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Enantioselective reductive couplings and related
transformations under cooperative
photoredox catalysis

Yongjia Shia and Daoshan Yang *ab

The development of catalytic and enantioselective methods for constructing chiral carbon–carbon

bonds remains a significant challenge and crucial objective in organic synthesis, as these chiral bonds

are ubiquitous in bioactive molecules and natural products. The straightforward construction of chiral

C–C bonds through asymmetric reductive coupling of two electrophiles represents one of the most

powerful synthetic strategies in modern organic chemistry. Recently, photoredox catalysis has gained

considerable attention from the scientific community due to its unique activation mode and significance

for sustainable synthesis. The synergistic combination of photoredox catalysis and asymmetric catalysis

has emerged as a promising catalytic strategy, offering a potential solution to overcome limitations in

traditional asymmetric catalysis. This tutorial review offers a comprehensive overview of enantioselective

reductive transformations under cooperative photoredox catalysis, focusing primarily on the synergistic

interactions between photocatalysts and transition metals, enzymes, and hydrogen-bonding catalysts,

highlighting their significance in understanding and advancing catalytic processes.

Key learning points
1. The background and key advantages of enantioselective reductive transformations.
2. The synergistic interaction patterns between photocatalysts and transition metals, enzymes, and hydrogen-bonding catalysts.
3. The modern methods for chiral C–C bond formation.
4. The role of photoredox catalysis and the associated mechanism.
5. The perspectives of future development in this field.

1 Introduction

Asymmetric catalysis lies at the cutting edge of modern chem-
istry and serves as a cornerstone for the highly selective synth-
esis of enantiomerically pure chiral molecules, which are
essential in agrochemicals, pharmaceuticals, diagnostics, and
advanced materials.1 The development in recent decades has
demonstrated that both chemical catalysis and biocatalysis
have played pivotal roles, with approaches such as transition
metal catalysis, hydrogen-bond catalysis, and enzyme catalysis
emerging as powerful strategies.

1.1 Transition metal catalysis

Transition metals (TMs) have attracted widespread attention
due to their distinctive reactivity and versatile catalytic modes.
A large proportion of reported strategies for achieving the
desired transformation have relied on adjusting either the
ligand field or the oxidation state of the metal (Scheme 1a).
The introduction of chirality has traditionally relied on the
coordination of metal centers with one or more chiral ligands.
Seminal contributions by Sharpless,2 Knowles,3 Kagan,4

Noyori,5 and others6 led to the development of structurally
diverse and highly efficient ligand architectures, including
BINAP, TADDOL, JosiPhos, PHOX, Salen, DuPhos, BiOX, and
PyBOX, among many others. These ligands, often referred to as
‘‘privileged chiral ligands’’, exhibit exceptional versatility,
enabling a broad range of asymmetric transformations, such as
cyclization,7 cross-coupling,8 hydrogenation,9 oxidation,10 and
C–H bond activation.11 Consequently, for over half a century,
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the design of chiral ligands has been remarkably successful and
remains central to asymmetric transition-metal catalysis.

1.2 Hydrogen-bond catalysis

Chiral H-bonding catalysts primarily function by engaging in
non-covalent interactions between the catalyst and substrates
bearing oxygen- or nitrogen-containing functional groups as H-
bond acceptors, and/or protons as donors. These directional H
bonds not only facilitate the desired chemical transformations
but also create a chiral environment conducive to the formation
of stereogenic centers. To date, a wide variety of hydrogen-
bonding catalysts with diverse structural and functional frame-
works have been developed (Scheme 1b).12 However, due to the
relatively low binding energies associated with hydrogen

bonding, such systems often require highly reactive substrates
to achieve sufficient activation. This intrinsic limitation can
restrict the substrate scope and confine the types of reactions
amenable to this strategy.

1.3 Enzyme catalysis

Within biological systems, enzymes function as omnipresent
natural catalysts, playing a crucial role in both natural bio-
chemical processes and industrial applications.13 According to
Hult and Berglund, enzyme promiscuity can be broadly classi-
fied into three categories: (1) condition promiscuity, where the
enzyme retains its activity under non-natural reaction condi-
tions; (2) substrate promiscuity, where the enzyme can tolerate
diverse substrates; and (3) catalytic promiscuity, where the

Scheme 1 (a) Transition-metal catalysis. (b) Hydrogen-bonding catalysis. (c) Enzyme catalysis for asymmetric transformations.
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enzyme’s active site is capable of catalyzing more than one type
of chemical transformation.14 Enzymatic catalysis enables effi-
cient and often reversible transformations under mild,
environmentally benign conditions, such as asymmetric
aldol reactions, Michael addition, Diels–Alder reactions,
Knoevenagel condensation, Henry reaction, Mannich reaction,
and Morita–Baylis–Hillman (MBH) reaction, among others
(Scheme 1c).15 However, the intricate three-dimensional struc-
tures that confer remarkable selectivity to enzymes also make
them structurally fragile, which limits their broader application
in synthetic chemistry.

1.4 Photoredox catalysis

Beyond traditional ionic reactions, radical-based transforma-
tions have gained widespread applications in synthetic chem-
istry due to their ability to enable unconventional bond
cleavages and formations under mild conditions.16 This versa-
tility is driven by diverse radical generation strategies and the
high intrinsic reactivity of radical species, as exemplified by
photoredox catalysis, which employs photons as traceless and
sustainable redox agents to generate reactive intermediates in
both oxidative and reductive processes.17 In this catalysis
mode, the photosensitizer (PC) generates photoexcited species
(PC*) after absorbing visible light, which can function as both a
1e-oxidant and a 1e-reductant. Their redox potentials are
structure-dependent and play a crucial role in the efficient
generation of organic radicals. As depicted in Scheme 2, in a
reductive quenching cycle, the excited state species (PC*) can be
reduced by electron donors (D) to afford the intermediates
PC�� and D�+. Generally, the PC�� species can react with the
electron-deficient substrate A to generate the more reactive
radical anion A�� with simultaneous regeneration of PC.
Furthermore, in an oxidative quenching pathway, the excited-
state PC* is oxidized by an electron acceptor A via single-
electron transfer, affording a radical anion A�� and the oxidized
form PC�+, which can abstract an electron from electron-rich
substrate D, thereby regenerating the ground-state PC. Both of
the aforementioned species D�+ and A�� can further participate
in downstream transformations to generate the desired
products.

Reductive cross-coupling (RCC) reactions have emerged as
some of the most efficient strategies for constructing C–C and
C–heteroatom bonds,18 due to their ability to couple two readily

available and structurally robust electrophiles, thereby circum-
venting the need for prefunctionalized, stoichiometric organo-
metallic reagents that are often highly sensitive to air and
moisture. Unlike traditional cross-coupling approaches that
rely on nucleophilic partners, RCC reactions leverage inexpen-
sive halides, pseudohalides, or other electrophilic building
blocks as coupling partners, which are typically more stable,
cost-effective, and widely accessible. The inherent redox-neutral
or mild reductive conditions employed in these reactions
enable high functional group tolerance, enabling RCC particu-
larly attractive for complex molecule synthesis and late-stage
functionalization.

Although Kuhn began investigating enantioselective photo-
chemical reactions as early as the 1930s,19 achieving enantios-
electivity solely through chiral photoredox catalysts under
visible-light irradiation remains rare. To date, Meggers,20

Yoon,21 and others22 have developed a series of chiral photo-
redox catalysts, including inorganic chromophores, soluble
macromolecules and chiral organic sensitizers.23 Nevertheless,
they are relatively limited, and are typically not used for
reductive cross-coupling. Moreover, photoredox catalysis alone
is often insufficient to facilitate selective cross-coupling reac-
tions, as single-electron transfer (SET) processes typically acti-
vate only one of the two electrophilic partners, leaving the other
unreactive. In addition, SET mechanisms inherently lack spa-
tial control, presenting a significant challenge for the establish-
ment of well-defined coordination environments. To overcome
these limitations, dual catalytic strategies have garnered grow-
ing attention.24–30 In such cooperative systems, various
transition-metal complexes and organic dyes, due to their
highly adjustable redox potentials, can serve as photocatalysts
to generate reactive radical intermediates (Scheme 3a), which
are subsequently intercepted by a second catalyst that promotes
bond formation with the second electrophile in a stereocon-
trolled fashion. These dual catalytic platforms not only broaden
substrate scope but also enhance reactivity, selectivity, and
functional group tolerance.31

Although significant progress has been made in the field of
photo-induced asymmetric catalysis, asymmetric reductive
transformations with light intervention is still in its infancy.
Although several excellent review articles have been published

Scheme 2 The mechanism of light-driven photoredox catalysis.
Scheme 3 (a) Representative photocatalysts. (b) Enantioselective reduc-
tive transformations under cooperative photoredox catalysis.
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in this field,32 they predominantly focused on a specific aspect.
To date, no comprehensive tutorial review on photocatalytic
asymmetric reductive transformations has been published. In
this guiding review, we will discuss the advancements of the
progress of visible light-promoted enantioselective reductive
cross-coupling between two electrophiles and related transfor-
mations in dual catalytic systems, mainly including the syner-
gistic effects of visible light with transition metals, hydrogen
bonding catalysts, and enzymes (Scheme 3b).

