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Abstract 
Photoenzymatic catalysis has become an emerging field in organic synthetic 
chemistry that provides eco-friendly alternatives to traditional methods. This 
comprehensive review examines the developing field of photoenzymatic ca-
talysis, categorized by reaction types and focusing on its application in or-
ganic synthesis. This article highlights recent advances in the use of photoen-
zymatic reactions in carbon-carbon cross-coupling, ketone and alkene reduc-
tion, hydroamination, and hydrosulfonylation, mostly by flavin-dependent 
“ene”-reductases and nitroreductases. In each case, we exemplified the sub-
strate scope that produces products with high yield and enantioselectivity. 
Additionally, the emerging trends in developing new enzymatic variants and 
novel reaction pathways that broaden the scope and enhance yield of these 
reactions were discussed. 
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1. Introduction 

In recent years, application of photo-induced enzymatic reactions for organic 
synthesis has emerged as a vibrant field of research, not only for clean and ab-
undant energy source of light with the principles of green chemistry [1] but also 
for its remarkable selectivity and specificity [2] [3], enabling the targeted trans-
formation of substrates into desired products with minimal by-products. Bioca-
talysis, the use of enzymes to catalyze the chemical reaction under mild condi-
tions (aqueous solvent system, pH, temperature, and pressure), is more envi-
ronmentally benign than the extreme conditions required in the traditional 
chemical reactions performed in organic solvents, which in most cases would be 
the use of metal catalysts. [4] [5] Additionally, enantiomerically pure com-
pounds can be obtained with the unparalleled chemo-, regio-, and stereoselectiv-
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ity of enzymes. [6] [7] 
Driven in part by the characteristic advantages of photoenzymatic reactions 

described above, this surge of interest has led to the development of an increas-
ing number of photoenzymatic methodologies. In this review, we covered the 
latest (mostly within the past five years) innovations of reaction develop-
ment-carbon-carbon cross coupling formation with intermolecular reaction and 
intramolecular reactions, reduction reaction mainly with ketone reduction and 
alkene reduction, hydroamination reaction, and hydrosulfonylation reaction, 
and pioneering developments at the principle and methodology aspects. We aim 
to showcase the versatility of the photoenzymatic reaction with different types of 
biocatalysis by exploring the substrate scope with moderate to high yields and 
high levels of enantioselectivity. 

2. Carbon-Carbon Cross Coupling 

By promoting the formation of asymmetric radical intermediates with the pho-
toexcitation of flavin-dependent “ene”-reductases (EREDs), a single electron 
transfer occurs through an electron donor-acceptor complex, which forms be-
tween the substrate and the reduced flavin cofactor at the enzyme active site, 
followed by hydrogen atom transfer (HAT). This naturally present pho-
to-induced enzymatic ligation of carbon-carbon bonds has now been applied to 
synthetic organic chemistry for a wide range of substrates. 

2.1. Intermolecular Reaction 
2.1.1. Alkene Functionalization 
In 2023, Li group demonstrated remote stereocontrol with azaarenes 1-1 via a 
flavin mononucleotide (FMN)-dependent ERED system through HAT under the 
reduction of the glucose dehydrogenase (GDH)/nicotinamide adenine dinucleo-
tide phosphate (NADP+)/glucose (Glu) system, yielding γ-stereocenter 1-3. [8] 
In the Glu/GDH/NADP+ system, Glu functions as a substrate for GDH, facili-
tating the conversion of NADP+ into its reduced form, NADPH, thus reducing 
FMN into FMN hydroquinone (FMNhq) conversely within the OYE1 cofactor 
recycling framework. The reaction utilized in situ generated deuterated FMND, 
derived from D-Glu, achieving products with high yields and high level of 
enantioselectivity. Examining the scope, reaction tolerates α-methyl styrene 
with different substituents, different substituted 2-bromomethyl pyridines, and 
4-bromomethyl pyridine with different substituents and the groups (-Me and 
-Cl) at the 2-position (Figure 1). 

