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Chromenes represent a biologically significant family of hetero-
cycles, widely present in pharmaceutical compounds and sec-
ondary metabolites. Their importance in synthesis and medicinal
chemistry has driven continuous efforts to develop advanced
and efficient synthetic methodologies. Over the past decade,
photoredox catalysis has revolutionized Organic Synthesis, offer-
ing innovative and sustainable strategies for the construction
and functionalization of complex molecules. The synthesis of

1. Introduction

Chromenes are a prominent class of heterocyclic compounds
with simple structures and a wide range of biological profiles,
often serving as pharmacophores in numerous essential drugs.™
They exhibit a broad spectrum of pharmaceutical and biological
activities, including anti-inflammatory, antioxidant, antifungal,
anti-Human Immunodeficiency Virus, anti-Alzheimer, and anti-
cancer properties.l”) Beyond their pharmacological significance,
the chromene scaffold also forms the backbone of various fluo-
rescent molecules, particularly valuable in biological systems and
material science.!

Chromenes are bicyclic oxygen-containing heterocycles com-
prising a 1-benzopyran moiety formed by a pyran ring fused to
a benzene ring at the 5,6-position. These structures give rise
to four common structural motifs, each with unique proper-
ties and potential applications, distinguished by the location of
the unsaturation in the pyran ring and the presence and rela-
tive position of a carbonyl group (Figure 1). In 2H-chromenes,
the double bond is at the 3,4-position within the pyran ring,
whereas 4H-chromenes display the double bond at the 23-
position. 4H-chromen-4-ones and 2H-chromen-2-ones, which are
characterized by having a carbonyl function, are usually denoted
as chromones and coumarins, respectively.

Given their importance, there has been a continuous focus
on developing general, straightforward, and efficient synthetic
strategies to prepare chromene derivatives.* However, the
growing emphasis on more sustainable chemical processes
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chromene derivatives has greatly benefited from the integra-
tion of visible-light-promoted methodologies, which utilize light
as an abundant and non-toxic energy source, enabling greener
chemical transformations. In this review, the latest progress in
visible-light-mediated approaches for the synthesis of chromene
derivatives, along with the photochemical reactivity of these
relevant frameworks, are summarized.

has revealed the limitations of traditional methods in aligning
with green chemistry for chromene synthesis. Therefore, the
challenge of achieving more convenient and environmentally
friendly approaches to achieve chromene analogs from readily
available starting materials has become a significant area of
interest.

Photocatalysis has emerged as a powerful synthetic tool in
organic chemistry, offering new ways to access reactive interme-
diates under mild conditions.”) Through photoredox catalysis,
visible light is efficiently converted into chemical energy using
photoexcitable catalysts, which allows the catalytic generation
of reactive radical species without the need for harsh reagents
or extreme conditions.[®! A key factor in the rapid progression of
this field has been the discovery of metal complexes and organic
photocatalysts capable of harnessing visible light to facilitate
single-electron transfer (SET) processes under exceptionally mild
conditions. Nowadays, synthetic chemists have at their disposal
a wide variety of organometallic and organic photocatalysts with
different photophysical and electrochemical properties, which
allow their reactivity to be tuned (Figure 2).

Upon excitation, these catalysts can participate in SET events
with organic/organometallic substrates, enabling the formation
of highly reactive species and unlocking bond disconnections
previously unattainable through traditional two-electron path-
ways. Here, irradiation with visible light, at wavelengths where
common organic molecules do not absorb, results in a selec-
tive excitation of the photoredox catalyst. The resulting excited
species can simultaneously act as strong oxidants and strong
reducers, which is unique in Organic Chemistry. In fact, this
electronic duality is in direct contrast to traditional redox reac-
tions where the reaction medium can be either oxidizing or
reducing (but not both), thereby giving access to previously
inaccessible neutral redox reactions (Scheme 1). Moreover, the
radical species generated upon visible-light irradiation can trig-
ger cascade processes, delivering complex and densely func-
tionalized cyclic architectures in a single step and with high
efficiency.”!

Along with its synthetic advantages, photocatalysis brings
clear benefits for sustainability, fulfilling several principles
of Green Chemistry and promoting greener opportunities
for organic synthesis.’®! By using light as an energy source,
chemical transformations are conducted more efficiently,
minimizing the use of harmful reagents and reducing waste
generation.

With the increasing interest in photocatalysis for its ability to
facilitate more eco-friendly chemical processes, researchers have
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Figure 1. General structure and classification of chromenes.
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turned their attention to visible-light-induced processes for the
synthesis and derivatization of chromenes. This review aims to
compile the contributions to this relatively new research field,
providing an up-to-date, informative summary of recent visible-
light—driven methods for chromene synthesis. It highlights both
the development of new methodologies and the applications
of chromene-derived synthons in photocatalytic transformations,
offering a promising future for sustainable chromene chemistry.
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(A) Iridium and ruthenium photocatalysts
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Figure 2. Structures of several relevant photocatalysts.

2. Visible-Light in the Synthesis of Chromene
Derivatives

Considering the relevant properties of chromene derivatives,

extensive efforts have been focused on developing method-
ologies for their synthesis.[*! Although most of these protocols
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Scheme 1. General mechanism of photoredox catalysis.

are effective, some drawbacks include long reaction times,
tedious workup, high energy consumption, non-reusable medi-
ators, and toxic reagents and solvents. Accordingly, develop-
ing greener approaches to synthesizing chromene derivatives
remains a priority in addressing both environmental and eco-
nomic concerns.[!

In this context, visible light is an inexpensive, abundant,
renewable, and available energy source and a non-polluting
reagent with immense potential for chemical transformations.
Consequently, photochemical reactions have become an appeal-
ing alternative for the sustainable preparation of chromene
derivatives.

2.1. Synthesis of Chromenes

Among the photocatalyzed strategies developed for the con-
struction of the chromene scaffold, visible-light-induced multi-
component reactions stand out as some of the most success-
ful and widely applied approaches. Multicomponent reactions
(MCRs) involve the formation of several bonds in a single
step, offering many advantages over conventional multistep
syntheses, such as improved atom economy, cost-effectiveness,
energy efficiency, and minimal use of raw materials.") Com-
bining these benefits with the unique features of photo-
catalysis results in an incredibly valuable tool for organic
synthesis.™

In this regard, Singh and co-workers introduced the prepa-
ration of pyrazoyl-chromenes through a photoinduced multi-
component reaction.”! By reacting salicylaldehyde derivatives,
malononitrile, ethylacetoacetate, and hydrazine hydrate under 3
x 8 W compact fluorescent lamp (CFL) and solvent-free con-
ditions, they achieved 2-amino-4-(1H-pyrazol-4-yl)-4H-chromenes
in good yields (12 examples, 78-93%, Scheme 2). The proposed
mechanism for this transformation is depicted below. Initially,
a nucleophilic addition reaction between hydrazine and ethyl
3-oxobutanoate followed by elimination affords intermediate 1.
Meanwhile, the malononitrile undergoes tautomerization in the

© 2025 The Author(s). Chemistry — A European Journal published by Wiley-VCH GmbH
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Scheme 2. Photoinduced multicomponent reaction for the preparation of pyrazoyl-chromenes and proposed mechanism.

presence of visible light to give 2, which upon Knoevenagel
condensation with salicylaldehyde forms the corresponding
hydroxyl benzylidenemalononitrile 3. Subsequent intramolecu-
lar cyclization of 3 gives 2-imino-2H-chromene-3-carbonitrile 4.
Intermediates 1 and 4 then undergo homolytic fission in the
presence of visible light, leading to their radical combination and
the formation of intermediate 5. Finally, 5 undergoes a 1,3-shift
followed by enolization to afford the desired 2-amino-4-(1H-
pyrazol-4-yl)-4H-chromenes (Scheme 2). The reaction runs in the
absence of base, solvent, hazardous chemicals, or harsh reaction
conditions and at room temperature (r.t.), making this proto-
col highly attractive from a sustainability perspective. Therefore,
visible-light-induced MCRs have recently gained prominence as
a practical tool to elaborate libraries of chromene analogs.
Singh and co-workers also reported the visible-light-
induced multicomponent reaction of aryl aldehydes,
1,3-cyclohexanedione, and 4-hydroxycoumarins for the syn-
thesis of chromenol[4,3-blchromenes.!® Building on this work,
Tayebee and his team reported a similar protocol to provide
chromenol[4,3-blchromenes in good yields (7 examples, 72-97%)
by using an Eosin Y-supported nanocomposite (WOs/Zn0O) as
green heterogeneous nanocatalyst, under solventless conditions
(Scheme 3)."™ The W03/ZnO@NH,-EY nanocomposite not only
exhibits high catalytic activity but also facilitates the workup
and can be recovered over four times without losing catalytic
activity. In a follow-up study, the same authors presented a
novel histaminium tetrachlorozincate nanophotocatalyst PC12
for the same one-pot condensation.™ As in the previous work,
the reaction proceeds under solvent-free conditions, afford-
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ing the desired chromeno(4,3-blchromenes in good yields (6
examples, 72-94%, Scheme 3).

The proposed mechanism for this transformation involves the
absorption of visible light, which excites the photoredox cat-
alyst, leading to the generation of a superoxide species. This
reactive intermediate subsequently promotes the conversion of
the 1,3-dicarbonyl compound into radical cation 6. This radi-
cal cation can react with the aromatic aldehyde to form an
intermediate 7, which is transformed into 8 via an electron trans-
fer process promoted by the photocatalyst. The dehydration
of compound 8 produces the dicarbonyl-enone 9. Simultane-
ously, 4-hydroxycoumarin is converted into the radical-cation
10 via photochemical electron transfer and initiates a Michael-
type addition reaction with dicarbonyl-enone 9 to provide
intermediate 11. Photochemical electron transfer reactions by
the mediation of the nanophotocatalyst achieves the conver-
sion of 11 into 12, which finally undergoes an intramolecular
condensation reaction to afford the target chromene product
(Scheme 3).

