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Visible light-induced asymmetric organic photo-

chemical synthesis has received growing attention

since the first pioneering report into the enantiose-

lective α-alkylation of aldehydes via dual photoredox

and amine catalysis. The evolution of this area over

the past few decades has provided the synthetic

community with a unique tool for obtaining previ-

ously challenging, and even unavailable, chiral mole-

cules via an attractive protocol. This review briefly

introduces the general stereocontrol strategies for

asymmetric photochemical transformations under

the classification of organocatalysis, Lewis acid ca-

talysis, and transition metal catalysis. Moreover,

opportunities and challenges in this emerging area

are noted from this perspective.
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Introduction
Chiral molecules can possess unique physical and chem-

ical properties that render them of fundamental signifi-

cance in the fields of medicine, biology, and material

science.1 Among the most efficient approaches reported

for the preparation of these substances, asymmetric

catalysis stands out as a green, economic, and powerful

strategy, with the 2001 Nobel Prize in Chemistry being

awarded to Knowles, Sharpless, and Noyori for their work

in this area.2 Twenty years later, the Nobel Prize in Chem-

istry was awarded to List andMacMillan for their research

in asymmetric catalysis,3 further attesting to the immense

potential of this strategy. In addition, over the past few
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decades, the asymmetric catalysis of thermal reactions

has developed rapidly, transitioning into a mature and

systematic discipline.4,5 Nevertheless, from the perspec-

tive of green and sustainable synthetic chemistry, the

development of new catalytic strategies for breaking

inert chemical bonds and converting easily available

feedstocks to value-added final chemicals remains highly

desirable.

As a sustainable energy source, light has proven to be

powerful in reducing the activation energies of chemical

transformations.6–9 Unlike traditional thermal reactions,

photochemistry can produce radicals and other reactive

intermediates under mild conditions, offering an oppor-

tunity for new strategies in asymmetric catalysis and

chemical synthesis (Scheme 1). As early as 2005, Bach

and coworkers10 developed a chiral bifunctional catalyst

by combining a photosensitizer unit and a hydrogen-

bonding unit to generate a bifunctional catalyst and

realize the first asymmetric intramolecular C–H addition

reaction under ultraviolet light irradiation. In 2008, Nice-

wicz and MacMillan11 developed a dual catalysis system

by combining a chiral organic amine catalyst and a

Ru-based photosensitizer, which promoted the first in-

termolecular asymmetric alkylation of aldehydes under

visible light irradiation. These great successes are attrib-

uted to the important fact that photochemical excitation,

especially that induced by visible light, shows great po-

tential in the activation of inert chemical bonds and the

generation of highly active intermediates under mild

conditions, which are beneficial for good compatibility

of functional groups, safety of manipulators and econo-

my of production. By strategically combining this ap-

proach with general asymmetric chemical catalysis

(including asymmetric organocatalysis, asymmetric

Lewis acid catalysis, and asymmetric transition metal

catalysis), a variety of visible light-induced, enantiose-

lective organic photochemical reactions have been suc-

cessfully developed in recent decades.12–19

In contrast to previous reviews in this field that have

focused on reaction conversions and principles, the cur-

rent review systematically presents the stereocontrol

strategies of asymmetric photochemical transformations

and highlights the challenges existing in this emerging

field, aiming to provide a brief reference for future re-

search. Although enantioselective organic photoreac-

tions enabled by asymmetric enzyme catalysis

constitute another efficient strategy to supplement

asymmetric chemical catalysis, these are considered be-

yond the scope of this review, but have been addressed

in a recent review by Kourist and Kroutil.20

Asymmetric Photocatalysis with
Organocatalysis

Visible light induced asymmetric enamine and
iminium catalysis

Visible light induced asymmetric enamine
catalysis

Enamine catalysis is a classic approach to the activation

of carbonyl compounds upon condensation with amine

catalysts.21 Due to the p–π conjugation effect, the energy

of the highest occupied molecular orbital of the enamine

intermediate is generally increased, facilitating their re-

action with electrophilic radicals. In 2008, Nicewicz and

Scheme 1 | Asymmetric catalysis publications and citations over time, up to 2024.
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MacMillan11 developed a photoinduced asymmetric α-al-
kylation of aldehydes bearing electrodeficient halides via

the combination of a ruthenium photocatalyst with a

chiral secondary amine catalyst (Scheme 2). In this reac-

tion, density functional theory (DFT) calculations have

been used to explain the stereochemical output. More

specifically, the amine catalyst undergoes a condensa-

tion reaction with the aldehyde to selectively form an

enamine species, leading to the generation of a p–π
conjugated (E)-olefin far from the bulky tert-butyl group,

which minimizes any nonbonding interactions with the

imidazolidinone ring. The methyl group on the catalyst

effectively shields the Re-face of the enamine, leading to

radical addition from the Si-face. The same group also

reported that enamines can be oxidized by an excited-

state photocatalyst via a single-electron transfer (SET)

process to form a chiral radical intermediate, which

undergoes a subsequent asymmetric radical transforma-

tion.22 Similarly, the bulky group on the chiral catalyst

greatly affects the stereoselectivity.

Primary amine catalysts have also been demonstrated

to efficiently promote asymmetric transformations of

ketones, which are more sterically crowded than alde-

hydes.23 In 2014, Luo and coworkers24 realized the asym-

metric α-alkylation of β-ketocarbonyl compounds to

directly construct chiral all-carbon quaternary stereo-

centers by combining a photocatalyst with a primary

amine catalyst (Scheme 3). Based on their previous

work,25 these authors proposed that the hydrogen bond-

ing network plays a critical role in this reaction. More

specifically, intramolecular hydrogen bonding in the en-

amine increases the rigidity of the molecular skeleton,

(a) Reaction overview

(b) Chiral catalyst (c) Proposed interactions involved
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Scheme 2 | Photocatalytic asymmetric α-alkylation of aldehydes using a chiral secondary amine catalyst.

28 examples: up to 99% ee

(a) Reaction overview

(b) Chiral catalyst (c) Proposed interactions involved
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Scheme 3 | Photocatalytic asymmetric α-alkylation of β-ketocarbonyl compounds using a chiral primary amine

catalyst.
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resulting in the Re-face being more exposed. In addition,

hydrogen bonding interactions between the protonated

tertiary amine and the α-carbon radial greatly shorten the

distance between the two intermediates, further promot-

ing attack at the Re-face. Consequently, all-carbon qua-

ternary stereocenters were generated with good

enantioselectivities.

Aryl-substituted enamine intermediates can undergo

an energy transfer process with an excited-state photo-

catalyst to achieve E/Z isomerization owing to the

difference in the excited triplet energies of the E/Z

configurations. Employing this strategy, Luo and

coworkers26 integrated amine catalysis with visible-light

catalysis, achieving the highly selective racemization of

α-branched aldehydes (Scheme 4). In the ground state,

the stereochemically matched enantiomer preferentially

formed the E-enamine, which continuously isomerized to

the Z-enamine via photocatalytic energy transfer. Sub-

sequently, the Z-enamine underwent proton-transfer

shuttle conversion to the mismatched enantiomer. Nota-

bly, the stereospecificity of the chiral primary amine-

catalyzed enamine protonation is crucial for ensuring a

high product enantioselectivity.

Visible light induced asymmetric iminium
catalysis

Iminium catalysis refers to the conjugated addition or

cycloaddition reaction of α,β-unsaturated carbonyl com-

pounds and nucleophiles under the action of an amine

H

t-Bu

34 examples: up to 96% ee

(a) Reaction overview

(b) Chiral catalyst (c) Proposed interactions involved
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Scheme 4 | Photocatalytic deracemization of aldehydes using a chiral primary amine catalyst.

