bility necessary for effective transannular direction. The
racemic cyclohexenyl amine (6) showed improved perform-
ance, affording 46% yield with L1 as ligand while maintaining

moderate enantioselectivity (72% ee). We propose that the
observed stereoselectivity may arise through a dynamic kinetic
asymmetric transformation mechanism, analogous to previous
reports by Zhu’s group.21a Notably, the cycloheptenyl amine
substrate (8) proved particularly challenging, delivering merely
25% yield and 58% ee when employing L10 as the optimal
ligand.

To elucidate the mechanism underlying this reaction, we
performed a series of control experiments. Notably, the
addition of 2.0 equivalents of TEMPO completely suppressed
the reaction, suggesting a possible radical pathway for the
alkylation step of this reaction (Fig. 5A). We also analyzed the
products distribution of this reaction in THF utilizing com-
pound 4 as the substrate. Besides the hydroalkylation product
5, an alkene isomerization side product (10) was also isolated
with a ee of 66%, providing an evidence of NiH migration
process in this reaction (Fig. 5B). In addition, product 5 can be
also generated using racemic 10 as the substrate, giving a yield
of 25% and ee of 75%, suggesting that the final product was
derived from intermediate 10. We hypothesized that employ-
ing racemic substrate 10 would lead to the formation of a
racemic 6-membered metallacycle in the initial step. This
intermediate could potentially yield both racemic hydroalkyla-
tion products and undergo dynamic kinetic asymmetric trans-
formation, leading to a lower enantioselectivity of product. At
last, we also synthesized compound 11 using this method in
87% yield with a 95% ee value, which was further transformed
into a aza-bicyclic product 12 in 98% yield while maintaining
the ee value.

Fig. 3 Substrate scope of substituted cyclopentyl amine.

Fig. 4 Cycloalkyl substrates without substituent at α-position of amine.

Fig. 5 Control experiments and synthetic applications.
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The 2-methoxy benzoyl directing group on compound 12
could be removed efficiently by a sequential reduction and
hydrogenation to provide a [5,6]-bicyclic amine skeleton 13 in
50% total yield.

Finally, we present a proposed mechanism for this reaction
illustrated in Fig. 6. The catalytic cycle initiates with transme-
tallation between the nickel catalyst and silane reagent, yield-
ing an active nickel hydride species. This NiH complex sub-
sequently coordinates with substrate 1a, undergoing hydride
insertion to form a seven-membered organonickel intermedi-
ate (II). Following β-hydride elimination, intermediate III is
generated, which then experiences a second NiH insertion to
produce a six-membered organonickel species (IV). This inter-
mediate engages with the alkyl iodide through a single-elec-
tron transfer process, ultimately forming a reactive Ni(III)
species. The catalytic cycle concludes with reductive elimin-
ation from this high-valent nickel complex (VI), affording the
final hydroalkylation product.

Conclusions

In conclusion, we have established a robust synthetic protocol
for constructing cyclic chiral amine frameworks featuring two
contiguous stereocenters, utilizing readily accessible cycloalk-
ene precursors. This transformation exhibits remarkable func-
tional group tolerance across a diverse range of substrates,
delivering 5-membered ring products with exceptional yields
and stereo-control. The method described here could also be
used for the construction of multi-chiral centred 6-membered
and 7-membered ring systems, albeit with lower efficiency.
Mechanistic investigations reveal an intricate cascade of NiH-
mediated processes, encompassing sequential insertion,
β-hydride elimination, reverse insertion, and alkylation events.
The directing group approach implemented in this work offers
valuable insights for developing other controlled alkene
functionalization methodologies.
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