2 Cooperative photoredox and
transition-metal dual catalysis
2.1 Nickel/photoredox cooperative catalysis

Nickel (Ni) features comparatively low electronegativity and
negative reduction potentials, allowing it to reversibly access
multiple oxidation states (Ni0, NiI, NiII, and NiIII) under mild
conditions,33 which renders it particularly well suited for
efficient integration with photoredox catalytic cycles via
single-electron transfer (SET) processes.34 In cooperative photo-
redox systems, this manifold of accessible oxidation states
enables Ni to play two key roles: on the one hand, it reacts
with electrophiles such as aryl, alkenyl, alkynyl, or alkyl halides
to form Ni–C intermediates; on the other hand, it efficiently
captures carbon-centered radicals generated in the photoredox
cycle and forges new C–C bonds through stereoselective reduc-
tive elimination from high-valent Ni species.35 Consequently,
dual Ni/photoredox catalysis has emerged as a central platform
for the construction of chiral C(sp3)–C(sp2), C(sp3)–C(sp), and
even C(sp3)–C(sp3) bonds, as well as for enabling selected
difunctionalization transformations.36 In particular, nickel is
particularly powerful in cross-electrophile couplings that com-
bine (hetero)aryl or alkenyl halides with alkyl partners, where
its ability to perform both oxidative addition to C(sp2) electro-
philes and rapid capture of alkyl radicals distinguishes it from
other metals.

2.1.1 Chiral Csp3–Csp2 bond formation. In cross-
electrophile coupling, the primary challenge is to achieve
selective cross-coupling between two different electrophiles
rather than undesired homocoupling (Scheme 4a).37 Building
on the general features outlined above, nickel-catalyzed
reactions proceeding via a radical chain process generally
comprises five elementary steps: oxidative addition, radical
addition, reductive elimination, radical generation, and
reduction (Scheme 4b). In 2013, to determine whether the
aryl or alkyl Ni(II) intermediate was formed at the initial
stage, Biswas et al. conducted a preferential competition
experiment of the RCC between iodobenzene 1 and
iodooctadecane 2 catalyzed by Ni0/L1 (L1 = 4,40-di-tert-butyl-
2,20-bipyridine, dtbpy) (Scheme 4c).38 The results revealed that
iodobenzene undergoes oxidative addition to the Ni0 species
4.7 times faster than iodooctadecane, indicating that the aryl–
Ni(II) intermediate is formed preferentially during the reaction.
This can be attributed to the favorable p–metal interaction
between the metal center and the substrate.39 Multiple

theoretical studies have confirmed that the oxidative addition
(OA) rate of C(sp2) electrophiles is faster than that of C(sp3)
electrophiles. For example, Ren and co-workers found that the
activation barrier for aryl halides is 4.4 kcal mol�1 lower than
that for alkyl halides.40 Consistent findings were independently
reported by Kumar et al.41 In addition, the distinct reduction
potentials of C(sp2) and C(sp3) electrophiles result in C(sp3)
electrophiles being more efficiently engaged through radical-
mediated activation pathways (Scheme 4d).42 Therefore, the
mechanism begins with oxidative addition to form a Ni(II)–aryl
intermediate, which preferentially reacts with C8H17I over PhI,
leading to the generation of an alkyl radical. This sequential
activation pathway accounts for the cross-selectivity observed in
the experiment (Scheme 4e).38 More importantly, the use of an
external electron donor is essential for accessing low-valent

Scheme 4 (a) Comparisons of the selectivity challenges of cross-
electrophile coupling (XEC). (b) Ni-catalyzed radical chain pathways. (c)
Model reaction and competition studies. (d) Redox potentials of selected
organohalides. (e) The origin of cross-selectivity.
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nickel species, which are required for the activation of aryl and
alkyl halides and for facilitating the redox cycling of nickel in
selective C–C bond-forming processes.43 More than a century
ago, Wurtz, Tollens, and Fittig laid the groundwork for cross-
electrophile coupling by employing sodium metal between aryl
and alkyl halides.44 These early methods required harsh con-
ditions, including elevated temperatures and stoichiometric
amounts of sodium as both a mediator and reductant. As a
result, the utility of these reactions was significantly limited by
poor functional group tolerance and narrow substrate scope.
Subsequent advances employed inexpensive metal reductants
such as zinc and manganese, offering improved practicality
under milder conditions (Scheme 5).45 However, the applica-
tion of stoichiometric metallic reductants presents several
limitations. Firstly, metal powders often require preactivation
to expose reactive surfaces. Secondly, their reactivity may vary
significantly depending on the quality or supplier of the metal
source. Thirdly, certain functional groups are incompatible
with reductive metals, potentially leading to undesired side
reactions. Moreover, increasing emphasis has been placed on

the development of tunable reductive systems to enhance the
generality and functional compatibility of RCC transforma-
tions. To address these challenges, organic reductants such
as B2pin2 and hydrazine have been discovered. However, the
scope of reactions that can be enabled by these reductants
remains limited.46 Nickel/photoredox catalysis offers a novel
synthetic strategy, in which the core characteristics of the Ni-
mediated catalytic cycle remain fundamentally consistent
despite variations in the reduction conditions, primarily affect-
ing the pathway of radical generation. For instance, electron
donors such as tris(trimethylsilyl)silane,47 amines,48 and
Hantzsch esters,49 although their redox potentials do not align
with the requirements for nickel reduction, have shown
remarkable efficiency in selective reductive coupling under
cooperative catalytic conditions, thereby significantly expand-
ing the synthetic utility of these transformations (Scheme 6).

In 2020, Mao and co-workers reported a nickel-catalyzed
reductive cross-coupling of aryl iodides with a-chloro esters
under visible-light conditions employing an organic reducing
agent Hantzsch ester 1,4-dihydropyridine (HEH) to afford a-aryl
esters and their derivatives,50 which can serve as precursors to
non-steroidal anti-inflammatory agents (Scheme 7a).51 Mean-
while, this reaction utilized 1,2,3,5-tetrakis (carbazol-9-yl)-4,6-
dicyanobenzene (4CzIPN) as the photocatalyst, thus allowing
both coupling partners to be engaged under mild conditions
and avoiding the use of preformed unstable organometallic
reagents. According to the mechanism, [Ni0] species preferen-
tially undergo oxidative addition with aryl iodides to produce
[NiII] complex due to kinetic advantages. Subsequently, the
a-chloro ester, benefiting from a more favorable reduction
potential, is more prone to undergoing single-electron transfer
(SET) to afford an a-carbonyl radical via three possible path-
ways, as shown in Scheme 8. The reduction may occur from
[Ni0], [NiI] or reduced photocatalyst 4CzIPN��, which can be
generated by the SET process between HEH and the photo-
excited state photocatalyst 4CzIPN*. Next, the a-carbonyl radi-
cal is rapidly captured by the [NiII] complex to form the reactive
[NiIII] species, which is followed by rapid reductive elimination
to afford the final product. In addition, the [Ni0] species can be
regenerated by SET with 4CzIPN��, completing the whole
catalytic cycle. Despite these advantages, these systems remain
largely confined to aryl iodides and highly activated a-chloro
carbonyl electrophiles. Electron-rich or sterically congested aryl

Scheme 5 Ni-Catalyzed enantioselective reductive cross-coupling.

Scheme 6 Enantioselective metallaphotoredox catalysis.
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partners typically deliver diminished yields. Subsequently, Lu
and Mao further employed HEH to extend this system to the
nickel/photoredox-catalyzed RCC of vinyl bromides and benzyl
chlorides, as well as a-chlorothioesters with aryl iodides
(Scheme 7b and c).52

Early mechanistic investigations indicated that the
Hantzsch ester could exhibit enhanced reducing ability in the
presence of triethylamine (Et3N). In 2021, Xu and co-workers
demonstrated a dual nickel/photoredox-catalyzed RCC of a-
chloroboranes and aryl iodides to construct chiral benzylic
boronic esters (Scheme 7d).53 This process was carried out
using photocatalyst 4CzIPN and a commercially available
ligand L10 under mild conditions (ambient temperature, visi-
ble light, and no strong bases) with Et3N or HEH as the
reducing agent, and it is compatible with a variety of functional
groups. Regarding the mechanism, the photocatalyst 4CzIPN is
excited to the photoexcited 4CzIPN* under visible light irradia-
tion firstly, which is then reduced by Et3N or HEH to 4CzIPN��.

