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Abstract: 

The asymmetric photocatalysis has appeared as a powerful strategy for forming 

enantioselective carbon-carbon bonds under mild conditions with high levels of 

enantioselectivity. Within this area, photoactive chiral systems represent an attractive and 

useful approach, as they eliminate the need for additional photosensitizers by combining the 

ability of light absorption and chiral induction within a single catalyst framework. Such 

catalysts act as chiral photosensitizer, enabling efficient harvesting of suitable light, 

generation of reactive excited states, and stereoselective bond formations. Recent studies 

demonstrate the effectiveness of this strategy in enantioselective C-C bond-forming reactions 

such as radical additions, cycloadditions, and cross-couplings. These methods improve 

efficiency and atom economy while broadening approaches to complex molecule synthesis. 

This review summarizes recent advances, mechanistic insights, and prospects of 

photocatalytic enantioselective C-C bond formation using self-sensitizing chiral systems, with 

relevance to drug discovery and fine chemical synthesis.

 Key words: Enantioselective carbon-carbon bond formation, Asymmetric photocatalysis, 

Organo-photocatalyst, Chiral-at-metal complex

1. Introduction:

Carbon-carbon (C-C) bond formation is one of the most fundamental and essential 

transformations in organic synthesis, serving as the cornerstone for constructing complex 

molecular architectures, including pharmaceuticals, agrochemicals, and materials.1 

Traditional methods for asymmetric C-C bond formation rely on organocatalysis, transition 

metal catalysis, or enzymatic catalysis for the synthesis of enantiopure products.2 

Photocatalysis utilizes suitable light to generate highly reactive intermediate under 

mild conditions, enabling new reaction pathways that are otherwise challenging to achieve.3 
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The combination of photocatalysis with asymmetric catalysis, often referred to as asymmetric 

photocatalysis has opened new paths for achieving stereoselective transformations with 

excellent enantiocontrol as well as diastereocontrol.4 This approach takes advantage of 

excited-state intermediates, single electron transfer (SET) processes, energy transfer, or 

radical pairing mechanisms to enable bond formation with high selectivity.

Figure 1. Approaches to achieve the enatioenriched carbon-carbon bond formations

As depicted in Figure 1, key strategies developed for photocatalytic asymmetric C-C 

bond formation reactions can be categorized mainly on these four routes.  In the chiral 

organo-photocatalytic strategy, the photo sensitization and chiral induction come from a 

single photoactive chiral molecule which include chiral amines, phosphoric acids, and 

thioureas preferably following the primary asymmetric photocatalytic routes (Figure 2).5 

Generally, substates bind to the catalyst by hydrogen bonding or ionic interactions. In dual 

catalysis, photocatalysts (achiral transition metal complex or organic dye) and chiral organic 

molecule are separate entities, work synergistically to achieve asymmetric C-C bond 

formation via secondary asymmetric photocatalysis route.6 This strategy successfully allows 

many enantioselective cross-coupling reactions where light-driven SET initiates radical 

recombination or energy transfer (EnT) enables asymmetric cycloaddition and rearrangement 

reactions that are difficult to control under conventional conditions. In the field of discrete 

chiral photocatalysts for asymmetric organic reactions, photoactive chiral organic molecules, 

several metal complexes featuring both chiral and non-chiral ligands have been shown to 
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achieve excellent stereo control following the primary asymmetric photocatalysis route.7 This 

success is likely due to the direct interaction between the substrates or reagents and the 

central transition metal. Two common strategies are documented to generate chiral metal 

complex as discrete photocatalysts. The first strategy involves using a chiral organic ligand 

coordinated with an appropriate metal. The second, known as "chiral-at-metal", involves 

coordinating achiral organic ligands with a metal to form an octahedral complex (Werner 

complexes), where the overall structure of the complex itself exhibits chirality. In case of 

electron donor acceptor (EDA) complex, the formation of the EDA takes place in the ground 

state between the chiral ligand and the substrates for the formation active photocatalyst.8 

Finally, a bifunctional chiral photocatalysts are specialized catalysts that integrate two distinct 

functional components. A photocatalytic unit which absorbs light and initiates photochemical 

transformations, typically through single-electron transfer (SET) or energy transfer (EnT) 

mechanisms via secondary asymmetric photocatalytic route (Figure 2) and a chiral Inducing 

unit which provides a well-defined chiral environment to control the enantioselectivity of the 

reaction.9 

Figure 2. General mechanism of asymmetric photocatalysis

While these published reviews provide important and comprehensive insights into 

enantioselective photocatalysis, they predominantly focus on broad catalytic concepts, 

a) Primary asymmetric photocatalysis b) Secondary asymmetric photocatalysis

c) electron donor−acceptor (EDA) complex as chiral photocatalyst
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catalyst development, or general mechanistic paradigms for dual catalytic system. The 

purpose of this review article is to summarize advancements in homogeneous discrete chiral 

photocatalytic asymmetric C-C bond formation and its role in organic synthesis specifically 

concentrates on asymmetric C-C bond formation under visible-light irradiation, enabling a 

more targeted and practically useful understanding for synthetic chemists. We have 

introduced a systematic classification based on various approaches C-C bond construction, 

which allows direct comparison of diverse transformations across different catalytic systems. 

Moreover, it compiles recent developments of this type of chiral photocatalysts, and 

mechanistic insights, helping researchers to get deeper understandings, fundamental 

knowledge and stay updated. Other photocatalytic strategy for photocatalytic 

enantioselective carbon-carbon bond formation reactions will not be included here as it is 

already reported.10 Additionally, the review addresses key challenges like low efficiency, 

limited substrate scope, and scalability for practical applications.

2. Chiral organo-photocatalysts

Chiral organo-photocatalysis has emerged as a powerful strategy for asymmetric 

carbon-carbon (C-C) bond formation, combining the advantages of organocatalysis and 

photocatalysis to achieve high enantioselectivity under mild conditions. Unlike traditional 

photocatalysis, which often relies on metal-based catalysts, organo-photocatalysis employs 

photoactive organic molecules making it a sustainable and metal-free approach.11 Chiral 

organic chromophores have previously reported for photosensitized asymmetric 

isomerization of cyclic alkenes, followed by thermal cycloaddition with a suitable dienophile 

to facilitate asymmetric carbon-carbon bond formation.12

The photoactive chiral organic structure for enantioselective C-C bond formation was 

first reported by Schuster and coworkers. They developed a photocatalytic asymmetric [4+2] 

photocycloaddition of diene 1 and dienophile 2 using an axially chiral cyanoarene sensitizer 4 

as an organo-photocatalyst. Their study revealed that in polar solvents, the catalyst promotes 

radical cation Diels-Alder reactions, forming racemic products, while in nonpolar solvents, an 

enantioselective cycloadduct 3 (15% ee) is obtained (Scheme 1).13 Mechanistic investigations 

suggest that electron transfer in polar solvents generates a radical-ion pair, whereas in 

nonpolar solvents, an exciplex forms. Time-resolved fluorescence studies indicated the 
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presence of two diastereomeric catalyst-styrene exciplexes, with enantioselectivity attributed 

to differences in their excited-state lifetimes.

