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Abstract. The employment of visible-light has emerged as a powerful, selective, and sustainable tool for the
construction and functionalization of heterocyclic systems. This review highlights the recent progress in
protocols to obtain benzothiazoles, triazoles, and selenoindoles mediated by light providing overviews of
their synthetic scope. In addition, the mechanisms involved are discussed.
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1. Introduction

The scientific community adopted light-induced reactions as an innovative opportunity across a broad
range of areas (pharmaceuticals, agrochemicals, animal health products, efc.).'*** The use of
light-irradiation over the last decade allowed access to a wide variety of heterocyclic compounds, perhaps
inaccessible through other methods.>®” Although not all organic compounds are capable of absorbing light,
because the molecules need chromophores that can handle these processes, the synthetic community has
been developing novel protocols to tackle this drawback." In this sense, photocatalysis arises as a promising
solution to drive reactions that are difficult, sometimes even impossible, to carry out by thermal activation.’
The use of visible-light (A=400-700 nm) provides several advantages over the use of ultraviolet light.
Besides, UV light frequently induces unselective reactions and requires the use of specialized light sources
and photoreactors. Instead, visible-light can be considered as a mild and environmentally friendly reagent,
with high energy efficiency, simplicity, and financial cost.®

When a reaction mixture is irradiated with visible-light, the addition of organic dyes, transition metal
complexes, or semiconductors is required to absorb the light, as the typical organic molecules are transparent
to such irradiation. These species absorb the radiation and induce chemical reactions transferring their
excitation energy via electron transfer (ET) (photoredox catalysis), or hydrogen atoms (hydrogen atom
transfer photocatalysis), or collision (energy transfer, photosensitization).' In the absence of any extra-added
photocatalyst, examples of transformations are limited to organic substrates whose absorption falls within
the visible wavelength range or the formation of an electron donor-acceptor complex which is able to
absorb.” To achieve effective visible-light absorption, charge separation, and charge transfer, a vast number
of photocatalytic materials have been synthesized and studied in several organic transformations. The



481

progress in the field of photocatalysis has enabled the development and application of novel photocatalysts
for the synthesis and functionalization of heterocyclic compounds. '

Also, several technological innovations have rendered selective, more reproducible, and scalable
photoinduced reactions. Light Emitting Diodes (LEDs) were quickly identified as desirable lighting sources
due to being energy-efficient and long lasting. Moreover, the evolution of photoreactors for both batch- and
flow-mode represent a huge promise for the field.®

This review summarizes the advances in the visible-light-induced synthesis and functionalization of
certain important heterocycles. Based on our recent contributions, we describe three families: bezothiazoles,
triazoles, and selenoindoles. Particular emphasis is also placed on the recent developments of the
visible-light photocatalytic synthetic protocols discussing useful and readily accessible literature.
Additionally, this review offers a critical assessment of some mechanistic insights into photochemical
reactions, which provide methodologies to further explore synthetic approaches for heterocyclic compounds.

2. Benzothiazoles

Benzothiazole is a benzo-fused heterocycle that is present in many naturally occurring products and
has been used as an antimicrobial, antitumor, anticonvulsant, and neuroprotective agent‘11 There are
numerous synthetic methodologies in the literature to obtain this important class of heterocyclic compounds,
but in recent years emphasis has been placed on the development of new methodologies based on
photocatalysis, which involves greener reaction conditions. Among the methods based on the use of light,
the most prominent are the employment of direct C(spz)—H activation using UV or visible-light to form
intramolecular C-S bonds. This approach implies the intermolecular cyclization reaction between
2-aminothiophenols and different reagents, where aldehydes are the most frequently used, and cascade
radical cyclization reactions of 2-isocyanoaryl thioethers. Some of these methodologies are described below.

2.1. Synthesis by C-H activation and C(spz)—S formation

Over the past decade, radical chemistry, specifically photoredox catalysis, has risen as a popular and
powerful tool for C-H functionalization. In particular, the employment of direct C(sp2)fH
activation/intramolecular C-S bond formation has been studied for the synthesis of 2-substituted
benzothiazoles. Pefiéfiory et al. reported a ground-breaking work which developed the cyclization of
thiobenzanilide 1 for the synthesis of 2-substituted benzothiazoles 2 induced by a stoichiometric amount of
p-chloranil under a medium-pressure Hg lamp irradiation at 80 °C in toluene or 1,2-dichloroethane. In this
work, the authors proposed that, in non-polar solvents, the p-chloranil triplet generated by UV radiation acts
as a hydrogen atom acceptor, to generate the sulphur-centred radical of the substrate, which, after an
intramolecular cyclization and re-aromatization, generates the corresponding benzothiazole reaching
acceptable to very good benzothiazole yields.'

Li et al. reported a methodology for the cyclization of 1 to obtain 2 by photoredox catalysis, using
Ru(bpy)32+ as photocatalyst in the presence of 1,8-diazabicycloundec-7-ene (DBU) as a base in an oxygen
atmosphere. According to the mechanism, in a first step, the excited photocatalyst (Ru(bpy)32+*) is oxidized
to Ru(bpy);*" by molecular oxygen, while the latter is turned into the O, upon ET (Scheme 1). The
sulphur-centred anion of 1 generated by organic base DBU, forms a sulphur radical by a single ET to
Ru(bpy)33+, regenerating Ru(bpy)32+ and closing the photoredox cycle. This radical finally produced 2 after
intramolecular cyclization, and O, assisted re-aromatization. By this methodology, 2 were obtained from
moderate to excellent yields. This mild reaction condition tolerates many functional groups. 13 Using also a
ruthenium-based photocatalyst, Gustafson et al. described a methodology to obtain benzothiazoles based on
a photocatalytic oxidative C—H thiolation. This methodology involves the use of 1 as a substrate,
Ru(bpy);Cl, as a photocatalyst, sodium persulfate as an oxidizing agent, and pyridine as a base under blue
LED irradiation. The mechanism suggests that the excited state of the photocatalyst activates the persulfate
producing the sulphate radical (SO4 ) which is a powerful oxidizing agent together with Ru’", the latter
being responsible for oxidizing the sulphur of the thiobenzanilide to form its radical cation, which then
undergoes an intramolecular cyclization. In the next step, re-aromatization takes place to give the product of
interest. This methodology allows obtaining 2-alkyl or 2-aryl benzothiazoles from moderate to good yields.*
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Scheme 1. Photocatalyzed synthesis of 2 with Ru(bpy)s>" and proposed mechanism.