Another study reported an enantioselective photoinduced radical hydroalky-
lation of alkenes catalyzed by EREDs with Glu/GDH/NADP+ framework, 
achieving synthesis of γ-chiral carbonyl compounds 2-3 [9]. For substrate scope, 
the enzyme is tolerant to a variety of α-bromo and α-chloro aryl ketones 2-4, 
amides, esters, and different classes of alkenes (α-methyl aryl substituted ethy-
lenes); however, an aliphatic alkene and an internal alkene furnished with poor 
enantioselectivity (Figure 2). 
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Figure 1. Enantioselective radical hydroalkylation of azaarenes. (a) Reaction conditions and (b) Represent-
ative reaction scope. 

 

 

Figure 2. Enantioselective intermolecular radical hydroalkylation of α-halo carbonyls. (a) 
Reaction conditions and (b) Representative reaction scope. 
 

Another enantioselective intermolecular radical conjugate addition under 
synergistics interaction of light excitation and nicotinamide-dependent ketore-
ductases (KREDs) is reported by Zhao’s group. [10] The reaction starts the for-
mation of an EDA complex between KRED-bound NADPH and the elec-
tron-deficient radical precursor under visible light, generating the radical within 
the KRED active site, thus conjugating addition to terminal alkene, followed by 
HAT to yield the chiral stereocentres 3-3. The substrates bearing different radi-
cals from primary to ternary achieve moderate yields in high levels of enantiose-
lectivity (Figure 3). 

In 2024, Fu and co-workers reported a decarboxylative alkylation with an ex-
ogenous ( )2

3Ru bpy +  cofactor and flavin-dependent EREDs (old yellow enzyme 
3 (OYE3) for the formation of S-enantiomer 4-3 and GluER-T36A for the for-
mation of R-enantiomer 4-4). [11] Investigating the scope, Fu team explores 
substrates bearing different substituents at different positions on pyridine ring, 
and pyrazines, which afford S-enantiomers (Figure 4). 
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Figure 3. Enantioselective intermolecular radical conjugate addition of N-(Acyloxy)phthalimides. 
X for H, MeO, etc. (a) Reaction conditions and (b) Representative reaction scope. 

 

 

Figure 4. Enantioselective decarboxylative alkylation. (a) Reaction conditions and (b) Representative reaction scope. 
 

In 2023, Bender and Hyster presented the enantioselective alkene hydroalky-
lation with electron-deficient heterocycles 5-1 by using pyridylmethyl radicals 
and EREDs under visible light, yielding γ-stereocenter 5-3. [12] The enzyme is 

https://doi.org/10.4236/ijoc.2024.142004


C. Y. Xiang 
 

 

DOI: 10.4236/ijoc.2024.142004 73 International Journal of Organic Chemistry 
 

limited to work on the substrates bearing a methyl substituent on the pyridyl 
ring and the 2,6-dimethyl substituent 5-4 (Figure 5). 

The Ouyang group reported an asymmetric carbohydroxylation of alkenes for 
the production of tertiary alcohols, catalyzed by flavin-dependent EREDs and 
light irritation. [13] The methodology uses a 5-endo-trig cyclization mechanism 
to terminate radicals and form the tertiary alcohols, differing from HAT. The 
substrates encompass olefins with EDGS at the para positions 6-4, and alkenes 
with various electronic substituents 6-5, provide products in modest to good 
yields with high levels of enantioselectivity; however, bulky aromatic groups 
(naphthyl groups and benzofurans) led to lower yields (Figure 6). 
 

 

Figure 5. Alkene hydroalkylation. X for H and 2,6-Me. (a) Reaction conditions and (b) Representative reac-
tion scope. 

 

 

Figure 6. Asymmetric Carbohydroxylation of Alkenes. (a) Reaction conditions and (b) Representative reaction 
scope. 
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In 2023, Huang group reported stereocontrolled intermolecular radical hy-
droarylation of alkenes with electron-rich arenes under direct visible-light-excitied 
flavoproteins (Figure 7). [14] The reaction proceeds through a single electron 
oxidation of arenes catalyzed by flavin-dependent EREDs under visible-light ac-
tivation 7-4, generating aryl radical cations, followed by C(sp2)–C(sp3) 
bond-forming 7-7, thus yielding products 7-8 in a redox-neutral. The substrate 
scope accommodates a variety of methyl styrenes with different substituents 
(functional groups at the para/meta/ortho position of phenyl group 7-9, thienyl, 
and benzofuranyl) and electron-rich arenes, using different ERED variants for 
both enantiomers (GluER, GluER_T36A-Y177F, OYE1_F296A, and OYE1_F296G). 

