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Abstract: Performing synthetic transformation using visible light as energy source, in the presence of
a photocatalyst as a promoter, is currently of high interest, and oxidation reactions carried out under
these conditions using oxygen as the final oxidant are particularly convenient from an environmental
point of view. This review summarizes the recent developments achieved in the oxidative dehydro-
genation of C–N and C–O bonds, leading to C=N and C=O bonds, respectively, using air or pure
oxygen as oxidant and metal-free homogeneous or recyclable heterogeneous photocatalysts under
visible light irradiation.
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1. Introduction

Photocatalysis has become one of the most powerful and efficient strategies employed
in organic synthesis in recent years, emerging as a sustainable and environmentally friendly
alternative methodology in electron transfer-mediated chemical transformations [1–5]. This
fact is reflected in the impressive and rapid increase in the number of publications in this
field in the last decade. In this context, the use of visible light is singularly attractive due
to its renewability and low cost and because organic compounds do not absorb it [6–9].
Therefore, possible side reactions produced in traditional photochemical transformations
using UV light, which is absorbed directly by organic molecules, are avoided with the
employment of innocuous and less energetic visible light, its use also simplifying the
reaction setup. The use of visible light implies the need of using substoichiometric amounts
of a photocatalyst [10].

Among all the photocatalysts, transition metal-based compounds [11–14], metal-free
molecules [3,15–19] and semiconductors [20,21] are the most utilized. These promoters
have been applied successfully to many photochemical transformations, such as oxida-
tions [22–26], cycloadditions [27–30], C–H bond functionalizations [31–34], photoredox
reactions [6,16,17,35–43] and even enantioselective reactions [44–51]. In addition, other
effective photocatalysts have been widely applied for photocatalysis in energy and envi-
ronment [52–54].

The oxidation of organic compounds is one of the most performed transformations
in organic synthesis, since it is extensively used in the industry to synthesize drugs and
fine chemicals [55,56]. Traditional oxidation methodologies use stoichiometric amounts of
manganese-, chromium- or hypervalent halogen-based oxidants, which are toxic, have low
selectivities, are expensive and generate undesired waste, as well as catalysts based on noble
metals. This fact has become unacceptable from an environmental point of view, with the
development of new greener and sustainable strategies for carrying out oxidation reactions
employing molecular oxygen as an economic and benign oxidant gaining interest [57].
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Thus, molecular oxygen present as pure O2 or in atmospheric air is the cheapest,
greenest and most readily available oxidant that can be used in oxidative transformations.
The combination of O2 with a catalytic system makes the oxidation strategy very attrac-
tive for developing environmentally friendly and sustainable protocols, although it is a
challenge in organic chemistry [58,59]. Molecular oxygen needs to be activated to generate
reactive oxygen species (ROS), photocatalysis then emerging as an attractive way to achieve
oxidation reactions [60].

Visible light-induced oxidations for the synthesis of oxygen-containing organic molecules
have become an interesting and promising area of research [61]. In particular, the basic
selective aerobic oxidative dehydrogenation of alcohols to the corresponding carbonyl
compounds is a well-known and very important reaction in the industry [62]. In addition,
imines are relevant nitrogen-containing sources in drugs and organic synthesis, the aerobic
oxidative dehydrogenation of amines being a sustainable and environmentally friendly
strategy to synthesize them [24,25,61].

Several reviews about visible light-induced oxidations have been published up to
now, although they are mainly centered on a specific photocatalyst and in metal-catalyzed
homogenous or heterogeneous photo-oxidations [7,20,24–26,61–65]. In this review, we
summarize the developments in the metal-free photocatalytic aerobic oxidative dehydro-
genation of C–N and C–O bonds to achieve C=N and C=O bonds under homogeneous and
heterogeneous conditions in the last six years.