Chen et al. reported another example of a photocatalyzed
MCR in 2020,! further demonstrating its potential as a sus-
tainable approach for the synthesis of chromenes. Thus, the
one-pot formation of 2-amino-4H-chromenes was achieved in
high yields (34 examples, 79-95%) by reacting a wide range
of aromatic aldehydes with malononitrile and ArOH-type sub-
strates, using low loadings of a 9-mesityl-10-methylacridinium
photocatalyst [Mes-Acr-Me]*ClO,~ (PC9-ClIO,~) under blue LED
irradiation (Scheme 4). Even though, unlike the previous pho-
toinduced MCR reactions described by Singh and Tayebee, this

© 2025 The Author(s). Chemistry — A European Journal published by Wiley-VCH GmbH
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Scheme 3. Photocatalyzed multicomponent reaction for the formation of chromeno[4,3-blchromenes and proposed mechanism.
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methodology requires the presence of a solvent, it employs a
green and sustainable option. Therefore, the methodology is
environmentally benign and cost-effective, having the potential
for broad industrial application.

Intramolecular radical cyclization offers another valuable
approach for constructing the chromene ring. The use of this
strategy in visible-light-mediated chromene synthesis was first
reported in 2021 by Karreman et al”? They employed S-aryl
dibenzothiophenium salts, obtained through a highly regiose-
lective C—H sulfenylation of o-aryl-protected phenols, as pre-
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)y fac-Ir(ppy)z PC1 (1 mol %) @
Cs,CO3 (1.1 equiv.)
CH3CN
Blue LED (460-465 nm) @
rt., No, 4 h

14 examples
11-94%

Scheme 5. Photocatalyzed synthesis of 6H-benzo[c]chromene derivatives
from o-arylated phenols through a C—H sulfenylation/radical cyclization
sequence.

cursors of 6H-benzo[clchromene analogs (Scheme 5). The reac-
tion starts with a photocatalytically single-electron transfer to
the sulfonium salt triggered by fac-lr(ppy); (PC1), which pro-
motes the formation of an aryl radical using the selective
cleavage of the S—Are, bond. Once formed, the photo-redox-
promoted radical generation initiates a Pschorr-type cyclization,
leading to the desired 6H-benzo[clchromenes (14 examples,
11-94%).

Inspired by this work, Heredia et al. described the visible-
light-induced synthesis of the 6H-benzo[c]chromene ring
under metal-free conditions."® Thus, the reaction of (2-
iodobenzyl)phenyl ethers with KOtBu under blue LED irradiation
afforded the desired 6H-benzol[c]chromene derivatives with

© 2025 The Author(s). Chemistry — A European Journal published by Wiley-VCH GmbH
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Scheme 6. Photocatalyzed synthesis of 6H-benzo[clchromene derivatives
from (2-halobenzyl)phenyl ethers.

good functional group tolerance (12 examples, Scheme 6).
Yields were affected by the electronic properties of the sub-
stituents on the aromatic ring, with substrates containing
electron-donating groups (EDGs) giving better yields (40-84%)
compared to those with electron-withdrawing groups (EWGs)
(12-54%). This difference in reactivity was attributed to the
balance between the electron affinity (EA) of the substrate
and the corresponding product. Thus, compounds with EDG
exhibited lower AEA, resulting in higher yields, whereas those
with EWG showed higher AEA values, leading to lower yields.
A plausible mechanism for the intramolecular reaction would
involve the initial formation of aryl radicals and subsequent
photoinduced base-promoted homolytic aromatic substitution
reaction (photo-BHAS).

Scheidt and colleagues extended the scope of photocat-
alyzed C—H activation by developing a photocatalytic vari-
ant of the Oxa-Pictet-Spengler reaction, a classic method for
chromene synthesis.”®! Using benzylic ether substrates bear-
ing an additional nucleophilic aryl group, the process selec-
tively introduces a benzoate functional group at the «-position
of the ether. This transformation, induced by photocatalyst
[Ir(dF(CF);ppy).(dtbbpy)](PFs) (PC3), generates a benzoate acetal
key intermediate which, upon treatment with a Lewis acid cata-
lyst, forms an oxocarbenium species that undergoes ring closure
to yield the isochromane product (Scheme 7).

Thus, when 1-[2-(aryloxy)ethyl]-methoxybenzene was treated
with PC3, benzoyl peroxide (BzO),, and 1-butanethiol, under
blue LED irradiation, followed by bismuth triflate-mediated Oxa-
Pictet-Spengler reaction, in dichloroethane (DCE), the corre-
sponding isochromane products were obtained (16 examples,
26-83%). The proposed mechanism initially involves the reduc-
tion of benzoylperoxide by the excited photocatalyst to provide
benzoate radical. The oxidized photocatalyst can then gen-
erate a thiyl radical, which selectively abstracts a hydrogen
atom at the benzylic position of the benzyl-ether substrates
to furnish radical species 13. Radical—radical cross-coupling
between 13 and the benzoate radical provides key interme-
diate 14. Then, bismuth-mediated elimination of the benzoate
group of 14 affords oxocarbenium ion 15, which undergoes
an Oxa-Pictet-Spengler reaction to deliver the final product
(Scheme 7).
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Scheme 7. Combination of photocatalysis and oxa-Pictet—Spengler reaction
for the synthesis of isochromanes and proposed mechanism. “Reprinted
(adapted) with permission from American Chemical Society. Copyright
{2025}."

2.2. Synthesis of Chromenones
2.2.1. Synthesis of 4H-Chromenones (Chromones)

The chromone motif is the central moiety in numerous natu-
ral products, including flavonoids and isoflavonoids.”®! In the
past few years, chromones have emerged as privileged hete-
rocyclic scaffolds in drug discovery due to their diverse and
promising biological activities.!”) On account of their relevance
in both chemistry and biology, the synthesis of chromone deriva-
tives has become a subject of great interest.??! In particular,
those bearing substituents at the C-3 position have drawn con-
siderable attention as they exhibit a variety of physiological
and biological properties.! Accordingly, developing efficient
synthetic methodologies for these derivatives remains a highly
active area of study. Among these approaches, those based
on the tandem C—H elaboration combined with chromone
annulation of o-hydroxyaryl enaminones stand out as one of
the most widely adopted strategies.” In this regard, visible-
light photoredox catalysis has also contributed to accessing a
wide range of C3-substituted chromones under straightforward
and environmentally friendly conditions from the corresponding
o-hydroxyaryl enaminones.

The general mechanism for these types of transformations
involves the generation of the excited state of the photocat-
alyst under visible light irradiation, which then promotes the
formation of radical species Re (Scheme 8). Subsequently, the
radical attacks the enaminone C=C to give radical intermediate
16 that is then quickly oxidized to form iminium intermediate

© 2025 The Author(s). Chemistry — A European Journal published by Wiley-VCH GmbH
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Scheme 9. Photocatalyzed synthesis of 3-CF3-substituted chromones from
o-hydroxyaryl enaminones.

17 with the concurrent regeneration of the ground state of the
photocatalyst. Finally, cyclization of the iminium intermediate
followed by elimination of the N,N-dialkyl group furnish the
desired 3-C-functionalized chromones.

The first application of this light-driven strategy for
chromone synthesis was reported by Xiang et al. in 2017.1!
In their study, the authors combined their interest in chromone
fluorination with previous reports on the photocatalytic gen-
eration of CF, and CF; radicals from Langlois/Togni/Umemoto
reagents?®! to develop a visible-light-induced synthesis of 3-
CF,/CFs-containing chromones. In contrast to earlier approaches,
this photoredox process proceeds under mild conditions, avoid-
ing heating and the use of inert atmosphere. The reaction of
o-hydroxyaryl enaminones with Ph,SCF;OTf as the CF; source
in the presence of fac-Ir(ppy); catalyst (PC1) and white LED
irradiation gave 3-CF;-substituted chromones in good yields
(11 examples, 51-88%, Scheme 9). Diverse functional groups
were well tolerated; however, the introduction of a halogen
substituent at the para-position of the o-hydroxyaryl moiety led
to a significant decrease in the corresponding yields.

In the same year, Zhang and co-workers described the prepa-
ration of 3-CF,-containing chromones via the photocatalytic
radical cascade reaction of o-hydroxyaryl enaminones and ethyl
bromodifluoroacetate in the presence of Et;N as reducing agent,
NaHSOs as base and ruthenium-based catalyst PC2. Under these
conditions, the corresponding chromones were obtained from
moderate to good yields (12 examples, 40-82%, Scheme 10).2"]
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Scheme 10. Photocatalyzed synthesis of 3-CF,-containing chromones from
o-hydroxyaryl enaminones.
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Scheme 11. Synthesis of 3-thiocyanated chromones from o-hydroxyaryl
enaminones.

The reaction proceeds successfully with both electron-
withdrawing and electron-donating groups on the aromatic ring
of the enaminone. However, the yield is significantly affected
by the position of the substituent. Substrates bearing methyl,
methoxy, or fluoro groups at the ortho- or para-positions to the
keto group gave the corresponding 3-CF,-containing chromones
in good yields, while the identical substituents at the meta-
position resulted in only moderate yields.

Expanding upon the synthesis of C3-functionalized
chromones, Wan and co-workers successfully constructed the
chromone ring from o-hydroxyaryl enaminones with concomi-
tant insertion of a thiocyanate group at the C-3 position. Thus,
visible-light irradiation (14W CFL) of o-hydroxyaryl enaminones
in the presence of ammonium thiocyanate and only 1.0 mol%
loading of non-metal photocatalyst Rose Bengal (PC10) afforded
the expected 3-thiocyanated chromones in excellent yields (7
examples, 80-94%, Scheme 11).28! The reaction accommodated
enaminone substrates containing both electron-donating and
electron-withdrawing groups.