Lei et al. reported a photoredox catalysis methodology using the combination of a photocatalyst with a
proton reducing catalyst, namely (Ru(bpy)s(PFe),) and (Co™(dmgH),(4-NMe,-CsH,N)CI), under weak
alkaline conditions, starting from 1 under blue LED irradiation, using sodium glycinate as a base in
stoichiometric quantities and DMAP in sub-stoichiometric amount, in an argon atmosphere to obtain 2 under
oxidant-free conditions with concomitant generation of H,. This methodology achieves excellent results with
either electron-rich or electron-poor substituents; however, the presence of a strong m-donating group
(—OMe) or a strong electron-withdrawing group (—CF3) on the N-aryl ring decreases the reactivity. These
catalytic systems can be scaled up to gram scale, with excellent yield."

Srivastava and co-workers developed the synthesis of 2-aminobenzothiazoles starting from
arylthiourea, using Eosin Y (EY) as a photocatalyst, green LEDs as light source, and
N,N-diisopropylethylamine as an organic base, in aerobic conditions. This procedure gives the desired
product in good to excellent yields and tolerates considerable functional group variations including
electron-withdrawing and electron-donating substituents. Moreover, this methodology gave excellent yield
when the reaction started directly from arylisothiocyanate and a secondary amine in a one-pot procedure.'®

Xu and co-workers developed a visible-light-driven methodology for C—H thiolation that does not
require the use of a photosensitizer, metal catalyst, or base. The procedure is based on the intramolecular
cyclization of 1 through a reverse Hydrogen-Atom Transfer (RHAT) process. Light-activated
thiobenzanilide suffers a RHAT process in the presence of 2 equivalents of TEMPO
(2,2,6,6-tetramethylpiperidine N-oxide), to produce the corresponding sulphur radical, which undergoes an
intramolecular cyclization to finally produce benzothiazole. This methodology affords the formation of
benzothiazoles with electron-rich, -neutral, and -withdrawing groups in good to excellent yields."”

More recently, our group developed the synthesis of 2-substituted benzothiazoles 2a-o through an
efficient photochemical approach for visible-light-driven aromatic C—H thiolation reactions of
thiobenzanilides 1a-o, using riboflavin 2',3',4",5'-tetraacetate (RFTA) 3 as a photocatalyst and persulfate as a
sacrificial oxidizing agent under nitrogen atmosphere. The advantages of this approach include the use of a
natural organic dye, riboflavin, as a photocatalyst, the absence of transition-metal complexes and bases, and
the use of blue light to promote the reaction to obtain the corresponding benzothiazoles in good to excellent
yields (Scheme 2). Also, the methodology tolerates both electron-donating and electron-withdrawing
substituents and represents the first methodology that successfully produced nitro-substituted
2-phenylbenzothiazole under photochemical approaches. Moreover, some 2-alkylbenzothiazoles were
obtained in moderate to very good yields and a double-cyclization product was reported in 41% yield.'®

Upon some mechanistic studies, the authors suggested that ET occurs from 1 to the excited state of
RFTA, to produce the radical cation of thiobenzanilide together with the radical anion RETA™. In a second
step, the deprotonation of the radical cation of thiobenzanilide is assisted by the radical anion RFTA™,
which, after cyclization and further re-aromatization by oxidant potassium persulfate, afforded the desired
benzothiazole.'®
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Scheme 2. Photocatalyzed synthesis of 2-substituted benzothiazoles 2a-o0 with RFTA 3.

The synthesis of 2 was developed by Zhou et al. using the heterogeneous photocatalysis graphitic
carbon nitride (g-C3Ny) as a catalyst in air atmosphere and blue LED irradiation.'® Similarly to RETA,'® this
methodology presents excellent isolated yields and compatibility of different functional groups, including
p-nitro containing thiobenzanilide 1g, which is a challenging substrate."

2.2. Synthesis starting from 2-aminothiophenols

The photocatalyzed reaction of 2-aminothiophenols 4 with different reagents is one of the most studied
methodologies to obtain benzothiazoles due to its simplicity, mild reaction conditions, and the commercial
availability of starting materials.

Sharma et al. reported the synthesis of benzothiazoles using a decarboxylative cross-coupling reaction
between o-keto acids and 2-aminothiophenols in the presence of H,O, as an oxidant, air atmosphere, and
blue LED irradiation, without any photocatalyst. Mechanistic studies propose the formation of an electron
donor-acceptor complex (EDA complex) between the a-keto acid and the 2-aminothiophenol. This EDA
complex, irradiated with blue light and in the presence of an oxidizing agent such as H,O,, further undergoes
decarboxylation and, after several rearrangements, the desired benzothiazole is obtained. By modifying the
substituents present in both o-keto acid and 4, a wide family of benzothiazoles were obtained, bearing both
donor and acceptor substituents, as well as benzothiazoles unsubstituted at the C2 position. The authors
describe a metal-free and photocatalyst-free photooxidative synthesis of benzothiazoles.”® Also described in
bibliography, there are methodologies where the formation of a disulphide intermediate acts as a
photosensitizer.”** The synthesis of benzothiazoles from 4 and aldehydes 5 under aerobic conditions and
blue LED irradiation was reported by Yan and co-workers. The authors propose the formation of an imine
which, in presence of O, and upon irradiation, is oxidized to the corresponding disulphide. In a second step,
light promoted homolytic fragmentation of the disulphide, generating a thiyl radical which, after
intramolecular cycloaddition and oxidation, affords the final product. The scope of the reaction included the
use of different 2-aminothiophenols with methoxyl, methyl, fluoro, chloro, and bromo substituents to obtain
benzothiazoles in good yields.”' In further studies, Cho et al. explored the mechanism of this reaction
between 4 and 5 that precede using water as a solvent in an air atmosphere with blue LED irradiation, to
obtain the corresponding benzothiazole. Mechanistic studies show that 2-aminothiophenol disulphide 6 is
formed under irradiation and is the species that works as a photosensitizer in the benzothiazole formation
reaction (Scheme 3). Regarding the scope, the mild reaction conditions tolerate various functional groups,
affording a wide variety of 2 with very good to excellent yields (70-95%).