2.1.2. Acylation 
Acylation is the addition of an acyl group to a structure. In 2024, Huang’s group 
reported an unnatural enantioselective radical acyl transfer with synergistic 
combination of thiamine diphosphate (ThDP)-dependent enzymes and an or-
ganophotoredox catalyst (Figure 8). [15] The reaction proceeds through single 
electron oxidation to form enzyme-bound ThDP-derived ketyl radicals, cross- 
coupling with prochiral alkyl radicals, thus forming chiral ketones 8-3 with high 
enantioselectivity. Moreover, Huang’s group extends the scope of reaction under 
the substrates bearing aromatic aldehydes with different substituents (both elec-
tron-donating (EDGs) and electron-withdrawing groups (EWGs) at para position 
8-4, and halogens). 

2.1.3. Alkylation 
The general alkylation is a chemical process that substitutes halogen atom to 
form bond between two reactant molecules. In photoenzymatic reactions, it will 
form radicals for transferring alkyl groups after losing halogen atoms. By pho-
toexcitation of the enzyme-templated charge-transfer (CT) complex between an 
alkyl halide, conjugation partner, and flavin cofactors, the reaction proceeds 
through reduction of alkyl halide to generate corresponding radicals, yielding 
the cross-coupled product. In 2023, Page group reported a biocatalyst-controlled 
method for the regioselective radical alkylation of both electron-rich and elec-
tron-deficient heteroarenes 9-2 upon the evolved ERED variants. [16] The reac-
tion alkylates the C4 position of indole with radical formation to obtain the de-
sired products. The substrate scope explored a variety of α-chloroamides, elec-
tron-rich, and electron-deficient arenes, alkylating at elusive positions of indole 
and quinoline (Figure 9). 

Another parallel study, conducted by Fu and co-workers, reported a highly 
chemo- and stereoselective C-alkylation for tertiary nitroalkanes 10-2 and alkyl 
halides 10-1 with EREDs [17] Investigating scope, an array of α-benzyl nitroal-
kanes possessing different substituents and larger ethyl groups, heterocycles (py-
ridine, pyrazine, and thiophene), and linear and cyclic aliphatic nitroalkanes, 
were obtained in high levels of enantioselectivity. Moreover, substrates possess-
ing different EDGs or EWGs at the para/meta/ortho position 10-4 and a variety 
of heterocycles 10-5 are investigated for expanding the scope (Figure 10). 
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Figure 7. Redox-neutral asymmetric radical hydroarylation. (a) Reaction conditions; (b) Proposed Mechanism; (c) Represent-
ative reaction scope. 
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Figure 8. An enantioselective radical acylation. (a) Reaction conditions and (b) Representative reac-
tion scope. 

 

 

Figure 9. alkylation of heteroarenes. (a) Reaction conditions. 

2.1.4. Cross-Electrophile Couplings (XECs) 
A novel photoenzymatic asymmetric C(sp3)–C(sp3) XEC using flavin-dependent 
EREDs, facilitating chemoselective and enantioselective coupling between alkyl 
halides 11-1 and nitroalkanes 11-2, is presented by Fu et al. [18] The reaction 
proceeds through alkyl radical reacts with in situ-generated nitronate to form a 
nitro radical anion, thus yielding the cross-coupled product 11-3. The substrate 
scope encompasses various α-aryl nitroethanes possessing different substituents 
at meta or para positions 11-4, extending to various heterocycles 11-5, and ter-
nary amides 11-6 (Figure 11). 
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Figure 10. C-alkylation of nitroalkanes. (a) Reaction conditions and (b) Representative reaction scope. 
 

 

Figure 11. C(sp3)–C(sp3) XEC. (a) Reaction conditions and (b) Representative reaction scope. 