Unlike other types of C3-functionalized chromones and
despite their biological relevance, there are limited reports on
the synthesis of C3-amino substituted analogs. In addition, the
methodologies based on classical two-electron chemistry usually
involve multiple steps and toxic reagents. Building on previ-
ous photocatalytic approaches for accessing 3-functionalized
chromones, Wang et al. reported the first photocatalyzed strat-
egy for the preparation of 3-aminochromones.?®! For this pur-
pose, they employed the amidyl-radical precursor tert-butyl
[(perfluoropyridin-4-yl)oxylcarbamate as amination reagent in
the presence of a base and iridium photocatalyst PC1, under
blue LED irradiation to achieve the corresponding products from
moderate to good yields (23 examples, 29-78%, Scheme 12).

© 2025 The Author(s). Chemistry — A European Journal published by Wiley-VCH GmbH

European Chemical
Societies Publishing



Review
Chemistry—A European Journal

doi.org/10.1002/chem.202500283

Chemistry
Europe

European Chemical
Societies Publishing

fac-Iri PC1
_NHBoc (PPY)s

0 (2 mol %)
N K2003 (2 equiv.) NHBoc
@ | toluene
OH 30W Blue LED (460 nm)

rt., argon, 24 h 23 examples

29-78%

Qoﬁ ~al, p

Scheme 12. Photocatalytic cascade for the preparation of
3-aminochromones.

Regarding the scope of this phototransformation, halo-
genated groups on the phenol moiety were well tolerated,
but the reaction failed with strong electron-donating methoxy
group. The efficacy of the process is also slightly affected by
the position of the substituents on the phenol ring. Substrates
with para-substituted phenol groups generally gave higher
yields than their meta-substituted counterparts. Disubstituted
o-hydroxyarylenaminones also successfully delivered the corre-
sponding 3-aminochromones, albeit with lower yield in most
cases.

Photoenzymatic reactions, which integrate both light and
enzymes to facilitate the formation of chemical bonds, have
recently become a new synthetic tool to attain chemical
diversity.2%! In this sense, Hu et al. reported a practical and effi-
cient strategy for the synthesis of C3—functiona|ized chromones
combining photoredox and enzyme catalysis.*" Thus, reaction
of o-hydroxyaryl enaminones and different N-arylglycinates in
the presence of both Candida antarctica Lipase B (CAL-B) and
Methylene Blue (PC7) enabled the synthesis of C3-substituted
chromones featuring an «-amino acid residue in moderate to
good yields (22 examples, 31-70%, Scheme 13). N-arylglycine
esters bearing electron-donating groups at the para-position
of the aryl ring gave the best results. The proposed mech-
anism begins with the hydrolysis of N-arylglycine ester into
N-arylglycine in the presence of CAL-B. Then, the excited pho-
tocatalyst formed under visible-light irradiation promotes the
single electron transfer (SET) oxidation of N-arylglycine to form
radical cation 18. Subsequent deprotonation, decarboxylation,
and oxidation give iminium intermediate 19, which then reacts
with o-hydroxyphenyl enaminone to generate iminium inter-
mediate 20. Intramolecular nucleophilic cyclization and elimina-
tion of dimethylamine finally afford the desired 3-substituted
chromone (Scheme 13).

Cross-dehydrogenative coupling (CDC) reactions are highly
valuable for forging new chemical bonds as they bypass func-
tional group interconversions while offering atom economy and
environmental benefits.*?! The CDC of o-hydroxyarylenaminones
followed by chromone cyclization provides an efficient route to
C3-alkylchromones. However, this process is challenging using
traditional methods with limited examples reported in the
literature.®® To address this challenge, Zhu et al. introduced
an organophotocatalytic cascade CDC-coupling/cyclization
between o-hydroxyaryl enaminones and N-arylglycine esters in
the presence of Eosin Y (PC5) and hydrated citric acid under
blue LED irradiation and an open-air atmosphere. Under these
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Scheme 13. Photoenzymatic synthesis of 3-aminoalkyl chromones and
proposed mechanism. “Reprinted (adapted) with permission from American
Chemical Society. Copyright {2025}.”
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Scheme 14. Visible-light-enabled cascade
cross-dehydrogenative-coupling/cyclization of o-hydroxyaryl enaminones
with glycine derivatives and proposed mechanism. “Used with permission
of [Royal Society of Chemistry]. Order license ID 1585471-1/2025.”

conditions, the corresponding coupled cyclization products
were obtained from moderate to good yields (29 examples,
41-93%, Scheme 14).**! The methodology tolerates a wide array
of o-hydroxyarylenaminones and N-arylglycine esters. In general
terms, enaminones bearing electron-withdrawing groups on the
benzene rings were more favorable for the transformation than

© 2025 The Author(s). Chemistry — A European Journal published by Wiley-VCH GmbH



Chemistry—A European Journal

Review

doi.org/10.1002/chem.202500283

Chemistry

Europe

Cuy0 NPs:g-C3N4

CH3CN, 60W CFL
r.t., 80 min.

18 examples
52-94%

CU”
(0] HN
A\ Ccu' _Ix.
O
H OH 'TI/

Scheme 15. Visible-light-mediated synthesis of 3-indolmethyl chromones.

those bearing electron-donating groups. A plausible mechanism
begins with the excitation of the photocatalyst Eosin Y* (PC5)
upon irradiation, followed by a single electron transfer (SET)
with N-4-methylphenylglycine ester to afford the corresponding
radical cation. Meanwhile, Eosin Y radical cation is oxidized by
molecular oxygen, regenerating the ground-state Eosin Y and
superoxide radical anion (O,*~), which then reacts with the
radical cation intermediate to furnish an aminoalkyl radical. In
the presence of citric acid, the radical is oxidized to the corre-
sponding iminium 21 (path A). On the other hand, irradiation of
the ternary-colored EDA complex formed by the enaminone, the
amine and the citric acid afforded radical intermediate 22, which
was then oxidized to 23 (path B). Reaction of 21 and 23 gave
key intermediate 24, which finally underwent intramolecular
nucleophilic cyclization and elimination of dimethylamine to
deliver the desired product (Scheme 14).

Another example of a light-based, eco-friendly synthesis
of 3-alkylated chromones from o-hydroxyaryl enaminones was
described by Talpada et al. in 2024.55 This study describes
the cyclization/alkylation reaction of o-hydroxyaryl enaminones
with 3-indoleacetic acid in the presence of copper nanoparti-
cles (Cu,0 NPs) supported on graphitic carbon nitride (g-C3N,),
under visible-light, to afford 3-indolmethyl chromones from
moderate to excellent yields (18 examples, 52-94%, Scheme 15).
Notably, the heterogeneous catalyst can be reused for up to
five cycles without significantly decreasing activity. Regarding
the reaction scope, o-hydroxyaryl enaminones bearing electron-
donating groups afforded desired alkylated products from good
to excellent yields (74-94%). In contrast, enaminones bearing
strongly electron-withdrawing nitro groups showed lower effi-
ciency (52-61% yields). Mechanistically, the reaction initiates with
the interaction between 3-indoleacetic acids and Cu,O NPs.g-
C3N,, under the irradiation of visible light, resulting in the for-
mation of a copper carboxylate. This carboxylate subsequently
loses CO,, forming the corresponding organocopper compound,
which then reacts with the enamine. Reductive elimination from
the resulting organocopper intermediate, followed by removal of
the dimethylamine, furnished desired 3-indolmethyl chromones.

The methods discussed so far for synthesizing C3-substituted
chromones require the use of catalysts and additives, which
inevitably increases the cost and may limit their practical applica-
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Scheme 16. Visible-light-induced synthesis of 3-alkylchromones under
catalyst- and additive-free conditions.
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Scheme 17. Visible-light-induced C(sp?)-H functionalization/C—O bond
formation.

tions. Thus, developing green and efficient chromone synthetic
methodologies that operate without catalysts and additives
under mild conditions remains highly desirable. In this regard,
Zhao et al. introduced a visible-light-induced procedure for
synthesizing 3-alkylchromones from o-hydroxyaryl enaminones
and a-diazo ester.[*! This protocol is based on the reaction of
o-hydroxyaryl enaminones and carbene precursors generated
from diazo compounds under visible-light, eliminating the need
for catalysts and producing only non-toxic N, as the sole by-
product. Treatment of o-hydroxyphenyl enaminones with ethyl
2-diazo-2-arylacetates under blue LED irradiation at room tem-
perature afforded desired 3-alkylchromones from moderate to
high yields (16 examples, 51-87%, Scheme 16). This alkylation
reaction showed good tolerance for both electron-donating and
electron-withdrawing substituents on the aromatic ring of the
diazo compounds. Additionally, enaminones bearing electron-
withdrawing and electron-donating groups at different positions
of the aromatic ring also gave satisfactory results.

Flavones (2-phenyl-4H-chromen-4-ones) are an essential
class of chromene derivatives prevalent in the vegetal king-
dom, known for their diverse biological and pharmacological
activities.!””! Several visible-light-mediated strategies have been
developed to prepare these relevant chromene derivatives.

For example, Lin and co-workers reported the synthesis of
flavones from chalcones (1,3-diphenylprop-2-en-1-ones) based on
the visible-light-induced C(sp?)-H functionalization/C—O bond
formation (Scheme 17).138] This reaction utilizes the organic dye
Rose Bengal (PC10) as the photosensitizer and atmospheric oxy-
gen as both oxidant and oxygen source, not requiring the
presence of any metals or external additives. Through this pro-
tocol, a variety of flavones were synthesized from moderate to
good yields (22 examples, 36-78%). Generally, chalcones bearing
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Scheme 18. Photocatalytic deoxygenative/cyclization reaction of salicylic
acid derivatives with aryl acetylenes and proposed mechanism. “Used with
permission of [Royal Society of Chemistry]. Order license ID 1585472-1/2025".

electron-donating substituents reacted faster than those with
electron-withdrawing ones but with a minor effect on the final
yields. Nevertheless, steric factors had a significant impact on
the reaction efficiency, as shifting the substituent from the para-
position to the meta- or ortho-position resulted in a notable
decrease in yield. This photo-oxygenation process is initiated
by the reaction of the chalcone and singlet oxygen, generated
under photocatalytic conditions. The resulting oxo radical attacks
the benzene ring to form a radical intermediate, which on subse-
quent intramolecular H transfer followed by elimination of H,O
provides the corresponding flavones.