Another intermolecular cyclization methodology includes the use of photoredox catalysts under
visible-light irradiation, using organic catalysts, transition-metal complex, and semiconductor materials.

Cho et al. employed Ru(bpy);Cl, as a photoredox catalyst, starting from 4 and S in the presence of
oxygen under blue LED irradiation. The authors propose that, in the first step, the corresponding
benzothiazoline is formed as an intermediate, and this part of the reaction proceeds in absence of
photocatalyst and light. The formation of benzothiazole occurs through a reaction of a-amino C—H oxidation
of benzothiazoline catalysed by Ru(bpy);Cl,, which involves O, reduction followed by ET from
benzothiazoline. The use of different aldehydes leads to the formation of 2-alkyl and 2-aryl benzothiazoles
with excellent yields, using mild reaction conditions and with minimal amounts of photocatalyst (0.1 mol%),
which allows minimizing toxic waste formation.” Similarly, Sun et al. developed an efficient and green
method for the synthesis of benzothiazoles via light-induced condensation cyclization using fluorescein as a
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photocatalyst, and methanol as solvent in air atmosphere. This methodology tolerates a series of substituents,
such as electron-withdrawing and electron-donating groups, on the aromatic ring of the aldehyde as well as
the 2-aminothiophenol moiety, keeping the performance of the reaction. As in the previous case, once the
benzothiazoline is formed, the photocatalytic cycle between this species and fluorescein/O, under irradiation
takes place, to give the corresponding benzothiazole.?* Similarly and starting from these precursors, Tran et
al. synthesized derivatives of benzothiazoles using EY as photocatalyst with very good to excellent yields
and mild reaction conditions.”® At the same time, Chandru Senadi and co-workers developed a similar
methodology using Rose Bengal as a photocatalyst in the presence of 4 and benzylamines 7 (Scheme 4). In
this case, the photocatalyst plays a fundamental role, since it acts in a first stage to transform benzylamine
into aldehyde, which couples in situ with 4 to form benzothiazoline, and in the presence of Rose Bengal
gives the corresponding 2-arylbenzothiazoles 2. This mild, metal-free methodology, that avoids the use of
less stable aldehyde derivatives, is compatible with electron-donating as well as electron-withdrawing
functionalities to afford benzothiazoles in moderate yields (41-65%).26
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Scheme 3. Mechanism proposed by Cho et al.
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Scheme 4. Photocatalyzed synthesis of 2 with Rose Bengal.

Other types of catalysts used are tetrazine”’ and pyrazine®® derivatives, which show visible-light
absorption and have been used as photoredox catalytic systems for the synthesis of 2 starting from aldehydes
and 4. Both catalysts demonstrated excellent catalytic activity in the presence of both alkyl and aryl
aldehydes with different substituents, under mild conditions, and in excellent reaction yields.

In recent years, the use of semiconductors as photocatalysts for heterogeneous catalysis reactions has
attracted much attention, since its easy separation and reuse constitutes a powerful tool to achieve complex
chemical transformations. As a result, this type of heterogeneous catalyst has been employed for the
synthesis of benzothiazole due to the great interest in the development of new methodologies to obtain this
interesting heterocycle. In this sense, Biswas ef al. developed the synthesis of benzothiazoles starting from
2-aminothiophenols together with aryl, and alkyl aldehydes using mesoporous CdS nanosphere as
heterogeneous photocatalyst under visible-light irradiation. CdS nanospheres exhibited excellent catalytic
performance and were easy to separate for their further reuse. The experimental results showed a loss of
catalytic performance after the fourth cycle due to significant agglomeration of the material.”® Also, Rai et
al. employed as heterogeneous photocatalyst Cu/Cu,O@g-CsNy for the synthesis of 2-aryl benzothiazoles
via condensation of structurally different aldehydes with o-aminothiophenol. The authors, who proposed a
simple methodology under mild reaction conditions, in aqueous medium, white LED irradiation, reported
very good reaction yields (80-94%). Moreover, the catalyst was able to be reused for five recycling cycles
without significant loss of its activity, making this protocol a greener alternative method.*® Chikate et al.
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reported the use of CdSe nanocomposites as a photocatalyst for the synthesis of 2-substituted benzothiazoles.
These nanocomposites were prepared by molecular self-assembly of CdSe nanoparticles within the layers of
montmorillonite (MMT) through intercalation, forming lamellar structures. The methodology utilizes
aliphatic, aromatic, and heterocyclic aldehydes and 2-aminothiophenol to obtain benzothiazoles with
excellent yields (up to 98%) under visible-light irradiation. The use of this combination of materials showed
a synergistic interaction between CdSe sites and MMT support within the nanocomposite structure, giving
even higher yields than the separate materials. Moreover, the catalytic activity was marginally reduced
during five successive cycles even after prolonged exposure to light, making this a robust material for
photocatalysis.>’