2. Oxidative Dehydrogenation of C–N Bonds
2.1. Homogeneous Oxidative Dehydrogenation of C–N Bonds

The homogeneous oxidative dehydrogenation of amines by air or pure O2 is a very
interesting strategy for the preparation of imines. The commonly accepted mechanism of
this transformation [25,66–68] begins with the formation of the singlet excited state of the
photocatalyst (1PC*) by irradiation with visible light (Scheme 1). Next, the triplet excited
state (3PC*) is produced by intersystem crossing (ISC), and the singlet oxygen (1O2) is
generated by energy transfer (ET) from the triplet oxygen (3O2) [69]. At this point, the
starting amine forms an exciplex with the singlet oxygen as an intermediate on which
a hydrogen abstraction and a single electron transfer (SET) process occur. After that,
hydrogen peroxide is generated leading to an imine. This species can also react with the
starting amine to obtain an homocoupled imine and ammonia as a by-product.
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Scheme 1. Commonly accepted mechanism of the oxidative dehydrogenation of amines to imines
and subsequent homocoupling, mediated by singlet oxygen.

Based on this transformation, several methodologies have been carried out in recent
years. Thus, methylene blue (1), an organic dye, was employed as photocatalyst in the
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photo-organocatalytic aerobic oxidative coupling of benzylamines to obtain N-benzylidene
benzylamines 2 in good yields (Scheme 2) [70].
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Scheme 2. Aerobic photo-oxidative coupling of benzylamines to render N-benzylidene benzylamines
2 catalyzed by 1.

The methodology in Scheme 2 shows the photocatalytic aerobic oxidative coupling of
the same primary amine, raising doubt as to which side the oxidation to the imine occurs on
if this coupling is carried out between two different primary amines. To solve this question,
a theoretical study on what factors influence the oxidation side in the aerobic photo-
oxidative coupling of two different primary amines was performed [71]. Thus, tetraphenyl-
porphyrin (TPP) was employed as photocatalyst in the oxidation of non-symmetric aromatic
secondary amines, suggesting that the oxidation side depends directly on the bond dissoci-
ation energy (BDE) of the C–H bond next to the nitrogen atom. To quantify the selectivity, a
theoretically natural bond order analysis (NBO) and an experimental analysis of the 1JCH
coupling constants obtained by NMR spectroscopy, both expressed in terms of hybridiza-
tion or %s character, were performed, showing a strong inductive effect on hybridization.
This means that electronegative groups at the ortho position cause the benzylic C–H bond
to have less p character, increasing the %s character and the regioselectivity to one oxidation
side. In addition, one of the aromatic rings was exchanged with an alkyl group with less p
character to find out if steric effects influence the oxidation side. Thus, when secondary
amines bearing neopentyl residues were submitted to the same oxidation strategy, an
inversion in selectivity was observed, favoring the oxidation of the alkyl side.

Apart from the example shown in Scheme 2, other methodologies have been applied
in the same transformation. Thus, TPP and methylene blue 1 were used in the aerobic
oxidative coupling of benzylamine to N-benzylidene benzylamine using a gas-liquid
membrane reactor under homogeneous continuous flow at 90 and 100 ◦C, respectively, and
under white light irradiation, obtaining moderate yields [72]. This strategy is interesting
because it enables a safe and accurate mass transport of oxygen, adjusting the gas pressure,
the temperature of the membrane and the liquid flow rate, making it possible to maintain
reproducible conditions with better control of the process.

Sunlight is a sustainable alternative source of energy that can be employed in photo-
catalysis. Thus, the aerobic oxidative coupling of benzylamines to render 2 under sunlight
irradiation has been carried out using very low loadings of the xanthene-based photocata-
lyst Eosin Y (3) [73] and a terpyridine-based supramolecular nanoassembly of pyrazine-
based donor–acceptor systems, (TETPY, 4) [74], both catalysts showing excellent activity
(Figure 1). In the first case, the fact that it could be possible to mimic the solar light environ-
ment with a sunlight simulator lamp makes the system very attractive, while in the second
case carried out under direct real sunlight irradiation, the nanoassemblies have excellent
aggregation-induced emission enhancement (AIEE) and intramolecular charge transfer
(ICT), characteristics added to their potential to generate ROS.
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Figure 1. Results obtained in the aerobic photo-oxidative coupling of benzylamines to render
N-benzylidene benzylamines 2 catalyzed by 3 and 4.