It subsequently combines with the nickel cycle to provide the
boron-stabilized radical I. On the other hand, [Ni0] species can
undergo oxidative addition with aryl iodide to produce [NiII]
species, which is then oxidized by boron-stabilized radical I to
form [NiIII] intermediate. Next, reductive elimination of [NiIII]
intermediate generates the target product and [NiI] species.
Finally, the [NiI] species is reduced by 4CzIPN�� to regenerate
the [Ni0] species and photocatalyst 4CzIPN, completing the
catalytic cycle (Scheme 9). Afterward, they further achieved
the RCC of CF3-substituted racemic alkyl electrophiles or
a-bromophosphates49 and aryl halides,54 providing access to
synthetically useful chiral CF3-containing compounds and

Scheme 7 Nickel/photoredox-catalyzed enantioselective reductive cross-coupling.

Scheme 8 Plausible catalytic reaction pathway for the Ni/photoredox-
catalyzed reductive cross-coupling of aryl iodides with a-chloro esters.

Scheme 9 Plausible catalytic pathway for the Ni/photoredox-catalyzed
reductive cross-coupling of a-chloroboranes with aryl iodides.
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a-aryl phosphorus. Moreover, in 2024, Shen and co-workers
accomplished a nickel/photoredox-catalyzed asymmetric RCC
of a-bromobenzoates with aryl halides (Scheme 7d).55 This
photochemical protocol employed the ligand L9 and HEH or
NEt3 as the reductant to enable the synthesis of chiral benzyl
alcohols derivatives. However, these systems are mainly
restricted to combinations of aryl iodides with specific
a-halogenated electrophiles, and typically deliver only moder-
ate yields for substrates with more demanding electronic or
steric profiles, indicating that their generality and expandabil-
ity still require further improvement.

Beyond asymmetric reductive couplings between two halide
partners, this strategy can also be extended to epoxides. Actu-
ally, due to their facile generation from alkenes and their
susceptibility to nucleophilic attack, epoxides serve as impor-
tant and broadly utilized platforms in modern organic
synthesis.56 Chiral catalyst-controlled asymmetric ring-
opening of epoxides provides an effective strategy for asym-
metric synthesis (Scheme 10a),57 with substantial advances
achieved using soft nucleophiles or heteroatom-based reagents
such as water, azide, and cyanide.58 Although catalytic C–C
bond-forming processes employing organolithium or organo-
magnesium nucleophiles are known, these approaches gener-
ally require rigorous conditions and exhibit poor tolerance
toward sensitive functionalities.59 Moreover, the use of chiral
epoxides often results in kinetic resolution, since their ring-
opening reactions typically proceed in a stereospecific fashion.
The first enantioselective cross-electrophile coupling of meso-
epoxides was reported by Weix and co-workers, employing a
chiral titanocene cocatalyst in concert with a racemic Ni
catalyst (Scheme 10b).60 Building on this progress, Yamamoto’s
group demonstrated the Ni-catalyzed arylation of 3,4-
epoxyalcohols with chiral BiOx ligands, which provided cross-
coupled products in outstanding levels of enantio- and
diastereocontrol.61 This transformation, however, requires a
pendant hydroxyl group within the epoxide substrate to achieve
effective stereochemical induction. While these contributions
represent significant milestones, the development of comple-
mentary methods, particularly those that enable stereoconver-
gent coupling of racemic terminal epoxides, remains an
important goal to broaden the utility of this strategy. In 2021,
Doyle et al. developed a nickel/photoredox-catalyzed enantio-
selective cross-electrophile coupling (XECs) of aryl iodides with
epoxides, enabling a direct approach to chiral 2,2-diaryl alco-
hols with moderate yields and high enantioselectivities
(Scheme 10c).62 This catalytic system can be established using
4CzIPN as a photocatalyst, chiral biimidazoline (BiIm) L11 as a
ligand and NEt3 as a reducing agent. Nonetheless, the current
system is largely restricted to styrene oxides and aryl iodides,
aliphatic epoxides and more electron-deficient aryl coupling
partners generally perform poorly. Mechanistic experiments
and computations indicate that reductive elimination is enan-
tiodetermining and that ligand electronics modulate enantios-
electivity by shifting the transition-state structure along the
reaction coordinate. A [Ni0]/[NiII]/[NiIII]/[NiI] catalytic cycle fea-
turing a halohydrin intermediate was proposed. Firstly, the

oxidative addition of [Ni0] species with aryl iodide give [NiII]
species. Meanwhile, the in situ formed HX (X = Cl, Br, I)
nucleophilically opens the ring of racemic epoxide 8 to yield
the halohydrin intermediate I, which may proceed via a SET
process or halogen atom extraction to produce the secondary
radical II. Next, the radical is trapped by the [NiII] complex to
produce [NiIII] species III, followed by reductive elimination to
give the target product 9 and [NiI] species IV. Furthermore,
reductive quenching to the excited state of 4CzIPN by triethy-
lamine yields 4CzIPN��, which can reduce [NiI] species IV to an
[Ni0] complex, completing the catalytic cycle.

Scheme 10 Strategies for asymmetric synthesis with epoxides and nickel/
photoredox-catalyzed asymmetric cross-coupling of styrene oxides and
aryl iodides.
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Beyond amines, inexpensive, abundant, and tunable alco-
hols can also be applied as reducing agents to achieve chiral-
selective XECs. In 2023, Huo and co-workers demonstrated a
Ni/photoredox-catalyzed enantioselective XEC of (hetero)aryl
bromides and a-amino acid derivatives via a halogen radical-
mediated HAT process employing a readily available benzyl
alcohol as the reducing agent to afford various benzylic
amines in high yields and with excellent enantioselectivities
(Scheme 11b).63 Although metallaphotoredox decarboxylative
arylation has been applied to a range of substrates, several
challenges still remain, including (i) sluggish oxidative addi-
tion, (ii) limited asymmetric induction, and (iii) sensitivity to
coordinating functional groups.64 A notable advance from the
Fu and MacMillan labs introduced a mechanistically distinct
decarboxylative asymmetric arylation via oxidative activation of
a-amino acids (Scheme 11a).65 Nevertheless, this approach
is largely confined to electron-deficient aryl bromides. By
comparison, this strategy accommodates more demanding
electron-neutral and electron-rich (hetero)aryl bromides and

enables late-stage functionalization while tolerating a variety of
functional groups. However, the current protocol is mainly
restricted to NHP esters derived from a-amino acids and relies
on a specific benzylic alcohol reductant under basic conditions;
its performance with more complex peptide-like substrates or
other carboxylic acid derivatives has not yet been fully explored.
A depicted mechanism for this transformation is provided.
Initially, the photocatalyst is excited to an excited state under
light irradiation, which can then oxidize the bromine anion to
generate a bromine radical. Subsequently, it undergoes a HAT
process with 1-phenylethanol to form an a-hydroxyalkyl radical
VI. Under base-containing conditions, NHP esters and the
resulting radical VI can generate an a-amino carbon-centered
radical IV and acetophenone by a SET or proton-coupled
electron transfer (PCET) process. In addition, aryl bromide
reacted with [NiI] complex I to give [NiIII] complex II by oxidative
addition, which could be reduced by the reduced photocatalyst
to afford [NiII] complex III, while it could easily intercept a-
amino radical IV to give [NiIII] complex V, which could
then undergo the reduction and elimination process to produce
the target product and [NiI] complex I, completing the
catalytic cycle.