2.3. Synthesis starting from 2-isocyanoaryl thioethers

Another photoinduced synthetic methodology to obtain benzothiazoles involves the use of
2-isocyanoaryl thioethers 8 as precursors. This method has been widely used to obtain benzothiazoles with
functionalities of interest in position 2, such as perfluorinated substituents, phosphine oxides, among others,
given the interest in these derivatives of benzothiazoles and their applications; and the chance of
incorporating different heteroatoms to this fascinating structure. Zhang et al synthesized
2-CF,/CF;-containing benzothiazoles with excellent yields through a visible-light-induced radical cascade
cyclization of 8, using iridium salts (fac-Ir(ppy)s) as photocatalyst and sodium sulphite as a reducing agent to
regenerate Ir’* and close the catalytic cycle.” Also, Yu et al developed an efficient
fluoroalkylation/cyclization methodology by reacting commercially available fluoroalkyl radical sources,
like perfluoroalkyl iodide, tetramethylethane-1,2-diamine (TMEDA), and structurally simple 8 under
blue-light irradiation giving access to diverse, biologically potential, 2-fluoroalkylbenzothiazoles. The
perfluoroalkyl radicals required for the radical-cascade cyclization reaction are generated from the
irradiation of the perfluoroalkyl iodide-TMEDA EDA complex. This methodology allows
2-fluoroalkylbenzothiazoles with very good performance. Another advantage is that, starting from
2-isocyanoaryl selenoethers, and under the same reaction conditions, the authors obtain the interesting
2-perﬂuoroalkylbenzoselenazoles.33 In a more recent study, the authors developed a photocatalyst, namely
2,4,5,6-tetrakis(3,6-di-tert-butyl-9H-carbazol-9-yl)-isophthalonitrile ~ (4CzIPNtBu), for the cascade
cyclization reaction of 8 initiated by phosphorus-radicals to obtain 2-phosphorylated benzothiazoles 9
(Scheme 5). The products of interest were obtained in moderate to very good yields, under mild reaction
conditions and blue LED irradiation.**
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Scheme 5. Photocatalyzed synthesis of 2- phosphorylated benzothiazoles 9 with 4CzIPNtBu.

Recent reports use a similar catalyst (1,2,3,5-tetrakis-(carbazol-9-yl)-4,6-dicyanobenzene, 4CzIPN) to
obtain ether-functionalized benzothiazoles starting from 2-isocyanoaryl thioethers and ethers with moderate
yields and mild reaction conditions. This methodology allows the corresponding benzoselenazoles with
moderate yields.*

3. Triazoles

Triazoles are five-membered heterocycles containing two carbon and three nitrogen atoms. Because of
their structure, it is possible to propose two triazole isomers depending on the relative position of the
nitrogen atoms: 1,2,3-triazole and 1,2,4-triazole. Due to its high relevance in medicinal chemistry, materials
science, and polymer chemistry, in this section we will account for 1,2,3-triazole.

Triazoles are exceptionally stable under many reaction conditions such as acidic and basic, as well as
oxidative and reductive media, due to their aromatic character. Furthermore, they are relatively resistant to
metabolic degradation.*® Triazoles have a particularly high dipole moment -around 5D- and participate in
intermolecular hydrogen bond and dipole-dipole interactions.*” Due to their structural characteristics, they
resemble the amide bonds and are excellent candidates as linkers for different conjugates.***’
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Triazoles are not usually found in nature, however, their core is present in molecules with interesting
biological activities (Scheme 6).* Just a few triazole derivatives are actually commercially available or in
advanced clinical trials. Among them, we can mention the anticancer carboxyamidotriazole (CAI), the
B-lactam antibiotics Tazobactum, and the cephalosporin Cefatrizin (Scheme 6a). Other examples with
biological properties such as anticancer, antifungal, and antibacterial, HIV inhibitors, antituberculosis,
among others (Scheme 6b) are currently under study. The biological potential of triazole-containing
compounds is unlimited.

{a) 1,2,3-triazole-based compounds as potential pharmaceuticals
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Scheme 6. Biological active triazole-containing molecules.

The most important reaction for the 1,2,3-triazoles formation is known as Huisgen cycloaddition,
where an organic azide 10 reacts with an alkyne 11. Although this reaction was discovered by the early 20"
century, its mechanism was revealed by Huisgen's group in the 1960s.*' The synthetic potential of the
azide-alkyne cycloaddition (AAC) reaction is surprising, since a great structural variety can be obtained by
the substituents modification on the organic azide or alkyne. Despite this, for about forty years the reaction
lacked selectivity since a mixture of 1,4 12 and 1,5 13 regioisomers was always obtained (Scheme 7a). In the
early 2000s, the Sharpless*” and Meldal® groups found almost simultaneously that Cu(I) salts were able to
accelerate the reaction rate up to 10 million times. In addition, the advantage of using Cu(I) did not affect the
reaction rate only, but also gave access towards the 1,4-regioisomer exclusively, under mild reaction
conditions (Scheme 7b). This reaction, called Cu(l) catalysed azide-alkyne cycloaddition (CuAAC), is
currently the most used for the synthesis of 1,4-disubstituted 1,2,3-triazoles, and its application reaches
almost all branches of chemistry: the discovery of new drugs,* biochemistry,* polymer and dendrimer
chemistry,*® and materials science.*’
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Scheme 7. AAC reactions regioselectivity under thermal and Cu(I)-catalysed conditions.
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CuAAC reaction is included within the group of reactions that Sharpless defines as click.** Among the
main features of this reaction we can mention: simple procedures, broad synthetic scope with excellent
yields and specificity; in addition, the products are easy to isolate; no secondary or dangerous by-products to
the environment and health are generated; readily available and easy-to-handle starting materials are used;
and, in many cases, mild reaction conditions can be set and water or alcohol can be employed as benign
solvents.

Organic chemists succeeded in proving that just the Cu(I) species has catalytic activity in the CHAAC
reactions to obtain 1,4-disubstituted 1,2,3-triazoles.*® Fortunately, copper is a low-toxic and abundant
element on earth compared to other transition metals used as catalysts. Also, cooper allows the development
of environmentally friendly methodologies and, above all, very inexpensive. The sources of copper that have
been used in the CuAAC reactions are really varied. For example, elemental copper was incorporated as
wire® or as nanoparticles™. A mixture of Cu(0) and Cu(Il) has also been used to generate the active species
by a comproportionation reaction.’’ Other methodologies use Cu(l) directly, but due to its sensitivity to
oxidation conditions, an inert oxygen-free atmosphere is essential. In these cases, a ligand-based on nitrogen
must be added to stabilize Cu(I) and prevent it from oxidation or disproportionation.** The in sifu production
of Cu(l) from a suitable Cu(II) source is the simplest and most convenient procedure, since Cu(Il) salts are
easy-to-handle, cost-effective, and, moreover, their hydrates are highly stable to air and humidity. These
methods ensure a high and constant concentration of Cu(I) throughout the reaction. The most widely used
catalyst system is CuSO, and sodium ascorbate as a copper source and reducing agent, respectively.
Although the oxidation and deactivation are not ruled out in aqueous and aerobic media, the amount of the
reducing agent is normally used up to five times equivalents against the metal cation, thus overcoming this
limitation. Despite all these advantages, reducing agents such as sodium ascorbate have been shown to have
a negative impact on biological systems, affecting for example, protein chains® and even the DNA
structure.” To compensate for these drawbacks, protocols where the active Cu(l) is generated in situ by the
photo-reduction of Cu(Il), have been successfully developed. With this new concept in hand, the application
of the CuAAC reactions is not only possible in biological environments but also extended to materials
science given their perfect spatial and temporal control of these methodologies.