2.2. Intramolecular Cyclization 

Intramolecular cyclization in this context involves the reaction between an al-
kene moiety and a halogen-attached carbon within the same molecule to form a 
cyclic structure. In 2020, Hyster, Black, and co-workers found a redox-neutral 
radical cyclization of α-haloamides 12-1. [19] This reaction 12-3 occurs via elec-
tron transfer from flavin hydroquinone (FMNhq) to the substrate, reducing 
α-halo-β-amidoesters, forming an α-acyl radical, upon oxidation of the resulting 
vinylogous α-amido radical, followed by hydrogen atom transfer from the flavin 
semiquinone (FMNsq), affording the product, 3,3-disubstituted oxindoles. The 
FMNsq needs to serve as oxidant for desired transformation. Furthermore, Hys-
ter’s team focuses on the scope of this cyclization for substrates bearing longer 
linear groups 12-4, a variety of easter substituents, and different electron-donating 
substituents on para-substituted aromatic rings 12-5 (Figure 12). 
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Figure 12. Asymmetric redox-neutral radical cyclization. SET, single electron transfer. (a) 
Reaction conditions; (b) Proposed Mechanism; (c) Representative reaction scope. 

 
In 2019, Hyster’s team demonstrated a novel approach where photoexcitation 

of flavin-dependent EREDs enables asymmetric radical cyclization (Figure 13). 
[20] This methodology enables the precise construction of lactams with various 
ring sizes with stereochemical preferences dictated by the active site of the en-
zyme. Hyster’s team extended scope to access several different cyclization modes 
that encompass a range of aromatic and alkyl-substituted alkenes, effectively 
producing five- 13-3 to eight-membered lactams and spanning from exo- to 
endo-trig. Various catalysts (GluER-T36A and LacER (Lactobacillus casei)) were 
used for desired transformation (Figure 13). 
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Figure 13. A stereoselective radical cyclization. (a) Reaction conditions and (b) Repre-
sentative reaction scope. 
 

A study of the photoenzymatic generation of unstabilized alkyl radicals for 
asymmetric reductive cyclization, using alkyl iodides 14-1 as precursors, is pre-
sented (Clayman & Hyster, 2020) (Figure 14). [21] The reaction utilizes fla-
vin-dependent EREDs as catalysts, irradiated with light, to facilitate electron 
transfer within a CT complex formed between flavin and substrate. Optimizing 
the scope of reactions, the reaction is explored within GluER-Y177F from five- 
to six-membered substrates, possessing the different substituents, functional 
groups (an alkene and alkyl bromide) at the α-position, and heteroatoms pro-
vide 5-exo-trig substrates 14-3 and 6-exo-trig substrates 14-4 (Figure 14). 
 

 

Figure 14. An asymmetric reductive cyclization. (a) Reaction conditions and (b) Repre-
sentative reaction scope. 
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In 2023, Rao and co-workers reported a novel radical-mediated photoenzy-
matic synthesis of oxygen-containing benzo-fused heterocycles with fa-
vin-dependent ERED, GluER (Figure 15). [22] Leveraging structure-guided en-
gineering of GluER, it effectively synthesizes various benzoxepinones, chroma-
none, and indanone. Investigating the substrate scope, Rao’s team further stu-
dies the substrates bearing different methyl group substituents at the para 15-3 
or meta 15-4 position and the acetophenone moiety 15-5 at different positions 
(Figure 15). 
 

 

Figure 15. Enantioselective synthesis of oxygen-containing benzo-fused heterocycles. (a) 
Reaction conditions and (b) Representative reaction scope. 

3. Reduction Reaction 
3.1. Ketone Reduction 

Ketone reduction is a chemical process of converting ketones into alcohols. The 
mechanism of currently developed reactions capitalizes on the synergistic inter-
play between photocatalysis and biocatalysis, where a photocatalyst, upon exci-
tation by blue light, donates an electron to the bound ketone, generating a ketyl 
radical that is subsequently quenched by a hydrogen atom from the reduced fla-
vin, thus forming the alcohol product. In 2022, Poelarends et al. showcases the 
chemo- and enantioselective photoenzymatic ketone reductions facilitated by a 
promiscuous flavin-dependent nitroreductase, BaNTR1. [23] The methodology 
provides products in high level of enantiopurity without affecting the C=C or C≡C 
bonds. Expanding the scope, the enzyme is tolerant with substrates encompass-
ing various substituted acetophenones 16-3 and α,β-unsaturated ketone 16-4 
(Figure 16). 