Chu and colleagues described the preparation of flavones
through a visible-light-induced deoxygenative/cyclization reac-
tion of salicylic acid derivatives with aryl acetylenes using
diphenyl sulfide as an O-transfer reagent.?®! Thus, reaction
of salicylic acids and arylacetylenes in the presence of [Mes-
Acr-Me]*ClO,~ (PC9-CIO,™), as photocatalyst, SPh,, and K,COs,
under blue LED irradiation, afforded flavones from moderate to
good yields (51 examples, 42-80%, Scheme 18). The reaction is
applicable to a wide range of arylacetylenes and salicylic acids
with various substituents, with electron-donating groups pro-
viding comparatively higher yields than electron-withdrawing
groups. To further showcase the practicality of this approach,
a series of natural flavones featuring multiple hydroxyl and
methoxy groups were also successfully synthesized. Regarding
the proposed mechanism, the process is initiated by the genera-
tion of the excited photocatalyst under irradiation of blue light.
The photoexcited catalyst undergoes SET oxidation with SPh,
to form the diphenyl sulfide radical cation, which subsequently
reacts with carboxylate anions to generate radical 25. Next, radi-
cal 25 undergoes C—0O bond cleavage to generate acyl radical 26,
which upon reaction with arylacetylene provides radical species
27. The reduced photocatalyst is oxidized by the residual oxygen
to regenerate the ground state and form anion radical (O,¢7),
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Scheme 19. Visible-light-promoted perfluoroalkylation/cyclization for the
construction of perfluoroalkylated thioflavones, along with the mechanistic
proposal.

which then abstracted a hydrogen atom from 27 to finally furnish
the desired flavone derivatives (Scheme 18).

Ma et al. reported a visible-light-promoted transition-
metal-free perfluoroalkylation/cyclization for the synthesis of
3-perfluoroalkylated thioflavones.!*?! By reacting methylthiolated
alkynones and CF;SO;Na in the presence of [Mes-Acr-Me]TCIO,~
(PC9-CIO, ™) as the photocatalyst and trifluoroacetic acid (TFA)
as the acid additive under blue LED irradiation at 35 °C, they
achieved the target perfluoroalkylated thioflavones from mod-
erate to good yields (16 examples, 33-81%, Scheme 19). This
radical-based strategy demonstrates broad tolerance toward
both electron-rich and electron-deficient methylthiolated
alkynones. Notably, among the synthesized 3-perfluoroalkylated
compounds, 4'-cyano thioflavone exhibited significant anti-
tumor activity, emerging as a promising lead for developing
novel drugs for the clinical treatment of human lymphoma
and cervical carcinoma. The mechanism for this transforma-
tion involves the formation of the trifluoromethyl radical on
reaction of trifluoromethanesulfonic acid with the excited state
of the photocatalyst, subsequent reaction with the methylth-
iolated alkynones to generate radical intermediate 28 and
cyclization/demethylation to finally afford desired thioflavones
(Scheme 19).

Building on the work of Ma et al, Dong and co-workers
also reported a photoinduced radical cascade cyclization of
methylthiolated alkynones with sodium sulfinates, enabling the
divergent synthesis of sulfonated thioflavones under metal-
and photocatalyst-free conditions.!*! Reaction of methylthio-
lated alkynones and sodium p-tolyl- or p-chlorobenzenesulfinate
in the presence of Kl as an additive, and K;S,0g as an oxi-
dant, under blue LED light, gave the corresponding 3-sulfonyl
thioflavones in good vyields (2 examples, 75-80%, Scheme 20).
In this process, the required sulfonyl radical was generated
directly from the excited state of |,*, produced upon visible-light
irradiation of I, formed in situ by oxidation of KI with K,S,0g
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Scheme 20. Photoinduced cascade cyclization of alkynes with sodium
sulfinates for the synthesis of thioflavones.
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Scheme 21. General mechanism for the visible-light-induced cascade
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2.2.2. Synthesis of 2H-chromenones (coumarins)

The coumarin skeleton is omnipresent in the structure of bioac-
tive natural products, pharmaceuticals, agrochemicals, and func-
tional materials.*?? Consequently, the development of simple
and efficient methods for the preparation of coumarins has
attracted considerable attention.¥] Many of these methods tra-
ditionally relied on transition-metal-catalyzed cyclizations, par-
ticularly in recent decades.[**] However, the requirement of toxic
metals, ligands, or additives limits their applications in the phar-
maceutical industry. Over the past decade, visible-light-induced
radical-involved cyclization reactions have been established as
a more convenient and greener alternative for synthesizing
functionalized coumarins under mild conditions.

From Alkynes: Aryl alkynoates, owing to their ease of prepa-
ration and susceptibility toward radical addition, have been
extensively used as radical acceptors in a range of visible-
light-mediated cyclizations to access substituted coumarins. The
general mechanism for these transformations, which involve the
domino radical addition/cyclization reaction of aryl alkynoates,
is depicted in Scheme 21. The process begins with the gener-
ation of radical species through a single-electron transfer (SET)
between the excited state of the photocatalyst and a radical
precursor. Then, radical addition to aryl alkynoate forms radical
intermediate 29, which cyclizes to radical 30 and is then further
transformed into carbocation intermediate 31 through oxidation
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Scheme 22. Visible-light-initiated oxidative cyclization of aryl propiolates
with sulfinic acids to coumarin derivatives.
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Scheme 23. Visible-light-mediated synthesis of 3-difluoroacetylated
coumarins.

by the radical cation of the photocatalyst. Finally, carbocation 31
is deprotonated, regenerating the aromatic system and affording
the desired 3-substituted coumarin product.

There are several examples in the literature of the applica-
tion of this strategy to the synthesis of substituted coumarins.
For instance, Wang and co-workers developed the visible-light-
initiated oxidative cyclization of aryl propiolates with sulfinic
acids to generate sulfonylated coumarin derivatives.** Thus,
reaction of 3-arylpropiolates and arenesulfinic acids in the pres-
ence of organic photocatalyst Eosin Y (PC5) and tert-butyl
hydroperoxide (TBHP) as oxidant, under irradiation of an 18 W
CFL afforded 3-sulfonyl coumarins with wide functional group
tolerance, good yields and high regioselectivities (21 examples,
Scheme 22).

The arylsulfonylations of aryl propiolates containing electron-
donating groups or halogen atoms at the para- and meta-
positions of the phenyl rings provided the corresponding
coumarins from moderate to good yields (55-77%). However, a
significant steric effect was observed, as ortho-substituted aryl
propiolates yielded only trace amounts of the desired products.

The photocatalyzed domino radical addition/cyclization of
aryl alkynoates has also proven to be a suitable strategy for
furnishing alkylated coumarins. For example, Fu et al. reported
the synthesis of 3-difluoroacetylated coumarins.“! In this pro-
cess, aryl alkynoates reacted with ethyl bromodifluoroacetate
in the presence of iridium photocatalyst fac-Ir(ppy); (PC1) and
K,CO; under blue LED irradiation to obtain 3-difluoroacetylated
coumarins from modest to good yields (17 examples, 52-85%,
Scheme 23). Both moderate electron-withdrawing groups and
electron-donating groups at the para-position of the aryl
3-phenylpropiolates were well tolerated. In contrast, meta-
substituted substrates gave mixtures of regioisomers with
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Scheme 25. Visible-light-promoted domino radical addition/cyclization
reaction for the synthesis of 3-etherified coumarins.

moderate selectivity, while ortho-substituted counterparts did
not yield any product due to steric hindrance.

In a subsequent study, the same researchers demonstrated
the usefulness of this visible-light-induced cyclization/alkylation
of aryl alkynoates by synthesizing 3-difluoromethylated
coumarins via a radical-triggered cascade difluoromethyla-
tion/cyclization migration of alkynoates.!*”! Thus, aryl alkynoates
reacted with benzo[d]thiazole difluoromethyl sulfone, serving
as a CF,H radical source, in the presence of fac-Ir(ppy); (PC1)
as the photocatalyst, under blue LED irradiation, giving the
desired products from moderate to high yields (23 examples,
30-80%, Scheme 24). Substrates bearing electron-donating or
electron-withdrawing groups at the para-position of the aryl
3-phenylpropiolates performed well. However, meta-substituted
substrates provided mixtures of regioisomers, and once again,
strong steric effect prevented ortho-substituted alkynoates from
undergoing the reaction.

Following a similar domino radical addition/cyclization
approach, She and co-workers reported the preparation of
3-etherified coumarins.“®! The reaction of aryl 3-arylpropiolates
with tetrahydrofuran (THF) in the presence of TBHP as oxidant,
using a blue LED strip as the light source and [Ru(bpy);]1Cl, (PC2)
as photocatalyst afforded desired 3-etherified coumarins from
moderate to good yields (18 examples, 51-82%, Scheme 25).
The reaction accommodates alkynoates containing alkyl and
halogen substituents in para- and meta-position. However,
strong electron-donating methoxy group was unsuitable under
the reaction conditions. Moreover, a significant steric effect was
observed for ortho-substituted alkynoates, which provided only
trace amounts of the desired coumarin products.

More recently, Prabhu and co-workers used organoboronic
acids in the cascade alkylation/cyclization of aryl alkynoates
to synthesize 3-alkylated coumarins.*? The reaction of aryl
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Scheme 27. Photocatalyst-free synthesis of coumarins from aryl alkynoates.

alkynoates and alkyl boronic acids in the presence of hyperva-
lent iodine oxidant 2-iodosobenzoic acid (IBA), and a hydrated
ruthenium photocatalyst [Ru(bpy);]Cl,-6H,0 (PC2-6H,0) afforded
3-alkylated coumarins, under visible-light irradiation (32 exam-
ples, 16-88%, Scheme 26).