Reaction overview

Chiral catalyst Proposed interactions involved
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Scheme 5 | Photocatalytic asymmetric radical conjugated addition using a chiral primary amine catalyst.
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catalyst.27 In this reaction, the key process involves the

condensation of amine catalysts and carbonyl com-

pounds to form imine intermediates, which possess a

lower lowest unoccupiedmolecular orbital energy, there-

by rendering nucleophilic attack more facile. In 2016,

Melchiorre and coworkers28 reported an asymmetric rad-

ical conjugate addition to α,β-disubstituted cyclic enones

via photocatalytic C–H activation. As shown in Scheme 5,

imine ions exist in a single Z-configuration due to intra-

molecular charge transfer between the electron-rich car-

bazole and the electron-deficient iminium ion. More

specifically, this involved π–π interactions, as confirmed

by X-ray single-crystal analysis. These interactions also

result in the carbazole moiety shielding the imine Si-face,

leaving the Re-face exposed for enantioselective radical

addition reactions.

Visible light induced asymmetric nucleophilic
catalysis

Visible light induced asymmetric
N-heterocyclic carbene catalysis

N-Heterocyclic carbene (NHC) catalysis is a powerful

strategy to reverse the polarity of aldehydes and their

derivatives, which makes them efficient nucleophiles.29 In

2012, DiRocco and Rovis30 described an enantioselective

α-C–H acylation of tertiary amines with aldehydes by

merging asymmetric NHC catalysis and visible light

photocatalysis (Scheme 6). In that work, the authors

skillfully used single electron photooxidation to generate

active imine ions, which were captured by chiral Breslow

intermediates formed by aldehydes and NHC catalysts.

The specific stereocontrol model was not illustrated, so

an approximate model was proposed based on previous

work on the polarity-reversed transformations of

aldehydes with imines.29 Notably, the indenyl group on

the Breslow intermediate blocks one side of the enol to

ensure the face selectivity of the reaction, while the

N-aryl group of the NHC catalyst imparts a certain steric

hindrance on the imine ion, promoting attack of the enol

from a single direction.

The Breslow intermediates formed during the above

process can subsequently generate chiral radicals via

SET, thereby achieving the β-functionalization of α,β-un-
saturated aldehydes. In 2022, Hong and coworkers31

achieved the photoinduced asymmetric β-pyridylation
of enals using chiral NHC catalysts (Scheme 7). As a

substrate, the pyridinium salts formed electron donor–

acceptor complexes with the Breslow intermediate-

derived homoenolates to induce radical generation, in

addition to effectively controlling the pyridyl C4-selec-

tivity of the radical addition protocol. Furthermore, the

use of hexafluorobenzene as a solvent significantly

strengthened the interaction between the chiral homo-

enolate and the pyridinium salt, thereby enhancing the

stereoselectivity.

Visible light induced asymmetric tertiary amine
catalysis

The iminium ions produced by photooxidation have also

been used in other nucleophilic catalytic reactions. For

example, in 2014, Xiao and coworkers32 implemented the

direct sp3 C–H acroleination of N-aryl-tetrahydroisoqui-

noline (THIQ) via sequential photoredox and tertiary

amine catalysis. One asymmetric example was described

using β-isocupreidine (β-ICD) as the chiral nucleophilic

catalyst, achieving moderate enantioselectivity. Two

years later, Jiang and coworkers33 disclosed that the

addition of NaBArF could significantly improve the

Reaction overview

Chiral catalyst Proposed interactions involved

N
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+
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Scheme 6 | Photocatalytic asymmetric α-C–H acylation of tertiary amines using a chiral NHC catalyst.
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enantioselectivity of this reaction (Scheme 8). The

authors suggested that NaBArF plays multiple roles,

activating acrolein as a Lewis acid to promote the for-

mation of nucleophilic intermediates, acting as a coun-

terion to stabilize the iminium ions, and providing a chain

to bridge the nucleophilic intermediates and iminiums via

multisite coordination. Ultimately, these effects resulted

in an enhanced chemoselectivity and amplified chiral

induction by β-ICD.

Visible light induced asymmetric
hydrogen-bonding catalysis

In addition to asymmetric valent-bonding catalysis, non-

valent bonding stereocontrol strategies have also been

widely used in asymmetric organocatalysis.34 In particu-

lar, asymmetric hydrogen-bonding catalysis has recently

been successfully applied in various enantioselective or-

ganic photochemical transformations, which are comple-

mentary to the above reaction types and substrate scope

Reaction overview

Chiral catalyst Proposed interactions involved

+
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NaOPiv•H2O (1 equiv), R2OH (12.5 equiv)
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14 15 16

cat. F

BF4

Cl
N

N
N

O

O

Ar H

O
N
N

Ts

R1

BF4

ArR2O

O

N
R1

NN
Ts

(a)

(b) (c)

Scheme 7 | Photoinduction asymmetric β-pyridylation of enals using a chiral NHC catalyst.
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Scheme 8 | Photocatalytic asymmetric C–H acroleination of THIQ using a chiral tertiary amine catalyst.

MINI REVIEW

DOI: 10.31635/ccschem.025.202505512
Citation: CCS Chem. 2025, 7, 1567–1602
Link toVoR:https://doi.org/10.31635/ccschem.025.202505512

1572

https://doi.org/10.31635/ccschem.025.202505512
https://doi.org/10.31635/ccschem.025.202505512


examples. In this section, the recent advances in this field

are highlighted in terms of the hydrogen-bonding

donors.

Visible light induced asymmetric amide
catalysis

In 2005, Bach and coworkers10 pioneered the photoca-

talytic asymmetric intramolecular radical addition reac-

tion through the development of bifunctional hydrogen-

bonding photocatalysts. As outlined in Scheme 9, the

formation of double hydrogen bonds between the

substrate and the two amide units in the chiral photo-

catalyst shortens the distance between the pyrrolidine

group and the photosensitive unit, thereby facilitating

the hydrogen atom transfer (HAT) process. At the same

time, the vertical direction of the ordered proximity

causes the benzophenone group to shield the bottom

of the substrate; thus, radical attack on the olefin is

favored from the top of the complex. Later, Bach further

optimized a bifunctional photocatalyst by replacing ben-

zophenone with thioxanthone to achieve the visible

light-induced enantioselective [2+2] cycloaddition and

deracemization of chiral allenes.35,36

(a) Reaction overview

(b) Chiral catalyst (c) Proposed interactions involved

up to 70% ee
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Scheme 9 | Photocatalytic asymmetric intramolecular radical addition using a chiral bifunctional catalyst.

(a) Reaction overview

(b) Chiral catalyst (c) Proposed interactions involved
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Scheme 10 | Photocatalytic asymmetric [2+2] cycloaddition using a chiral thiourea catalyst.
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Visible light induced asymmetric thiourea
catalysis

In 2013, Sivaguru and coworkers37 reported the asym-

metric [2+2] photocycloaddition of 4-alkenyl-substitut-

ed coumarins using a chiral thiourea catalyst, producing

structurally complex chiral coumarins in good enantios-

electivities (Scheme 10). A series of control experiments

and photophysics studies were performed, and the

authors proposed that a hydrogen bonding network

model between the catalyst and substrate helped reduce

the triplet energy of the coumarin. In addition, the rigid

structure caused the olefins in the side chain to deviate

from the complex, resulting in a good enantioselectivity.

