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ABSTRACT: Enantioselective alkyl−alkyl cross-coupling is a powerful yet challenging strategy for constructing three-dimensional
molecular architectures, which are essential in fields such as organic chemistry and pharmaceutical chemistry. While radical−radical
cross-coupling offers a promising approach, achieving control over both cross- and enantioselectivity between two distinct alkyl
radicals remains a formidable challenge due to their transient nature. In this article, we introduce a practical platform that combines
photoredox and chiral nickel catalysis to tame transient primary and secondary alkyl radicals under mild conditions. We also present
a one-pot variant wherein the N-hydroxyphthalimide (NHP) ester is generated in situ, enabling the streamlined synthesis of
enantioenriched products in a single step from commercially available carboxylic acids and easily accessible alcohols. The utility of
this method is demonstrated by diverse transformations to valuable scaffolds and bioactive molecules. A comprehensive mechanistic
study has clarified the involvement of a Ni(I)/Ni(II) cycle.

■ INTRODUCTION
By enabling the creation of molecules with enhanced three-
dimensional structural properties, enantioselective alkyl−alkyl
cross-coupling serves as a powerful tool for the pharmaceutical
industry.1−3 Traditional alkyl−alkyl cross-coupling involves
using an organometallic reagent as the nucleophile and an alkyl
halide as the electrophile.4−7 An appealing alternative is
reductive cross-coupling, which removes reliance on organo-
metallic species that can be sensitive to air and moisture.8−13

In both strategies, the two alkyl species follow different
mechanistic pathways: one generates a free alkyl radical in situ,
while the other interacts with the transition metal catalyst
through either transmetallation or oxidative addition.14−21 This
fundamental difference in reactivity ensures effective cross-
selectivity between the coupling partners.

Radical−radical cross-coupling, where two distinct free
radicals combine to form C−C bonds, has emerged as a
promising synthetic strategy.22,23 Unlike traditional methods,
this approach bypasses functional group constraints, allowing
for the coupling of diverse radical precursors (such as
carboxylic acids, halides, alcohols, and others) in virtually
any combination (Figure 1A).24−27 This flexibility facilitates
the efficient construction of complex molecules from simple,

readily available feedstocks, paving the way for versatile and
streamlined chemical synthesis. Moreover, the inherent
reactivity of radicals offers key advantages, including mild
reaction conditions and good functional group tolerance.28−30

However, radical−radical couplings are typically diffusion-
controlled processes, making the selective cross-coupling of
two distinct transient radicals a formidable challenge in
synthetic chemistry.31 Controlling enantioselectivity at stereo-
genic carbon centers further exacerbates this challenge.
Consequently, enantioselective radical−radical cross-coupling,
especially between alkyl radicals, remains largely unexplored,
with only a few successful examples reported to date.32−42

The persistent radical effect (PRE) is a key strategy for
achieving high cross-selectivity in radical−radical cou-
plings.43,44 This effect operates when one radical has a
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significantly longer lifetime than its transient counterpart and
both radicals are generated at equal rates. Recent research
indicates that PRE applies beyond classical persistent/transient
radical pairs and operates whenever considerable lifetime
disparities exist. A particularly promising development in this
area involves radical-metal crossover reactions, where long-
lived transition-metal complexes react productively with
transient radicals (Figure 1B).45−49 In this context, transient
alkyl radicals can couple with organometallic complexes
through either inner-sphere reductive elimination50−53 or
outer-sphere radical substitution approaches.54−64 However,
achieving asymmetric versions of these transformations
remains elusive. Notably, pioneering work by the Huo group

successfully demonstrated nickel-catalyzed cross-coupling of
primary/secondary and secondary/secondary alkyl radicals,
with particular success in handling resonance-stabilized α-
amino radicals.65,66 Advancing this field, our group has recently
introduced an iron-catalyzed system capable of coupling
primary alkyl radicals with sterically demanding tertiary alkyl
radicals through an outer-sphere pathway.67,68

Despite substantial progress in this field, the selective cross-
coupling of similar alkyl radicals, especially between primary
and secondary alkyl radicals derived from unactivated
precursors, is still a daunting challenge. Recognizing that
metal−alkyl bond strength decreases with increasing alkyl
substitution,69 we envisioned that a chiral metal catalyst could