Interestingly, an anthraquinone-based photocatalyst (5), which previously showed
excellent activity in the oxidative coupling of benzylamines to N-benzylidene benzylamines
2 [75], has also been used to synthesize cis-1,3-diaryl tetrahydroisoquinolines 7 through
a photo-organocatalytic aerobic oxidative amine dehydrogenation/super acid-mediated
Pictet–Spengler cyclization (Scheme 3) [75]. Thus, α-benzyl dibenzyl-amines were regiose-
lectively converted into the corresponding branched aldimines 6 by aerobic oxidative dehy-
drogenation under visible light (Scheme 3). Without further purification, these aldimines
were submitted to an acid-mediated cyclization using trifluoromethanesulfonic acid (TFSA)
or trifluoroacetic acid (TFA), leading to the respective tetrahydroisoquinolines 7 in mod-
erate to good yields. The diastereoselectivity of 7 could be explained with the chair-like
transition state A, in which the aryl groups are in a pseudo equatorial position.
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Imines obtained from the photo-oxidation of amines can also be transformed into
aldehydes due to the presence of H2O in the reaction media. Thus, a cercosporin-bioinspired
photocatalyst 8, which is a perylenequinonoid pigment, has been obtained from microbial
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fermentation of glucose and employed in the oxidation of amines to aldehydes 9 under
irradiation with white light, obtaining good to excellent yields (Scheme 4) [76].
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The oxidative dehydrogenation of benzylamines protected with a urea moiety was
explored, employing 2,4,6-triphenylpyrylium tetrafluoroborate (10) as photocatalyst, lead-
ing to the corresponding ketones 11 in moderate to excellent yields (Scheme 5) [77]. The
interest in using urea-protected benzylamines resides in avoiding the possible oxidative
coupling of the benzylamines.
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Scheme 5. Aerobic photo-oxidative dehydrogenation of urea-protected benzylamines leading to
ketones 11 catalyzed by 10.

The proposed catalytic pathway begins with the generation of the excited photocatalyst
10* under blue light irradiation, producing the cation radical of the starting urea and the
anion radical 10−• by SET (Scheme 6) [77]. Next, another SET process allows the recovery
of photocatalyst 10 and the formation of the reduced superoxide radical ion O2

−• from
the O2. This superoxide radical abstracts a proton and coordinates with the urea moiety,
directing the addition to the imine formed in the process. Finally, the elimination of H2O
leads to the formation of ketone 11 and a N-aryl urea.
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benzylamines to ketones 11.