In 2016, Melchiorre and coworkers38 realized an asym-

metric Diels–Alder reaction between maleimides and

photochemically generated hydroxy-o-quinodimethanes

using asymmetric thiourea catalysis (Scheme 11). In this

system, the key factor in suppressing the racemic

15 examples: up to 94% ee

(a) Reaction overview

(b) Chiral catalyst (c) Proposed interactions involved
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Scheme 11 | Photoinduced asymmetric Diels–Alder reaction using a chiral thiourea catalyst.
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Scheme 12 | Photocatalytic asymmetric intermolecular [2+2] cycloaddition by a chiral pyrazole catalyst.
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background reaction was the content of the photo-

generated hydroxyl-o-quinodimethane, which could be

controlled by reversible electron transfer between the

quinuclidine moiety and the excited benzophenone. Fur-

thermore, the thiourea moiety acted as a chiral catalyst,

increasing the electrophilicity of the maleimide via dou-

ble hydrogen bonding activation, whilst also inducing the

enantioselectivity of the Diels–Alder process.

Visible light induced asymmetric pyrazole
catalysis

Compared with intramolecular processes,39 asymmetric

intermolecular [2+2] cycloadditions are more challeng-

ing due to the instability of the biradical species.40 A

breakthrough in this area was achieved by Yoon and

coworkers41 in 2019, who realized an asymmetric [2+2]

cycloaddition of 3-alkoxyquinolones and maleimides

through the use of a chiral hydrogen bonding iridium

photosensitizer (Scheme 12). DFT calculations showed

that the energy of the hydrogen bonding complex

reaches its lowest level when the pyrazole forms double

hydrogen bonds with the two oxygen atoms of the

3-alkoxyquinolone, and when the Re-face of the 3-alkox-

yquinolone is close to the Ir complex. Subsequently, the

triplet-statemaleimide can attack the quinolone from the

Si-face only.

Visible light induced asymmetric phosphoric
acid catalysis

In 2018, Phipps and coworkers42 reported a visible light-

induced enantioselectiveMinisci-type addition to hetero-

arenes using an amino acid-derived redox active ester

and asymmetric phosphoric acid catalysis (Scheme 13).

Through control experiments, they found that the NH

bond on the radical precursor is key to achieving a high

enantioselectivity. In the absence of this bond, the reac-

tion proceeded well, but no stereoselectivity was ob-

served. Therefore, chiral phosphoric acid can be used

as a Brønsted acid catalyst to activate heteroarenes, in

addition to forming hydrogen bonds with radicals to

accelerate the Minisci-type addition. Moreover, the large

steric hindrance imparted by the 3,3′-substituents of the

binaphthyl subunits provides a suitable chiral cavity to

control the stereoselectivity.

Similarly, Jiang and coworkers43 reported the enantio-

selective radical conjugate addition reaction of α-aryl
glycines to α-branched 2-vinylpyridines and 2-vinylqui-

nolines via dual visible light photoredox and chiral phos-

phoric acid catalysis (Scheme 14). In contrast to the work

of Phipps et al.,42 the stereoselectivity of this reaction was

controlled by enantioselective protonation, as supported

by DFT calculations. The authors proposed that the aryl

group of the catalyst provides a suitable steric effect,

leading to the enantioselective protonation of the fa-

vored face.

Asymmetric protonation via proton shuttling is

another common catalytic mechanism for chiral phos-

phoric acid formation. In 2022, Jiang and coworkers44

reported the photocatalytic racemization of α-amino

esters and ketones using chiral phosphoric acid catalysts

(Scheme 15). In this reaction, the photocatalysis process

transformed the racemic α-amino esters into prochiral

enol intermediates, which subsequently underwent

asymmetric protonation through the proton shuttle

mechanism to generate a single configuration of α-amino

esters. DFT calculations showed that the presence of

multiple hydrogen bonds in the enol and chiral phospho-

ric acid catalysts was critical for achieving enantiomeric

enrichment.

In 2021, Bach and coworkers45 combined photosensi-

tive thioxanthones with a chiral phosphoric acid scaffold

(a) Reaction overview

(b) Chiral catalyst (c) Proposed interactions involved

28 examples: up to 97% ee
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to achieve a photoinduced asymmetric [2+2] cyclization

reaction (Scheme 16). The imine ion intermediate formed

from the acetal imine under acidic conditions enhanced

olefin conjugation, thereby lowering the triplet energy.

Moreover, the imine ion formedmultiple hydrogen bonds

with the phosphate anions, which not only brought the

photosensitive fragment closer to the olefin, but it also

created a chiral reaction environment, allowing the olefin

of another molecule to attack exclusively from the Si

face.

Visible light induced asymmetric Brønsted
base and HAT catalysis

In 2019, Knowles and coworkers46 developed a derace-

mization reaction of cyclic urea compounds via a se-

quence of electron, proton, and HAT processes. As

shown in Scheme 17, the enantioselectivity of this con-

version was well controlled via two chiral catalysts, a

phosphate base, and a peptide-based thiol. In this pro-

cess, the (S)-configuration phosphate base, which is

stereo-matched with the (S)-configuration urea radical

cation (generated via single electron photooxidation),

renders the intermediate more prone to deprotonation,

generating a racemic α-amino radical. The stereo-un-

matched (R)-intermediate is then reverted back to the

starting material by the reduced-state photocatalyst,

resulting in an enrichment of the slow-reacting (R)-cyclic

urea. Moreover, when the chiral thiols acts as a hydrogen

donor, the (R)-enantiomer is favorably produced owing

to the enantioselective HAT process of the racemic

α-amino radical, thereby further increasing the enantio-

purity of the (R)-enantiomer. Control experiments

showed that regardless of the chiral catalyst used, the

45 examples: up to 99% ee
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reaction did not achieve a good stereoselectivity. These

results indicate that synergy is required between the two

chiral catalysts in this transformation to achieve high

enantioselectivity.

In this multicatalytic system, even a single chiral cata-

lyst was able to achieve excellent stereoselective control.

More specifically, in 2020, Knowles and coworkers47

reported the photocatalytic intramolecular asymmetric

(a) Reaction overview

(b) Chiral catalyst (c) Proposed interactions involved
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+

cat. Q ( 10 mol %), DCM
�50 °C, blue LEDs, 4 h

then HCl (aq.,1 M)

O
O

P
O
OH

cat. Q

Bach, 2021
39 40 41

PC

PC
O

S

PC:

N

O

H O
P

OH
O
O

Si face
attack

*

Ar

O

HN

R2R1

OHC

R1
Ar R2

R2R1

Scheme 16 | Asymmetric [2+2] photocycloaddition using a sensitizing chiral phosphoric acid catalyst.

[Ir(dF(CF3)ppy)2(bpy)]PF6 (2 mol %)
cat. R (5 mol %), cat. S (5 mol %)

Ph3CH (25 mol %), MS
THF, blue LEDs, 35 °C, 24 h

15 examples: up to 92% ee

(a) Reaction overview

(b) Chiral catalyst 1 (cat.2.)

NN

O

R1

R2

R3
NN

O

R1

R2

R3

R

R

O

O
P

O

O NBu4

cat. R (R = 1-Pyrene)

Chiral catalyst 2 (cat.2)

N

O

NH
Boc

HS

O

HN

HN
O

NMe2

O

cat. S (Boc-Cys-DPro-Acpc-Phg-NMe2)

(c) Proposed interactions involved

NN

O

PhMe

NN

O

PhMe

iPr H

iPr H

fast

slow

cat.M cat.M-H

NN

O

PhMe

iPr

cat.N cat.N
NN

O

PhMe

iPr H

Knowles and Miller, 2019

(S)-42

(R)-42

(R)-42

rac-42 (R)-42

Scheme 17 | Photocatalytic deracemization using a chiral Brønsted base catalyst and HAT catalyst.