In a parallel vein of research, Sandoval et al. demonstrated the reduction of 
aromatic ketones 17-1 into alcohol 17-2 in presence of photoredox catalysts 
with flavin-dependent EREDs, allowing native and non-natural mechanisms to 
occur simultaneously without modification of enzymes. [24] For the substrate 
scope, substrates are examined with MorB and Ru(bpy)3Cl2, bearing different 
EWGs 17-3 at para and meta positions and naphthyl ketone 17-4 (Figure 17). 
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Figure 16. Ketone reductions catalyzed by a promiscuous flavin-dependent nitroreduc-
tase. (a) Reaction conditions and (b) Representative reaction scope. 
 

 

Figure 17. Radical-mediated ketone reduction. (a) Reaction conditions and (b) Repre-
sentative reaction scope. 

3.2. Alkene Reduction 

Alkene reduction is a chemical process of reducing alkene into alkane. In 2020, 
Nakano et al. showcases a novel approach to the photoenzymatic reduction of 
vinyl pyridines 18-1 through a radical mechanism without depending on native 
hydride transfer (Figure 18). [25] The reaction is achieved through a synergistic 
combination of flavin-dependent EREDs and photoredox catalysis under visible 
light, proceeding via a radical mechanism initiated by single electron reduction 
to the form a radical, followed by HAT, resulting in the reduced product 18-2. 
The reaction is further explored the substrates, bearing a variety of vinyl pyri-
dines with EDGs or EWGs at para or meta positions on the aromatic ring 18-3 
and different groups (3-thiophenyl groups 18-4), and heteroaromatic substitu-
ents (vinyl and thiazoles groups 18-5). 
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Figure 18. Hydrogenation of heteroaromatic olefins. (a) Reaction conditions and (b) 
Representative reaction scope. 
 

Another study, conducted by Sandoval et al., introduces a method for alkene 
reduction via direct excitation of flavin hydroquinone within the active sites of 
EREDs. [26] The key innovation here is leveraging photoinduced electron trans-
fer as a means to generate radical intermediates from alkenes, which are then 
reduced in an enzymatically controlled environment. The enzyme is tolerant to a 
variety of cyclic 19-3 and acyclic amides 19-4, and aliphatic substituents 19-5 at 
para or meta position (Figure 19). 
 

 

Figure 19. Alkene reduction. (a) Reaction conditions and (b) Representative reaction 
scope. 

3.3. Reduction of Nitro Compounds 

The study by Alejandro Prats Luján et al. presents a light-powered photoenzy-
matic synthesis of both aliphatic and aromatic nitro products. [27] The reaction 
proceeds through reduction of nitro compounds catalyzed by light irritation and 
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nitroreductase from BaNTR1 and Enterobacter cloacae (EcNR) with a photoca-
talytic system based on chlorophyll, thus yielding the desired series of products 
(Figure 20). 
 

 

Figure 20. Selective reduction of aliphatic and aromatic nitro compounds. (a) Reaction 
conditions and (b) Representative reaction scope. 

3.3.1. Synthesis of Aromatic Amines 
The reaction reduces various nitroarenes 20-1 into aromatic amines 20-2, em-
ploying BaNTR1 with chlorophyll under white light. This process is tolerant to 
electronically diverse nitroarenes bearing EDGs or EWGs, dinitrobenzenes 20-6, 
and heteroarenes, with conversion up to 99%. 

3.3.2. Synthesis of Aromatic Azoxy and Azo Compounds 
The reduction proceeds through the formation of azoxy intermediates 20-3 from 
nitroarenes, which can be further selectively reduced to azo compounds 20-4 
with chlorophyll and BaNTR1 under red light, employing an oxidant (O2 or 
H2O2). For desired aromatic azoxy and azo products, the reaction achieved 
moderate to high yields and promising levels of conversions (>99%) with sub-
strates contain EDGs or EWGs. 
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3.3.3. Synthesis of Aliphatic Amines 
The reduction of nitroaliphatic into aliphatic amines 20-5 employs EcNR with 
chlorophyll and addition of ascorbic acid under red light. Selecting a variety of 
nitroalkenes 20-7 and nitroalkanes for scope, substrates possessing EDGs and 
EWGs at para or meta positions give production with conversion up to 97% and 
moderate to high yields (>72%). 