In 2024, Natarajan et al. introduced an eco-friendly and
novel methodology for synthesizing 3-substituted coumarins
through selective tandem cyclization of aryl alkynoate esters
under violet LED irradiation (Scheme 27).°"! This metal-, catalyst-
, additive-free protocol operates under mild conditions and uses
a non-toxic solvent, aligning with green chemistry principles.
The methodology tolerates a broad substrate scope, deliv-
ering 3-sulfenylcoumarins (21 examples) or 3-methylcoumarins
(6 examples) from moderate to good yields upon treat-
ment with a suitable sulfonylation or alkylation agent, respec-
tively. Thus, addition of either aryl sulfenyl [*SAr*] or methyl
radical [*CH;] to the aryl alkynoate ester produces a vinyl radi-
cal intermediate, which on intramolecular 6-endo-trig cyclization,
oxidation and deprotonation furnish the intended 3-substituted
coumarins.

Based on the potential of alkynoates as radical receptors
and valuable intermediates for constructing 3-functionalized
coumarins, Ding and coworkers developed a radical brominative
addition of alkynoates for the synthesis of 3-bromocoumarins.™"!

It is well known that the bromo group certainly occupies a
pivotal position in organic synthesis, particularly owing to its ver-
satility as building block in transition-metal-catalyzed coupling
reactions,'®? therefore significant efforts have been dedicated
to incorporating bromo into the coumarin backbone.®3! Nev-
ertheless, Ding’s approach relied on traditional methods for
generating the bromo radical, which required high reaction
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Scheme 28. Photocatalyst-free synthesis of 3-bromocoumarins from aryl
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Scheme 29. Mechanism for the bromo radical
addition/spiro-cyclization/ester migration cascade of aryl alkynoates.

temperatures and strong oxidants, limiting its practicality for
large-scale applications involving complex bioactive compounds.

Stemming from Ding’s group studies, She and colleagues
reported a visible-light-mediated radical addition of alkynoates
to generate 3-bromocoumarins by using N-bromosuccinimide
(NBS) as bromine source.* Thus, the reaction of aryl alkynoates
with NBS exposed to blue LED irradiation at room tempera-
ture yielded 3-bromocoumarins from moderate to good yields (17
examples, 40-75%), accommodating a broad range of alkynoate
substrates (Scheme 28).

Similar to Ding’s strategy, the process involves a bromo rad-
ical addition/spiro-cyclization/ester migration cascade reaction.
However, the reaction proceeds under very mild conditions,
without the need for a catalyst, strong oxidants, or elevated tem-
peratures. In this case, the bromo radical is generated under the
action of visible light. Subsequently, the selective addition of
the bromo radical to the «a-position of the triple bond of aryl
alkynoates generates a vinyl radical 32. This radical undergoes
an intramolecular 5-exo-trig spiro-cyclization, and a subsequent
1,2-migration of the resulting radical intermediate 33 leads to
a radical intermediate 34, which is then converted to the final
product (Scheme 29).

A few years later, Yan et al. presented another
approach for the synthesis of 3-bromocoumarins through a
visible-light-induced tandem radical brominative addition/spiro-
cyclization/1,2-ester migration of aryl alkynoates, this time
employing CBr, as the bromine radical source.” The reaction
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Scheme 30. Photocatalyst-free synthesis of 3-bromocoumarins from aryl
alkynoates.
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Scheme 31. Photoredox-catalyzed cascade radical cyclization of aryl
propiolates for the synthesis of 3-trifluoromethyl coumarins.
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of aryl alkynoates with CBr, under blue LED irradiation pro-
duced 3-bromocoumarins from moderate to quantitative yields
(21 examples, 40-99%), showing a broad substrate scope and
good functional group tolerance (Scheme 30).

Continuing with the synthesis of 3-halogenated coumarins by
means of the visible-light-induced radical addition of alkynoates,
Xiong and co-workers described the preparation of 3-fluorinated
coumarin derivatives using CF3SO,Cl as the trifluoromethyl rad-
ical source.l®! Thus, reaction between aryl 3-pheylpropiolates
and CF;SO,Cl was carried out under irradiation with a blue
LED strip in the presence of [Ru(bpy);]Cl, (PC2) as the pho-
tocatalyst to afford 3-trifluoromethyl coumarins from moderate
to good yields (27 examples, 52-85%, Scheme 31). The reaction
demonstrated high efficiency and a broad substrate scope, toler-
ating aryl alkynoates with both electron-donating and electron-
withdrawing substituents at the para- and meta-positions. Inter-
estingly, substrates bearing a methyl group in ortho-position
also afforded desired coumarins in moderate yields, indicating a
subtle steric effect from the ortho-substitution.

The cascade radical addition/spiro-cyclization/1,2-ester migra-
tion of aryl alkynoates was also applied to the preparation
of 3-alkyl and 3-acyl coumarins. For example, Zhang et al.
reported the synthesis of 3-cyanomethylated coumarins by a
visible-light-mediated cyanomethylation/spiro-cyclization of aryl
alkynoates.”” Thus, when reacting with aryl 3-arylpropiolate and
bromoacetonitrile in the presence of fac-Ir(ppy); (PC1) as the
photocatalyst and Li,CO; as a base, under blue-light irradiation,
the desired 3-cyanomethyl coumarins were obtained from mod-
erate to good yields (27 examples, 51-80% yields, Scheme 32).
The process was effective regardless of the electronic properties
or steric effects of the substituents on the aromatic ring attached
to the alkyne moiety. However, the reaction did not occur when
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Scheme 32. Visible-light-promoted synthesis of 3-cyanomethylated
coumarins.
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Scheme 33. Photocatalyzed radical cascade cyclization of acetylenic acid
esters with oxime esters.
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substrates with the substituents at the ortho-position of the
phenoxy ring were used.

Later, in 2022, Yang et al. described another strategy for
preparing cyanalkylated coumarins through the photoinduced
radical cascade cyclization of acetylenic acid esters with oxime
esters.”®! Thus, when aryl 3-arylpropiolates reacted with 3-
phenylcyclobutan-1-one O-[4-(trifluoromethyl) benzoyl] oxime in
the presence of fac-Ir(ppy); (PC1) as the photocatalyst and
K,CO; as a base, under blue-light irradiation, the desired 3-
cyanoalkylated coumarins were achieved in moderate to excel-
lent yields (21 examples, 50-92%, Scheme 33).

Jiang and co-workers developed the visible-light-promoted
radical acylation/spiro-cyclization/1,2-ester migration method for
synthesizing 3-acylcoumarins from alkynoates and aldehydes.™!
Starting from aryl alkylnoates, the desired products were
obtained from moderate to good yields (33 examples, 38-
88%) upon treatment with aldehydes in the presence of
[Ru(bpy);]1Cl,/TBHP  (PC2/TBHP) as the photoredox cata-
lyst/oxidant combination, K,HPO, as base and visible-light
irradiation (Scheme 34).

The reaction is not only general for several linear alkyl alde-
hydes but also applicable to aromatic aldehydes. Regarding the
scope of aryl alkynoates, both electron-donating groups and
electron-withdrawing substituents were well tolerated.

The reaction begins with the generation of a tert-butoxy
radical 35 through a single-electron transfer (SET) between the
excited photocatalyst (PC*) and TBHP. This radical then abstracts
a hydrogen atom from the aldehyde, yielding the corresponding
acyl radical 36 along with tert-butanol. Radical 36 subsequently
adds to the aryl alkynoate, forming radical intermediate 37,
which undergoes an intramolecular 5-exo-trig cyclization, gener-

Chem. Eur. J. 2025, 31, €202500283 (15 of 25)

[Ru(bpy)sIClz PC2

AR (1 mol %) A2 O
TBHP (3 equiv.)

. j’\ K:HPO, (2 equiv.) R
H” R CHgCN, 25W CLF oo
0o

3 r.t., No, 30 h
R = Ar®, alkyl 33 examples
38-88%
(e}
Ar 3 o HJ\R ) ,
tBuO + HO t+-BuOOH
@ tBuOH 35 w
/\ PC
Ar 5~ exo trlg

@i* M \

1,2-migration

Scheme 34. Visible-light-promoted radical acylation/cyclization of aryl
alkynoates with aldehydes for the synthesis of 3-acylcoumarins and
proposed mechanism. “Used with permission of [Royal Society of
Chemistry]. Order license ID 1585479-1/2025".
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Scheme 35. Visible-light promotes synthesis of coumarins from aryl
formates.

ating radical intermediate 38. Oxidation of 38 by PC™ produces
cation 39, which undergoes a 1,2-ester migration, leading to
cation 40. Ultimately, 40 is deprotonated in the presence of a
base, restoring the aromatic system and yielding the desired
3-acylcoumarin products (Scheme 34).

In addition to the previously described cascade processes,
Kashyap et al. reported an alternative strategy for the synthe-
sis of coumarins, also employing alkynes as starting materials.
This methodology involves the reaction between substituted
ethynylarenes and aryl formates under green LED irradiation in
the presence of acridinium photocatalyst PC8 and atmospheric
oxygen as oxidant. Under these conditions, desired coumarin
derivatives were obtained in good yields (11 examples, 72-98%,
Scheme 35).[%01 The reaction proceeds via a photoredox cycle
where the photocatalyst, upon irradiation, oxidizes the aryl for-
mate via SET, generating an acyl radical. This radical adds to
the alkyne, forming a vinyl radical that undergoes subsequent
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Scheme 36. Metallophotoredox synthesis of phosphaisocoumarins.
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Scheme 37. Visible-light-induced C(sp?)—C(sp3) coupling reaction for the
regioselective synthesis of 3—-functionalized coumarins.

oxidative cyclization to yield the coumarin. Atmospheric oxygen
facilitates catalyst regeneration and final oxidation.