The photocatalytic oxidative dehydrogenation of N-heterocycles is another interest-
ing reaction that has been explored due to the biological interest in the obtained prod-
ucts [78]. Hence, an attractive synthetic methodology under green light irradiation using the
xanthene-based organic dye Rose Bengal disodium salt (12) as photocatalyst was developed
for the oxidative dehydrogenation of tetrahydroquinolines under base- and additive-free
conditions in N,N-dimethylacetamide (DMA) as solvent, rendering the corresponding
quinolines 13 in moderate to excellent yields (Scheme 7a) [79]. In order to expand the
scope of the reaction using this direct synthetic route, other N-heteroaromatics 14, such as
acridines, benzofused-quinolines, quinoxalines and quinazolines, were synthesized in high
yields from the corresponding starting compounds (Scheme 7b) [79].
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The proposed mechanism is the same for 13 and 14 (Scheme 8) [79]. Thus, Rose Bengal
disodium salt (12) is excited by green light irradiation to render it its singlet state 12S,
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which oxidizes the amine by a SET process generating an amine radical cation while the
triplet state of Rose Bengal 12T is formed (Scheme 8). At the same time, O2 is reduced
to the superoxide radical ion that transforms the amine radical cation to an imine by
a hydrogen atom transfer process (HAT), recovering the photocatalyst and generating
hydrogen peroxide. The final step consists of the isomerization of the imine, after which a
second catalytic cycle is produced to yield the desired product 13.
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Recently, an aminoquinolate diarylboron compound 15, which demonstrated good
activity in the dehydrogenation of tetrahydroquinolines and other N-heterocycles leading to
13/14 [80], was used as a photocatalyst in the dehydrogenation of the products B generated
from the cyclization of 2-substituted anilines with benzaldehydes to the intermediates
A. Final 16/17 were obtained in moderate to excellent yields in N-methyl-2-pyrrolidone
(NMP), dimethylsulfoxide (DMSO), CH3CN or DMA as solvent (Scheme 9) [80].
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Other N-heterocyclic compounds oxidized under aerobic conditions and irradiation with
visible light were 1,2- and 1,4-dihydropyridines (Scheme 10a,b), hexahydroacridinediones
(Scheme 10c) and polyhydroquinolines (Scheme 10d), employing a 1,8-dimethoxy-substituted
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acridinium ion 18 as catalyst, leading to the corresponding aromatic N-heterocycles 19–22 in
excellent yields [81].
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The proposed mechanism for these transformations, exemplified in the case of dihy-
dropyridine, is shown in Scheme 11. First, photocatalyst 18 is excited to its singlet state 18S

by irradiation with visible light. Subsequently, a cation radical is generated in the nitrogen
of the heterocyclic compound by a SET process, while the triplet state of the catalyst 18T is
formed. Finally, the cation radical reacts with the superoxide anion radical from the O2,
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recovering the starting photocatalyst and generating the corresponding cation, which is
oxidized into the corresponding aromatic compound.
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From all these results, it can be observed that, as supposed, lower photocatalyst
loadings generally result in slower reactions. However, photocatalysts 8, 15 and 18 yielded
very good results in much shorter reaction times, despite low catalyst loading. These
differences can be attributed to a higher photoabsorptivity of the photocatalysts and their
ability to generate ROS, final yields materializing particularly well when using 8 and 18.

2.2. Heterogeneous Oxidative Dehydrogenation of C–N Bonds

The aerobic dehydrogenation of amines to imines has also been carried out using
metal-free heterogeneous photocatalysts under environmentally friendly conditions. These
methodologies are very attractive, the catalysts being suitable for recycling using several
procedures. For example, conjugated microporous polymers (CMPs) can present photoac-
tive structures and high thermal stability and can be applied to several photocatalytic
processes [82–84]. Thus, a carbazole-based CMP with a fluorene moiety (MFC-CMP, 23)
was recently employed in the aerobic dehydrogenation of secondary amines, leading to
imines 24 in good to excellent yields (Scheme 12) [85]. The catalyst was reused in four
cycles without losing its activity, although the recycling procedure was not described.
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The proposed mechanism of transformation is the same as shown in previous ho-
mogeneous C–N bond oxidation (Scheme 1). The authors suggest that the formation of
electrons at the electron donor moiety of carbazole and holes at the electron acceptor moiety
of fluorine generates the superoxide anion radical and the amine cation radical.

Another CMP with a thiazolo [5,4-d]thiazole base structure (Tz-Tz-CMP-2, 25) has
been used in the same transformation, achieving excellent conversions to imines 24
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(Figure 2) [86]. In addition, other heterogeneous catalysts, such as C70 fullerene (26) [87]
and a 2D porphyrin-based sp2 carbon-conjugated covalent organic framework (Por-sp2

c-COF, 27) [88] have demonstrated excellent activity towards the photocatalytic aerobic
dehydrogenation of secondary amines to imines 24 (Figure 2). In the case of 27, the authors
published a later work in which the same heterogeneous photocatalyst was applied in a
cooperative photocatalysis with TEMPO, also obtaining excellent results (Figure 2) [89].
Regarding the recyclability of these catalysts, the recycling of 25 was not mentioned by the
authors, whereas 26 could be recovered and reused by precipitation from MeOH, obtaining
a C70 fraction that contains C70 epoxides, which are then thermally treated to recover the
underivatized C70. In the case of 27, it could be recovered by centrifugation.
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24 catalyzed by 25–27.