3.4. Reductive Dehalogenation 

Reductive dehalogenation is a reduction process that eliminates halogen atoms. 
In 2016, Emmanuel and co-workers demonstrated enzyme promiscuity through 
photoexcitation of KREDs. [28] The reaction proceeds through photoexcitation 
of KREDs with racemic lactone 21-1, transforming into initiators of radical spe-
cies through enantioselective radical dehalogenation of lactones with cofactor 
regeneration from NADP+ into NADPH, yielding chiral lactone 21-3. Exploring 
the scope, the six-membered lactones with different substituents (fluoro- or 
chloro-substituted and methyl at ortho and para position) 21-4 and five-membered 
lactones 21-5 are investigated with the presence of KRED-3 (Figure 21). 
 

 

Figure 21. Enantioselective radical dehalogenation of lactones. (a) Reaction conditions 
and (b) Representative reaction scope. 
 

A novel approach, conducted by Peng et al. in 2022, discovered a photoin-
duced synthesis of α-fluoroketones 22-2 using cyclohexanone monooxygenase 
(CHMO) through reductive dehalogenation via electron transfer/proton transfer 
mechanism under mild conditions. [29] For the exploration of scope, the sub-
strates handle different substituents (EDGs or EWGs on the phenyl ring), and 
five-membered ring (Figure 22). 
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Figure 22. Enantioselective reductive dehalogenation of α, α-halofluoroketones. (a) Reaction conditions. 

4. Carbon-Heteroatom Bond Formation 
4.1. Hydroamination Reaction 

Hydroamination reaction is a chemical process that adds an amine across an 
unsaturated bond to form a new C–N bond. In 2023, an innovative approach for 
hydroamination was developed by Ye et al., focusing on taming nitrogen-centred 
radicals (NCRs) with flavin-dependent EREDs. [30] The reaction starts with the 
selective generation of amidyl radicals within the active site of flavin-dependent 
EREDs, facilitated by an exogenous photoredox catalyst under visible light, fol-
lowed by HAT to form the desired C-N bond. The enzymes, YqjM and GluER, 
can catalyze both intramolecular and intermolecular hydroamination reactions 
with high enantioselectivity. The enzyme is tolerant to a variety of cyclizations 
from six- to seven-membered endo-trig lactams with halogens, EDGs, and 
EWGs 23-7 (Figure 23). 
 

 

Figure 23. Enantioselective hydroamination. (a) Reaction conditions and (b) Representative 
reaction scope. 
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4.2. Hydrosulfonylation Reaction 

Hydrosulfonylation reaction is a chemical process that involves the addition of 
sulfonyl groups to alkenes or alkynes, synthesizing chiral sulfones. In 2023, Xu’s 
team introduced a photoenzymatic approach for radical-mediated stereoselec-
tive hydrosulfonylation, employing engineered variants of EREDs as biocatalysts 
under visible light irradiation. [31] The reaction generates sulfonyl radicals from 
sulfonyl chloride substrates, then captured by alkenes positioned within the en-
zyme's active site, adding to the alkenes to form β-chiral sulfonyl compounds 
24-3, expanding scope of styrenes with different EDGs and EWGs at meta and 
para positions 24-4, heteroaromatic substructure 24-5 (Figure 24). 
 

 

Figure 24. Radical-mediated stereoselective hydrosulfonylation. (a) Reaction conditions 
and (b) Representative reaction scope. 
 

Another innovative oxidation-initiated photoenzymatic enantioselective hy-
drosulfonylation of olefins was developed by Ye and co-workers, using a novel 
mutant of GluER-W100F-W342F without formation of electron donor-acceptor 
complex and addition of cofactor regeneration mixture. [32] The reaction proceeds 
through single-electron oxidation to generate sulfonyl radicals, then adding to 
styrene to form prochiral radicals, followed by HAT to form chiral sulfones 
25-3. The scope accommodates diverse olefins and sulfinates, with olefins bear-
ing different substituents (EDGs and EWGs) across different positions on the 
aryl ring 25-4 and bulkier groups (naphthyl and benzothienyl). Both aryl sulfi-
nates bearing EDGs (Me, Et, NHAc, and OMe) or EWGs (F, OCF3, and Cl) at 
the para or meta position of arenes 25-5 and alkyl sulfinates (Figure 25). 