MINI REVIEW

DOI: 10.31635/ccschem.025.202505512
Citation: CCS Chem. 2025, 7, 1567–1602
Link toVoR:https://doi.org/10.31635/ccschem.025.202505512

1577

https://doi.org/10.31635/ccschem.025.202505512
https://doi.org/10.31635/ccschem.025.202505512


hydroamination of olefins using chiral phosphates

(Scheme 18). In this process, the sulfonamides generate

N-centered radicals through proton-coupled electron

transfer in the presence of chiral phosphate anions, and

the resulting sulfonamidyl radicals retain strong multiple

hydrogen bonding interactions with chiral phosphate

anions. This induces enantioselectivity in the intramolec-

ular radical addition reaction via a cyclic transition state.

DFT calculations further revealed the presence of C–H–π
interactions between the substrate and the aryl group on

the chiral phosphate side chain, significantly enhancing

the stereoselectivity.48

In 2022, Ye and coworkers49 realized a photocatalytic

asymmetric radical deuteration protocol using chiral

thiols as the HAT catalysts and D2O as the deuterium

source (Scheme 19). This reaction proceeded through the

addition of heteroatom radicals to exocyclic olefins, fol-

lowed by a subsequent stereospecific HAT process in-

volving the deuterated chiral thiols. Consequently,

products exhibiting a high deuteration rate were

obtained. DFT calculations revealed that hydrogen

bonding between the carbonyl group of the substrate

and the amide of the catalyst shaped the spatial config-

uration of the transition state. Moreover, C–H–π interac-

tions between the proline and the phenyl ring of the

radical adduct restricted the HAT process, ensuring that

it occurred exclusively on the Si face.
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Visible light induced asymmetric phase
transfer catalysis

Asymmetric phase transfer catalysis is one of the most

effective methods to achieve the stereoselective trans-

formation of ionic intermediates.50 For example, in 2015,

Melchiorre and coworkers51 realized enantioselective per-

fluoroalkylation of cyclic β-ketoesters using a chiral qua-

ternary ammonium salt catalyst under white light

irradiation (Scheme 20). In this system, three potential

interactions were proposed between the substrate and

the chiral phase transfer catalyst (PTC), namely electro-

static interactions between the quaternary ammonium

salt and the enolate, hydrogen bonding interactions be-

tween the hydroxyl group of the PTC and the ester group

of the substrate, and finally, π–π interactions between the

PTC benzyl group and the aromatic portion of substrate.

Therefore, radical attack on the Si-face of the enolate-

PTC complex was favored.

Also in 2015, Ooi and coworkers52 reported the asym-

metric radical coupling of N-arylaminomethanes with

aldimines through the combined use of a chiral PTC and

a photocatalyst (Scheme 21). Following a series of com-

parative experiments, the key to achieving a high enan-

tioselectivity was determined to be the use of a P-spiro

chiral arylaminophosphonium catalyst containing a hy-

drogen bond donor. This catalyst then combines with the

imine radical anion (generated by photoreduction)

through electrostatic and hydrogen bonding interac-

tions. Furthermore, the introduction of large steric hin-

drance groups into the 3,3′-positions of the binaphthyl
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subunits contributes to the creation of a cavity over the

ionic hydrogen bonding site, resulting in a significant

increase in enantioselectivity.

Chiral anionic catalysts can also be used to control the

stereoselectivities of cationic radicals. For example, in

2023, List innovatively employed a combination of

sterically hindered imidodiphosphorimidate anions and

photosensitive oxonium ions as chiral photocatalysts,

achieving high enantioselectivities in the photocatalytic

[2+2] cycloaddition reaction between anethole and styr-

enes (Scheme 22).53 This asymmetric counteranion-

directed catalysis strategy exhibited a good generality,

allowing modification of the redox properties of the

catalyst by adjusting the type of cation without

compromising control of the stereoselectivity. Coinci-

dentally, Liao and coworkers54 employed the same strat-

egy to develop a highly stereoselective light-induced

cationic polymerization process. With a catalyst loading

of 50 ppm, both temporal control and stereoselective

regulation of the vinyl ether polymerization process were

achieved simultaneously, with an isotactic selectivity of

91% m.

Asymmetric Photocatalysis with
Lewis Acid Catalysis

Light absorption shift

The bathochromic absorption shift caused by the coor-

dination between chiral Lewis acids and certain sub-

strates offers unique opportunities for asymmetric

[2+2] photocycloaddition reactions (PCAs).40 In 2010,

Bach and coworkers reported pioneering work in the

area of Lewis acid-catalyzed asymmetric [2+2] PCA

reactions (Scheme 23),55 in which a chiral oxazaboroli-

dine stood out as an optimal chiral Lewis acid catalyst. As

shown in the bottom-right illustration of Scheme 23, the

B–O interaction and the O–H hydrogen bond between

the chiral Lewis acid catalyst and the substrate generate

a relatively rigid intermediate. Consequently, the terminal

alkene attacks the front face of the photoactivated al-

kene to avoid the steric repulsion imparted by the oxa-

zaborolidine catalyst.

The de Mayo reaction involves an initial [2+2] photo-

cyclization between a 1,3-dicarbonyl compound and an

olefin under ultraviolet light, followed by C–Cbond cleav-

age to achieve the bifunctionalization of olefins. In 2023,

Luo and coworkers56 successfully realized the first visible

light-induced asymmetric de Mayo reaction using a

chiral zirconium phosphate as a Lewis acid catalyst

19 examples: up to 96% ee
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(Scheme 24). This chiral zirconium catalyst not only

facilitated formation of the enol intermediate, but it also

significantly enhanced its absorbance, thereby effective-

ly preventing background reactions. Additionally, prod-

uct data analysis suggested that the π–π interaction

between the aryl ketone and the olefin influences the

stereoselectivity of the reaction.

Direct activation of the Lewis acid–substrate complex

has also been employed in the context of deracemization

reactions. More specifically, in 2023, Gilmour and

coworkers57 successfully achieved the Al-salen-cata-

lyzed deracemization of acylcyclopropanes under violet

light irradiation (Scheme 25). With the assistance of DFT

calculations, the authors discovered that stereoselective

control of the reaction did not originate from the selec-

tive recognition of the substrate, but rather from the

stereospecific cyclization of the biradical intermediate

produced through the ring opening of cyclopropane.

Zuo and coworkers58 achieved deracemization of alco-

hols through the cleavage and stereospecific reformation

Luo, 2023 41 examples: up to 98% ee
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of unstrained C–C bonds via a chiral Ti-catalyzed ligand-

to-metal charge transfer (LMCT) process (Scheme 26).

This reaction elegantly exploits high-valent Ti(IV)

catalysts as LMCT-competent Lewis acids to generate

carbon-centered radicals, which are subsequently inter-

cepted by low-valent Ti(III) species mediating asymmet-

ric C–C bond formation. Mechanistic investigations

revealed that the chiral titanium catalyst facilitated mod-

erate stereocontrol during both the bond-breaking and

bond-forming steps. Remarkably, the combination of

these two moderately enantioselective events led to a

multiplicative enhancement of stereoinduction. This in-

novative strategy achieved outstanding stereoselectiv-

ity, with enantiomeric ratios reaching up to 99:1,

showcasing the power of LMCT catalysis in asymmetric

synthesis.