Me
Ph

Ph

Me

1.1 equiv

15% ee

NC

CNNC

CN

4 (0.5 mol%)

hv ( = 350 nm)
Toluene, -65 oC

1 2
3

4

Intermolecular [4+2] photocycloaddition Chiral cyanoarene

+

Scheme 1. Photoactive chiral cyanoarene for enantioselective [4+2] cycloaddition

Bach and coworkers made a significant advancement in enantioselective 

photocatalytic C-C bond forming reactions by integrating a suitable sensitizer into a chiral 

template. They accomplished this by incorporating an aromatic ketone sensitizer into the 

chiral Kemp’s acid motif while maintaining its essential hydrogen-bonding functionality, 

enabling it to act as a discrete chiral organo-photocatalyst. Using this approach, they have 

reported various enantioselective carbon-carbon bond forming reactions either by electron 

transfer or energy transfer from the attached organic photosensitizer 22 (Scheme 2). This 

photocatalytic process proceeds via the primary asymmetric photocatalytic cycle (Figure 2a), 

with pre-association between the catalyst and substrate occurring in the ground state prior 

to photoexcitation. Using chiral template 22a, it was found to be optimal for an intramolecular 

enantioselective [2+2] photocycloaddition of 2-quinolone 5 via energy transfer process 

(Scheme 2a).14 The rigid cyclohexyl backbone and sterically demanding benzoxazole moiety 

restricted conformational flexibility, effectively facilitating facial differentiation in the 

prochiral substrate 5 and produced the enantioselective product 6 with excellent selectivity 

(88% yield with 88% ee). Since hydrogen-bonding interactions are stronger at low 

temperatures, the highest enantioselectivity was achieved under these conditions. On the 

same strategy, they incorporated xanthone to develop an organo-photocatalyst 22b, which 

was then applied to the intramolecular [2+2] cycloaddition of quinolone 7 & 8, forming the 

cycloadducts 6 & 8. They have achieved excellent yield (70%) and ee (90%) with substrate 7 

significantly higher than the substrate 8 (Scheme 2b).15 As in both cases (7 and 5), the catalyst 

22b remained fully bound to the substrate at the beginning of the reaction, indicating that 

ground-state association was not responsible for the change in selectivity. Instead, the 

enhanced selectivity was attributed to the efficiency of photosensitization and the rate of the 

subsequent reaction. Although, the substrates absorb light at the irradiation wavelength, the 
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xanthone photocatalyst 22a has a much higher extinction coefficient than the substrate, 

enabling it to capture nearly all incident photons under the reaction conditions. Consequently, 

the racemic background reaction is significantly suppressed, resulting in high 

enantioselectivity. 

In a previous study, using the electron transfer strategy, Bach et al. reported the 

intramolecular cyclization of pyrrolidine 9 to spirocycle 10 using 30 mol% of ketone catalyst 

22c, achieving 70% enantiomeric excess (ee) through a hydrogen-bonding mechanism and 

photoinduced electron transfer (PET) (scheme 2c).16 It is important to note that 

intermolecular photoreactions are significantly more challenging than their intramolecular 

counterparts due to the inherent competition between substrate dissociation and cyclization. 

Despite this difficulty, Bach successfully developed an intermolecular [2+2] 

photocycloaddition between cyclic imine 11 and styrene 12, photocatalyzed by 22d to 

produce the enantioselective cycloadduct 13 with 99% yield and 94% ee (Scheme 2d).17 

Further studies on the intermolecular [2+2] photocycloaddition between quinolone 14 and 

various alkene coupling partners (15 and 16) revealed that the reaction, catalysed by 22d, 

required 50 equivalents of the alkene to ensure cyclization occurred before dissociation from 

the catalyst (Scheme 2e).18 Based on this, it could be concluded that alkenes that react more 

slowly are expected to yield products with lower enantioselectivities. For example, vinyl 

acetate 16 reacts over an order of magnitude slower than ethyl vinyl ketone 15 when 

photosensitized by an achiral thioxanthone, resulting in significantly lower enantiomeric 

excess in the corresponding cycloadducts (91% ee vs 58% ee).

In another study, they developed intermolecular [2+2] photocycloaddition between pyridone 

19 and acetylenedicarboxylates 20 that is catalyzed by 22b. Since pyridone 19 does not absorb 

the irradiated light under these reaction conditions, the enantioselectivity does not strongly 

correlate with catalyst loading. However, a clear relationship was observed between the 

alkyne concentration and enantioselectivity. It was proposed that a higher concentration of 

the coupling partner facilitates a faster bimolecular reaction, reducing the likelihood of 

substrate dissociation and leading to improved enantioselectivity (Scheme 2f).19  
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20 21

Intramolecular [2+2] photocycloaddition

Intramolecular [2+2] photocycloaddition

Intramolecular C-C bond formation

Intermolecular [2+2] photocycloaddition

Intermolecular [2+2] photocycloaddition

Intermolecular [2+2] photocycloaddition

Bach's Kemp's acid linked chiral photosentizers

via energy transfer

via electron transfer

H

H

Scheme 2. Chiral organo-photocatalysis for enantioselective (a) & (b) intramolecular cycloaddition, (c) 
intramolecular C-C bond formation; (d), (e) & (f) intermolecular cycloaddition reactions.

Xanthone and thioxanthone catalysts were initially limited to lactam-containing 

substrates, delivering good efficiency and enantioselectivity. To broaden the range of 

compatible binding motifs, Bach and co-workers developed new catalysts that integrate a 

thioxanthone sensitizer into alternative chiral hydrogen-bonding scaffolds, such as BINOL-

derived phosphoric acids 29a and chiral thioureas 29b (Scheme 3). Using BINOL-derived 

phosphoric acid 29a as a chiral photocatalyst, an intermolecular [2+2] cycloaddition between 
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carboxylic acid 23 and cyclopentene 24 was achieved with 61% yield and 86% ee (Scheme 3a). 
20 In contrast, the thiourea-linked thioxanthone 29b showed poor enantioselectivity (12% ee) 

in a sensitized 6π-electrocyclization. NMR studies confirmed that carboxylic acid 25 binds to 

catalyst 29a under reaction conditions, while computational analysis suggests the low 

enantioselectivity arises from multiple, energetically similar binding modes of the 1:1 

complex. Additionally, thioxanthone catalyst 29a effectively promoted the enantioselective 

photocycloaddition of N, O-acetal 26 and alkene 27, affording 95% ee (Scheme 3b).21 NMR 

analysis indicated that 26 exists in equilibrium between a cyclic N, O-acetal and a ring-opened 

imine form. Emission studies showed that the triplet energy of the iminium ion (51 kcal/mol) 

is lower than that of the thioxanthone catalyst (56 kcal/mol), supporting an exothermic energy 

transfer process.