The mentioned metal-free photocatalyzed oxidative dehydrogenation of N-heterocycles
is another C–N bond oxidation reaction that has been performed under heterogeneous
conditions. Thus, an environmentally friendly protocol, using a perylene diimide organic
semiconductor covalently immobilized to SiO2 nanospheres (PDI-SN, 28) as catalyst and
DMA as solvent, was developed to carry out the oxidative dehydrogenation of tetrahydro-
quinolines and other N-heterocycles to render 13/14, under violet light irradiation, in good
to excellent yields (Figure 3) [90]. The photocatalyst 28 could be recycled up to six cycles,
by washing the crude reaction mixture with acetone three times and drying the filtrate at
60 ◦C for 6 h, and reused without observing a significant decrease in its activity.
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Figure 3. Results obtained in the photo-oxidative dehydrogenation of tetrahydroquinolines and other
N-heterocycles to render 13 and 14 catalyzed by 28.

Recently, an imidazole-linked porphyrin-based CMP was employed in the aerobic
oxidative dehydrogenation of N-heterocycles to render 13/14 in high yields [91]. The
recyclability of the photocatalyst was carried out, and it was reused up to six cycles without
remarkable changes in its activity.

Additionally, C70 fullerene (26) was also used for the partial aerobic oxidation of
1,2,3,4-tetrahydroisoquinoline under irradiation with white light and chloroform as sol-
vent, which was previously saturated with oxygen, rendering the corresponding oxidized
product 29 in quantitative yield (NMR) (Scheme 13) [87]. Furthermore, the same imidazole-
linked CMP used in the dehydrogenation of N-heterocycles to 13/14 was used in the partial
oxidation of 1,2,3,4-tetrahydroisoquinolines, leading to the corresponding isoquinolines in
high yields [91]. The photocatalyst 26 was recycled by precipitation, whereas the CMP was
recovered by centrifugation and reused in up to 10 cycles, both maintaining the activity.
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Carbazolic CMP (C-CMP, 30, 15 wt.%), which was also used in the photo-oxidation
of a secondary amine shown in Scheme 12 (Ar = Ph, R = Bn, 10 wt.%, 76% yield), was em-
ployed in the former partial aerobic photo-oxidation of tetrahydroisoquinoline, working in
acetonitrile under irradiation with a 150 W Xe lamp at 10 ◦C, obtaining 29 in 72% yield [92].
In the same work, this photocatalyst was also employed in the aerobic oxidation of tetrahy-
droquinazolines to quinazolines 31 in moderate to good yields (Scheme 14). The catalyst 30
was reused, but not for this particular transformation.

Two efficient and mild protocols using a polymeric carbon nitride with terephthalic
acid monomers in its structure (P-CN, 32) (Figure 4) [93] and a melamine-based carbon
nitride 33 (Figure 4) [94] as photocatalysts, were developed for the aerobic photo-oxidative
aromatization of a 1,4-dihydropyridine (Hantzsch ester), leading to the corresponding
aromatic pyridine 20 (R1 = H, R2 = OEt) in quantitative yield. The catalyst 32 could be
recycled three times without any change in its activity, while the reusability of 33 was not
reported.
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20 catalyzed by 32 and 33.