Triplet energy transfer

It has been reported that Lewis acid-catalyzed energy

transfer can offer an alternative pathway for achieving

asymmetric [2+2] PCAs.59 More specifically, the coordi-

nation of a carefully selected Lewis acid with the desired

substrate can decrease the energy required for the sub-

strate to reach its excited state. In 2016, Yoon and

coworkers60 reported an asymmetric [2+2] PCA reaction

between 2′-hydroxychalcones and 1,3-dienes via a

Lewis acid-catalyzed triplet energy transfer protocol

(Scheme 27). Using this approach, the use of relatively

complex cyclic substrates can be avoided, and chiral

vinylcyclobutanes can be obtained from simple acyclic

enone substrates. A dual catalytic system is established

involving a Ru(bpy)3
2+ triplet sensitizer and an in situ

Zuo, 2023 51 examples: up to 98% ee
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formed Sc(III)PyBox-substrate complex. Sc(III) complex

coordination not only notably decreases the singlet-trip-

let gap of the substrate (calculated triplet energy de-

crease from 51 to 32 kcal/mol) but also induces the

enantioselectivity of cycloadditions by choosing suitable

substituents on the PyBox ligand.

In some instances, a single chiral Lewis acid is efficient

enough to achieve the triplet state of the coordinated

substrate, and no additional photocatalyst is necessary.61

Instead of a dual catalytic system, Meggers and

coworkers62 disclosed a simplified method using a bis-

cyclometalated chiral-at-Rh complex catalyst to produce

a series of chiral cyclobutanes in yields of ≤95% and ee

values of ≤99% (Scheme 28). This strategy takes advan-

tage of the reactivities of photoexcited molecules to

conduct direct bond-forming reactions. Following coor-

dination with the chiral-at-Rh Lewis acid catalyst,

irradiation of the Rh–substrate complex with visible light

directly generated the triplet excited state, allowing con-

trol of the reaction enantioselectivity through distin-

guished steric repulsion, as depicted in Scheme 28

(bottom right).

Single electron transfer

Single electron transfer is themost frequently usedmode

to generate reactive radical species in visible light photo-

catalysis.6–8 In asymmetric photochemical synthesis, the

cooperation of chiral Lewis acids with radical intermedi-

ates or radical acceptors can manipulate the stereose-

lectivity of the reaction, and a large number of

well-studied chiral Lewis acids are available for promot-

ing stereochemical control in enantioselective photo-

chemical transformations.59 The first chiral Lewis acid/
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photoredox catalysis system for asymmetric conjugate

addition was disclosed in 2014 by Yoon (Scheme 29).63 In

this cyclization achieved via a dual catalysis strategy, the

enone substrate is unable to absorb visible light, and so

no unselective background reaction takes place in the

absence of a photocatalyst or a chiral Lewis acid. Thus,

using Ru(bpy)3
2+ as a photocatalyst and a chiral Eu-

based Lewis acid complex to control the stereochemis-

try, cyclobutanes were obtained with enantioselectivities

of ≤97% ee via the corresponding [2+2] PCA process.

In 2016, Meggers and coworkers64 discovered that bis-

cyclometalated rhodium promoted the enantioselective

conjugate addition of nucleophilic benzyl radicals to

generate rhodium enolates (Scheme 30). In this reaction,

α,β-unsaturated 2-acyl imidazoles and α,β-unsaturated
N-acyl pyrazoles are perfect substrates to coordinate

with the chiral-at-Rh complex. However, an additional

photocatalyst was necessary to promote the oxidative

generation of benzyl radicals. Conjugate addition of the

benzyl radical to an α,β-unsaturated carbonyl compound

represents an enantio-determined step, which relies on

steric repulsion from the Re- or Si-face of the chiral

Rh-coordinated radical acceptor. It was found that a

relatively low quantity of the Lewis acid catalyst was

N
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sufficient to achieve a high enantioselectivity and yield,

despite the remarkable background reaction.

Recent studies have shown that cobalt can be

considered as a replacement for rhodium because of its

similar outer electron arrangement. In 2019, Xiao and

coworkers65 realized the photocatalytic asymmetric rad-

ical conjugate addition reaction of α,β-unsaturated car-

bonyls with Hantzsch esters (HEs), constructing chiral

carbonyl compounds through the use of sterically well-

defined chiral octahedral cobalt catalysts (Scheme 31). In

the stereoinduction model, the radical is added from the

Re-surface of the activated enone due to the reduced

steric hindrance from the ligand.

In addition to photocatalytic asymmetric radical addi-

tion to α,β-unsaturated systems, radical additions to eno-

late, iminium, and carbonyl systems have been achieved

in an asymmetric fashion through asymmetric Lewis acid

catalysis. As reported recently by Meggers,66 Lu and

Xiao,67 Gong,68 Jiang,69 and Feng,70 Ir-, Ni-, Cu-, La-, and

Sc-based chiral complexes have been found to be highly

efficient chiral Lewis acid catalysts for these transforma-

tions (Scheme 32). Although these reactions may pro-

ceed through radical addition or radical–radical coupling

pathways, these chiral Lewis acids successfully activate

the substrates and induce stereoselectivity.
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Asymmetric Photocatalysis with
Transition Metal Catalysis
The merging of transition metal catalysis and photo-

chemistry has tremendous potential for the generation

of organometallic intermediates and the formation of

carbon–carbon/–heteroatom bonds under mild reaction

conditions, which were previously believed to be difficult

or impossible to achieve.71 In particular, the introduction

of visible light photocatalysis or photoexcitation to

asymmetric transition metal catalysis represents a new

route toward chiral molecules. In this section, stereocon-

trol strategies in this field are highlighted in the context

of different transition metals.

Visible light induced asymmetric nickel
catalysis

As a conventional transition metal catalyst, nickel has

been employed to promote C–C bond generation via a

range of cross-coupling reactions. Recently, the use of

chiral ligands has also rendered the corresponding

stereocontrolled transformations feasible.72,73 For exam-

ple, in 2014, photoredox-mediated nickel-catalyzed

cross-coupling reactions were reported by several

groups, including those of Molander74 and MacMillan.75

Their works represented pioneered research into the

merging of photoredox catalysis and nickel catalysis for

C(sp2)–C(sp3) coupling reactions. The first such example

was reported by Molander and coworkers (Scheme 33).74

Using a commercially available chiral bioxazoline ligand,

the cross-coupling reaction between a racemic trifluor-

oborate and an aryl bromide exhibited a moderate

enantioselectivity (50% ee), thereby demonstrating the

possibility of stereocontrol in asymmetric photocatalysis.

Later, Fu et al. reported a successful combination

of asymmetric Ni-catalyzed cross-coupling with a

metallaphotoredox-mediated decarboxylative arylation

protocol (Scheme 34),76 wherein a diverse set of N-Cbz-

and N-Boc-protected amino acids was applied as radical

precursors to couple with readily available aryl halides.

By exploiting the chiral cyano-BOX (bisoxazoline) ligand,

the corresponding benzylic amine products were

obtained in enantioselectivities of ≤93%. As key inter-

mediates, alkyl radicals were generated during the

photocatalytic cycle through reductive quenching. Si-

multaneously, chiral aryl Ni(II) species were formed via

oxidative addition. Notably, this work constitutes the first

one-step synthesis of highly enantioselective benzylic

amines via a photoredox catalytic cycle, which is also

the first enantioselective metallaphotoredox reaction

that has demonstrated satisfactory stereogenic control.