OMe
Me

O

OH

O OMe
Me

O
H

H

H

HO O

61% yield, 2:1 d.r.
86% ee

PS

PS

O

O
P OH

O

S

O
PS =N

H

S N

F3C CF3

H

PS

29a

29b

29a (10 mol%)

LED ( = 459 nm)
DCM, 4h, -50 oC
then 1 M aq. HCl

(50 equiv)

+

Ph

Me
Me

Ph

O

Me

Me

81% yield, 20:1 d.r.
95% ee

(20 equiv)

O

HN

29a (10 mol%)

LED ( = 459 nm)
DCM, 4h, -50 oC
then 1 M aq. HCl

23

24
25

26

27
28

a)

b)
Intermolecular [2+2] photocycloaddition

Intermolecular [2+2] photocycloaddition Bach's BINOL linked chiral Photosensitizer

Bach's thiourea linked chiral Photosensitizer

Scheme 3. Chiral BINOL-derived phosphoric acid and thiourea-linked thioxanthone sensitised enantioselective 
(a) & (b) intermolecular [2+2] cycloaddition reaction

Melchiorre and co-workers introduced an innovative approach to asymmetric 

photocatalysis based on electron donor-acceptor (EDA) complexes. In this method, an 

electron-rich donor and an electron-deficient acceptor interact in the ground state to form an 

EDA complex. This interaction results in the emergence of a new charge-transfer absorption 

band, which can be interpreted as an intra-complex electron transfer from the donor’s HOMO 

to the acceptor’s LUMO. Using this strategy, they reported enantioselective α-alkylation of 
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aldehyde 30 with alkyl halide 31 to provide enantioselective 32 with 87% yield and 92% ee 

(Scheme 4a).22 A chiral secondary amine forms an enamine intermediate, which interacts with 

an alkyl bromide to create a visible-light-absorbing EDA complex. Excitation triggers electron 

transfer, generating radicals. The chiral catalyst facilitates both photochemical initiation and 

enantioselective radical addition (scheme 4e). Melchiorre and co-workers showed that 

bromomalonate 34 enable the α-alkylation of aldehydes 30 using amine organocatalyst 36, 

achieving up to 94% ee and complete γ-selectivity for enals (Scheme 4b).23 While an EDA 

complex was initially suspected, UV–vis studies ruled it out, and Stern–Volmer quenching 

confirmed a SET mechanism. The excited enamine reduces bromomalonate 34, forming a 

malonyl radical that reacts with ground-state enamine. Unlike EDA reactions, chain 

propagation occurs via bromine abstraction. The photochemical step serves only to initiate 

the radical chain (Scheme 4e). Alemán and co-workers reported a similar photo-

organocatalytic reaction using a thioxanthone-substituted organocatalyst 39, which 

efficiently produces alkylated aldehyde 37 with high yield (up to 99%) and enantioselectivity 

(up to 99%) (Scheme 4c).24 In this reaction, rather than the enamine acting as the reducing 

agent, the thioxanthone catalyst 39 facilitates the reduction of the bromomalonate 34, 

initiating the radical chain process. This mechanistic shift highlights the role of thioxanthone 

as a key photoredox mediator, broadening the scope of organocatalytic radical reactions and 

offering an alternative pathway for enantioselective α-alkylation of aldehydes. Other electron 

acceptors, like (phenylsulfonyl)-alkyl iodides, also worked well, yielding highly 

enantioselective products. A related photo-organocatalytic strategy was effectively extended 

to ketone substrate 40 using a cinchona-based primary amine catalyst 42 (Scheme 4d).25 

Electron-deficient benzyl bromide 31 functioned as suitable electron acceptor, though the 

reaction remained limited to cyclic ketones as chiral enamine electron donor precursors.
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OMe
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N

+
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d)

-alkylation of aldehyde

-alkylation of aldehyde

-alkylation of cyclic ketone

Proline based donor-aceptor chiral
photosensitizer

Proline based donor-aceptor chiral
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Cinchona based donor-aceptor
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O
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CO2Et
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34 38 3937

-alkylation of aldehyde Thioxanthone based chiral
photosensitizer

S

O

PS =

N

R

R*

EWG

N

R

R*

EWG

N

R

R*

N
H

R*

H2O

X + HBr

H2O

H

O

R

Chain Propagation

N
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Br EWGe-
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N

R

R*
Br EWG

N

R

R*

Br EWG
hv N

R

R*

Br EWGe-

*

-Br-

1) PET
2) -Br-

hv

Initiation

e)

EWG .

Br EWG

EWG .

General mechanism of enantioselective a-alkylation of aldehyde and ketone

R, R* = H, Me, Ar...

Scheme 4. Chiral organo-photocatalyzed enantioselective (a), (b) & (c) -alkylation of aldehydes, (d) -
alkylation of ketones; (e) general reaction mechanism. 

In 2017, Melchiorre and co-workers developed an asymmetric β-alkylation of enal 

using chiral iminium ions formed in situ from α, β-unsaturated aldehyde 43 and chiral amine 
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catalysts 46 (Scheme 5a).26 Unlike enamine photocatalysis, which involves nucleophilic 

intermediates, iminium photocatalysis leverages electrophilic iminium ions that become 

strong oxidants upon excitation. The proposed mechanism involves visible-light absorption by 

the iminium ion, which oxidizes an alkyl trimethylsilane 44, generating radicals that undergo 

direct radical-radical coupling to form β-alkylated aldehyde 45 with up to 82% yield and 80% 

ee. This method provides selective 1,4-addition, improving upon traditional thermal iminium 

catalysis, which often yields a mix of 1,2- and 1,4-addition products. Toluene 48 can 

reductively quench the excited-state iminium ion, enabling the formation of β-benzylated 

aldehyde 49 from enals generated from 47 and 50 (Scheme 5b).27 Upon oxidation, toluene's 

benzylic C-H bond becomes highly acidic, with an estimated pKa of -13 in CH3CN.28 

Deprotonation generates a benzyl radical, which then undergoes radical-radical coupling with 

the β-enaminyl radical intermediate. Zn(OTf)2 was essential for this reaction, with Zn2+ 

facilitating iminium formation and the triflate counterion assisting in deprotonating the 

photogenerated toluene radical cation.