The direct reductive cross-coupling of alkyl alcohols with
aryl halides remains challenging due to the high bond disso-
ciation energy of the C–O bond and the poor leaving ability
of the hydroxyl group.66 To address this limitation, various
alcohol derivatives including xanthate esters,67 alkyl acetates,68

pivalates,69 mesylates,70 oxalates,71 chloroformates,72

tosylates,73 methyl ethers,74 and others75 have been explored
in reductive cross-coupling reactions. Most of these strategies
are restricted to activated alcohol derivatives and require addi-
tional pre-activation steps. In 2018, Ukaji and co-workers
reported a titanium-mediated direct reductive cross-coupling,
which is limited to primary benzyl alcohols.76 Alternatively,
one-pot procedures combining in situ alcohol activation with
subsequent reductive cross-coupling have shown promise. Pio-
neering studies by Gong,77 Shu,78 Weix,79 Li,80 and others81

demonstrated the potential of this approach by utilizing the
broad availability of free alcohols and aryl bromides. A notable
breakthrough was achieved by the MacMillan group in 2021,
who developed an N-heterocyclic carbene enabled deoxygena-
tive arylation (Scheme 12a).82 This method operates under mild
conditions, is operationally simple, and is compatible with a
broad range of primary, secondary, and tertiary alcohols. Never-
theless, the development of enantioconvergent deoxygenative
reductive cross-coupling, particularly for unactivated alkyl alco-
hols, remains a huge challenge. In 2024, Yang and co-workers
described a nickel/photoredox-catalyzed enantioselective deox-
ygenative reductive cross-coupling of aryl bromines and unac-
tivated alkyl alcohols to afford various b-aryl ketones under
visible-light irradiation in the presence of an NHC activating
agent (Scheme 12b).83 In this system, a series of substituents on
ketones are tolerated, including silyl ether, boc-protected
amine, ether, ester, thiophene, furan, etc., which give products
with good yields and excellent enantiomeric excesses. Further-
more, aryl bromines containing electron-rich or electron-

Scheme 11 Nickel/photoredox-catalyzed asymmetric reductive coupling
of a-amino acid–derived radical precursors.
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deficient substituents such as Bpin, trifluoromethyl, benzothio-
phene, benzofuran and others participate efficiently to yield the
target products in good yields. At the same time, the current
protocol relies on in situ activation with a stoichiometric NHC
reagent and has so far been demonstrated mainly for b-aryl
ketones derived from relatively simple aryl bromides and
monohydric alcohols. Applications to more complex polyols,
strongly coordinating or base-sensitive functional groups, and
other classes of electrophiles have not yet been demonstrated,
highlighting the need for further work to generalize this
enantioconvergent deoxygenative coupling manifold.

2.1.2 Chiral Csp3–Csp bond formation. Optically active
organophosphonates, which can be broadly employed in the
fields of agrochemicals, pharmaceuticals and asymmetric
catalysis chemistry, and their synthesis has garnered
significant attention.84 In 2023, Xu et al. realized a nickel/
photoredox catalyzed enantioselective C(sp)–C(sp3) reductive
cross-coupling of a-bromo phosphonates and alkynyl
bromides using the strategy of halogen atom transfer
(Scheme 13a).85 It is worth mentioning that chiral a-alkynyl
phosphonates can be constructed using NiBr2(DME) and
3DPAFIPN as the dual catalysts, bidentate nitrogen ligand L16
as the chiral ligand, Cy2NMe as the reductant, and K2CO3

as the base. Under these conditions, a range of a-bromo
phosphonates and alkynyl bromides are converted to the
desired products in generally good yields and high
enantioselectivities. In these studies, the halide electrophiles
are readily accessible and enable the modular assembly of
different phosphonate-containing scaffolds. However, current
variants are mainly limited to a-bromo phosphonates and
alkynyl bromides bearing relatively simple aryl or alkyl
substituents, and rely on superstoichiometric Cy2NMe under

basic conditions. Considering a trifluoromethyl (CF3) group usually
significantly improves the physicochemical and biological
properties of the molecule, such as its lipophilicity, bioavailability
and metabolic stability,86 and the same group further expanded the
system to the efficient construction of chiral trifluoromethylated
alkynes (Scheme 13b).87 Future studies that expand this manifold
to more complex architectures, other C(sp) electrophiles, and
densely functionalized or strongly coordinating substrates would
be highly desirable.

2.1.3 Chiral Csp3–Csp3 bond formation. In 2024, Xu and co-
workers developed a dual nickel/photoredox catalyzed
enantioselective reductive cross-coupling of alkyl iodides and
racemic a-chloroboronates, leading to the chiral a,a-dialkyl
boronic esters (Scheme 14).88 Using 4CzIPN as the
photocatalyst, (S,S)-L18 as the ligand, HEH as the reducing
agent, and NaHCO3 as the base, chiral secondary alkyl boronic
esters are obtained in high yields with excellent chemo- and
stereoselectivities. Sulfonamide, ester, ether, thiophene,
protected indole, alkyl chloride, alkene and other functional
groups are tolerated under the standard conditions. The
reaction begins with the oxidative addition of a-
chloroboronate to the (L18)Ni(I) complex I, affording a Ni(III)
intermediate II. Subsequent photoredox-mediated reduction
furnishes the (L18)Ni(II) species III, which is then oxidized by
the alkyl radical generated from the corresponding alkyl iodide
to deliver intermediate IV. This species participates in
enantioselective C–C bond formation and simultaneously
regenerates the (L18)Ni(I) catalyst I, thereby completing the
catalytic cycle. Despite the high levels of chemo- and
enantioselectivity, the current protocol is mainly limited to
a-chloroboronates and simple primary or secondary alkyl iodides,
and relies on superstoichiometric HEH under mildly basic
conditions. More sterically congested or strongly coordinating
substrates, as well as other classes of boron electrophiles or radical
precursors, have not yet been shown to be compatible.

2.1.4 Reductive dicarbofunctionalization for chiral C–C
bond formation. In 2021, Mao and co-workers disclosed a
nickel/photoredox-catalyzed three-component alkyl arylation

Scheme 12 Nickel/photoredox-catalyzed enantioselective deoxygena-
tive reductive cross-coupling.

Scheme 13 Nickel/photoredox catalyzed enantioselective C(sp)–C(sp3)
reductive coupling.
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of acrylates to afford chiral a-aryl propionic acids that
constitute an important class of nonsteroidal anti-inflam-
matory drug derivatives (NSAIDs) (Scheme 15).89 This method
employed two electrophiles that are commercially available
and can participate under relatively mild conditions.
Mechanistically, in the presence of visible light, 4CzIPN is
excited to 4CzIPN*, which can be reduced by HEH or Cy2NMe
to produce the anionic radical 4CzIPN�� firstly. (Ln)NiII

complex I then reacts with the reduced photocatalyst
4CzIPN�� to give the (Ln)Ni0 complex II via a two SET
process. Subsequently, oxidative addition of the resulting
(Ln)Ni0 complex II with aryl bromide gives the (Ln)Ni(Ar)Br
complex III. Alternatively, alkyl bromide can react with (Ln)Ni0

complex II or reduced photocatalyst 4CzIPN�� via a SET process
to form alkyl halide anion, releasing bromine to produce the
tertiary radical, which can be added to acrylate to generate the
a-carbonyl radical IV. Next, the radical IV is captured by the
(Ln)NiII complex III to generate the NiIII intermediate V, which
undergoes a reductive elimination process to generate the
target product. Despite the high levels of regio- and
enantioselectivity, this protocol is mainly demonstrated for
acrylate-type Michael acceptors in combination with tertiary
alkyl bromides and aryl bromides; extension to less activated
alkenes, primary or secondary alkyl electrophiles, and more
strongly coordinating functional groups remains limited, and
superstoichiometric organic reductants are still required.

In 2024, Chu and co-workers reported a nickel/photoredox-
catalyzed asymmetric three-component XEC of vinyl boronates,

(hetero) aryl bromine and (21, 31) alkyl redox-activated esters
(Scheme 16).90 This method provides access to chiral b-alkyl-a-
arylboronic esters with excellent regioselectivities and enantios-
electivities employing the newly developed chiral biimidazoline
ligand L19 under mild conditions. Nevertheless, the current
system is largely confined to vinyl boronate partners and
(hetero)aryl bromides, relies on redox-active esters derived from
relatively simple secondary and tertiary alcohol or amine pre-
cursors, and has not yet been broadly validated for densely
functionalized or strongly coordinating substrates. Further

Scheme 14 Nickel/photoredox-catalyzed enantioselective C(sp3)–C(sp3)
reductive cross-coupling of alkyl iodides and racemic a-chloroboronates.

Scheme 15 Nickel/photoredox-catalyzed three-component alkyl aryla-
tion of acrylates.

Scheme 16 Nickel/photoredox-catalyzed three-component 1,2-
alkylarylation.
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expansion to other classes of organoboron reagents, aryl chlor-
ides, and more complex radical precursors will be important for
fully generalizing this three-component enantioselective XEC
manifold.

2.2 Cobalt/photoredox cooperative catalysis

As an abundant, low-toxicity and cost-effective transition metal,
cobalt is also extensively used in diverse transition metal-
catalyzed reactions, particularly in asymmetric catalysis.91 In
typical cobalt-catalyzed cross-coupling reactions, the catalytic
cycle proceeds via oxidative addition of alkyl, alkenyl, or alkynyl
halides to an active cobalt species, forming an organocobalt
intermediate (Scheme 17a), which is subsequently reduced by
stoichiometric reductants such as metals or organic reductants,
or via hydrogen-atom-transfer (HAT) pathways. The resulting
low-valent cobalt species then engage a second alkyl or alkenyl
electrophile (e.g., halides or triflates), followed by reductive
elimination to furnish the coupled product and regenerate
the active catalyst (Scheme 18).92 Under cooperative photoredox
conditions, the reduced photocatalyst can replace traditional
reductants to generate low-valent cobalt species or cobalt
hydrides in situ, thereby streamlining electron delivery and
expanding the scope of cobalt-catalyzed reductive transforma-
tions (Scheme 17b).