The aerobic oxidative coupling of benzylamines under irradiation with visible light
(Scheme 2) has been widely explored using polymeric photocatalysts. CMPs are one of
those polymer-based catalysts studied for this transformation. Thus, a benzothiadiazole-
based CMP (B-BT, 34a) and a benzooxadiazole-based CMP (B-BO-1,3,5; 34b) were used in
the mentioned reaction, obtaining good results (Figure 5) [95,96]. In both cases, the catalyst
was recovered for up to five cycles with only a slight decrease on the activity of 34b, the
authors not reporting the recycling procedure.
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Figure 5. Results obtained in the aerobic photo-oxidative coupling of benzylamines to N-benzylidene
benzylamines 2 catalyzed by 34–37.

Other CMPs employed as photocatalysts in the same reaction leading to 2 are a
truxene-based polymer (Tx-CMP, 35) under natural sunlight irradiation [97], a carbazolyl
porphyrin-based CMP (TCPP-CMP, 36), also employed in the aerobic dehydrogenation
of amines to imines shown in Scheme 12 (Ar = Ph, R = iPr, Bn, CH2-(4-MeOC6H4), ca.
19 wt.%, CH3CN, O2 (1 atm), 25 ◦C, 16 h, 100 W white LED, 3 examples, 99% conv.) [98], a
triphenylamine-based CMPs functionalized with anthracene moieties (PAA-CMP, 37) [99]
(Figure 5) and with β-diketone boron difluoride motifs (TPA-B-CMP, 38) [100], a boranil-
based polymeric material (TDFB-TEB, 39) [101] and a pyrene-based polymeric promoter
(CMP-A, 40) [102] (Figure 6). In all cases, excellent results were obtained. It should be noted
that all the catalysts could be recovered by centrifugation, washing and drying (35, 38 and
39), by simple centrifugation (36 and 37) or by filtration (40), maintaining their activity for
five/six cycles without any noticeable change in performance.
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Other conjugated polymers have also been used in this transformation leading to
2. Thus, a conjugated trithienyl triazine-based polymer (P4-1, 41) [103], conjugated poly-
hexylthiophene nanofibers (PHT, 42) [104], an emeraldine salt of a conjugated HCl-doped
polyaniline (PANI-ES, 43) [105] and two conjugated imide-based polymers, an oxygen
vacancies-rich polyimide (R-PI, 44) [106] and ultrathin nanosheets containing imide motifs
(PTCDI-H, 45) [107], have been successfully employed as heterogeneous photocatalysts
(Figure 7). In the case of the reactions promoted by 43 and 44, butylamine was also tried,
albeit without success. All photocatalysts could be recycled five times (for 41, 44 and 45)
and six times (for 42 and 43) by centrifugation without observing significant variations in
their activity in most cases, although polyaniline 43 needed to be regenerated with HCl,
with photocatalytic performance dropping between cycles due to leaching.
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Porous organic polymers (POPs), which have different applications in photocataly-
sis [108], have also been used as heterogeneous photocatalysts in the same oxidative cou-
pling of benzylamines. In this sense, two carbazole-based POPs were recently used in the
aforementioned reaction, the fluorenone-based (CF-HCP, 46) [109] and the BODIPY-based
(CzBDP, 47) [110], successfully obtaining the corresponding N-benzylidene benzylamines 2
(Figure 8). It is worth mentioning that 46 was also employed in the aerobic dehydrogena-
tion of secondary amines to the imines 24 shown in Scheme 12 (Ar = Ph, R = Bn, tBu, ca.
23 wt.%, CH3CN, O2 (1 atm), 25 ◦C, 6–10 h, 30 W green LED, 2 examples, 81–93% yield),
as well as in the partial aerobic oxidation of the 1,2,3,4-tetrahydroisoquinoline shown in
Scheme 13 (ca. 23 wt.%, CH3CN, O2 (1 atm), 25 ◦C, 10 h, 30 W green LED, >99% yield) [109].
The recycling of 46 was not carried out for this particular transformation, while 47 was not
reused.
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In addition, a hyper-cross-linked polymeric material, synthesized via the AlCl3-catalyzed
coupling reaction of hexaphenylbenzene monomers, was used with irradiation with a 210 W
Xe lamp under air, obtaining moderate conversions to 2 [111], while the use of an anthracene
ionic polymer (AN-POP, 48) [112] and two heptazine-based polymeric promoters, present-
ing tris-aminoethylamine units (HP-AA, 49) [113] and tris(4-aminophenyl)amine moieties
(HMP-TAPA, 50) [114], allowed for the obtention of 2 in quantitative conversions (Figure 9). In
the case of the hyper-cross-linked polymer, it was also tested in the aerobic dehydrogenation of
secondary amines to the imines 24 shown in Scheme 12 (Ar = Ph, R = Bn, ca. 19 wt.%, CH3CN,
O2 (1 atm), 25 ◦C, 4 h, 210 W Xe lamp, 75% yield) [111]. The reusability of the photocatalysts
was studied by filtration and washing with CH3CN (for 48), and centrifugation (for 49 and
50), without observing remarkable changes in their activity.
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Other polymers recently employed in the same reaction leading to 2 were a melamine-
based material (SC-HM, 51) [115], a nanogel composed of poly(N-isopropylacrylamide),
N-(4-(7-(phenylbenzo[c][1,2,5]thiadiazol-4-yl)phenyl)acrylamide and polyethyleneglycol
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dimethylacrylate monomers 52 [116] and an organic polymer based on 1,3,5-triformyl-
phloroglucinol and a terephthalohydrazide (TFG-BPTH, 53) [117]. These promoters enabled
the preparation of N-benzylidene benzylamines 2 (for 52: Ar = Ph) in moderate to good conver-
sions in all cases (Figure 10). The recyclability was tested in another photo-oxidation reaction
(for 51 and 52) and by filtration (for 53), without any loss in their catalytic activity.