For many years, scientists have been interested in light as an efficient energy source to induce
chemical reactions.”® The main advantage of using photochemical methods is the possibility to reach reactive
intermediaries and chemical transformations that would be impossible to achieve in the absence of
light.**>"¥ The use of visible-light to promote organic transformations has developed in an unbridled way in
recent decades, mainly due to the awareness on the part of the scientific community to promote energy
efficiency.” Visible-light has relatively low energy, which allows exciting a specific population of
molecules simultaneously, favouring the selectivity of the reaction, as well as the possibility of using
sunlight as an inexhaustible energy source.

In the next section, we will review how organic chemists are using visible-light to promote triazole
generation reactions in a more practical and environmentally friendly way. Among these approaches, we will
find that many of them use copper to promote CuAAC reactions, but others that do not depend on this
transition metal will also be shown. Finally, functionalization on triazole rings using visible-light will be also
described.

3.1. Visible-light promoted copper(I)-catalysed azide-alkyne cycloaddition

The use of light for the generation of the Cu(l) active species can be carried out by direct photolysis of
Cu(Il) through photon absorption by a Cu(Il)/ligand complex that triggers a photoinduced ET reaction
(Scheme 8). This approach was applied for the first time by Yagci and Tasdelen, using a photochemical
protocol based on CuCl, and N,N,N’,N”,N”-pentamethyldiethylenetriamine (PMDETA) and it allowed that
an organic azide 10 reacts with an alkyne 11 to obtain the triazole 12.°° Although the irradiation wavelength
used (350 nm) is not in the visible range, this work represented a significant advance in the application of
click chemistry in biological systems sensitive to certain commonly used reducing agents.

Later on, Schubert's group succeeded to access to the active Cu(I) species from Cu(Il) acetate, after
having tested many other Cu(Il) sources and ligands.®® This new protocol uses irradiation in the UV-vis
range between 320 and 520 nm (Xe lamp). In addition, this system was used with the aim of carrying out



488

polymerization reactions using polyfunctional monomers, to generate linear and cross-linked polymers with
interesting physical and mechanical properties. The direct photolysis disadvantage is that these complexes
frequently absorb at short wavelengths, so high-energy irradiation sources are necessary, and the use of
visible-light is limited.

Rl N 1
CuCl,/PMDETA N7\ R'=benzyl
350 nm (UV) I§< R? = Ph, propargyl
up to 99% NMR vyields
X R2
Ri-Ny + \\R2 ] 12
10 " Cu(GAc)2 polyaddition and crosslinking

—_—
320-520 nm of functionalized monomers

Scheme 8. CuAAC-triggered by direct photolysis.

Indirect photolysis is another efficient method for Cu(ll) photoreduction which generates reducing
radical intermediates. In these approaches, a photolabile molecule is irradiated with UV or visible-light in
order to generate radicals which are able to reduce Cu(Il) triggering the CuAAC reactions. The first example
was reported by Bowman ef al.*? They used the well-known Irgacure® 14, a radical initiator normally used
for radical polymerization reactions, as a reducing radicals precursor molecule (Scheme 9). Employing this
new approach, it was possible to synthesize polymers starting from functionalized monomers with azide and
alkyne groups with perfect spatial and temporal control. Despite its potential application in several fields of
chemistry, its robustness, and control, the use of energetic wavelengths between 400 and 500 nm continues
to be required.

In order to use visible-light for the photostimulated CuAAC reaction, Yagci and co-workers reported a
germanium-based photoinitiator 15 (dibenzoyldiethylgerman, DBDEG) (Scheme 9), which was able to
efficiently generate Cu(Il) reducing radical species.” This system was not only successfully applied in
obtaining simple triazoles 12, but also in some macromolecular reactions including polymer end-group
functionalization, block copolymer formation, and step-growth polymerization.
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Scheme 9. Indirect photolysis, reducing Cu(Il) radicals generation.

On the other hand, Vicent et al. were able to use sunlight efficiently to achieve a photoinduced
CuAAC reaction.* In this case, a Cu(Il) complex with non-aromatic amino ligands was used in presence of
ketoprofen, a benzophenone with a carboxylic group which is able to coordinate to a metal centre. Basically,
the benzophenone ability to generate radical anions was exploited as a strong reducing agent when the
complex is irradiated with visible-light.** The photogeneration of the Cu(l) active species was demonstrated
by obtaining mono-, di- and tetrasaccharides linked through triazole units in very good yields, low catalyst
loading, and short reaction times.

Visible-light-photoinduced CuAAC reactions can also be carried out using the organic molecules,
transition metal complexes, or semiconductor materials shown in Scheme 10 as photocatalysts, which are
able to generate exciting reducing species or intermediates to achieve active Cu(l) species from Cu(Il). The
first example was reported by Kénig and Ritter,*® who used riboflavin tetraacetate 3 as a redox-active
chromophore, which gives the reduced species when irradiated with blue light and in the presence of any
sacrificial donor such as triethylamine (TEA). This reduced species is returned to its initial state by an ET
reaction to Cu(Il) to give Cu(l), the active species in CuAAC.



489

N RN
A N™ N
R-Ng + AN ) visible light B
R Cu(lly source \—=(
10 11 redox-active chromophore 12 R?
Redox-active chromophore: O
COONa

Br N Br

NH

NaO O (¢}
(0] Br Br

16

Eosin Y (EY)

Ru-Mn complex
19
CHO

Cgg incorporated in linear
or networked polymer structures

OAc
Riboflavin tetraacetate (RFTA)

Scheme 10. Redox-active chromophores used in visible-light promoted CuAAC reactions.