Figure 1. Background of this study. (A) The advantages and challenges of radical−radical cross-coupling reactions. (B) Alkyl−alkyl couplings via
radical-metal crossover reactions. (C) This study: Enantioselective radical−radical cross-couplings of β-hydroxy amides and N-hydroxyphthalimide
esters via Ni/photoredox catalysis.
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preferentially stabilize the less substituted primary alkyl radical
as a persistent metal−alkyl complex, thereby directing
enantioselective cross-coupling with the more substituted
secondary alkyl radical. Herein, we present the achievement
of this objective through a dual catalytic system combining
photocatalysis and chiral nickel catalysis, which effectively
mediates the selective coupling between primary and
secondary alkyl radicals under mild conditions, delivering
coupling products with good cross- and enantioselectivity
(Figure 1C). This transformation utilizes two abundant and
easily accessible alkyl sources, alkyl carboxylic acids and alkyl
alcohols, making it an efficient strategy for constructing
bioactive molecules.70−83 Furthermore, we present a compre-
hensive mechanistic investigation to clarify the underlying
reaction pathway.

■ RESULTS AND DISCUSSION
Reaction Optimization. We began by investigating the

coupling reaction between an unactivated primary alkyl N-
hydroxyphthalimide (NHP) ester 1a and an unactivated
secondary alkyl alcohol 1b (Table 1). After systematic
optimization, we determined that using NiBr2·DME in
combination with the chiral diamine ligand (S,S)-L1 effectively
promotes the enantioselective radical−radical cross-coupling,
yielding the desired product in 77% yield with 91% ee (entry
1). In contrast, little to no product is formed in the absence of
NiBr2·DME, (S,S)-L1, photocatalyst, quinuclidine, or light
(racemic; entries 2 and 3). Screening of alternative chiral
ligands indicated that (S,S)-L1 outperforms the others (entries
4−8). We found that a mixed solvent system is more effective
than using a single solvent (entries 9 and 10). Moreover,
reducing the catalyst loading, shortening the reaction time,
increasing the temperature (to r.t.), or lowering the
concentration all lead to decreased yield (entries 11−14).

Table 1. Enantioselective Radical−Radical Cross-Couplings of an Unactivated Alkyl NHP Ester and an Unactivated Alkyl
Alcoholabc

aDetermined through GC analysis. bDetermined through HPLC analysis. cStandard reaction conditions: 2.2 equiv 2,6-bis(tert-butyl) pyridine, 2.0
equiv NHC, PhCF3, r.t., and 30 min; then 10 mol % NiBr2·DME, 12 mol % (S,S)-L1, 1.5 mol % (Ir[dF(CF3)ppy]2(dtbpy))PF6 (PC), 1.5 equiv
quinuclidine, PhCF3/MTBE (1/1, 0.1 M), 455 nm Blue LEDs (30 W), 0 °C, and 20 h.
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Notably, the reaction tolerates air (entry 15), but the addition
of water erodes the enantioselectivity (entry 16). The β-

hydroxy cyclic amide substrate is essential for this reaction, as
alternative substrates bearing functional groups such as −OBz,

Figure 2. Scope of the catalytic enantioselective cross-coupling. All couplings were conducted on a 0.50 mmol scale (unless otherwise noted), and
all yields are of purified products. (A) Variation of NHP esters. (B) Variation of alkyl alcohols. aThe reaction was conducted for 30 h rather than 20
h.
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−Ph, −NHCbz, −NHBoc, −NHBz, −NPh2, indoline, ketone,

ester, phosphonate, acyclic tertiary amide, or secondary amide,

or those with modified carbon chain lengths, all fail to produce

coupling products.84 This striking selectivity highlights the

critical role of the cyclic amide moiety, which likely serves as a
key directing group enabling the cross-coupling reaction.
Substrate Scope. This photoinduced nickel-catalyzed

system showcases remarkable versatility in constructing acyclic
tertiary stereocenters through enantioselective radical−radical