Molecules 2022, 27, x FOR PEER REVIEW 18 of 50 
 

 

Other polymers recently employed in the same reaction leading to 2 were a mela-
mine-based material (SC-HM, 51) [115], a nanogel composed of poly(N-isopropylacryla-
mide), N-(4-(7-(phenylbenzo[c][1,2,5]thiadiazol-4-yl)phenyl)acrylamide and polyeth-
yleneglycol dimethylacrylate monomers 52 [116] and an organic polymer based on 1,3,5-
triformylphloroglucinol and a terephthalohydrazide (TFG-BPTH, 53) [117]. These pro-
moters enabled the preparation of N-benzylidene benzylamines 2 (for 52: Ar = Ph) in mod-
erate to good conversions in all cases (Figure 10). The recyclability was tested in another 
photo-oxidation reaction (for 51 and 52) and by filtration (for 53), without any loss in their 
catalytic activity. 

 
Figure 10. Results obtained in the aerobic photo-oxidative coupling of benzylamines to N-benzyli-
dene benzylamines 2 catalyzed by 51–53. 

Figure 10. Results obtained in the aerobic photo-oxidative coupling of benzylamines to N-benzylidene
benzylamines 2 catalyzed by 51–53.

Polymeric carbon nitride as a metal-free promoter has been used in many photoredox
processes [118]. Thus, the former carbon nitride 33 obtained from cytosine and urea
units [119] and a cyanated modified carbon nitride (TCNS, 54) (Figure 11) [120] were
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employed in the aerobic oxidative homocoupling of benzylamines leading to 2, achieving
moderate to excellent conversions. This latter catalyst was recovered and reused up to
four times without loss of performance, but the recycling procedure was not specified.
In another work leading to 2, acetone was needed as co-catalyst to promote the spin
relaxation and cancel non-radiative energy losses, using 33 as photocatalyst (ca. 4 wt.%,
10 µL acetone, CH3CN, O2 (1 atm), 20 ◦C, 3 h, Xe lamp, 8 examples, 90–99% conv.) [121].
Additionally, a polymeric carbon nitride (93.5 wt.%), organized in layers and synthesized
by a self-assembly approach, introducing hydroxyl and carboxyl groups, was employed in
the aerobic oxidative coupling of benzylamine leading to N-benzylidene benzylamine in
58% yield [122].
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The mentioned carbon nitride 33 packed in a flow reactor, which was also used in
the photo-oxidative aerobic dehydrogenation of secondary amines shown in Scheme 12
(Ar = Ph, R = Bn) with a conversion to 24 of 78%, allowed for the obtention of 2 in excellent
conversions (ca. 4 wt.%, CH3CN, air, 55 ◦C, τ = 60 min, 14.4 W blue LED, 5 examples,
95–100% conv.) [123].