Shi and co-workers described an efficient and practical
access to phosphaisocoumarins by using a dual catalytic sys-
tem containing an acridinium photosensitizer and a cobaloxime
proton-reducing catalyst ([Co(dmgH),]PyCl) (PC11).1°" This visible-
light-driven methodology involves the phosphinyloxy radical
formation through O—H cleavage of arylphosphinic acids with
H, release in the presence of a cobalt catalyst, followed by radical
addition/cyclization with alkynes. Reaction of diarylphosphinic
acids and diarylacetylene in the presence of [Mes-Acr-Me]TCIO,~
(PC9-CIO,~) and [Co(dmgH)IPyCl (PC11) as catalysts and CsF as
base, under blue-light irradiation delivered the desired phos-
phaisocoumarins (Scheme 36).

Arylphosphinic acids bearing either electron-donating or
electron-withdrawing groups on the benzene ring at various
positions (ortho-, meta-, or para-) on the benzene ring were
found to be suitable for the reaction, giving the corresponding
products from moderate to good yields (18 examples, 31-83%).

From alkenes: The direct C—H functionalization through oxida-
tive cross-coupling reactions of alkenes represents another pow-
erful tool for synthesizing 3-substituted coumarins. In 2021,
Zhang et al. introduced a photocatalytic strategy for the regios-
elective synthesis of 3-functionalized coumarins involving the
alkenylation of the C(sp®>)—H bond of ethers, followed by lac-
tonization (Scheme 37).62 The method offers a broad sub-
strate scope and tolerates both electron-donating and electron-
withdrawing groups at different positions of the phenol moiety,
delivering 3-alkylated coumarins from moderate to good yields
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Scheme 39. Visible-light-induced synthesis of 3-alkylcoumarins from
salicylaldehydes.

(19 examples, 42-74%). In this process, visible light irradiation of
[Ru(bpy);]1Cl,-6H,0 (PC2:6H,0) photocatalyst, promotes the for-
mation of t-BuOe radical, which then abstracts a H atom from
THF to furnish the corresponding carbon radical. Regioselective
C(sp?)—C(sp®) coupling reaction with 3-(2-hydroxyaryl)acrylates
affords an intermediate carbon radical, which undergoes depro-
tonation and lactonization to obtain 3-alkylated coumarins.

A similar strategy was employed by Hu et al. for the synthesis
of 3-cyanoalkyl coumarins.!%3! Their protocol involves a visible-
light—driven, photocatalyst-free reaction of o-hydroxycinnamic
esters and perfluoropyridin-4-yl oximes, enabling the rapid for-
mation of a diverse array of 3-cyanoalkyl coumarins in the
presence of K,CO; under blue LED irradiation (Scheme 38).
Notably, no external photocatalyst is required, as the in situ
generated phenolate anions act as photosensitizers to drive the
photoinduced transformation. The protocol accommodates var-
ious substitution patterns on the aromatic rings of the esters,
delivering the target products from moderate to good yields (19
examples, 24-78%).

From Aldehydes: 3-alkyl coumarins can also be prepared from
inexpensive and readily available salicylaldehydes through a
visible-light-induced one-pot Wittig/cyclic condensation/radical
alkylation process, as described by Kim et al. (Scheme 39).164
Thus, salicylaldehydes initially reacted with ethyl (triphenylphos-
phoranylidene)acetate in the presence of K,CO; under blue
LED irradiation without requiring a photocatalyst. Once the
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Scheme 40. Photoinduced Knoevenagel condensation for the synthesis of
2-imino-2H-chromene-3-carbonitriles.

Wittig/cyclic condensation reaction was completed, alkyl
N-hydroxyphthalimide (NHPI) esters, fac-Ir(ppy); (PC1) as photo-
catalyst, and DABCO as base were added directly to the reaction
mixture, followed by further blue LED irradiation. Under these
conditions, 3-alkylated coumarins were delivered from moder-
ate yields with good functional group tolerance (22 examples,
32-74%).

A photocatalyzed condensation with salicylaldehydes is also
involved in the synthesis of chromenes implemented by Singh
and co-workers.!® This process is initiated by the photoinduced
activation of malononitrile, which undergoes a Knoevenagel
condensation with a range of salicylaldehydes (Scheme 40).
The subsequent intramolecular cyclization of the resulting Kno-
evenagel adduct provided substituted 2-imino-2H-chromene-3-
carbonitriles in excellent yields (7 examples, 88-98%).

3. Reactivity of Chromene Derivatives under
Visible-Light

The photochemical reactivity of chromene derivatives exempli-
fies the substantial potential of light-induced methodologies
for accessing structurally diverse and complex heterocycles.
These O-heterocyclic compounds are characterized by a highly
conjugated m-system that promotes efficient light absorption,
enabling a wide range of photochemical processes,'®! including
radical formation, cyclization, and site-selective C—H function-
alization. Recent advances in visible-light photoredox cataly-
sis have significantly redefined the synthetic utility of these
chromene-based analogs and related scaffolds, offering mild
and efficacious procedures for synthesizing highly functionalized
molecules that often avoid pre-functionalized starting materi-
als while addressing the limitations or harsh conditions typically
associated with conventional thermal methods.'*®! Visible-light-
promoted transformations such as Giese-type additions, decar-
boxylative cross-couplings, and oxidative cyclization reactions
have proven particularly effective in functionalizing chromene
derivatives, further demonstrating metal-free feasibility and
emerging as environmentally friendly and sustainable alterna-
tives to transition metal-catalyzed strategies,!”%® significantly
minimizing both costs and toxicity. The versatility of these reac-
tions arises from the ability of chromene-based frameworks to
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Scheme 41. Photoredox functionalization of 3-halogen/formyl chromones.
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appropriately interact with excited-state photocatalysts, leading
to efficient energy transfer (x—7x*) and facilitating radical sta-
bilization. Thus, the unique electronic and structural features of
chromene derivatives, including their inherent rigid planarity, are
crucial in defining their specific reactivity profiles in visible light-
mediated reactions. This underscores their flexibility as valuable
synthons and emphasizes the benefits and wide-ranging appli-
cations of light-driven synthetic approaches in contemporary
chemistry.

3.1. Reactivity of Chromenones
3.1.1. Reactivity of 4H-Chromenones (Chromones)

3-Substituted chromones are a relevant synthetic target with
diverse applications.2! As previously stated, one strategy
for their preparation involves the consecutive cyclization—
substitution of acyclic precursors. Alternatively, these
compounds can be synthesized by the alkylation, acylation,
or arylation of readily available 3-halochromone precursors.[®!
In this context, Mkrtchyan and laroshenko described the trans-
formation of 3-halochromones in 3-acyl-substituted chromones
by means of dual visible-light photoredox/nickel catalysis
(Scheme 41).°) Reaction of 3-iodochromones with arylalde-
hydes using Ir/Ni catalytic system, K,CO; as base under blue
LED irradiation, afforded the corresponding 3-acylchromones
from moderate to high yields (16 examples, 59-91%). 3-
Bromochromones were also suitable coupling partners and
delivered the desired 3-acylchromone products (4 examples),
with yields ranging between 67-71%. In further scope studies,
they also demonstrated an alternative practical approach by
reacting 3-formylchromones with arylbromides to achieve the
same products with comparable yields (21 examples, 57-93%).
Among the radical reactions, the Giese reaction is proba-
bly the most widespread used in organic synthesis. Discovered
40 years ago, this process involves the conversion of a radi-
cal precursor to a nucleophilic radical intermediate, which is
then trapped by an electron-deficient alkene to form a car-
bon—carbon bond.”" Despite its utility, the classical Giese reac-
tion is often hampered by a limited substrate scope, undesired
side reactions, and the use of toxic reagents and solvents.
However, recent advancements in photoredox catalysis have
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Scheme 42. Photocatalyzed Giese-type addition of boronic esters to
chromones.
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significantly enhanced this transformation by enabling the gen-
eration of carbon-centered radicals under mild and sustainable
conditions, thereby improving the efficiency and applicability of
existing methodologies on the Giese-type reactions.

Over the past few years, researchers described the genera-
tion of carbon-centered radicals from a wide range of precur-
sors and explored their use in addition reactions with various
electron-deficient alkenes, including chromenes, highlighting
their synthetic versatility.”?!

Lima et al. introduced a dual catalytic system formed by a
photoredox catalyst and a Lewis base to generate carbon rad-
icals from either boronic acids or esters, which subsequently
reacted with electron-deficient olefins via radical addition to
form the coupled products in a redox-neutral fashion.”?! Thus,
the reaction of p-methoxybenzyl boronic ester and chromone in
the presence of quinuclidin-3-ol as additive and an iridium com-
plex PC3 as photocatalyst, under blue LED irradiation, afforded
the coupled chromane products in poor yields (Scheme 42).

Fused chromenes, incorporating both carbocyclic and hete-
rocyclic rings, are key structural motifs found in several bioac-
tive natural products.”*”*! Photocatalyzed cycloaddition has
emerged as a powerful strategy for the synthesis of func-
tionalized five-membered carbocycles and heterocycles.”578! |n
this context, photocycloaddition of chromone derivatives has
recently attracted some attention as a valuable tool for the
preparation of cyclopentanochromenes.