O

Me

N
Me

SiMe2Ph O

Me
N

Me

Ph

82% yield, 80% ee1.5 equiv

+
46 (20 mol%)

420 nm LED
benzoic acid (40 mol%)
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NH2
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tBu Ar
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H

O
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H

O
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+
50 (20 mol%)
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Zn(OTf)2 (50 mol%)
CH2Cl2, 48 h, 35 oC

N
H

F
F

Ar

OTDS
Ar

Ar = 3, 5-(CF3)2-C6H4

a)

b)

43 44 44
46

47 48 49
50

-alkylation of enal

-alkylation of enal

Chiral amine based
photosensitizer

Chiral amine based
photosensitizer
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General mechanism of -alkylation of enal

R* = H, Me, Ar...

Ph

Ph

Scheme 5. Chiral organo-photocatalyzed enantioselective (a) & (b) -alkylation enals, (c) general 
mechanism.

Scalability remains a key limitation of chiral organo-photocatalysts due to common 

photochemical challenges such as poor light penetration, non-uniform irradiation in batch 

systems, high catalyst loadings, and limited photostability under prolonged exposure. 

Continuous-flow photochemistry offers a promising solution by improving light distribution, 

heat dissipation, and reproducibility, making it more suitable for large-scale synthesis.

However, translating these reactions from batch to flow is still underexplored. Issues like 

catalyst solubility, adsorption or deactivation in flow channels, and the need to optimize 

residence time and light intensity must be addressed. Advancing robust, flow-compatible 

chiral organo-photocatalysts alongside systematic reaction engineering will be crucial for 

achieving scalable asymmetric synthesis.
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3. Chiral metal complexes

Chiral metal complexes have emerged as powerful discrete photocatalysts for various 

enantioselective organic transformations, combining photocatalysis and asymmetric 

induction within a single catalytic framework.29, 7a These complexes, typically based on 

transition metals such as Ru, Ir, or Cu, incorporate enantiopure ligands that create a well-

defined chiral environment while simultaneously facilitating photoinduced electron transfer 

(SET) or energy transfer (EnT) processes. Additionally, these complexes can be generated from 

transition metals and achiral ligands (Chiral-at-metal) as active chiral photocatalysts.30 

Meggers pioneered the use of helically chiral iridium(III) polypyridyl complexes as 

enantioselective photocatalysts for a variety of synthetically important transformations. 

These catalysts can be easily prepared in stereochemically pure form using a chiral auxiliary 

approach and have been shown to be resistant to racemization.31 The metal centre (e.g., Ru 

or Rh) becomes a stereogenic centre due to the arrangement of achiral ligands in a chiral 

fashion. These complexes exist in Λ (lambda) or Δ (delta) configurations, the metal’s spatial 

arrangement imparts chirality (Figure 3).32 These Ir/Rh complexes serve two roles 

simultaneously, as photocatalysts, they absorb visible light and enter an excited state and as 

chiral Lewis’s acids, they coordinate and orient the substrate in a defined chiral environment, 

enabling stereocontrol. 

M

b
a

f

c

d
e

M

b
c
d

a

f
e

 

Anti clockwise Clockwise

Mirror plane (

Figure 3. Octahedral Chiral-at-metal complexes

3.1. Rhodium/Iridium incorporated chiral metal complexes 

Megger’s group has reported a series of photocatalytic enantioselective carbon-

carbon bond formation reaction using these Ru and Rh based chiral-at-metal complexes with 

pre-association mechanism (Figure 2a), where the substrate binds to the chiral catalyst before 

the photochemical event (light excitation) occurs (Scheme 6). This binding or pre-association 
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plays a central role in controlling enantioselectivity. This strategy avoids issues with diffusion-

controlled processes, where radicals formed freely in solution can react randomly, reducing 

enantioselectivity. This interaction often involves coordination to the metal centre (as a Lewis 

acid) or hydrogen bonding with the ligand framework (Yoon’s strategy). Upon 

photoexcitation, the chiral metal complex bound with substrate becomes redox-active and 

initiates the reaction, either by single electron transfer (SET) or energy transfer. Because the 

substrate is already held in a chiral pocket, the reactive intermediate (radical, cation, etc.) 

formed after excitation undergoes diastereoselective steps as the substrate-catalyst complex 

is already entity and hence the consecutive reaction is diastereoselective, such as radical 

recombination, bond formation, or nucleophilic attack. Meggers’ pioneering studies revealed 

that Λ-51b efficiently catalyses the highly enantioselective -alkylation of 2-acylimidazolyl 

ketone 53 with electron deficient benzyl bromide 54 radical precursors, affording the α-

alkylated product 55 with excellent enantioselectivity (99% ee) (Scheme 6a).33 In follow-up 

studies, they utilized a modified analogue, Λ-51c, to achieve the enantioselective α-

trichloromethylation of N-phenyl-2-acylimidazoles 56, affording the enantiopure α-

trichloromethylated products 55 via the same mechanistic pathway (Scheme 6b).34 Using 

same strategy, they reported the desilylative oxidation of α-silyl amines 60 using the substrate 

59-bound chiral-at-metal Ir(III) complex Δ-51a as the active chiral photocatalyst (Scheme 

6c).35 Chiral-at-metal Rh(III) photocatalysts exhibit superior versatility over first generation 

iridium complexes. Using Λ-51a, N, N-dialkylaniline 62 was oxidized to a radical cation, which 

rapidly deprotonated to form an α-amino radical. Subsequent air oxidation generated an 

iminium ion that reacted asymmetrically with enolates from 59, affording product 63 in up to 

80% yield and 95% ee (Scheme 6d).36 A photogenerated alkyl radical from Hantzsch ester 66 

for asymmetric addition to α, β-unsaturated ketone derivatives 64, using the chiral-at-metal 