In 2017, Doyle and coworkers realized a nickel/photo-

redox catalytic desymmetrization of cyclic carboxylic

anhydrides with organotrifluoroborates (Scheme 35),77

wherein highly enantioselective keto-acid products were

obtained with good functional group tolerance. It was

found that chiral BOX ligands exhibited excellent stereo-

control in this transformation (≤91% ee). Furthermore, it

was suggested that this enantioselectivity was estab-

lished during the initial oxidative addition of the low-

valence Ni catalyst to the symmetric cyclic carboxylic

anhydride, and that the singlet electron oxidation of Ni(II)

to Ni(III) may accelerate the subsequent reductive elimi-

nation step.

In subsequent years, asymmetric photo/nickel cataly-

sis emerged as a rapidly developing and effective tool for

constructing chiral carbon–carbon bonds (Scheme 36).

Indeed, significant progress has been made in the

asymmetric α-arylation of diverse functional groups,

encompassing carbonyl,78 aryl,79 ester,80 borate,81 trifluor-

omethyl,82 phosphonyl,83 and ether groups,84 among

others. Furthermore, the asymmetric migratory insertion

of carbon–nickel bonds into intramolecular olefins,

Molander, 2014 50% ee
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followed by their coupling with photogenerated radicals,

has been validated as a potent approach for the synthesis

of chiral oxidized indoles.85

Visible light induced asymmetric copper
catalysis

The combination of photocatalysis and copper catalysis

offers an alternative approach for achieving stereoselec-

tive transformations.86 For example, in 2016, Fu and

coworkers87 reported an elegant strategy to trigger visi-

ble light-induced asymmetric C–N cross-coupling reac-

tions using a single chiral copper–phosphine catalyst

(Scheme 37). No exogenous photocatalyst was required

in this reaction, although a chiral phosphine ligand was

necessary to produce the photoresponsive copper com-

plex and achieve good stereocontrol. Upon excitation of

the copper–nucleophile complex by visible light, C–X

bond cleavage is promoted through SET, achieving a

wide range of C–N cross-coupling products in high enan-

tioselectivities. Subsequent mechanistic experiments

revealed that the chiral C–N bond was directly formed

through an interaction between the coordinated carbon-

yl α-radical and the Cu(II)-bound carbazole N atom, rath-

er than via an alkyl Cu(III) intermediate.88

In 2017, Liu and coworkers89 investigated the viability

of the asymmetric decarboxylation reactions betweenN-

hydroxyphthalimide esters and trimethylsilyl cyanide via

dual photoredox/copper catalysis (Scheme 38). Under

mild conditions, the use of chiral bis(oxazoline) ligands

facilitated the efficient synthesis of a range of enantio-

merically enriched benzyl nitriles (≤99% ee), encompass-

ing various key chiral intermediates for the preparation

of bioactive compounds. DFT calculations were also

employed to investigate the energy barriers associated

with the reaction transition states, revealing that the

addition of benzyl radicals to Cu(II) to generate Cu(III)

has a slightly lower energy barrier than the reductive

Macmillan, 2016 up to 93% ee
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elimination step. The addition of radicals to Cu(II) is

postulated to be a reversible process, whereas the ulti-

mate reduction–elimination step serves as the key deter-

minant of the reaction enantioselectivity.90

The direct asymmetric C–H animation reaction for the

production of chiral β-amino alcohols is notable due to

the challenge of achieving both enantioselectivity and

regioselectivity in the same protocol (Scheme 39).91 Re-

cently, an elegant methodology was developed by Nagib

and coworkers,91 providing chiral β-amino alcohols via a

radical relay strategy. The chiral catalyst participates in

the radical generation step and terminates the radical

event, creating an ideal chiral environment for the

variant.

Compared with nickel catalysis, synergistic light/cop-

per catalysis boasts a more extensive array of nucleo-

philic reagents, including cyano,92,93 alkynyl,94,95 aryl,96

heteroaryl,97 amide,98 carboxylic acid,99 trifluoromethyl,100

and alkyl compounds101 (Scheme 40). Furthermore, its

reaction sites exhibit a greater versatility, including the

propargyl, allyl, benzyl positions, as well as the α-posi-
tions of esters and amides. Notably, copper catalysis can

also address the challenging task of constructing chiral

quaternary carbon centers.102

Ultraviolet (UV)-induced Cu-catalyzed olefin isomeri-

zation is an effective method for the production of

Z-olefins.103 However, the use of high-energy UV light

poses challenges for achieving stereoselective control
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Liu, 2017 31 examples: up to 99% ee
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during this process. In 2022, Yu and coworkers104

employed racemic 2-styrylpyrrolidine derivatives as sub-

strates and developed a strategy that leverages photo-

excited chiral copper complexes to mediate the

enantioselective E/Z isomerization and successfully fa-

cilitated kinetic resolution (Scheme 41). Notably, this

method has been applied in the total synthesis of two

enantiomers of the bioactive indolizidine alkaloid 201.

DFT calculations revealed that the R-configured pyrroli-

dine substrate formed a more stable complex with the

catalyst in the ground state, which was attributed to

coordination between the carbonyl oxygen atom and

the copper center. Furthermore, this O–Cu interaction

reduces the electronic activation energy required for the

R-configuration substrate to overcome the single-bond

rotation segment, resulting in a higher photosensitization

efficiency. This difference in sensitization rates enables

the efficient achievement of kinetic resolution processes.

Visible light induced asymmetric chromium
catalysis

Stoichiometric chromium reagents have been described

as highly efficient catalysts in the venerable Nozaki–

Hiyama–Kishi (NHK) alkylation reaction.105 Recently,

novel strategies toward the catalytic asymmetric NHK

allylation of aldehydes have appeared due to the pio-

neering work of Glorius, who ingeniously combined

asymmetric chromium catalysis with visible light photo-

catalysis.106 During this process, the crucial allyl chromi-

um species is generated in situ via a photoredox catalysis

cycle. Although the substrate scope is limited to allyl

amines and arenes, an intriguing asymmetric outcome

was obtained using a chiral carbazole-based BOX ligand,

giving a moderate enantiomeric excess of the desired

product (20% ee). Encouraged by this interesting result,

the same group utilized readily available 1,3-dienes

via similar mechanistic pathways to expand the

reaction scope. Consequently, they demonstrated that

enantioenriched homoallylic alcohols (≤96% ee) can be

produced in a single reaction from aldehydes, alkenes,

and HEs using a chiral chromium BOX complex

(Scheme 42).107

In 2024, Wang and coworkers108 successfully achieved

the asymmetric addition of α-amino radicals to alde-

hydes, leveraging the synergistic effects of photoredox

reactions, HAT, and chromium catalysis (Scheme 43).

This innovative approach efficiently yields chiral β-amino

alcohol compounds, wherein the Cr catalyst effectively

governs the stereoselectivity of the reaction. Additional-

ly, the quinine ring serves as a HAT reagent, selectively

cleaving the α-C–H bond of the amine group to generate

α-amino radicals. Notably, the captured hydrogen atoms

also facilitate dissociation of the Cr–O bond. DFT calcu-

lations revealed that the direct radical addition reaction

of Cr(II)/L17-coordinated aldehydes was more favorable

than that of the cyclic transition state. Furthermore, the

remarkable stereoselectivity was attributed to the steric

hindrance imposed by the quinine ring and the BOX

ligand.