For instance, Albrecht and co-workers described the
metal-free preparation of cyclopenta[blchromenocarbonitrile
derivatives via visible-light-promoted [342] cycloaddition
reaction between substituted 3-cyanochromones and N-
arylcyclopropylamines (Scheme 43)."”) The reaction was
performed in the presence of organophotocatalyst Eosin
Y (PC5) under irradiation with green light, resulting in the
formation of the target cyclopentalblchromenocarbonitrile
derivatives from moderate to excellent yields (14 examples,
42-93%) and good diastereoselectivities, ranging from 2:1 to
10:1. The diastereoselectivity of the process arises from steric
factors during the approach of the radical intermediate to
the substrate. In contrast, the electronic nature of the sub-
stituents on the starting materials had minimal impact, as
the diastereomeric ratio remained relatively consistent across
various substrates. Interestingly, introducing a strongly electron-
withdrawing trifluoromethyl group on the N-cyclopropylaniline

Chem. Eur. J. 2025, 31, €202500283 (18 of 25)

Q onNHAR
‘%j/ V EY PC5 (5 mol %) B
. TR
N, > DMSO, Green LED @

H Ar r.t., argon, 24 h o H

14 examples
42-93%

d.r.2:1-10:1
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Scheme 44. Organophotocatalyzed [242-+1] annulation of chromones with
N-arylglycine and proposed mechanism. “Reprinted (adapted) with
permission from American Chemical Society. Copyright {2025}.”

significantly enhanced diastereoselectivity, achieving the high-
est observed diastereoisomeric ratio. This suggests that while
steric effects dominate, certain substituents may also influence
the diastereomeric outcome by stabilizing the transition state.
Another example of a metal-free photocatalyzed cycload-
dition involving 3-cyanochromones as starting materials for
the preparation of fused chromenes was described by Zhou
et al. in 2023.18% |n this study, an organophotocatalyzed aer-
obic decarboxylative [2+2+1] annulation of chromones with
N-arylglycines was developed for the synthesis of chromenopy-
rrolidines (27 examples, 36-86%, Scheme 44). The reaction
of 3-cyanochromones and N-aryl-glycines was conducted in
the presence of 1,2,3,5-tetrakis(carbazol-9-yl)-4,6-dicyanobenzene
(4CzIPN, PC6) as the photocatalyst under irradiation of blue
light. Mechanistic studies suggest that, under visible-light irra-
diation, the photocatalyst 4CzIPN is excited (PC*) and then
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reductively quenched by N-phenylglycine to form radical cation
41. Subsequent deprotonation and decarboxylation yield the
aminomethyl radical 42, which undergoes Giese-type addition
to the cyanochromone, generating radical 43. A single-electron
reduction of 43 by PCe~, followed by protonation, produces
intermediate 44. Alternatively, the catalytic cycle can proceed
through single-electron transfer (SET) between molecular oxy-
gen and PCe~, generating a hydroperoxyl radical, which can
oxidize 42 to imine 45. Next, a nucleophilic addition of amine 44
to imine 45, followed by elimination of aniline generates iminium
46, which triggers the intramolecular Mannich reaction, allowing
the pyrrolidine ring formation (Scheme 44).

The authors suggest that the steric and electronic properties
of the substrates guide the selective formation of one iminium
intermediate over others, which in turn dictates the outcome
of the cyclization. The reaction requires two equivalents of N-
arylglycine in which one is used for radical initiation and the
other for imine formation. To minimize the potential oxidative
dimerization of N-arylglycines, the first stage of the reaction
(Giese-type addition) was carried out under an inert atmosphere,
while the subsequent cyclization step was performed under
open-air conditions.

In a more recent contribution to visible light-mediated

annulation of chromones, Wang et al. reported the
reaction of 3-substituted chromone derivatives with
either bromodifluoroacetamides or bromodifluoroac-
etates as coupling partners affording a broad range
of fused chromone analogs.® Thus, reaction of 2-(2-

methylallyl)-2[(4-oxo-4H-chromen-3-yl)methyllmalonate and
2-bromo-2,2-difluoro-N-phenylacetamide in the presence of
4CzIPN (PC6) as photocatalyst and K;PO43H,0 as base under
blue LED irradiation gave desired fused chromone products from
moderate to good yields (23 examples, 42-85%, Scheme 45).
Bromodifluoroacetate ester was also used as an efficient radical
difluoroacetate precursor; however, the optimized reaction con-
ditions were slightly different, requiring the use of fac-lr(ppy)s
(PC1) as photocatalyst and NaHCO; as base. Under these con-
ditions, the target products (22 examples) were isolated, with
yields ranging between 29-71%.

A possible reaction pathway begins with the excitation of
the photocatalyst 4CzIPN*, which oxidizes the C—C double bond
of the chromone derivative, yielding the radical cation inter-
mediate 47 along with 4CzIPN~. The latter is then oxidized by
bromodifluoroacetamide, generating the difluoroacetamide rad-
ical intermediate 48 and restoring ground-state 4CzIPN, ready
for the next catalytic cycle. Next, the coupling of intermediate
48 with the radical cation intermediate 47 forms a carbocationic
intermediate 49, which on intramolecular cyclization and further
deprotonation give the desired product.

Biflavonoids are dimers of flavonoid (2-arylchromone) struc-
tures that have been isolated from various plants and are known
for their diverse biological activities. Despite their pharmacolog-
ical potential, the chemistry and biology of these compounds
remain underexplored, likely due to the absence of efficient
synthetic methods. Some relevant examples include radical-
based approaches, such as the CAN-mediated radical coupling
of appropriately substituted diaryl-1,3-diketones described by
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Scheme 45. Visible-light-triggered difluoroacetylation/cyclization of
chromone-tethered alkenes and proposed mechanism. “Reprinted (adapted)
with permission from American Chemical Society. Copyright {2025}.”

O~ AR
o o fac-Ir(ppy)s PC1(2 mol %) o
MeO NagHPO, (2.0 equiv.)  MeO
I+ BrQJ\ |
; Ar? DMF )
O “Ar 12W Blue LED (455-465 nm) (S
OMe rt., Np, 20-30 h OMe
25 examples
- 44-78%
0. _A
ey L
O T Ar!

Scheme 46. Photocatalyzed radical alkylation of flavones.

Nanjan and Banjeri,®? and the Sml,-promoted temperature-
controlled stereodivergent radical coupling of flavones reported
by Soto et al.®3 However, both methodologies are restricted
to the preparation of symmetric biflavonoids. Addressing this
limitation, Fregoso-Lépez and Miranda reported in 2022 the first
synthesis of non-symmetrical biflavones, using as key step the
visible-light iridium-catalyzed radical C3 alkylation of flavones
with phenacyl bromides (25 examples, 44-78%, Scheme 46).184
The reaction proceeds via a single-electron transfer (SET) from
the excited photocatalyst to generate a radical-anion, which
undergoes C—Br cleavage to form an electrophilic «-acyl radical.
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This radical then undergoes a Giese-type addition at the C3 posi-
tion of the flavone, followed by oxidation by the Ir(lll) complex,
which regenerates the photocatalyst. The resulting alkyl flavones
were subsequently subjected to selective demethylation
through a Baker—Venkataraman rearrangement in the presence
of acyl chlorides to obtain 3,3"-biflavones (19 examples, 42-87%).

5,

Scheme 48. Photocatalyzed radical alkyne insertion with
3-bromo-4-hydroxycoumarins.

3.1.2. Reactivity of 2H-chromenones (coumarins)

Singh and co-workers developed a regioselective metal-free
photocatalytic strategy for the decarboxylative C-4 alkylation
of 2-imino-2H-chromene-carbonitriles.® Upon blue LED irra-
diation, the acridinium photocatalyst [Mes-Acr-Mel*BF,~ (PC9-
BF, ™) efficiently generates alkyl radicals from aliphatic carboxylic
acids, which selectively attack the 2-iminochromene moiety,
delivering C-4 alkylated products from moderate to high yields
(25 examples, 40-81%, Scheme 47). Both secondary and tertiary
carboxylic acids are compatible, including sterically hindered
ones. As expected, primary substrates failed to yield the corre-
sponding alkylated product, likely due to the poor stability of
primary alkyl radicals. The process was successfully scaled up to
a gram-scale.

The first visible-light-mediated transformation of a coumarin
derivative was reported by Zhou et al. in 2016.1%¢! They described
an efficient synthesis of furo[3,2-clcoumarins through photocat-
alyzed alkyne insertion of 3-bromo-4-hydroxycoumarins. Reac-
tion of alkynes and 3-bromo-4-hydroxycoumarins in the pres-
ence of [Ir(ppy),(dtbbpy)I(PFs) (PC4) as photocatalyst, under
white LED irradiation, afforded a series of furocoumarin analogs
from moderate to high yields (17 examples, 41-93%, Scheme 48).
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Scheme 49. Metal-free visible-light-induced cross-dehydrogenative
oxygenation of Warfarin analogs.

Electron-rich and neutral phenylacetylenes gave the high-
est yields as their electronic properties facilitate efficient rad-
ical addition (93% for p-tert-butylphenylacetylene). In contrast,
electron-deficient acetylenes performed poorly (22% for p-
chlorophenylacetylene). The process is carried out without sto-
ichiometric oxidants and operates under mild conditions in a
redox-neutral fashion. A possible catalytic cycle involves the
homolytic cleavage of the C—Br bond and subsequent addition
of the resulting radical to the alkyne to generate an intermediate
vinyl radical. The vinyl radical intermediate then attacks the car-
bonyl group intramolecularly to give radical intermediate, which
on oxidation and deprotonation finally affords the furocoumarin.

In a more recent study, Brahmachari and co-workers devel-
oped the metal-free photocatalyzed synthesis of structurally
related dihydrofuro[3,2-clchromen-2-ones from warfarin deriva-
tives via intramolecular C—O bond formation through Csp®—H
cross-dehydrogenative oxygenation.[®”! The reaction is promoted
by blue LED light or sunlight in the presence of non-toxic
organic dye Rose Bengal (PC10) as photocatalyst, NH;SCN as
additive, and molecular oxygen as the oxidant, enabling the
formation of a wide range of warfarin analogs from mod-
erate to good yields (33 examples, 51-77%, Scheme 49). The
reaction proceeds by means of the formation of an enoloxy
radical, subsequent diradical coupling with thiocyanate radical
and intramolecular nucleophilic substitution to finally provide
dihydrofurocoumarins.