Rh(III) complex Λ-52a to obtain the product 63 was successful demonstrated by Megger’s 

group (Scheme 6e).37 Further, Meggers and co-workers reported the stereoselective 

asymmetric coupling of racemic α-chloro-imidazol-2-yl ketones 67 with N-arylglycines 68 

using the chiral photocatalyst ∆-52b (Scheme 6f).38 Upon photoexcitation, the chiral-at-

rhodium complex generates radicals from both substrates, which undergo enantioselective 

radical-radical coupling to afford β-amino ketone 69 with up to 93% ee. An asymmetric [3+2] 

cycloaddition was achieved using the chiral-at-Rh(III) photocatalyst Δ-52b, wherein 

cyclopropyl imidazolyl ketone 70 reacted with various alkenes and alkynes 71 to afford highly 
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enantioselective cyclopentanes and cyclopentenes 72 (Scheme 6g).39 Through a series of 

experiments, the authors have proposed a plausible mechanism for the catalytic reaction. X-

ray crystallographic analysis confirms that the substitutionally labile acetonitrile ligands of 

Λ/Δ-51/52 are replaced by the bidentate substrate while preserving the stereochemical 

integrity of the metal centre. In the presence of a base, deprotonation generates a chiral 

enolate complex. Furthermore, Stern-Volmer luminescence quenching studies, together with 

electrochemical measurements, suggest that this intermediate functions as the active 

photocatalyst, absorbing visible light to reduce the electron-deficient alkyl bromide. The 

resulting alkyl radical subsequently attacks the enolate within a chiral environment, affording 

the enantiopure product.

Scheme 6. Chiral-at-Metal complexes as discrete photocatalyst for asymmetric (a-g) -alkylation of ketones
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3.2. Iridium incorporated chiral metal complexes with H-bonding

Inspired by Meggers' work, Yoon developed Ir based chiral-at-metal complexes with 

hydrogen bonding facility through the ligand. They have followed the pre-association via 

hydrogen bonding strategy. The Ir(III) complex contains ligands that can form hydrogen bonds 

with carbonyl or amide-containing substrates. This pre-association orients the substrate in a 

defined spatial arrangement within the chiral pocket of the catalyst.  Upon irradiation with 

visible light (blue LED), the Ir(III) complex bound with substrate is excited to its triplet MLCT 

(metal-to-ligand charge transfer) state. This excited state has a long lifetime and can transfer 

energy to bound substrates. Unlike photoredox SET processes, Yoon’s approach often uses 

energy transfer to excite the bound alkene substrate to its triplet state, initiating [2+2] 

cycloaddition. The bound substrate undergoes triplet excitation while remaining hydrogen-

bonded and geometrically restricted. The excited substrate reacts with another alkene or a 

conjugated system in a [2+2] fashion, forming the cyclobutane ring. Because the substrate is 

fixed in the chiral environment during excitation and reaction, the cycloaddition proceeds 

with high facial selectivity, giving enantioselective cyclobutanes (Scheme 7). Using chiral 

iridium photosensitizer, Λ-73a, photocatalytic intramolecular asymmetric [2+2] cycloaddition 

of quinolone substrate 74 generated enantioselective cycloadduct 75 with excellent yield 

(>99%) and enantioselectivity (90%) (Scheme 7a).40 Computational studies, including DFT and 

transient absorption spectroscopy, have revealed that π-π stacking interactions between the 

Ir complex and the substrate further stabilize the complex and influence enantioselectivity. 

They further applied this strategy to the photocatalytic asymmetric intermolecular [2+2] 

cycloaddition between 3-isopropoxyquinolone 76 and maleimide 77. Using a slightly modified 

chiral photocatalyst, Λ-73b, the reaction delivered cyclobutane 78 in high yield with 

enantioselectivity of up to 97% ee (Scheme 7b).41   Mechanistic studies revealed a rebound 

pathway for this intermolecular [2+2] photocycloaddition. While the chiral Ir complex 

preferentially coordinates to quinolone 76, the energy transfer is directed to the maleimide 

77 partner. The resulting triplet-excited maleimide 79 then engages the bound quinolone 78 

in a stereoselective fashion, affording cyclobutane 78 with excellent enantioselectivity (up to 

97% ee). They next reported an enantioselective 6π photoelectrocyclization of substrates 79 

bearing a C-acylimidazole unit, enabled by a single hydrogen-bonding chiral Ir(III) 
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photosensitizer, Λ-73c (Scheme 7c).42 Key to this transformation was the rational design of a 

strong hydrogen-bonding interaction between the pyrazole moiety of the photocatalyst Λ-73c 

and the imidazolyl ketone group of the substrate. This interaction effectively controlled 

stereoselectivity, affording indoline products 80 in good yields with excellent enantiomeric 

excesses (>90%).
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Mechanism for [2+2] intermolecular photocycloaddtion

77

Yoon's Ir based chiral-at-metal complexes as chiral photosensitizerIntramoleculer [2+2] photocycloadditon

Intermoleculer [2+2] photocycloadditon

Intramoleculer [2+2] photocycloadditon

Intermoleculer [2+2] photocycloadditon

a)

b)

c)

d)

Scheme 7. Enantioselective (a) & (c) intra and (b) & (d) intermolecular [2+2] photocycloaddition with a 

chiral hydrogen-bonding iridium photosensitizer

3.3. Ruthenium/Iridium incorporated chiral metal complexes attached with chiral 

auxiliaries 

A few groups have developed Ir(III)/Ru(II)-based photosensitizers integrated with 

chiral hydrogen-bonding ligands for asymmetric photocatalysis. For instance, Bach and co-

workers introduced an iridium catalyst 86 bearing a chiral lactam-functionalized bipyridine 

ligand, which showed limited stereocontrol in the reductive cyclization of α-bromo carbonyls 

84, yielding cyclized product 85 with low enantioselectivity (<10% ee) due to competing 

hydride bromination (scheme 8a).43 However, better results were achieved in the energy-

transfer-mediated rearrangement of spiroepoxide 87, producing ketone 88  with excellent 
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yield and 29% ee (Scheme 8b). In a related strategy, Ceroni, Lombardo, and Cozzi developed 

a supramolecular photocatalyst 93 combining an Ir(III) sensitizer with a chiral imidazolidinone 

organocatalyst. This system enabled asymmetric alkylation of aldehydes 90 with bromo 

compound 36, achieving up to 84% yield and 70% ee of product 91 (Scheme 8c).44 Separate 

addition of the two components significantly reduced both yield (57%) and enantioselectivity 

(59%), highlighting the importance of spatial proximity. The mechanism involves 

photoinduced reductive quenching of the Ir(III) complex, generating an alkyl radical that 

reacts with an enamine intermediate, though no definitive evidence supports a radical chain 

process. Ohkubo and co-workers introduced chiral substituents on bipyridine ligands to 

develop Ru(II) complex 95 with enhanced stereocontrol. They further demonstrated that Δ-

95 catalyses the atroposelective oxidative coupling of 2-naphthol 93 to form BINOL 94 with 

33% yield and 16% ee (Scheme 8d).45, 46 The reaction proceeds via photoexcited Δ-95 

oxidation by Co(acac)3, generating Ru(III), which in turn oxidizes 93 to initiate the coupling.
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Asymmetric alkylation of aldehydes

Atroposelective oxidative coupling

Bach's iridinium based catalyst

Cozzi's supramolecular photocatalyst

Ohkubo Ruthenium based catalyst

a)

36

Scheme 8. Asymmetric (a) PET, (b) energy-transfer, (c) asymmetric alkylation and (d) atroposelective 
oxidative coupling reactions using a chiral hydrogen-bonding ligand.