Visible light induced asymmetric cobalt
catalysis

In 2021, Xia and coworkers109 reported the asymmetric

reductive alkenylation of aldehydes with alkynes, afford-

ing chiral allyl alcohols with high enantioselectivities via

dual photoredox and asymmetric cobalt catalysis

(Scheme 44). In this approach, organic reducing agents

(HEs) were employed to replace the standard metal

reducing agents, thereby rendering the reaction condi-

tions milder and greener. The coordination mode of the

equatorial alkyne molecule and the aldehyde with its Re-

face pointing toward the axial position of the Co(I) center

determine the stereoselectivity of the reaction.

The nucleophilic characteristics of organic cobalt

intermediates can also be exploited to achieve asymmet-

ric transformations. For example, in 2022, Xiao and

Yu and Yuan, 2022 24 examples: up to 99% ee, S factor up to 348
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coworkers110 successfully demonstrated the asymmetric

reduction of aryl iodides with aldehydes via visible light-

induced cobalt catalysis, affording chiral benzyl alcohols

in high yields and enantioselectivities while circumvent-

ing the generation of substantial metal waste and the

necessity for precious metal catalysts (Scheme 45). Fur-

thermore, this methodology was effectively extended to

the synthesis of chiral amino alcohols and D-Cloperas-

tine. Drawing insights from the single-crystal structure of

the cobalt catalyst and the absolute configuration of the

product, the authors proposed a plausible stereochemi-

cal control model, highlighting the pivotal role of steric

hindrance between the ligand methyl group and the

axially coordinated aldehyde in governing the enantios-

electivity. Furthermore, this strategy was successfully

employed for the synthesis of axially chiral aldehydes

via desymmetrization.111

The axially chiral scaffold arising from rotational con-

straints serves as a prevalent structural motif in natural

products, chiral drugs, and materials, and constitutes a

crucial component of the chiral reagents, ligands, and

catalysts employed in asymmetric synthesis. Neverthe-

less, the inherent flexibility of this scaffold poses a

significant challenge for controlling the reaction enan-

tioselectivity. In 2022, Xiao and coworkers112 made a

groundbreaking advancement by developing a visible

light-induced asymmetric cobalt-catalyzed radical cou-

pling reaction (Scheme 46). This reaction enables the

dynamic kinetics of asymmetric racemic heteroaryl com-

pounds, facilitating the synthesis of a diverse array of

Glorious, 2019 5 examples: up to 96% ee

(a) Reaction overview

(b) Chiral ligand (c) Proposed interaction involved
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Scheme 42 | Asymmetric allylations of aldehydes via photoredox and chromium catalysis.
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axially chiral heteroaryl compounds with remarkable

enantioselectivities. The crux of this reaction is the for-

mation of axially chiral aryl cobalt species following

oxidative addition, which reduces the rotational energy

barrier of the axis because of the coordinating effect of

pyridine, thereby facilitating racemization. Subsequently,

the radicals generated by photocatalysis are captured in

a stereoselective manner. In 2023, the same group ex-

panded this strategy to successfully achieve a synergistic

visible light/cobalt catalytic process that promoted an

asymmetric reduction conjugate addition reaction with

dynamic kinetics.113

Cobalt-catalyzed asymmetric C–H bond activation has

been successfully implemented for the efficient

construction of both central and axial chiralities, wherein

the incorporation of photocatalysts was expected to

eliminate the requirement for stoichiometric metal oxi-

dants. In 2024, Shi and coworkers114 achieved the asym-

metric dearomatization of indole via a photoassisted

cobalt-catalyzed enantioselective C–H bond functionali-

zation protocol (Scheme 47). Based on the single-crystal

structure of the Co(II)/salox complex, the authors dis-

covered that the π–π interaction between the phenyl

group of the oxazoline ligand and the quinoline moiety

of the substrate facilitated the precise establishment of

cobalt chirality and the formation of a hand cavity

that binds with indole. Further mechanistic studies

revealed that visible-light irradiation facilitated the

58 examples: up to 99% ee

(a) Reaction overview

(b) Chiral ligand (c) Proposed interactions involved

Xiao and Lu, 2022

R H

O
+

RAr

OH

Me Me

PPh2PPh2

L19

139 140 141

Ar I

Co PP
H3C

CH3O

R'

R

H

4CzIPN (2 mol %)
CoI2 (10 mol %), L19 (12 mol %)

iPr2NEt (2.0 equiv)
Hantzsch esters (2.0 equiv)

DCM, blue LEDs

Scheme 45 | Photocatalytic asymmetric reductive Grignard-type addition using a chiral cobalt complex.

41 examples: up to 99% ee

(a) Reaction overview

(b) Chiral ligand (c) Proposed interactions involved

Xia, 2021

R1 H

O
R3R2+ R1

OH

R2
R3

Me Me

PPh2PPh2

L18

Me

Ph

CoI
PP

Me Me

Ph
Ph

Ph
Ph

O
R

H

Re-facial attack

136 137 138

4CzIPN (2 mol %)
CoBr2 (5 mol %), L18 (5 mol %)

iPr2NEt (12 mol %)
Hantzsch esters (2.0 equiv)

THF, Blue LED

Scheme 44 | Photocatalytic asymmetric reductive couplings using a chiral cobalt complex.

MINI REVIEW

DOI: 10.31635/ccschem.025.202505512
Citation: CCS Chem. 2025, 7, 1567–1602
Link toVoR:https://doi.org/10.31635/ccschem.025.202505512

1592

https://doi.org/10.31635/ccschem.025.202505512
https://doi.org/10.31635/ccschem.025.202505512


migratory insertion of the C–Co(III) bond during

dearomatization.

Visible light induced asymmetric palladium
and iridium catalysis

Transition metal-catalyzed allylic substitution reactions,

especially those involving the use of palladium and iridi-

um, are powerful tools for the selective construction of

chemical bonds.115 Recently, the introduction of excited-

state chemistry has significantly expanded the scope of

this methodology due to the important contributions

from Tunge, Lu, and Xiao.116,117 Notably, the first example

merging asymmetric palladium catalysis and visible

light photocatalysis was carried out by Tunge and

coworkers,118 wherein the corresponding produce was

obtained in a moderate enantioselectivity via the dec-

arboxylative allylation of N-protected amino esters with

a chiral Trost ligand (Scheme 48). In the presence of a

N-Boc-amino ester, which generates a less stable amino

radical, a relatively higher enantiomeric excess (50% ee)

was obtained compared to those achieved using more

stable amino radicals (∼0% ee). This interesting result

confirms the participation of the chiral palladium com-

plex in the asymmetric C–C bond-forming step, and high-

lights the importance of employing a suitable chiral

ligand in asymmetric dual palladium/photoredox

catalysis.117

Later, a breakthrough in this area was achieved by

Yu and coworkers,119 who accomplished a general

43 examples: up to 97% ee

(a) Reaction overview

(b) Chiral ligand (c) Proposed interactions involved
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asymmetric radical allylation reaction of 4-alkel Hantzsch

esters (HZs) using electron-rich chiral biphosphine

ligands (Scheme 49). In contrast to the work by Tunge

et al.,118 this allylation alkylation exhibited good branched

selectivity, which may be related to the unknown reac-

tivity and selectivity of the Pd(III) species in the reductive

elimination step. Simultaneously, the stereoselectivity of

the allyl position was well controlled by stereoinduction

from chiral biphosphine ligand L23.