Compared with nickel catalysis, the d-electron configuration
of cobalt more readily affords high-spin Co(I)/Co(II) species with
pronounced radical characteristics, rendering cobalt inherently
suited to radical pathways operating under highly reducing
conditions in synergistic visible-light-driven photoredox asym-
metric reductive couplings.93 On one hand, cobalt catalysis
excels at activating strongly electrophilic or readily cleavable
alkyl precursors via single-electron transfer (SET), rapidly
generating reactive C(sp3)-radicals that are trapped by Co(II)
species within a chiral ligand environment to afford chiral Co–
alkyl intermediates, which undergo stereoselective reductive

elimination from high-valent Co(III) to form C(sp3)–C(sp3) or
C(sp3)–C(sp2) bonds. On the other hand, Co(I)/Co(II) species can
react with hydrogen donors (e.g., alcohols, amines, organic
hydride sources) under photoredox cycling to generate highly
reactive Co–H intermediates capable of selective hydrogen-
atom transfer or hydrometallation to p systems such as alkenes
and alkynes, thereby producing carbon-centered radicals or
organocobalt species that subsequently recombine with a sec-
ond electrophile or photogenerated radical, followed by stereo-
selective reductive elimination from high-valent cobalt to forge
chiral C–C bonds.94 Overall, cobalt is particularly suited to two
representative substrate classes in visible-light-enabled asym-
metric reductive coupling: (1) alkyl electrophiles requiring high
SET reactivity to release C(sp3) radicals, and (2) reductive
hydrofunctionalization and addition–coupling reactions of
alkenes and alkynes, in which a p bond first reacts and then
engages in C–C bond formation, thereby offering a reactivity
profile that is complementary to nickel systems, which have
been most extensively developed for cross-electrophile cou-
plings of (hetero)aryl and alkenyl halides with alkyl partners.

2.2.1 Chiral Csp3–Csp2 bond formation. Enantioselective
reductive couplings between two p-systems have seen
substantial development over the past decades.95 In
particular, alkynes, as easily accessible p-components, have
been widely employed to construct structurally diverse chiral
alkenes.96 Among them, the reductive coupling of alkynes with
aldehydes represents an attractive approach to chiral allylic
alcohols, a class of versatile intermediates broadly utilized in
organic synthesis and as core motifs in many bioactive natural

Scheme 17 (a) A general mechanism for Co-catalyzed reductive cross-
coupling. (b) Mechanisms for cobalt/photoredox-catalyzed reductive
transformations.

Scheme 18 Co-Catalyzed reductive cross-coupling promoted by stoi-
chiometric reductants.

Chem Soc Rev Tutorial Review

Pu
bl

is
he

d 
on

 2
3 

Ja
nu

ar
y 

20
26

. D
ow

nl
oa

de
d 

by
 S

ha
an

xi
 N

or
m

al
 U

ni
ve

rs
ity

 o
n 

1/
30

/2
02

6 
12

:3
6:

34
 A

M
. 

View Article Online

https://doi.org/10.1039/d5cs01154j


Chem. Soc. Rev. This journal is © The Royal Society of Chemistry 2026

products and pharmaceuticals. However, their asymmetric
variants have been only scarcely reported. In 2021, Xia
and co-workers reported a practical cobalt/photoredox-
catalyzed reductive coupling of aldehydes and alkynes under
mild conditions (Scheme 19a).97 This method employed
asymmetric internal alkynes together with a commercially
available photocatalyst 4CzIPN and chiral ligand (S,S)-BDPP
L23, enabling the synthesis of diverse allylic alcohols with
excellent regio-, stereo-, and enantioselectivities. A variety of
(hetero)aryl-substituted internal alkynes and aromatic
aldehydes were successfully transformed, and the reaction
tolerated several common functional groups. In the tentative
mechanism, 4CzIPN* generated by photoexcitation of 4CzIPN
can undergo a SET process with Hantzsch ester (HE) to generate
4CzIPN��, which can reduce ligand-mediated [CoII] complex I
to low-valent [CoI] species II. Subsequently, aldehydes and
alkynes can be coordinated to [CoI] species II followed by
oxidative cyclization to afford the oxacobaltacyclopentene

intermediate III. Then, HE�+ proceeds to a protonation
reaction generating allylic cobalt alkoxide intermediate IV and
HEH radical. On the other hand, the HEH radical can also
contribute an electron to the photoexcited 4CzIPN*, resulting in
the formation of the pyridinium ion PyH+ and 4CzIPN��, which
can reduce [CoIII] intermediate IV to [CoII] V. Finally, in the
presence of PyH+, the target product allyl alcohol is generated.
Additionally, there may be another reaction pathway whereby
[CoI] II can be oxidized by HE+ to the [CoIII]–H species VI, which
undergoes a hydrometallation with the alkynes, followed by
addition of aldehydes with alkenyl cobalt intermediate to form
species IV. It is worth noting that analogous Ni/photoredox
systems have so far been much less successful for this type of
alkyne–aldehyde reductive coupling. In this transformation, the
ability of cobalt to access both low-valent Co(I) species and Co–H
intermediates under photoredox conditions, and to promote
oxidative cyclization between a p bond and a carbonyl group,
appears crucial to achieving high efficiency and stereocontrol.

Notably, in 2023, Zhang and co-workers described a similar
work in which they provided a modular platform for the
synthesis of axially chiral secondary alcohols (Scheme 19b).98

Despite these advances, current Co/photoredox alkyne-
aldehyde couplings are largely restricted to internal aryl-
substituted alkynes and aromatic aldehydes, typically require
superstoichiometric Hantzsch ester under carefully controlled
conditions, and show reduced efficiency with aliphatic partners
or strongly coordinating functional groups. Broadening this
reactivity to less activated or fully aliphatic p-components and
to more densely functionalized substrates therefore represents
an important direction for future development.

In addition, asymmetric reductive couplings between
alkynes and alkenyl partners remain largely unexplored, even
though both classes of substrates are readily available and
commonly used in synthesis. A major obstacle in these trans-
formations arises from competing homocoupling pathways of
the alkyne or alkene.99 To date, the only reported example of
enantioselective reductive coupling between alkynes and cyclic
enones to furnish b-alkenyl cyclic ketones was disclosed by
Cheng and co-workers in 2011 (Scheme 20a).100 Such transfor-
mations generally rely on stoichiometric quantities of metallic
reductants, such as Zn or Mn powders. Hence, the design of
new catalytic systems that can achieve high levels of selectivity
in asymmetric alkyne–alkene reductive coupling remains an
important objective. In 2022, Xia and co-workers expanded the
system to the reductive cross-coupling of internal alkynes and
electron-deficient activated alkenes and circumvented the need
for stoichiometric metal reductants (Scheme 20b).101 Com-
pared to previous work, this coupling employed a simple
organic base, with water as the hydrogen source, rather than
the initially used HE. Various b-chiral homoallylic nitriles were
obtained and can be further transformed into chiral building
blocks. In 2025, Zhou et al. further realized an efficient visible-
light-driven cobalt-catalyzed enantioselective RCC reaction
between electronically unbiased succinimide-containing cyclo-
butenes and internal alkynes, overcoming the challenge of
b-hydride elimination from cobalt-cyclopentenyl intermediates

Scheme 19 Co/photoredox-catalyzed reductive coupling of alkynes with
aldehydes or alkenyl nitriles.
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leading to 1,4-dienes (Scheme 20c).102 This strategy afforded
enantioenriched vinylcyclobutanes with excellent enantioselec-
tivity, as well as good stereoselectivity and regioselectivity.
Nevertheless, current Co/photoredox alkyne-alkene coupling
systems are largely confined to internal aryl-substituted alkynes
in combination with activated Michael acceptors or specially
designed succinimide-containing cyclobutenes, and typically
require carefully tuned ligand–base combinations. Their per-
formance with simple terminal alkenes or alkynes, highly
functionalized substrates, or strongly coordinating functional
groups remains underexplored, indicating that considerable
scope for broadening substrate generality and reaction robust-
ness still exists.