3.4. Other Iridium/Rhodium incorporated chiral metal complexes 

A few groups have successfully applied chiral bifunctional photocatalysts that combine 

ionic interactions between a photosensitizer and a chiral catalyst for asymmetric C–C bond 

formation. Ooi and co-workers developed a system using a cationic Ir(III) photocatalyst 99 

paired with a chiral hydrogen-bonding borate counter anion for asymmetric [3+2] 

cycloaddition (Scheme 9a).47 The strained N-cyclopropylurea substrate 96 binds to the chiral 

borate 99, accelerating the reaction compared to the racemic Ir complex. Notably, the Ir 

centre’s chirality had no impact on selectivity, as both Δ and Λ isomers gave similar results. 
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The reaction proceeds via photoinduced oxidation of the borate-bound urea to form a radical-

ion pair intermediate, which selectively reacts with α-substituted styrene 97 to yield 

cyclopentane products 98 with up to 98% yield and 93% ee. This strategy enables efficient 

access to α-quaternary β-amino acids, key intermediates for β-peptides and peptidomimetics.

Separately, Melchiorre and co-workers reported enantioselective allylic substitutions using 

iridium complex with 103, which acts both as a privileged organometallic intermediate and a 

photoredox catalyst (Scheme 9b).48 Upon excitation, it oxidizes carbazoles 101 bearing 

cleavable redox auxiliaries, generating stabilized radicals that undergo enantioselective 

coupling with an (η³-allyl)Ir(II) complex via reductive elimination, affording product 102 in high 

yield and enantioselectivity.
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+
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intermediate
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Ph
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Cz RA

Ph

Cz

+
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up to 81% yield
88% ee

100 101 102
O
O

P N

103

Ir

Ph
Blue LED

(460 nm, 30 mW cm-2)

PET generated intermediate

b)

PO
O

N

103
Cl

Asymmetric [3+2] cycloaddition

a)

Enantioselective coupling

Melchiorre's Iridium based catalyst and complexes

Cz = Carbazole
RA = (Redox auxiliary) TMS, BF3K

Scheme 9. (a) Asymmetric [3+2] cycloaddition, (b) enantioselective coupling using Iridium-chiral 
borate ion pairs as chiral photocatalyst and (η3-alyl)iridium(III) photocatalyst.

Kang and co-workers developed an asymmetric conjugate radical addition of 

photogenerated α-amino radicals from tetrahydroisoquinoline 105 to α, β-unsaturated 2-

acylimidazoles 104 coordinated to a chiral rhodium catalyst (Λ-107), achieving excellent yields 

(up to 92%) and enantioselectivity (>99% ee) across various substrates (Scheme 10a).49 The 

reaction proceeds via ground-state complexation of 104 with Λ-107, followed by 

photoexcitation and single-electron reduction by 105 to generate the α-amino radical. This 

radical adds to the metal-bound substrate, forming a secondary radical that undergoes further 

reduction and protonation to yield product 106, completing the cycle. In a subsequent study, 

they applied Λ-107 to the asymmetric Giese addition of p-aminobenzyl radicals derived from 
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carboxylic acids 109 to α, β-unsaturated 2-acylimidazoles 108, affording product 110 in up to 

79% yield and 95% ee under visible light (Scheme 10b).50 

O
N

N
Ph +

N
-107 (2 mol%)

DCE, rt

O
N

N

N
Ph

72% yield, 93% ee

Ph

iPr
Ph

N

O tBu

O

N

RhIII
N C Me

N C Me

+
PF6

-

tBu

F3C CF3

104 105 106

-107

20 W Blue LED

F3C CF3

O
N

N +

-107 (2 mol%)

MeOH, rt, 12 h

79% yield, 95% ee

CF3

COOH

N
Ph

O
N

N

CF3

N
Ph

108 109 110

a)

b)

Conjugate addition of -amino radicals
Kang's chiral based Rhodium

chiral photocatalyst

Conjugate addition of -amino radicals

Scheme 10. Asymmetric photocatalytic (a) & (b) conjugate addition of α-amino radicals with Michael acceptors 

using photoactive rhodium-amine catalyst.

3.5. Copper incorporated chiral metal complexes 

Copper based photocatalysts have become popular materials for photoredox catalytic 

reactions due to their abundance, low cost, and ability to provide strong photoexcited 

reducing power.  Key characteristics of Cu(I) photocatalysts involve the production of radical 

species through the reduction of organic substrates upon photoexcitation, followed by the 

capture of the resulting radical and/or anionic species in a rebound process. The transient 

Cu(III) intermediate formed can undergo reductive elimination to yield cross-coupled 

products. Alternatively, the Cu(II) intermediate can exchange ligands with the radical to form 

cross-coupled products.51

In case of chiral photocatalysis, majority of the reported photoactive chiral copper 

based photocatalysts involves the use chiral ligands for the stereocontrol of organic reactions. 

This because of the tetrahedral copper complexes readily undergo fast ligand exchange, which 

prevents the exploitation of any metal-centred chirality.52 Bach and co-workers reported the 

photocatalytic electrocyclization of 6π system 111 using Cu(II)-Chiral BOX ligand 113 (Scheme 

11).53 As the substrate co-ordinate with the copper centre of the photocatalyst, a 

bathochromic shift is observed in the absorption spectra of the substrate. Using in-situ 

generated photocatalyst with 50 mol% of Cu(ClO4).6H2O and 60 mol% of chiral BOX ligand 

113, they achieved up to 40% ee and 53% yield of the cyclized product 112. 
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O

Bn

Enatioselective 6- Photoelectrocyclization BOX Ligand
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Scheme 11. Enantioselective 6π- Photoelectrocyclization using BOX Ligand

Xu, Wang, and co-workers later reported a chiral photocatalytic method for the 

asymmetric cyanofluoroalkylation of styrene 115, using a chiral BOX ligand 118 with CuI 

(Scheme 12a).54 The active photocatalyst, an in-situ generated complex of the chiral BOX 

ligand 118 and CuI, exhibited a high reduction potential in its excited state (-2.24 V vs SCE). 