Later, Argiiello ef al. reported the use of other organic dyes, such as EY 16, which is able to assist the
photoreduction of Cu(Il) and its application in the synthesis of triazoles by CuAAC.®” This protocol uses
green LED as an irradiation source, water as a solvent, and a very low catalyst load; where triazoles are
produced from very good to excellent isolated yields. They propose a one-pot approach, and the metallic
catalyst can be reused up to three times without considerable loss of efficiency. Unlike Konig's work, the
presence of sacrificial reducing agents was not necessary since the dye excited species has the reduction
potential necessary to afford the metal cation reduction reaction. Inspired by this observation, an in-depth
mechanistic study was reported by Argiiello, Marin, and co-workers, where the performances of the
photoinduced CuAAC reactions in the presence of some sacrificial electron donors were studied.®® While for
EY, the reduction of Cu(Il) to Cu(I) occurs by EY excited triplet state (*EY*), for RETA, the presence of a
sacrificial amine was crucial to generate RFTA™ or RFTAH" which reduces the active species precursor
cation.

Jain’s group succeeded in synthesizing a complex based on Ru and Mn 17, which absorbs in a wide
range of the visible spectrum and, by irradiation with white light, is able to reduce Cu(Il) to Cu(I). The novel
complex was applied in a photo-triggered CuAAC reaction using ethanol as a green solvent and in very good
to excellent triazole reaction yields.®” The use of triethylamine as a sacrificial reducing agent was also
required. In the proposed mechanism, when the complex is excited with visible-light, TEA gives an electron
to Ru, and this reduced species spontaneously transfers one electron to the Mn, which ends up reducing
Cu(1II) to Cu(l).

Yagci et al. were able to demonstrate that fullerene and its derivatives 18 can also carry out
photo-triggered CuAAC reactions. In this approach, visible-light, in a range between 400 nm and 500 nm,
was used to electronically excite Cgo and to promote the photoreduction of Cu(II).”® The Cgo molecule could
be incorporated into linear and cross-linked polymer chains to obtain homogenous and heterogeneous
photocatalysts, respectively, in order to promote the formation of triazoles present in small molecules and
polymers.

Very recently, Bhalla et al. have synthesized a pyrazine derivative assembly (PDA) 19 which, when
combined with Cu(Il) ions under visible-light-photostimulated conditions, generates triazoles by a one-pot
approach. In this photo-triggered CuAAC reaction neither reducing nor stabilizing agents are necessary.

Yagci was also able to demonstrate that semiconductors can be used to promote Cu(II) photoreduction
using visible-light. ZnO nanoparticles 20 were used in the presence of CuCl, and PMDETA in acetonitrile
(Scheme 11a). When the reaction mixture was irradiated, the semiconductor generated the exciton, which is
able to transfer an electron to Cu(Il), generating the Cu(I) species which catalyses the cycloaddition reaction
giving triazoles in very good yields.”

More recently, Karthikeyan, Aman et al. reported the synthesis of triazoles using TiO,-Cuy(OH)PO4
21 as an efficient nano-photocatalyst under solvent-free conditions. This procedure uses sunlight as a source
of irradiation, which stimulates the formation of the TiO, exciton, and transfers an electron from its
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conduction band to the Cu(Il) unit. Then, these excited electrons transfer to the Cu(Il) unit through in situ
created metallic copper and Cu(l) is transiently generated as the active species that catalyses the triazoles
production in very good yields (Scheme 11b).”

@) cu(lh (b)
400 - 500 nm

alkyne + azide sun light
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Cux(OH)PO4

20 21
Scheme 11. Excitons mediated CuAAC reactions.

EY 16 was also used in a protocol proposed by Singh et al. for the synthesis of triazoles through a
one-pot reaction involving a mixture of Cu(l) salt, benzyl epoxide or halide, alkyne, and azide salt. Unlike
the previous examples, the photocatalyst assists the reaction between an epoxide or a benzyl halide and the
azide anion, to obtain an organic azide, which reacts with the activated alkyne by Cu(I) in order to give the
triazole by cycloaddition reaction.”

3.2. Visible-light assisted copper-free triazole synthesis

Not only copper has the leading role in azide-alkyne cycloaddition reactions. In addition, quite a few
photochemical approaches have been developed where the photocatalyst assists the cycloaddition up-on
visible-light absorption, generating reactive species that give the desired triazoles (Scheme 12).

Zheng et al. developed a protocol that uses a photoactive Ir complex which is able to oxidize the
alkyne 11 to its radical cation under white LED irradiation. Then, the radical cation reacts with the organic
azide 10 by a radical cycloaddition reaction, which gives rise to the triazole formation 12 and the
concomitant regeneration of the photocatalyst.”” This approach ensures very high regioselectivity
comparable to the classical CUAAC. This work represents the first example of a copper-free azide-alkyne
regioselective photoinduced cycloaddition reaction (Scheme 12a).

Wang, Li, and co-workers propose a more sophisticated approach to obtain 1-amino-1,2,3-triazoles 22,
using the ruthenium complex Ru(bpy).Cl, as a photocatalyst.76 In this protocol, hydrazones 23 react with
hypervalent iodine diazo reagents via a visible-light-induced [3+2] cyclization reaction. The electronically
excited photocatalyst transfers an electron to the hypervalent iodine reagents to give the diazo radical
intermediate, which reacts with the hydrazone to give the 1-amino-1,2,3-triazole 24 by a radical
cycloaddition reaction (Scheme 12b).
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Scheme 12. a. Ir complex; b. Ru complex mediated visible-light-assisted copper-free triazole synthesis.

3.3. Visible-light-driven triazole functionalization

So far, we have explained how the cycloaddition reaction between an alkyne and an organic azide
occurs to generate substituted triazoles controlled by the reactant structure and its reaction mechanism. Next,
two protocols capable to derivatize already formed triazoles using visible-light and a-diazoacetates are now
presented (Scheme 13).
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Jurberg and co-workers demonstrated that visible-light is able to photolyze aryldiazoacetates 25 to
generate a carbene intermediate, which can act as a nucleophile and adds to the triazole ring 26. This
reaction generates the corresponding insertion product followed by a proton abstraction.”” The procedure
was carried out in dichloromethane (DCM) as a solvent and a good selectivity towards the N2 triazole 27a
could be observed (Scheme 13a).