Chiral benzyl alcohols represent an important structural
motif that is broadly found in natural products, pharmaceuti-
cals, and functional materials.103 Therefore, developing effi-
cient and practical synthetic approaches to these compounds
has long been a central pursuit in organic chemistry. However,
the direct enantioselective coupling of aryl halides with alde-
hydes to access optically pure alcohols has remained a formid-
able challenge. A breakthrough was made in 2019, when
Ohmiya and co-workers realized this transformation through
a dual Pd/Cu catalytic system (Scheme 21a).104 In this
approach, aromatic aldehydes were first converted into enan-
tioenriched a-alkoxyalkyl anions via asymmetric Cu catalysis,
which subsequently underwent Pd-catalyzed stereospecific
cross-coupling with aryl halides. In 2022, Xiao and co-workers
demonstrated a visible light-mediated cobalt-catalyzed
asymmetric reductive Grignard-type addition between alde-
hydes and aryl iodides to yield a series of chiral benzyl
alcohols under mild reaction conditions without relying on
stoichiometric metallic reductants or precious-metal catalysts
(Scheme 21b).105 The method could be utilized for the synthesis
of chiral 1,2-amino alcohols and the chiral drug D-cloperastine.
As shown in the proposed mechanism, under visible light
irradiation, photoexcited 4CzIPN* undergoes one-electron
reduction in the presence of HE, generating the reduced
4CzIPN��, which can convert [CoII] complex I into [CoI]

species II by a SET process. Next, oxidative addition of the aryl
iodide to [CoI] species II produces the aryl [CoIII] intermediate
III and subsequent reduction of aryl [CoIII] intermediate with
another 4CzIPN�� yields aryl [CoII] complex IV. Following

Scheme 20 Co/photoredox-catalyzed reductive coupling of alkynes
with alkenes.

Scheme 21 Visible light-mediated cobalt-catalyzed asymmetric
reduction of aldehydes with aryl iodides.
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coordination with the aldehyde, the aryl [CoII] complex V
undergoes a Grignard-type addition with the carbonyl to give
a chiral alcohol anion. Finally, protonation occurs to obtain the
target product as well as [CoII] complex I, completing the
catalytic cycle. However, this system requires superstoichio-
metric Hantzsch ester, which impacts both cost and atom
economy. In 2023, this group further expanded the applicability
of this asymmetric metallaphotoredox catalysis by realizing the
construction of axial and central chirality simultaneously
(Scheme 21c).106 They described a visible light-driven cobalt-
catalyzed asymmetric reductive cross-coupling of biaryl dialde-
hydes with aryl iodides to yield a broad range of alcohols in
generally high yields and with excellent enantioselectivity by
the combination of axially chiral biphenyl and centrally chiral
alcohol. In 2024, Liu and co-workers further developed the
system to light-promoted Co-catalyzed asymmetric RCC of aryl
iodides and aromatic aldehydes with widespread commercial
chemical i-Pr2NEt as the reductant to yield a variety of chiral
diaryl carbinols with excellent yields and enantioselectivities
(Scheme 21d).107 Moreover, this approach circumvented the
need for excess Hantzsch ester previously required, thereby
addressing issues related to cost and atom economy. Despite
these advances, current Co/photoredox protocols for aryl
halide-aldehyde couplings are mainly limited to aromatic alde-
hydes and aryl iodides, rely on superstoichiometric organic
reductants (HE or i-Pr2NEt), and show reduced efficiency or
selectivity in the presence of strongly coordinating or highly
electron-deficient functional groups. Extension to aliphatic
aldehydes, more complex polyfunctional substrates, and alter-
native aryl electrophiles (e.g. aryl chlorides) remains an impor-
tant goal for further broadening the synthetic utility of these
methods.

In 2022, Xiao, Lu and co-workers developed a visible-light-
induced RCC of racemic heterobiaryls and readily available
organic halides, using 4CzIPN as a photocatalyst, L28 as a rigid,
multidentate chiral ligand, CoCl2 as a metal catalyst, and HE as
a reducing reagent (Scheme 22a).108 The utilization of chiral
polydentate ligand is key to achieving high yields and excellent
enantioselectivity for a variety of axially chiral heteroaromatics.
However, asymmetric reductive conjugate addition reactions
catalyzed by transition metals remain underdeveloped, mainly
due to the lack of broadly applicable catalytic strategies.109 Only
limited examples have been disclosed, primarily involving
Pd-110 or Ni-111 catalyzed intramolecular processes that rely
on specifically designed substrates. A notable advance was
recently reported by Zhou and co-workers, who realized the
first intermolecular enantioselective reductive conjugate addi-
tion of aryl halides to enones under nickel catalysis.112 The
success of this approach relied on a cyclic 1,4-addition pathway,
wherein a chiral aryl–Ni(I) species engaged the enone to forge
the stereogenic center. To date, these methodologies have
mainly focused on generating stereocenters via conjugate addi-
tion to alkenes, while the construction of axial chirality directly
from aryl halides remains unexplored. In 2023, Xiao and co-
workers reported a photo-promoted cobalt-catalyzed reductive
conjugate addition of heterobiaryls and conjugated alkenes

under mild and green conditions to afford various axially chiral
heterobiaryls (Scheme 22b).113 This method features excellent
functional group tolerance and enantiomeric control. In the
depicted postulated catalytic cycle, under blue light irradiation,
4CzIPN in the excited state accepts one electron from HE,
generating 4CzIPN��, which reduces the [CoII]/L28 complex I
to the [CoI]/L28 species II and regenerates the 4CzIPN by single
electron transfer. Subsequently, the oxidative addition of the
racemic heterobiaryl triflates 10 with [CoI]/L28 II produces the
[CoIII]/L28 intermediate III, which was then reduced by
4CzIPN�� to produce the [CoII]/L28 complex IV. Coordination
of [CoII] with an N atom in the ligand decreases the rotational
energy barrier of the axially chiral Co intermediate, resulting in
the conversion of (S)-int to predominantly (R)-int. Next, alkene
11 with [CoII]/L28 intermediate IV undergoes a migratory
insertion followed by a protonation process to give the target
product 12 and regenerate [CoII]/L280 intermediate I to com-
plete the catalytic cycle. Nevertheless, current Co/photoredox
reductive conjugate addition systems for constructing axial
chirality remain limited in several respects: (1) they rely

Scheme 22 Photoinduced Co-catalyzed dynamic kinetic asymmetric
transformation of racemic heterobiaryls.

Tutorial Review Chem Soc Rev

Pu
bl

is
he

d 
on

 2
3 

Ja
nu

ar
y 

20
26

. D
ow

nl
oa

de
d 

by
 S

ha
an

xi
 N

or
m

al
 U

ni
ve

rs
ity

 o
n 

1/
30

/2
02

6 
12

:3
6:

34
 A

M
. 

View Article Online

https://doi.org/10.1039/d5cs01154j


This journal is © The Royal Society of Chemistry 2026 Chem. Soc. Rev.

predominantly on heterobiaryl triflates bearing well-defined
rotational axes, and electronically or sterically unbiased biaryls
remain challenging; (2) aliphatic alkenes and unactivated
alkenes typically exhibit low reactivity or poor selectivity; (3)
superstoichiometric HE is still required, affecting atom econ-
omy; and (4) strongly coordinating or densely functionalized
substrates tend to interfere with cobalt speciation or disrupt
the delicate rotation–inversion dynamics needed for stereocon-
trol. Future advances will benefit from catalyst designs that
enable broader substrate generality, reduced reliance on stoi-
chiometric reductants, and more predictable stereochemical
outcomes across diverse ligand frameworks.

2.2.2 Chiral Csp3–Csp3 bond formation. Asymmetric
reductive coupling of two p-unsaturated pronucleophiles has
proved to be a valuable tool for building complex skeletons with
great atom economy.114 In 2023, Maji et al. disclosed an
example of dual cobalt- and visible-light-induced asymmetric
ene–ene reductive coupling reaction between heterobicyclic
alkenes and vinyl electrophiles (Scheme 23).115 The reaction
can afford a range of desymmetrized products in high yields,
stereoselectivities and enantioselectivities. Generally, C-B
bonds can be stereospecifically transformed into various
carbon–carbon or carbon–heteroatom bonds (e.g., C–N, C–O
bonds, etc.), which play an essential role in the construction of
complex molecules.116 Nevertheless, this Co/photoredox ene-
ene coupling has so far been demonstrated mainly for
heterobicyclic alkenes and activated vinyl electrophiles, and
its applicability to simpler or more densely functionalized
p-substrates remains to be established.