This allowed for the generation of an alkyl radical from perfluoroalkyl iodide 117 (-1.32 V vs 

SCE), resulting in the formation of product 117 (scheme 12d) with 88% yield and 93% 

enantiomeric excess (ee). Xu and Wang reported the enantioselective C(sp3)-H alkylation of 

quinolinyl-appended glycinate ester 120 using NHP ester 120 as the alkyl radical precursor 

(Scheme 12b).55 Coordination of 120 to a chiral phosphine-Cu(I) complex generates the 

photocatalyst in situ, while oxidative quenching by 119 furnishes the alkyl radical. The 

optimized reaction delivered the cross-coupled product 121 in 88% yield and 94% ee. 

Similarly, Liu developed an asymmetric alkynylation of NHP esters 123 with a Cu(I)-acetylide 

complex bearing cinchona-derived N, N, P-ligand 126 (Scheme 12c).56 The use of naphthyl-

NHP ester 123 was crucial, as it suppressed Glaser homocoupling of alkyne 124 and radical 

dimerization of 123, likely by slowing quenching of the excited Cu complex relative to standard 

NHP esters. Control experiments showed that without ligand 126, only 10% of product 125 

was formed, highlighting the ligand’s key role in enhancing photocatalytic efficiency. 

Unfortunately, the homobenzylic substrates delivered a racemic coupling product 125a & 

125b.
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Scheme 12. Photocatalytic asymmetric (a) cyanofluoroalkylation of styrene, (b) oxidative quenching reaction, 

(c) alkenylation of NHP esters, (d) general mechanism of coupling reactions with copper(I) chiral photocatalyst.

Zhang and co-workers developed another chiral photocatalyst and this was applied for 

enantioselective dual carbofunctionalization of the styrene derivative 14 (Scheme 13a).57 

From the UV−vis experiments, they observed that the photocatalyst is generated from the 

aggregation of chiral t-Bu-BOPA ligand 130 and a nucleophile from alkyne 126 to the Cu(I)-

acetylide species leading to formation of enantioselective products 129 with up to 71% yield 

and 97% ee (Scheme13b). The co-ordination of alkyl halide 128 was confirmed by steady-state 

luminescence quenching study. 

NH

O N N O

t-Bu t-Bu

CF3

TIPS
TIPS H +

Cul ( 10 mol%)
130 (20 mol%)
K3PO4 (3 equiv)

24 h, CH3CN, 0 °C

71% yield, 97% ee t-Bu- DOPA
CF3CH2I

127

128

129

130

hv

Proposed Asymmetric
photocatalytic cycle

CuIXLnCuIX
base, Ln

R1 H

base

LnCuI R1
-

LnCuI R1
-
K+

LnCuIIX R1

R-I

R

SET

Ar
Ar

R Ar
R

LnCuIII R1

Ar
R

Ar

R

R1

*

40 W Blue LED

b)

a)

General mechanism asymmetric three component coupling reaction

Enantioselective dual carbofunctionalization t-Bu-BOPA ligand

R1 = H, Me, Ar..

14

Scheme 13. Photocatalytic asymmetric (a) dual carbofunctionalizations reaction, (b) general 
mechanism. 
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Gong and co-workers developed Cu(II) complex with the ligand 134/138 as chiral 

photocatalysts. This system was used for the photocatalytic asymmetric alkylation of imine 

133/135 with 132/135, producing enantioselective product 133/147 containing 

tetrasubstituted carbon centres with yields of up to 96% and an enantiomeric excess (ee) of 

98% of 134 and 77% yield, 93% ee of 137 respectively (Scheme 14).58 The mechanism involves 

photoexcited ligand-to-metal charge transfer (LMCT), which generates an alkyl radical. This 

radical then undergoes nucleophilic addition to the coordinated imine substrate, forming a 

nitrogen-centred radical stabilized by Cu(II), which is subsequently reduced by the Cu(I) 

complex. It is worth noting that the alkyl-substituted aldimine exhibited low reactivity under 

the standard reaction conditions. The desired product 137a was obtained in 73% yield with 

significantly reduced enantioselectivity (19% ee) at an elevated temperature of 25 °C over 40 

h. Furthermore, a bioactive dihydroquinoxazoline 137b was synthesized in 74% yield with 91% 

ee via a Pd-catalyzed intramolecular cross-coupling reaction of the corresponding 

enantiopure intermediate.
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24 W Blue LED
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O
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or133 137

Scheme 14. Photocatalytic asymmetric (a) & (b) alkylation of imine, (c) general mechanism of the reaction by 

chiral Cu(I)-BOX photocatalyst.

In a subsequent study, Gong and co-workers applied the same strategy to the 

asymmetric cross-coupling of 2-acylimidazole 139 with xanthene derivatives 140, using O₂ as 

the terminal oxidant to afford product 141 in up to 71% yield and 92% ee (Scheme 15).59 

Mechanistic insights from electrochemical and spectroscopic studies revealed that the chiral 

photocatalyst, a Cu(II)–BOX complex formed from Cu(BF₄)₂·H₂O and chiral ligand 142, initiates 

the reaction through oxidation of xanthene 140. Moreover, binding of the prochiral substrate 

139 by the Cu(II)–BOX complex provides the chiral environment necessary for 

enantioinduction for the synthesis of 141.

O
N

N

O

Et
ON

N

acetone, 25 °C, air, 48 h

Cu(BF4)2.H2O (15 mol%)
142 (17 mol%)+

71% yield, 92% ee

Ph
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N N

O

139 140 141 142

O Et
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Aerobic dehydrogenative cross coupling Go
ng'
s
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d

Scheme 15. Photocatalytic asymmetric aerobic dehydrogenative cross coupling

3.6. Nickel incorporated chiral metal complexes 
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Shen and co-workers developed a bifunctional Ni(II)–DBFOX complex, prepared from 

Ni(ClO₄)₂·6H₂O and the chiral DBFOX ligand 146. This complex acts simultaneously as a 

photoredox catalyst and a chiral Lewis acid, enabling the asymmetric addition of α-amino 

radicals derived from 144 to α, β-unsaturated compounds 143, a de-silylative photo-oxidation 

sspathway that generates the key α-amino radical intermediate affording product 145 

(Scheme 16).60 

N
N

O

Me + NTMS

Me

Ph
N
N

O Me
N

Ph

Me
O

O
N N

O

Ph Ph

Ni(ClO4)2.6H2O (10 mol%)
146 (12 mol%)