Yang and Ma reported a complementary and photocatalyzed approach. In this work, several
benzotriazoles were functionalized with a-diazoacetates in the presence of catalytic amounts of the
p-benzoquinone (PBQ)/tert-butylnitrite (TBN) as a catalytic system.”® The tentative mechanism proposes a
hydrogen atom transfer reaction between benzotriazole and the excited p-benzoquinone, and the concomitant
coupling between this radical and the carbene produced by the a-diazoacetate photolysis. This metal-free
reaction is highly selective towards the N/ triazole 27b ring and can be carried out under mild reaction
conditions affording very good triazole yields (Scheme 13b).
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Scheme 13. Triazole functionalization by photostimulated approaches.

4. Selenoindoles

The synthesis of organoselenium compounds is a topic of great interest to the scientific community
because these structures are present in a wide range of molecules of value, both biological, pharmaceutical,
agrochemical, and in material science.””®® The demand for these structures has led to a deep development
and study in the formation of C-Se bonds.

In particular, the formation of selenoindoles aims to harmonize the qualities of the indole ring,81 which
is a recurring motif in countless molecules of biological importance and technological applications, with the
insertion of an organochalcogen. Starting from the premise that both the indole nucleus and the
organoselenium compounds have interesting properties, it can be hypothesized to obtain a synergistic effect
that would potentially enrich their properties and present unique attributes. Some structures with biological
activity turn out to be antioxidant agents L,¥ tubulin inhibitors IL,** and antitumor agents 1 (Scheme 14).
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Scheme 14. Biological active organoselenium molecules.

Today, there is a wide variety of synthetic methodologies to obtain this type of compounds; however,
they resort to oxidizing agents®, metallic catalysis using Pd*® or Ru®’ nanospheres, and Lewis’s acids such as
FeCl;.¥ The main difficulties faced by these synthetic designs consist of the use of high temperatures,
economically expensive starting materials, the presence of metals, and a large excess of reagents. With the
awareness of environmental issues and the development of more sustainable processes, photochemistry once
again appears as a viable alternative, combined with the possible compatibility of green solvents.

The main goal of this section is to outline photochemical reactions available to obtain 3-selenoindoles.
To this end, it is necessary to mention that starting materials are easily available, for example: indole is a
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commercially available heterocycle, and the source of chalcogen; in addition, the selected bibliography
makes special emphasizes on the use of aryl or alkyl diselenides, which give atomic economy to the
chemical system, also giving the possibility “of customizing” these compounds because their syntheses are
widely known,**

4.1. Indole ring reactivity

In the analysis to obtain 3-selenoindoles, the starting reagents need to be analysed. For its part, indole
28 is very reactive by the aromatic electrophilic substitution at the C3 position of the pyrrolic ring. This
property is due to its enamine character where the positive charge can be delocalized at the nitrogen atom,
stabilizing the Wheland's intermediate. Subsequently, proton loss recovers the aromaticity of the indole ring,
obtaining the functionalized product (Scheme 15).
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Scheme 15. SgAr for indole rings, C3 functionalization.

In addition, indole reactivity is not only unique to SgAr, but it can also receive radicals or participate as
a nucleophile through the use of strong bases. Moreover, indole has the particularity of being a reducing
agent (electron donor), being an extremely versatile compound in organic synthesis.

4.2. Synthesis of 3-selenoindoles by direct irradiation

Diselenides, particularly present the possibility of breaking the dichalcogen bond to obtain two
radicals, which will become reactive intermediates. As an example, Shi and Wang85 reported a reaction
protocol where LED light, hydrogen peroxide, diphenyldiselenide 29a and a functionalized aniline 30
produces 3-seleindoles 31 (Scheme 16).
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Scheme 16. Synthesis of 3-selenoindoles, cycling, and functionalization of indoles.

The authors' proposal is based on the photoinduced breaking of the peroxide bond generated radicals
‘OH which, through an ET, achieves a cyclization of 30 in the first instance, forming an indole ring with a
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carbon radical at position 3. The developed methodology was extended to diselenide compounds. Finally,
this radical reacts with the chalcogen 29 obtaining the final product 31 and a radical centred on the
chalcogen that can react again. The main advantage of this work consists of the initial reagents and the
formation of the indole ring. However, conditions such as halogenated solvent together with the need of an
inert atmosphere do not respond to green chemistry grounds (Scheme 16).

In 2017, Kumaraswamy and collaborators®" planned the generation of the indole radical cation by
irradiation with visible-light (white LED) to pursue an ET reaction mechanism. The methodology developed
tolerates a wide number of functionalities and more than 20 organoselenium molecules can be obtained from
indole functionalization as well as anilines, pyrroles, and thiophenes substrates. Within the reaction
conditions, the use of LiCl as an additive is mentioned; this salt is in charge of stabilizing the nucleophilic
species of selenium. The reaction mechanism proposed in their work consists of the formation of the excited
diphenyldislenide 29a, which is reduced by indole 28 through Single ET, mediated by an exciplex. Finally,
LiCl allows the charge separation, favouring the formation of the desired product 31. The relevance of this
methodology lies in its high atomic economy, great performances with various substrates, and its interesting
mechanistic proposal (Scheme 17).
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Scheme 17. Kumaraswamy's mechanism proposal.

Later on, Kumar ef al’* reported the use of visible-light as an energy source to obtain
3-organochalcogen indoles 31 in the presence of oxygen, without additives. The main advantage of this
system lies in its high atomic economy, excellent yields, and great compatibility of functional groups. This
work reports the access to a large number of compounds, presenting more than 20 examples with various
functionalities, including electron-withdrawing, electron donor groups, and halogens. A particularity of this
reaction system is the possibility of obtaining 2-selenoindoles when the C3 position is blocked (Scheme 18).

Regarding the study of the reaction mechanism, the authors affirm that the use of compact fluorescent
lamps (16W) is capable of exciting indole 28 and thus facilitates its oxidation in the presence of oxygen. In
this case, the indole structure allows the formation of a radical cation, generating a radical centred at position
C3, which can abstract the chalcogen moiety from its respective dimer 29, finally giving selenoindoles
products 31 through deprotonation. It is interesting to mention that the synthesis protocol allows access to
sulphur and selenium compounds (Scheme 19).