With the advancement in cooperative photoredox/

palladium catalysis, Pd(I) intermediates have attracted

significant attention. In 2022, Gevorgyan and

coworkers120 reported the intermolecular asymmetric

C–H bond amination of various substituted olefins with

primary/secondary aliphatic amines using a photoin-

duced Pd(0/I/II) catalytic strategy (Scheme 50). Nota-

bly, the Pd(I) intermediate, which was generated via

photoinduced homolytic cleavage, attenuated the Lewis

acidity of the system, ultimately minimizing olefin

isomerization, and reducing the degree of interaction

between the catalyst and the amine.

In 2024, Yu and coworkers121 developed a strategy

involving visible light-excited palladium catalysis, and

successfully performed a series of deracemization reac-

tions to generate racemic dienes (Scheme 51). Theoreti-

cal calculations revealed that in the ground state, the

Tunge, 2015 3 examples: up to 50% ee

(a) Reaction overview

(b) Chiral ligand (c) Proposed interaction involved
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Scheme 48 | Palladium-catalyzed photoredox asymmetric cross-coupling reaction with linear selectivity.
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Pd(0)-RS0 complex possessed a lower energy and exhib-

ited a reduced vertical excitation energy owing to steric

repulsion between the ligand and the substrate. Upon

excitation, the Pd(I)-ST1 complex, whose substrate ligand

exhibits a stronger dispersive attraction, underwent con-

version from Pd(I)-RT1 to Pd(I)-ST1. Furthermore, the

introduction of K2CO3 into the reaction system enhanced

the π–K–π interactions in the Pd(I)-ST1' system compared

to those in the Pd(I)-RT1' system, thereby amplifying the

energy difference in the excited state, and ultimately

enhancing the overall stereoselectivity.

Although ketenes are appealing chemicals for the con-

struction of valuable chiral heterocycles via asymmetric

[n+2] cycloaddition protocols,122 they have not been

exploited well in low-valence transition-metal catalysis

because of their inherent electron-deficient properties

(Scheme 52). Xiao and coworkers123 overcame this

challenge by introducing a photoinduced Wolff rear-

rangement to promote the in situ formation of reactive

ketenes from α-diazoketones. In this system, vinyl benzox-

azinanones are activated by a chiral Pd(0) catalyst to

generate 1,4-dipolar intermediates, which can be stereo-

selectively captured by the slowly released ketenes. Con-

sequently, the asymmetric synthesis of highly enantiopure

quinolinones via sequential Wolff rearrangement/palladi-

um catalysis was realized in a 99% yield and a ≤96% ee.

The carefully designed P,S ligand exhibited a high stereo-

control and slowed decomposition of the ketene/diazo

compound in the presence of the palladium catalyst.

Compared with base-state palladium catalysis, the irid-

ium-catalyzed allylation reaction demonstrates a super-

ior branched selectivity, rendering it easier to control the

allyl site chirality.124 Recently, Melchiorre and coworkers125

used simple allyl alcohols and 4-aminoalkyl-substituted

(a) Reaction overview

(b) Chiral ligand (c) Proposed interactions involved
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HZs as substrates to develop a photoexcited iridium-

catalyzed asymmetric allylation reaction, successfully

constructing C(sp3)–C(sp3) bonds with high enantios-

electivity (Scheme 53). Significant experimental evi-

dence shows that the chiral allyl–Ir(III) complex can

reach an excited state under blue light irradiation, en-

abling a stronger single electron transfer ability. The

enantioselectivity was effectively induced by use of the

Carreira ligand, which is commonly employed in a wide

range of Ir-catalyzed asymmetric allylic substitutions.126

This novel light excitation mode further expands the

potential of combined light/transition metal catalysis.

In 2023, You and coworkers127 successfully achieved

the asymmetric synthesis of chiral cyclobutane deriva-

tives through an iridium-catalyzed asymmetric allyl

etherification protocol coupled with a [2+2] photocy-

cloaddition cascade (Scheme 54). This reaction

employed cinnamyl alcohol as the nucleophile and

branched allyl acetate as the electrophile. Under the

synergistic action of iridium catalysis and visible light

irradiation, chiral cyclobutane derivativeswere efficiently

obtained in excellent yields, diastereoselectivities, and

enantioselectivities. Control experiments showed that

the enantioselectivity was established during the

iridium-catalyzed allyl etherification step, whereas the

subsequent non-enantioselective nature of the photocy-

clization was attributed to the chirality of the substrate.

Visible light induced other metal catalysis

Iron-catalyzed C–H bond insertion is one of the most

efficient methods for the synthesis of amine com-

pounds.128 However, the corresponding asymmetric

transformations have rarely been reported because of

Xiao, 2017 28 examples: up to 96% ee
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Scheme 52 | Palladium-catalyzed asymmetric (4+2) cycloadditions with photogenerated ketenes.
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the limitations of chiral ligands in this context. In 2023,

Che and coworkers129 synthesized chiral iron complexes

based on meso- and β-substituted porphyrins for use in

the asymmetric C(sp3)–H amination of aryl and arylsul-

fonyl azides under visible light irradiation (Scheme 55).

Mechanistic studies revealed that the iron–nitrene inter-

mediate, generated in situ under photochemical condi-

tions, interacts with the C(sp3)–H bond through a

stepwise HAT/radical rebound mechanism. The good

enantioselectivity of this process was attributed to syn-

ergistic noncovalent interactions between the iron–

nitrene units and the substituents surrounding the chiral

porphyrin scaffold.

Finally, in 2023, Nishibayashi and coworkers130

reported the first example of a diruthenium-catalyzed

photoinduced asymmetric propargyl alkylation reaction.

They successfully synthesized a chiral terminal alkyne

product with a quaternary carbon center using 4-alkyl-

1,4-dihydropyridines as alkyl radical precursors and tri-

fluoromethyl-substituted propargyl alcohol as the sub-

strate (Scheme 56).130 DFT calculations unveiled the

existence of intramolecular π–π and C–H/F interactions

among the allenylidene, optically active thiolate, and

pentamethylcyclopentadienyl ligands within the diruthe-

nium–allenylidene complex. Subsequently, the alkyl radi-

cals predominantly interact with the Re face of the

N

(a) Reaction overview

(b) Chiral ligand (c) Proposed interactions involved
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diruthenium–allenylidene complex, ultimately facilitating

the formation of the (R)-isomer as the major product.

Conclusion
In summary, this review highlights various stereocontrol

strategies in the emerging field of asymmetric organic

photochemical reactions, the majority of which are driv-

en by visible light. Following a detailed analysis of these

impressive advances, it was apparent that in the majority

of catalytic asymmetric reactions, catalyst design is still

based on an understanding of thermal reactions, leading

to the stereoselectivity of the radical receptors being

easy to control. In contrast, chirality control remains a

challenge in radical species owing to their high reactivity

and a lack of effective chiral catalysts. To date, the

majority of studies have focused on the construction of

chiral carbon centers, indicating the necessity to develop

novel strategies for the construction of axial, planar, and

topological chirality. Additionally, the construction of

chiral heteroatoms (e.g., nitrogen, sulfur, and phospho-

rus) has yet to be addressed. Considering the various

asymmetric photochemical transformations described in

this review, it is noted that the majority have been ap-

plied in the large-scale syntheses of chiral chemicals for

drug production, such as in the case of asymmetric

thermal reactions. Visible light-induced asymmetric ca-

talysis therefore possesses great potential for develop-

ment. Ultimately, the aim of this review is to inspire

researchers to engage in this field and jointly promote

the role of visible light in asymmetric catalysis.
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