THF, Ar, 25 oC, 8 h

up to 95% yield, up to 91% ee

144143 145

146

24 W Blue LED

Addition of -amino radicals to , -unsaturated compounds Chiral DBFOX ligand

Scheme 16. Photocatalytic asymmetric addition of α-amino radicals to α, β-unsaturated carbonyl 
compounds

3.7. Lanthanide incorporated chiral metal complexes 

Only a limited number of chiral photocatalysts based on lanthanide coordination complexes 

have been reported for asymmetric photocatalytic carbon-carbon bond forming reaction. Liu, 

Feng, and co-workers developed such a system using a chiral Tb(III) complex, prepared from 

Tb(OTf)3 and chiral ligand 150, as a chiral photocatalyst for the asymmetric [2+2] cycloaddition 

of 2-cinnamoylpyridine 147 with dialkene 148. This method delivered the cycloadduct 149 in 

up to 92% enantiomeric excess (ee) and 60% yield (Scheme 17).61 The formation of the chiral 

Tb(III) complex was confirmed by UV-vis absorption spectroscopy. The heavy atom effect of 

Tb(III) promotes intersystem crossing (ISC), enabling efficient harvesting of the triplet state 

and driving the bimolecular reaction under photoexcitation. Single-crystal X-ray analysis of 

the in situ generated metal complex revealed an eight-coordinate, square-antiprismatic 

geometry. The proposed mechanism involves pre-association of the chiral Tb(III) complex with 

substrate 147 in the ground state, followed by excitation. After intersystem crossing, 

substrate 148 replaces the product 149 in the coordination sphere, thereby completing the 

catalytic cycle. 
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Scheme 17. Photocatalytic asymmetric [2+2] cycloadditions of 2-cinnamoylpyridine with dialkene.

3.8. Cobalt incorporated chiral metal complexes 

Lu, Xiao, and co-workers reported the development of a chiral octahedral cobalt(II) 

complex Δ-154 from earth-abundant cobalt(II) and bisoxazoline-type (BOX-like) N,N-bidentate 
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chelate) N4 ligands. The chiral Co(II) complex Δ-154 was demonstrated to function as a highly 

efficient catalyst for visible-light-induced conjugate addition reactions. Enone 151 undergoes 

asymmetric addition with acyl radicals that are generated in situ from the corresponding 

Hantzsch esters 152. The catalytic cycle proceeds under visible-light irradiation, where the 

Co(II) complex Δ-154 not only enables photoredox activation but also imparts stereocontrol 

through its chiral coordination environment to obtain enantioselective 1,4-dicarbonyl product 

153 with >99% yields along with 90% ee (Scheme 18).62
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-154 (8 mol%)
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151 152
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CH3

O
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N
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N
Ph O

CH3
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O
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N
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Ph
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Cl-
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H3C

Asymmetric photo-Giese reactions of alkyl radicals Co (II) complex

Scheme 18. Photocatalytic asymmetric photo-Giese reactions of alkyl radicals by chiral Co(II) photocatalyst

4. Summary and outlook: 

The field of chiral photocatalysis has witnessed remarkable growth in recent years, 

particularly in enabling asymmetric carbon-carbon (C-C) bond forming reactions under mild 

and sustainable conditions. These catalysts control their well-defined chiral environments to 

promote stereo-controlled C-C bond formation under mild photochemical conditions, 

reducing dependence on harsh reagents or elaborate reaction setups. Although many chiral 

photocatalysts were initially designed for thermal asymmetric transformations, their 

successful application in excited-state photocatalytic reactions has demonstrated remarkable 

control over stereochemistry, particularly in C-C bond-forming processes.

After these breakthroughs, a variety of chiral photocatalytic systems incorporating 

chromophores or chiral ligands, have been developed specifically for reactions that are 

challenging or inaccessible with ground-state catalysis. Notably, Bach’s and Meggers’ group 

have made significant contributions through the development of chiral organo-photocatalysts 

and chiral-at-metal complexes which act as photoactive chiral molecules in enantioselective 
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C-C bond-forming reactions. In parallel, other strategies have employed dual catalysts, where 

a chiral catalyst is attached to a photocatalyst to guide asymmetric induction during C-C 

coupling. Yoon’s group has also advanced the field with hydrogen-bonding chiral-at-metal 

photocatalysts, enabling highly stereoselective cycloadditions and related C-C bond 

formations. Despite differences in mechanistic pathways and structural designs, a key aspect 

underlying successful enantioselective C-C bond formation is the pre-association of substrates 

with the chiral catalyst in the ground state, which facilitates chiral induction upon 

photoexcitation and helps suppress racemic background reactions. The continued evolution 

of photoactive chiral systems has massively expanded the synthetic approaches for 

constructing complex, enantioselective carbon frameworks. As the field advances, chiral 

photocatalysts are expected to remain central to the development of selective and scalable 

synthetic methods for asymmetric C-C bond formation. 

In terms of atom economy and reaction efficiency, both organic and metal-based 

photocatalysts effectively promote bond formation under light irradiation. Organic 

photocatalysts, often provide high selectivity with minimal side reactions. In contrast, metal-

based photocatalysts, particularly transition-metal complexes, though relatively expensive, 

possess well-defined redox properties and efficiently mediate single-electron transfer 

processes, enabling broad substrate scope and high enantioselectivity in asymmetric 

transformations. From a sustainability perspective, organic photocatalysts are generally 

considered more environmentally benign due to their metal-free nature, lower toxicity, and 

compatibility with visible light and green solvents. Regarding practical implementation and 

scalability, organic photocatalysts typically operate under mild conditions, improving energy 

efficiency and reducing operational costs. While metal-based systems offer superior catalytic 

control, challenges associated with catalyst recovery and recycling may limit their industrial 

applicability. In this context, metal-free and immobilized catalytic systems, such as those 

based on chiral COFs, offer advantages in recyclability and simplified purification, making 

them attractive for scalable processes.

Future efforts will focus on enhancing yields, enantiomeric excess (ee), and 

operational stability, with particular emphasis on designing robust, tuneable photocatalysts 

capable of long-term use under visible light. These developments will be critical for enabling 

industrial-scale applications, especially in pharmaceutical synthesis, where precise control 
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over stereochemistry is essential. Moreover, chiral photocatalysts are anticipated to impact 

materials science, facilitating the creation of enantioselective polymers and chiral surfaces for 

use in sensors, optoelectronics, and other advanced technologies.  Improving photocatalyst 

stability and resistance to photodegradation will be crucial to unlocking the full potential of 

asymmetric C-C bond formation in photocatalytic systems.
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