In 2024, Gong and co-workers demonstrated a cobalt/
photoredox-catalyzed diastereo- and enantioselective reductive
cross-coupling of diverse aryl or a,b-unsaturated aldehydes and
CQO or CQN partners, such as aldehydes, a-keto esters, aryl
ketones and N-acylhydrazines, enabling the construction of
unsymmetrical 1,2-diol derivatives and chiral b-amino alcohols
in high yields (Scheme 24).117 In this system, the authors
utilized the differences in nucleophilicity and electrophilicity
between iminyl compounds and/or a,b-unsaturated aldehydes,
enabling the reaction to proceed in an orderly manner. Due to
the poor electrophilicity of iminyl compounds, after coordinat-
ing with the reductive cobalt(II) complex, its electron-accepting
ability was significantly enhanced, allowing the cobalt-iminyl

complex to preferentially undergo single-electron transfer
with the Ir(II) complex, and subsequently be able to further
react with the electrophilic aldehydes. Despite the broad range
of aldehydes and carbonyl/imine partners demonstrated, this
protocol is currently limited mainly to aryl and a,b-unsaturated
aldehydes and activated CQO/CQN electrophiles, and relies on
dual Co/Ir catalysis with stoichiometric Hantzsch ester as the
reductant. Its generality toward aliphatic aldehydes, more
strongly coordinating or densely functionalized substrates,
and alternative reductants remains to be established.

2.3 Palladium/photoredox cooperative catalysis

Palladium occupies a distinct position among transition metals
used in cooperative photoredox catalysis.118 In contrast to
nickel and cobalt, which readily engage in one-electron pro-
cesses and radical-chain-type cross-electrophile couplings, pal-
ladium catalysis is traditionally dominated by two-electron
oxidative addition/reductive elimination manifolds and p-allyl
or p-benzyl chemistry.119 Under visible-light-driven conditions,
Pd0/PdII cycles can be merged with photoredox catalysis to
access odd-electron Pd species (e.g., PdI and PdIII) intermedi-
ates that enable radical pathways, while still preserving the
well-established platforms for stereocontrol provided by chiral
ligands. As a consequence, dual Pd/photoredox catalysis is
particularly effective for allylic and benzylic substitution reac-
tions, where p-allyl or p-benzyl Pd intermediates can be com-
bined with photochemically generated radicals to build C(sp3)–
C(sp3) bonds in an enantioselective fashion.120,121

In 2021, Yu and co-workers reported a palladium/photore-
dox catalyzed reductive homocoupling of allylic acetates using
HE or N,N-diisopropylethylamine (DIPEA) as the reductant,
affording various C2-symmetrical chiral 1,5-dienes in high
yields, good regio- and enantioselectivities (Scheme 25a).120

In the proposed mechanism, visible light excitation of the [IrIII]
complex gives an excited state ([IrIII]*), which generates the [IrII]
complex by reductive quenching of DIPEA. On the one hand,
the oxidative addition of Pd0L* I with allyl acetate 16 yields (p-
allyl)PdIIL* complex II. Next, complex II can be reduced by the
[IrII] complex to the (p-allyl)PdIL* complex III, which is in
dynamic equilibrium with the Pd0 species and the allylic radical
species VII. Complex III can continue to undergo oxidative
addition with another molecule of allylic acetate 16 to give
bis(p-allyl)PdIII complex IV, which can be in dynamic equili-
brium with bis(Z1-allyl)PdIII complex V. In addition, the allylic
radical species VII can be captured by complex II to generate
IV/V. The IV/V complex subsequently undergoes reductive
elimination to produce the target homocoupling product 17
and the PdIL* species VI, which can be reduced to regenerate
Pd0L* I, completing the catalytic cycle. Shortly thereafter, this
group further extends the system to the dual photo-induced
palladium catalyzed highly regio- and enantioselective reduc-
tive coupling of tertiary/secondary alkyl bromides with allylic
acetates using HE as the homogeneous organic reductant,
realizing the construction of chiral Csp3–Csp3 bonds
(Scheme 25b).121 The method enabled the construction of
quaternary carbon centers in moderate to excellent yields,

Scheme 23 Cobalt- and visible-light-induced asymmetric ene–ene
reductive coupling.
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broadening the scope of traditional transition metal-catalyzed
reductive allylic alkylation.

Nevertheless, these Pd/photoredox protocols are currently
restricted mainly to allylic acetates as p–allyl precursors and to
specific tertiary or secondary alkyl bromides, and they rely on
precious-metal photocatalysts and stoichiometric organic
reductants. Their generality toward more diverse allylic leaving
groups, other alkyl electrophiles, and more densely functiona-
lized or strongly coordinating substrates remains to be fully
established.

2.4 Titanium/photoredox cooperative catalysis

Titanium exhibits a mechanistically distinct profile compared
with the other transition metals discussed in this review. As an
early transition metal with pronounced oxophilicity, Ti(IV)
complexes can be photochemically reduced to Ti(III) species,
which are highly potent single-electron reductants capable
of generating metal-bound ketyl radicals from carbonyl
compounds.122 In classical stoichiometric titanium chemistry,
this mode of reactivity underpins McMurry couplings and
pinacol-type reactions.123 Under cooperative photoredox condi-
tions, titanium is thus particularly well suited for carbonyl-
centered reductive transformations, in which Ti(III)-ketyl radical
intermediates undergo stereoselective C–C bond formation to
furnish 1,2-diols and related products, thereby complementing
late-transition-metal systems that predominantly engage in
cross-electrophile couplings of halides or p-unsaturated
partners.

In 2022, Cozzi’s group reported a photo-induced pinacol
coupling of aromatic aldehydes promoted by non-toxic, avail-
able and cheap titanium complexes, providing the chiral 1,2-
diols in a single step (Scheme 26).124 This transformation
is enabled by a red-absorbing dimethoxyquinacridinium dye
18 under orange light irradiation, which facilitates the
photoreduction of Ti(IV) to Ti(III), followed by the generation
of titanium-bound ketyl radicals that undergo stereoselective
coupling. A chiral Ti(Salen) complex allows for effective

enantioinduction, affording products with good enantiomeric
excesses. In this method, functional groups such as halogen,
naphthyl, methoxyl, and others are tolerated. Nevertheless, the
current protocol has mainly been demonstrated for aromatic
aldehydes under a specific Ti(Salen)/organic-dye system, and its
extension to aliphatic carbonyl compounds, more densely
functionalized substrates, or alternative titanium manifolds
remains to be explored.

2.5 Rhodium/photoredox cooperative catalysis

Although studies employing chiral transition-metal complexes
remain relatively limited, they nonetheless provide a compel-
ling and potentially powerful chiral manifold for asymmetric
catalysis.125 These systems rely on ‘‘metal-centered chirality,’’
wherein asymmetric coordination of ligands around an
octahedral metal center generates intrinsic chirality and
imparts a well-defined three-dimensional configuration to
the complex.126 Despite these conceptual advantages and the
appealing flexibility in molecular design, reported examples of
asymmetric reductive transformations mediated by transition-
metal complexes remain exceedingly rare, with both substrate
classes and reaction patterns still narrowly defined, indicating
that this field is at an early stage of development and offers
considerable room for conceptual expansion and methodolo-
gical advancement.

In 2017, Meggers and co-workers utilized a chiral bis-
cyclometalated Rh(III) complex to achieve stereocontrol over
photo-generated carbon-centered radical reactions, enabling the
enantioselective radical allylation between a,b-unsaturated
N-acylphthalimides and allyl sulfones (Scheme 27a).127 Mechan-
istically, the Rh-coordinated Michael acceptor I, under the condi-
tions of inexpensive and readily available Hantzsch ester as a
photoredox mediator, undergoes selective photoinduced single-
electron reduction to generate a Rh-coordinated prochiral radical
II, which is then highly stereoselectively trapped by allyl sulfones
to generate intermediate III. The resulting b-scission releases
sulfonyl radicals, generating intermediate IV, which subsequently

Scheme 24 Enantioselective reductive cross-coupling of aryl aldehydes or a,b-unsaturated aldehydes.
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undergoes protonation to yield the allylation product. Subse-
quently, they further disclosed a formally ‘‘photocatalyst-free’’
single-metal system in which a chiral-at-metal Rh(III) complex
governs both substrate activation and stereocontrol in the

visible-light-driven reductive conjugate addition of glycine-derived
N-(acyloxy)phthalimides to a,b-unsaturated N-acylpyrazoles, deliver-
ing a broad range of b-substituted g-aminobutyric acid derivatives
in high yields and ee values (Scheme 27b).128 In this manifold,
Hantzsch ester serves as the photoexcited reductant under compact
fluorescent light irradiation, while the Rh complex functions as a
Lewis acid template and chiral environment, thus embodying the
concept of single-metal asymmetric photocatalysis in a synthetically
valuable setting. However, the methodology remains largely con-
fined to N-acylpyrazole Michael acceptors and N-(acyloxy)phthali-
mide radical precursors, requires over-stoichiometric Hantzsch
ester, and is sensitive to oxygen, so its generality is still limited
and the precise nature of the photoactive species and elementary
steps has not been fully elucidated. Consequently, this contribution
should be viewed as an illustrative yet still early example, under-
scoring that asymmetric reductive photochemistry with single
chiral transition-metal photocatalysts is only beginning to emerge
and leaves ample space for further methodological and mecha-
nistic development.