Figure 3. Applications. (A) Catalytic asymmetric cross-coupling from alkyl carboxylic acid and alkyl alcohol. Compound 1b is added after the DCC
coupling step. (B) Gram-scale reaction and transformations into other valuable enantioenriched compounds. (C) Three-step synthesis of a natural
product.
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Figure 4. Mechanism. (A) Radical trapping experiments. Reaction conditions: 2.2 equiv 2,6-bis(tert-butyl)pyridine, 2.0 equiv NHC, PhCF3, r.t.,
and 30 min; then 10 mol % NiBr2·DME, 12 mol % (S,S)-L1, 1.5 mol % PC, 1.5 equiv quinuclidine, PhCF3/MTBE (1/1, 0.1 M), additive, 455 nm
Blue LEDs (30 W), 0 °C, and 20 h. The reported yields are isolated yields. (B) Luminescence quenching experiments. Conditions: PC (0.005
mM); (black curve) N (0.0 mM); (red curve) N (0.2 mM); (blue curve) N (0.5 mM); (green curve) N (1.0 mM); (purple curve) N (3.0 mM);
(yellow curve) N (8.0 mM). (C) Mechanistic studies of the nickel catalytic cycle. UV−vis conditions: (black curve) Ni2; (red curve) Standard
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cross-coupling, as demonstrated by its broad substrate scope
(Figure 2). The reaction effectively couples a wide variety of
unactivated primary alkyl NHP esters (Figure 2A), including
both simple linear and branched alkyl groups, as well as
complex substrates that contain various functional groups, such
as thiophene, trifluoromethyl, ether, ester, Boc-protected
amine, imide, terminal/internal alkene, terminal alkyne,
unactivated primary alkyl chloride, and silyl ether, with all
cases achieving high yields and good enantioselectivity
(products 1−23). Notably, when NHP esters with distal
preexisting stereocenters are employed, the stereochemical
outcome is consistently controlled by the chiral catalyst rather
than the inherent chirality of the substrate (products 24−27).

The reaction also exhibits good generality for unactivated
secondary alkyl alcohols (β-hydroxy amides), as shown in
Figure 2B. A range of cyclic tertiary amides, including one
featuring a chiral fluoropyrrolidine group, can couple efficiently
under the standard conditions (products 28−34). Crucially,
the stereochemical outcome of the products depends primarily
on the chiral catalyst, with minimal influence from the
stereocenters of the amide moiety. This transformation also
accommodates diverse β-hydroxy amides bearing various β-
alkyl substituents, ranging from n-butyl to more sterically
demanding cyclohexyl (products 35−37). Moreover, the
reaction tolerates multiple functional groups including ether,
Boc-protected amine, silyl ether, Cbz-protected amine, aryl
bromide, furan, oxazole, terminal alkene, unactivated primary
alkyl chloride, and ester, delivering the corresponding products
in good yields with consistently high enantioselectivity
(products 38−49). The absolute configuration of products
was determined by comparison with reported optical rotation
data.85

Applications. This β-alkylation reaction can be efficiently
performed as a one-pot procedure without isolation of the
NHP ester, thereby enabling the synthesis of the desired
products in a single step from commercially available primary
alkyl carboxylic acids and easily accessible secondary alkyl
alcohols (Figure 3A).86,87

The gram-scale synthesis (1.41 g of product) of compound 7
proceeds with yield and ee nearly identical to those obtained in
the reaction conducted on a 0.50 mmol scale (Figure 3B). To
highlight the synthetic versatility of this method, we have
transformed 7 into various valuable enantioenriched com-
pounds. Notably, the amide group undergoes diverse trans-
formations with excellent retention of stereochemistry,
including conversions to primary alcohol, N-alkyl indoline,
ester, and alkynylated/arylated/alkylated ketone, all achieved
in good yields.