In agreement with previous studies, Heredia and Argiiello® propose a green synthetic route to obtain
3-selenoindoles 31 using ethanol as solvent under blue LED irradiation. Several indoles 28 and 29a were
studied. Among the virtues of the chemical system developed, the following can be stressed: its high atomic
economy, versatility, and robustness of the method that can be appreciated by its compatibility with
aromatic, benzyl, and aliphatic substrates. In addition, kinetic and non-kinetic evidence is presented on the
reaction mechanism, among which we can mention laser flash photolysis (LFP), fluorescence, and UV-vis
experiments (Scheme 20).

Inside the mechanistic study, the authors compare the possible reactive pathways and, through
experimental results, present a new proposal, where 29a is photolyzed generating two selenium centred
radicals. The difference of this path lies in the immediate addition of this mentioned reactive species to the
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aromatic system, which generates a new radical species A/(PhSe") cantered on a carbon atom. A vital change
underlies here because there are now two possible routes for the rearomatization of the ring: one is the
abstraction of the hydrogen atom by selenium radical (coming from the PhSeSePh photolysis), the other one
being oxidation to form a carbocation (also known as Wheland’s intermediate). Consequently, through a
proton abstraction, 3-selenoindoles 31 are obtained (Scheme 21).
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Oksdath-Mansilla er al.** reported the synthesis of 3-selenoindoles 31 in flow, through a multi-step
synthesis. Here, the synthesis can be divided into two processes, the first of which is the reduction of aryl
selenocyanates 32 using Rongalite 33 as a reducing agent (the authors call this process "dark" because it is
not photo dependent) to obtain diaryldiselenides 29. The second process is the functionalization of indoles
28 after visible-light activation of the former compound, the diaryldiseleniede, under continuous flow
conditions. In this report, good reaction yields were reported for various compounds (Scheme 22).

The value of this work lies in the compatibility of thermal and light reactions, added to the advantages
of continuous flow chemistry, among which the following can be mentioned: reduction of the reaction time
(compared to the batch conditions reported by Argiiellog3 , the reaction time is reduced by a factor of 9), and
the possibility of scaling up where 1 gram of 3-phenylselenoindole could be obtained.
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4.3. Synthesis of 3-selenoindoles using photocatalysis

Herein, we revised the most recent works to obtain 3-selenoindoles 31 via photolysis or direct
irradiation. Photoredox catalysis is widely known as a powerful tool in organic synthesis.g5 Regarding this
matter, Zhang et al.”® reported the formation of these compounds using an organometallic Iridium complex
(FIrPic).

The designed methodology is robust because it can functionalize different aromatic compounds such
as indole, thiophene, pyrrole, efc. Likewise, the mechanism proposed by the authors involves an energy
transfer process between the photocatalyst and 29a and the formation of the electrophilic species of selenium
(PhSe"), which is formed in the presence of oxygen by irradiation with visible-light (Scheme 23). After that,
the electrophilic selenium is added to the indolic ring 28.

In 2018, Braga® reported a transition metal-free synthetic method using Rose Bengal (RB) as a
photocatalyst to obtain 3-selenoindoles 31 (Scheme 24). It should be noted that this method is not exclusive
for indoles 28, the authors extend this methodology to imidazoles and electron-rich arenes as well. The
synthesis is broadly compatible with various functionalities for both electron-donor and electron-
withdrawing substituents. Moreover, it extends to aliphatic, benzylic, and aryl chalcogenated dimers 29. The
authors suggest a radical mechanism based on various mechanistic tests performed, where it can be
mentioned the use of a radical scavenger like TEMPO. In turn, they exhibit two possible mechanistic
pathways; this is because their protocol is compatible with aerobic and anaerobic environments (argon
atmosphere).
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Scheme 24. Braga’s photocatalytic synthesis to obtain 3-selenoindoles.

Progress within photocatalysis to obtain this type of organoselenium compounds is scarce. However,
the designed methodologies cover a wide spectrum of substrates and reaction conditions, maintaining green
chemistry principles and optimization of all resources as a beacon for further studies.

4.4. Synthesis of fluorinated 3-selenoindoles

The organofluorine compounds in the presence of the selenium atom resulted in a very interesting
combination. Perfluorinated compounds are widely known for their characteristics and utilities in various
areas of science.”® Magnier et al.” propose the use of a quaternary salt that contains the SeCF3 group, and it
is known that the radical species can be formed by means of an ET between tetramethylammonium-SeCF;
34, and EY as a photocatalyst under green light irradiation. The methodology proposed by the authors is
broadly compatible with indoles 28 that have electron withdrawing, and electron donor functionalities, and
can be extended to pyrroles. Regarding the reaction mechanism, they suggest an association between the
photocatalyst EY which, after ET, forms the radical ‘SeCF;, that is subsequently inserted into the indole ring,
finally giving 3-SeCFj; indole systems 31 (Scheme 25).

5. Conclusions

In conclusion, this review has summarized recent advances in the synthesis of different heterocyclic
compounds using visible-light. The examples include the production of benzothiazoles, triazoles, and
selenoindoles scaffolds, which are known to have a wide range of applications. This represents a great
challenge from the green chemistry point of view. Here, we have attempted to present most of the related
methods recently reported in the literature.

The incredible evolution and the easy accessibility to LED technology have resulted in the
development of new ways for the efficient synthesis of heterocycles. Consequently, several research teams
have reported novel methodologies. Moreover, the use of continuous flow reactors appears to be a promising
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competitive procedure compared to classical batch reaction, allowing more effective light absorption, which
leads to improved reaction time, yields, and an easy scale-up.
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Scheme 25. Synthesis of 3-selenoindoles using perfluorinated substrates.

We are looking forward to the novel development of synthetic methods using photochemical tools
within the upcoming years. There are still a lot of systems to explore in order to make these reactions
environmentally friendly and to obtain biologically active heterocycles. The task of discovering new
heterocyclic systems with novel properties, inaccessible by other methodologies, remains open to the
scientific community.
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