5. Technical Advances 

Due to the building interest in the combination of organic reactions and pho-
toenzymatic reactions, efforts have been made to investigate novel approaches to 
improve the utilization of photoenzymatic reaction under different conditions 
by testing catalysis, EREDs, etc. Discovering regeneration of active reduced form 
of cofactor, an example of photoenzymatic selective epoxidation, hydroxylation 
or halogenation reactions, using two-component-diffusible-flavomonooxygenases,  
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Figure 25. Oxidation-initiated photoenzymatic enantioselective hydrosulfonylation. (a) Reaction conditions and 
(b) Representative reaction scope. 

 
achieved by direct photochemical regeneration of the reduced form of flavin 
adenine dinucleotide [33]. Another innovation for regenerating the reduced fla-
vin directly through ketone reduction enables enzymes to catalyze reduction of 
conjugated C=C double bonds continuously without the use of nicotinamide 
cofactors [34]. 

Testing new creations of ERED for the future design, gluconobacter ERED 
conjugates, covalently linking a light antenna, facilitate efficient energy transfer 
from the light-harvesting components to the photoenzyme, resulting in a sub-
stantial reduction of required light intensity and high yields for both intermole-
cular and intramolecular reaction [35]. 

Exploring new use of enzymes, researchers propose the potential development 
of photoenzymatic reactions, including new reaction pathways and new reac-
tions. For new reaction pathways to offer alternatives, one is the synthesis of hy-
drocarbon from carboxylic acid with photodecarboxylase from Chlorella varia-
bilis NC64A by employing the decoy molecule approach beyond its natural pre-
ference for long-chain fatty acid [36] Another new reaction pathway for 
light-induced electron transfer from histidine to flavin behind the photodecar-
boxylation catalyzed by lactate monooxygenase [37]. It claimed that other flavo-
proteins could facilitate light-driven oxidative decarboxylation chemistry if the 
relationship between substrate, bearing carboxyl groups, and cofactor satisfies 
certain spatial criteria. In 2019, Yang group demonstrated a novel reaction 
pathway of generating homolytic S–CH3 bond cleavage of S-adenosyl-L-methionine 
(SAM) under low-temperature photoinduced electron transfer with a Radical 
SAM enzyme could generate a methyl radical directly from SAM. [38] For new 
reactions, an environmental friendly Hunsdiecker-Borodin-type halodecarbox-
ylation of producing vinyl halides from α,β-unsaturated carboxylic acids with 
vanadate-dependent chloroperoxidase, serving as biocatalyst, blue-LED, oxygen 
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and organic solvent in a biphasic system presented the possibility of photoenzy-
matic generation of electrophilic halide species in situ [39]. 

One innovation for enhancing the conversion of efficient photoenzymatic ca-
talysis is the use of covalent organic frameworks (COFs), achieving a dramatic 
improvement of NADH regeneration [40]. It transforms two imine-linked COFs 
into ultrastable and π-conjugated fused-aromatic thieno [3,2-c]pyridine-linked 
COFs through a postoxidative cyclization process.  

6. Conclusion and Outlook 

The recent research showcases a significant promotion and attention to the ap-
plications of convergence of enzymatic catalysis and photochemistry in pho-
toenzymatic reactions. Such advancements highlighted in this review investigate 
the catalytic activities of photoenzymes, particularly in the realm of EREDs and 
photodecarboxylase, expand the scope of reactivities–such as Carbon-Carbon 
and C-N/S bond formation, alkene functionalization, and C-H activation–and 
improve efficiency with moderate to high yields and high enantiomeric ratios. 
The Glu/GDH/NADP+ framework has proven to be a viable pathway for rege-
nerating the reduced cofactor to supply efficient photoenzymatic catalysis, which 
rarely works in the intramolecular reactions. 

Albeit with the developments, we expect the broader use of photoenzymatic 
reactions in new chemical spaces to furnish alternatives to pressing challenges in 
sustainable synthesis. For example, the challenging C-C formation involving 
long aliphatic chain substrates for study of fundamental biological processes re-
lies on metal catalysis to date as used by Zhang et al., photoenzymatic catalysis 
could be the beneficial and sustainable alternatives for the further investigation. 
[41] From the perspective of this review, we see several emerging research direc-
tions to advance, creating new ERED variants from existing enzymes, exploring 
more cross-coupling reactions with generating radicals or activating inert chem-
ical bond, investigating the effects of synergistic combination of photoenzymes 
and organocatalysis, and maximizing light penetration.  
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