The method’s potential for converting abundant starting
materials into complex molecules was further exemplified by
the streamlined preparation of a natural product. Compound
59, a sex pheromone of Polyergus breviceps, originally prepared
in five steps from (R)-limonene, can now be accessed in just
three steps using our approach (Figure 3C).88

Mechanistic Studies. To clarify the reaction mechanism, a
series of mechanistic experiments were carried out. Initial
radical trapping studies provided compelling evidence for the
generation of two alkyl radical intermediates (Figure 4A). The

reaction is completely inhibited in the presence of 1 equiv of
TEMPO (2,2,6,6-tetramethyl-1-piperidinyloxy), with TEMPO-
adduct A1 isolated in 28% yield and adduct A2 detected by
high-resolution mass spectrometry (HR-MS) (entry 1). This
radical-involving pathway was further supported by using 2
equiv of α-(trifluoromethyl)styrene as an alternative radical
scavenger, which affords radical-trapping adducts A3 (54%)
and A4 (23%) while completely inhibiting the productive
coupling (entry 2). Notably, control experiments showed that
these radical-trapping adducts can be formed in the absence of
nickel catalyst (entry 3). Additional evidence for a nickel-
independent radical generation pathway was observed through
significant substrate consumption under nickel-free conditions,
resulting in a yield of 73% for hydro-decarboxylative product
and 42% for hydro-dehydroxylative product, respectively
(entry 4). These collective findings indicated that the key
alkyl radical species are generated through a distinct photo-
catalytic cycle, operating in parallel with the nickel-mediated
coupling pathway. Additionally, using an α,β-unsaturated olefin
instead of a β-hydroxy amide fails to produce the desired
coupling product, thus ruling out the possibility of a Giese-type
radical addition pathway.

Next, cyclic voltammetry (CV) studies were conducted to
probe the photoredox catalytic cycle.89 The prepared NHC-
alcohol adduct N exhibits a half-wave potential of E1/2(N+•/N)
= +0.92 V vs saturated calomel electrode (SCE) in acetonitrile
(MeCN), while substrate 1a shows Ep(1a/1a−•) = −1.30 V vs
SCE in MeCN (100 mV/s scan rate). Comparative analysis
with the known photoredox catalyst (PC) potentials (for
reductive quenching: E1/2(PC*/PC−) = +1.21 V vs SCE in
MeCN; E1/2(PC/PC−) = −1.37 V vs SCE in MeCN; for
oxidative quenching: E1/2(PC+/PC*) = −0.89 V vs SCE in
MeCN; E1/2(PC+/PC) = +1.69 V vs SCE in MeCN) reveals
that while both PC* and PC+ can oxidize N, only PC− is
capable of efficiently reducing 1a, whereas PC* can hardly do
so (−0.89 V vs −1.30 V).90 These electrochemical results
support a reductive quenching mechanism for the photo-
induced electron transfer (PET) process. This mechanistic
assignment is further validated by Stern−Volmer quenching
studies, which show efficient luminescence quenching of PC*
by N, but negligible quenching by 1a, consistent with the
proposed reductive quenching pathway (Figure 4B).89

To investigate the mechanistic role of nickel intermediates in
the catalytic cycle, a series of nickel complexes were
synthesized and systematically evaluated. Initially, L1NiBr2
was prepared, and its potential, along with that of PC, was
assessed using an Ag/AgCl reference electrode (E1/2(NiI/Ni0)
= −1.84 V vs Ag/AgCl in MeCN; E1/2(PC/PC−) = −1.37 V vs
Ag/AgCl in MeCN).89 The significant potential gap suggests
that the reduction from L1NiBr(I) to Ni(0) by PC− is
thermodynamically unfavorable, implying that the catalytic
cycle likely operates through Ni(I)/Ni(II) redox states rather
than involving Ni(0) species.

Subsequently, three additional key nickel intermediates were
synthesized: the nickel bromide complex Ni1, the primary
alkyl−nickel bromide complex Ni2, and the secondary alkyl−
nickel bromide complex Ni3, to further probe the potential role
of nickel species (Figure 4C). A catalytic study employing 10

Figure 4. continued

conditions 2 h; (blue curve) Standard conditions 4 h; (green curve) Standard conditions 6 h. (D) Parallel kinetic isotope effect experiments. Rate
constants were calculated using the initial rates method (<15% conversion).
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mol % of Ni1 affords product 7 with a yield and
enantioselectivity nearly identical to those obtained in the
model reaction, supporting its role as a competent catalytic
intermediate (eq 1). When 20 mol % of Ni2 is employed, the
coupling product 7 is obtained in 70% yield with 90% ee,
comparable to the results observed in the model reaction (eq
2). Notably, the incorporation of the n-butyl group from Ni2

into the coupling product 1 provides direct evidence for the
involvement of Ni2 in the cross-coupling reaction. In contrast,
using 20 mol % of Ni3 yields only product 46 in 53% yield with
89% ee (eq 3). The absence of secondary alkyl-transfer
product formation (7) indicates that Ni3 acts as an off-cycle
species but can still reenter the catalytic pathway.91