3 Cooperative photoredox and
enzyme dual catalysis

Enzymes are appealing catalysts for enantioselective synthesis
because of their ability to mediate reactions with an unprece-
dented level of stereochemical control.129 However, due to the
fact that natural enzymes cannot directly catalyse reductive
cross-coupling reactions, there is an urgent need to develop
an alternative reductive coupling mechanism that is compati-
ble with current enzyme systems. In 2020, Hyster and co-
workers developed an asymmetric reductive cyclization of alkyl
iodides to yield chiral esters and amides (Scheme 28).130 Flavin-
dependent ‘‘ene’’-reductases (EREDs) can catalyze this process
with high enantioselectivity through the formation of a charge
transfer (CT) complex between the flavin and the alkyl iodide
substrates. Photoexcitation of this complex generates

Scheme 25 Palladium/photoredox catalyzed reductive coupling of allylic
acetates.

Scheme 26 Photo-induced pinacol coupling of aromatic aldehydes.
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unstabilized nucleophilic alkyl radical, followed by an intra-
molecular cyclization, and subsequently the stereoselective
transfer of hydrogen atom (HAT) from the flavin semiquinone
(FMNsq) to build the a-stereocenter.

In 2022, Hyster et al. also demonstrated unprecedented
photoenzymatic highly enantioselective and chemoselective
C(sp3)–C(sp3) XECs between nitroalkanes and alkyl halides
(Scheme 29).131 In this reaction, the target products can be
obtained in moderate to excellent yields under cyan light
irradiation using flavin-ERED catalysis, where cyan light, ERED
and the NADPH (reduced form of nicotinamide adenine dinu-
cleotide phosphate) regeneration system (GDH/NADP+/glucose)

are crucial for the reactivity. Regarding the mechanism, the
reduction of alkyl halide 19 yields alkyl radical I, which reacts
with nitrate II generated in situ to generate a new C–C bond and
nitro radical anion III. Enzyme-mediated homolytic cleavage of
the C–N bond leads to the formation of nitrite and alkyl radical
IV, which can undergo a HAT process to give cross-coupling
product 21. Moreover, this reaction exhibits good functional
group compatibility, including fluorine, trifluoromethyl, meth-
oxy, thiophene, pyridine, ester groups and so on.

However, current photoenzymatic reductive cross-couplings
remain limited to flavin-dependent ERED systems, require con-
tinuous light and cofactor-recycling machinery, and have been
demonstrated mainly for activated alkyl halides and nitro-
containing partners. Expanding these methods to broader elec-
trophile classes, aliphatic substrates, and more synthetically
diverse bond constructions remains an important challenge.

4 Cooperative photoredox and
hydrogen-bonding catalysts

Chiral phosphoric acids (CPAs) are some of the most valuable
organocatalysts contributing significantly to the development

Scheme 27 Rhodium/photoredox catalyzed reductive coupling.

Scheme 28 Visible-light-promoted enzymes catalyzed asymmetric
reductive cyclization of alkyl iodides.

Scheme 29 Visible-light-promoted enzymes catalyzed C(sp3)–C(sp3)
XECs between nitroalkanes and alkyl halides.
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of high-efficiency platforms for asymmetric reactions during
the past two decades.132 Most CPA-promoted asymmetric reac-
tions involve non-covalent interactions, such as the formation
of hydrogen bonds, which proceed to the next step in a
stereotactic manner. With their adaptable interaction patterns,
tunable properties and remarkable stability against hydrolysis
and oxidation, CPAs are ideal candidates for synergistic inter-
actions with photocatalysts. The effectiveness of these methods

has been extensively proved in numerous studies. In 2013,
Knowles and co-workers demonstrated a highly enantio-
selective intramolecular reductive cross-coupling of hydrazones
and ketones, enabling the successful synthesis of a series of 1,2-
aminoalcohol derivatives (Scheme 30).133 This reaction, utiliz-
ing Ir(ppy)2(dtbpy)PF6 as the photoredox catalyst, aryl phospho-
ric acid as the ligand, and HEH as the reducing agent,
mainly involved neutral ketyl radical generated via a PCET
process. Notably, these neutral keto radicals seemed to remain
H-bonded to the chiral conjugate group of the Brønsted
acid, contributing to the generation of target products with
excellent yields and enantioselectivities. However, current CPA/
photoredox reductive coupling examples are largely restricted
to intramolecular processes and specific hydrazone–carbonyl
manifolds under Ir/HEH conditions, and their generality
toward intermolecular couplings and broader substrate classes
remains to be established.

Structurally varied azaarene derivatives are widely found in
pharmaceuticals, natural products, and functional materials,
as well as being essential ligands and catalysts.134 In 2019, Jiang
and co-workers focused on the synthesis of various chiral
g-secondary/tertiary hydroxyl and amino-substituted pyridines
through a visible-light-mediated highly enantioselective reduc-
tive coupling of vinylpyridines with ketones, aldehydes and
imines (Scheme 31a).135 It was notable that the CPA was
employed to activate the substrate and control the stereo-
selectivity through the hydrogen bonding interactions. Shortly
after, they further extended the system to the enantioselective
reductive cross coupling of 2-vinylazaarenes and a-branched
vinylketones (Scheme 31b).136 By constructing a bicatalytic
system using dicyanopyrazine-derived chromophore (DPZ) as
a photosensitiser, HE as the reducing agent and in the presence
of SPINOL-based CPA, they obtained enantioenriched aziri-
dines and their derivatives exhibiting stereocenters at the
remote d-position in high yields and excellent enantiomeric
excesses. a-Phenyl vinyl ketones bearing different substituents
and 2-vinylpyridines with various electron-rich and electron-
deficient substituents are well tolerated under the standard
conditions.

Despite their conceptual elegance, many of these CPA-based
dual catalytic systems require relatively high catalyst loadings
and are restricted to substrates bearing strongly polarized
carbonyl or azaarene motifs. Extending hydrogen-bond-
directed enantioselective reductions to less activated electro-
philes remains a significant challenge.

5 Conclusion and outlook

Synergistic catalysis, which activates two reacting partners
simultaneously through separate catalysts to achieve new or
elusive chemical transformations, is a valuable synthetic strat-
egy. In this tutorial review, we highlighted the recent advances
in enantioselective reductive couplings under cooperative
photoredox catalysis. These advances were briefly summarized
based on the classification of catalytic models: (a) cooperative

Scheme 30 Cooperative photoredox and hydrogen bonding catalysts for
the enantioselective reductive couplings of hydrazones and ketones.

Scheme 31 Cooperative photoredox and hydrogen bonding catalysts for
the enantioselective reductive couplings of vinylpyridines with aldehydes,
ketones, and imines.
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photoredox and transition-metal dual catalysis, (b) cooperative
photoredox and enzyme dual catalysis, and (c) cooperative
photoredox and hydrogen-bonding catalysis. These successful
strategies offer new protocols for the efficient and enantio-
selective synthesis of valuable chiral organic compounds. The
developments highlighted in this review will play a guiding role
for researchers aiming to enter this area. Despite the progress
made in enantioselective reductive transformations under
photoredox catalysis, many challenges and opportunities still
remain, offering ample room for further investigation: (1) in the
reported synergistic catalytic modes, nickel remains the pre-
ferred choice, and other transition metal catalysts and their
reactivity are yet to be further developed. (2) Nickel-catalyzed
RCC has emerged as a powerful strategy for C–C bond con-
struction, yet several fundamental challenges remain. The
origin of chemoselectivity when engaging two structurally
similar electrophiles, particularly in C(sp3)–C(sp3) and C(sp2)–
C(sp2) couplings, has yet to be fully elucidated, and in many
cases one coupling partner must be used in significant excess
to obtain practical yields. In addition, the transition from
stoichiometric metallic reductants such as Zn or Mn to sustain-
able and nonmetallic alternatives is still in its infancy, despite
the potential benefits for large-scale synthesis and the
reduction of residual metal impurities in pharmaceutical pro-
duction. (3) Electrophilic reagents are still limited to aryl/alkyl
halides, and their scope needs to be further expanded. (4)
Compared to visible light/transition-metal co-catalysis, visible
light/enzyme catalysis and visible light/hydrogen bonding cat-
alysts have yet to be fully explored. (5) Lastly, there is still a high
demand in synthetic community for applying these strategies to
achieve the synthesis of highly valued molecules. We believe
that the development of new and efficient catalytic systems is
crucial for addressing these challenges.

As photochemistry becomes an increasingly popular and
powerful synthetic tool, the development of new dual-catalytic
methods will certainly continue to be a promising strategy for
the visible-light induced construction of complex chiral organic
molecules. We also highly believe that more rationally designed
new reductive transformations under photoredox co-catalysis
are expected to be discovered in the near future.
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