Another relevant example of metal-free photocatalyzed
transformations of coumarin derivatives is the regioselective
decarboxylative C4-alkylation using N-(acyloxy)phthalimides as
radical precursors, reported by Singh and co-workers in 2020.[88!
This methodology achieves moderate to quantitative yields (21
examples, 43-99%) of C4-alkylated coumarins in the presence of
N,N-diisopropylethylamine (DIPEA) and Eosin Y (PC5) as photo-
catalyst under green LED irradiation (Scheme 50). The process
is initiated by the formation of an alkyl radical via elimination
of phthalimide and release of carbon dioxide. Subsequently, the
addition of the alkyl radical to coumarin generated a radical
intermediate in position C-3, which then migrates to position C-
4. Finally, oxidation to the corresponding carbocation followed
by deprotonation furnished desired alkylated coumarins. The
process is restricted to primary alkyl groups; interestingly, when
the reaction was performed with secondary or tertiary alkyl
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Scheme 50. Metal-free visible-light-promoted decarboxylative C4-alkylation
of coumarins using NHPI esters.
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Scheme 51. Photocatalyzed Giese reaction of
coumarin-4H-chromone-3-carboxylic acids using NHPI esters as radical
precursors.

groups, the products from the Giese reaction were isolated from
moderate to quantitative yields (10 examples, 50-86%).

Giese-type transformations have been extensively used to
functionalize coumarin derivatives at the C4-position.”"”?! For
example, Albrecht and co-workers described in 2021 a photocat-
alyzed Giese reaction for the C4-functionalization of chromone-
3-carboxylic acids.!®®! Thus, reaction of coumarins with N-
(acyloxy)phthalimides as radical precursors in the presence of
DIPEA and Ru-based photoredox catalyst, under blue LED light,
afforded 4-substituted-chroman-2-ones from moderate to good
yields (13 examples, 38-82%, Scheme 571). The reaction succeeded
when using secondary and tertiary alkyl radicals but failed with
primary and benzylic radicals, probably due to lack of stability
and competing radical dimerization.

Later, in 2022, the same authors expanded the reactivity
of coumarin-3-carboxylic acids as Giese substrates, develop-
ing their decarboxylative reductive azaarylation reaction.[® This
methodology uses (cyano)azaarenes as radical precursors in the
presence of NEt; and fac-lr(ppy); (PC1) as photocatalyst under
blue LED irradiation, achieving moderate to high yields of the
corresponding C4-functionalized products (19 examples, 39-95%,
Scheme 52). This photocatalytic process is very relevant from
the synthetic point of view, enabling the efficient synthesis of
pharmaceutically relevant pyridine-coumarin hybrids.[**%?]

Morofuji et al. reported an innovative photocatalytic
Giese-type reaction of coumarin-3-carboxylates using a novel
class of alkylsilicates bearing C,O-bidentate ligands as radical
precursors.3! The reaction proceeds in the presence of organic
acridinium-based  photocatalyst [Mes-Acr-Me]*BF,~  (PC9-
BF, )under blue LED irradiation, giving the corresponding C4-
cyclohexyl adduct in a nearly quantitative manner (Scheme 53).
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Scheme 52. Photocatalyzed decarboxylative Giese azaarylation of
coumarin-3-carboxylic acids.
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Scheme 53. Organophotocatalyzed Giese-type alkylation of ethyl
coumarin-3-carboxylate.
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Scheme 54. Stereoselective photoinduced Giese amidation of ethyl
coumarin-3-carboxylate.

In a Giese amidation reported in 2023, Lee and co-workers
introduced bench-stable, non-toxic oxamic acids as carbamoyl
radical precursors.® The methodology can be applied to a
broad scope of Michael acceptors, accommodating both exo-
cyclic and endo-cyclic systems, including coumarin-derived sub-
strates. Thus, the reaction of ethyl coumarin-3-carboxylate and
N-cyclohexyl oxamic acid as the radical source in the presence of
an Ir-based photoredox catalyst PC3 under irradiation with blue
LED light afforded the desired 4-carbamoylcoumarin in a 63%
yield with good trans-diastereoselectivity (d.r. 9:1) (Scheme 54).

Singh and his team recently developed a diastereoselec-
tive Giese addition on activated coumarin-3-carboxylates fea-
turing chiral auxiliaries, marking notable progress in stereose-
lective functionalization of coumarin derivatives.!”! Reaction of
coumarins and N-hydroxyphthalimide esters in the presence of
organophotocatalyst Eosin Y (PC5) under green LED irradiation,
delivered a series of chiral coumarin derivatives in good yields
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Scheme 55. Stereoselective metal-free visible-light-promoted Giese
addition to coumarins.
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Scheme 56. Photocatalyzed C3-alkylation of coumarin via oxidative
coupling reaction with alkyl NHPI esters.

(16 examples, 76-94%) and remarkable diastereoselectivity (up to
d.r. 20:1, Scheme 55). The carboxylate group at the C-3 position
served as both an anchoring point for the auxiliary and a polar-
izing group to enhance C-4 electrophilicity, thereby facilitating
the radical attack.

In coumarin chemistry, much of the attention has been
focused on regioselective transformations at the C-4 position,
the most active site for Giese-type mechanisms, as illustrated
above. However, the C-3 position stands out as the most nucle-
ophilic site, highly susceptible to electrophilic metalation and
direct C—H activation. Leveraging this reactivity and recognizing
the ubiquitous presence of the 3-substituted coumarin scaf-
fold in biologically active compounds,!®®””! Jin et al. described
the first example of the direct regioselective C3-alkylation of
coumarins through a decarboxylative coupling process.’®! Reac-
tion of coumarins and N-hydroxyphthalimide esters as alkylating
agents in the presence of TFA as additive and fac-Ir(ppy)s
(PC1) as photocatalyst, under blue LED irradiation, produced 3-
alkylated coumarins from moderate to excellent yields (27 exam-
ples, 30-92%, Scheme 56). The proposed mechanism for this
transformation involves the formation of an alkyl radical from
phthalimide and subsequent addition to coumarin. The gener-
ated radical intermediate is further oxidized to a carbocation,
which deprotonates to finally afford the alkylated coumarin.

A greener contribution to the functionalization of the C3-
position was made by Gryko and co-workers, reporting their
pioneering study on the use of porphyrins and diazonium
salts for the direct metal-free C—H arylation of various het-
eroarenes and coumarins in good yields, under blue LED irradia-
tion (Scheme 57).1°1 Remarkably, the efficiency of the porphyrin
organocatalyst in facilitating oxidative quenching depends on
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Scheme 57. Metal-free visible-light-promoted C3-arylation of coumarin with
diazonium salts, using porphyrins.
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Scheme 58. Metal-free visible-light-promoted C3-arylation of coumarin with
diazonium salts, using natural pigment chlorophyll as the photosensitizer.

its redox properties, which were fine-tuned by peripheral sub-
stituents.

Moazzam and Jafarpour subsequently described another
intriguing example of metal-free photocatalyzed C3-activation
of coumarins.'! The authors performed a visible-light-induced
metal-free C3-arylation of coumarins, employing aryl diazonium
salts as arylating agents and chlorophyll as natural photocata-
lyst under white LED irradiation (Scheme 58). This sustainable
approach takes advantage of a renewable biocatalyst and mild
reaction conditions to efficiently prepare 3-arylcoumarins, with
excellent regioselectivity, from moderate to high yields (19 exam-
ples, 30-89%) and scalability up to gram-scale synthesis, high-
lighting the potential of natural photocatalysts in modern green
chemistry.

4. Summary and Outlook

Chromene derivatives are a versatile class of heterocyclic
compounds with considerable significance in organic synthe-
sis, biological research, and medicinal chemistry. This review
has highlighted the transformative potential of visible-light-
mediated approaches in chromene chemistry, offering greener
and more efficient pathways for their synthesis and func-
tionalization. The application of photochemical strategies has
notably improved atom economy and synthetic efficiency
while often eliminating the need for transition metals, thereby
aligning with the principles of green chemistry. Furthermore,
these advancements have facilitated access to previously
challenging chromene derivatives, broadening the chemical
space available for modern drug discovery. Several key inno-
vative methodologies, including Giese-type transformations,
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multicomponent reactions (MCRs), and cascade processes, have
been instrumental in achieving this progress in visible-light-
driven procedures. Giese-type additions, characterized by radical
addition to electron-deficient alkenes, provide versatile and
effective means for chromene functionalization. Similarly, MCRs
enable the construction of complex chromene frameworks
in a single step, maximizing efficiency and reducing waste.
Beyond these, photocatalytic strategies have enabled a variety
of other transformations, including oxidative cyclizations, cross-
dehydrogenative couplings, and radical-triggered cascade reac-
tions, each contributing to the structural and functional diversity
of chromene derivatives. Particularly, the potential for catalyst-
free, metal-free, and even solvent-free reactions has emerged as
a frontier in chromene synthesis. Such approaches not only sim-
plify reaction conditions but also reduce environmental impact,
further enhancing the sustainability of these methods. These
developments reflect the ongoing efforts to refine synthetic
methodologies while addressing green and economic concerns.
Nevertheless, despite significant progress, challenges persist as
the stereoselective synthesis of chromene frameworks using
visible-light-driven processes remains underexplored. Consider-
ing the critical importance of chiral molecules in pharmaceutical
applications,  developing  stereoselective  photocatalytic
strategies could unlock new opportunities in drug discovery.

In conclusion, the integration of photocatalysis, green chem-
istry principles, and innovative reaction mechanisms has boosted
chromene chemistry into a new era. The ability to conduct
complex transformations under mild and sustainable condi-
tions underscores the growing potential of this field. Ongoing
efforts to overcome current limitations and expand the scope
of these methodologies will ensure that chromene-derived scaf-
folds remain at the forefront of organic synthesis, medicinal
chemistry, and materials science in future research.
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