Quantitative EPR analysis showed that odd-electron nickel
intermediates, such as Ni(I) or Ni(III), do not accumulate to a
significant extent during the reaction (<2% of the total nickel
present). Furthermore, HR-MS analysis of the coupling
reaction to produce compound 1 at partial conversion revealed
mass consistent with Ni2. Together with the UV−vis studies
(Figure 4C, top), these results suggest that Ni2 may be the
predominant resting state of the nickel catalyst during the
coupling reaction.

These mechanistic insights are further substantiated by
kinetic isotope effect (KIE) experiments employing β-
deuterated substrate (Figure 4D). Three distinct mechanistic
scenarios can be considered based on the proposed catalytic
cycle where Ni2 serves as the resting state: (i) For an inner-

sphere mechanism where radical combination by Ni2

constitutes the rate-determining step (RDS), involving sp2 to
sp3 rehybridization, a secondary KIE (KIE = 0.8−0.9) would
be expected (top left); (ii) For an inner-sphere mechanism
where reductive elimination serves as the RDS without bond
hybridization changes, no KIE (KIE ≈ 1.0) would be observed
(top middle); (iii) For an outer-sphere mechanism with radical
substitution as the RDS, a secondary KIE (KIE = 0.8−0.9)
would similarly be anticipated (top right). The experimentally
determined secondary KIE of 0.84 clearly demonstrates
significant rehybridization during the RDS (Figure 4D,
bottom); however, this observation cannot distinguish between
inner-sphere and outer-sphere pathways. Additionally, these
results indicate that the RDS is light-independent.89

Based on the above observations and previous research, a
proposed catalytic cycle is depicted in Figure 5. The reaction
begins with the formation of the corresponding NHC-alcohol
adduct. Simultaneously, photoexcitation of the iridium photo-
catalyst [IrIII] under blue light-emitting diodes (LEDs)
generates an excited-state species [IrIII]*, which undergoes
single-electron transfer (SET) to produce the reduced [IrII]
species while liberating a free secondary alkyl radical. The
resulting [IrII] complex subsequently serves as a potent
reductant, facilitating reduction of the NHP ester to generate
a free primary alkyl radical. In the nickel catalytic cycle, the
primary alkyl radical is initially captured by L1NiBr to form the
primary alkyl−nickel bromide complex, identified as the

Figure 5. Outline of a possible catalytic cycle.
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predominant resting state. Subsequent interception of the
secondary alkyl radical by this Ni(II) intermediate, proceeding
through either inner-sphere or outer-sphere pathways,
ultimately affords the coupled product while regenerating the
Ni(I) species. The radical combination (for inner-sphere
mechanism) or radical substitution (for outer-sphere mecha-
nism) is likely the RDS.

■ CONCLUSIONS
We have accomplished an enantioselective radical−radical
cross-coupling between β-hydroxy amides and N-hydroxyph-
thalimide esters enabled by a dual Ni/photoredox catalysis.
This transformation features the generation of two distinct free
alkyl radicals through photoredox process, which are then
selectively intercepted by a chiral diamine-ligated nickel
catalyst to achieve good cross- and enantioselectivity. The
reaction proceeds under mild conditions while demonstrating
good functional group compatibility and scalability. The one-
pot procedure offers a straightforward approach for the
synthesis of complex molecules from commercially available
carboxylic acids and readily accessible alkyl alcohols. The
resulting enantioenriched coupling products serve as versatile
synthetic building blocks, readily undergoing diverse trans-
formations to access valuable scaffolds and bioactive molecules.
Our comprehensive mechanistic studies have successfully
mapped the catalytic cycle and determined the predominant
nickel resting state. These investigations offer valuable
guidance for future development of asymmetric radical−radical
cross-coupling transformations.
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