Graphitic carbon nitrides, which have been extensively applied in many photocat-
alytic processes related to energy and environment [124–126], have been recently used in
the mentioned oxidative coupling leading to 2. Recently reported examples of the use of
this type of metal-free photocatalysts include a ketone-group modified graphitic carbon
nitride 55, which successfully catalyzed this transformation (Figure 12) [127], also show-
ing excellent activity in the partial photo-oxidation of 1,2,3,4-tetrahydroisoquinoline in
Scheme 13, as well as 54 in its graphitic form (ca. 234 wt.%, CH3CN, O2 (1 atm), 25 ◦C, 4 h,
300 W Xe lamp, 9 examples, 94–99% conv.) [128]. In addition, a garland-like interconnected
graphitic carbon nitride, synthesized via an oxalic acid-mediated assembly strategy, was
also employed, obtaining good results (ca. 47 wt.%, CH3CN, O2 (1 atm), 20 ◦C, 8–33 h,
300 W Xe lamp, 9 examples, 82–99% conv.) [129], while a perylenetetracarboxylic diimide
covalently connected in a graphitic carbon nitride (PDI/mpgCN, 56) promoted the reaction
in excellent conversions (Figure 12) [130]. Concerning recovery, the performance of 55 was
maintained with a slight decrease in the third reaction cycle, which was overturned by
washing the catalyst with a 0.1M solution of NaOH. The graphitic form of 54 was reused
by centrifugation, while 56 was recycled by filtration without a noticeable drop in their
activity. The recyclability of the garland-like graphitic carbon nitride was not tested for this
transformation.
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donor–acceptor POF (pTCT-2P, 58) [133] (Figure 13) and a supramolecular microporous 
porphyrin-based POF (PTC-1(2H), 59) [134] (Figure 14) were used as photocatalysts in the 
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cycles, maintaining their catalytic activity. 
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BMTH, 60) has been employed as photocatalyst, yielding 2 in moderate to excellent con-
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in its activity. 

Other COFs used successfully in the same transformation were a pyrene-benzothi-
adiazole conjugated donor–acceptor (Py-BSZ-COF, 61) [136] and a pyrene-thiazolo[5,4-
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Figure 12. Results obtained in the aerobic photo-oxidative coupling of benzylamines to N-benzylidene
benzylamines 2 catalyzed by 55 and 56.

In addition, a porous few-layer carbon nitride obtained from melamine and cyanuric
acid by molecular self-assembly was used to render N-benzylidene benzylamines 2 in
moderate to excellent conversions (ca. 4 wt.%, CH3CN, O2 (0.1 MPa), 25 ◦C, 1 h, 300 W Xe
lamp, 7 examples, 82–99% conv.) [131]. The catalyst could be recovered and reused for up
to five cycles without decreasing its activity.

Porous organic frameworks (POFs) have also been employed in the aerobic oxidative
coupling of benzylamines leading to 2, a few examples being recently published. In this
sense, a nanoporous graphene-like POF synthesized from hexahydroxytriphenylene and
hexaazatrinaphthylene monomers (HOTT-HATN, 57) [132], a carbazole-triazine based
donor–acceptor POF (pTCT-2P, 58) [133] (Figure 13) and a supramolecular microporous
porphyrin-based POF (PTC-1(2H), 59) [134] (Figure 14) were used as photocatalysts in
the mentioned transformation, obtaining excellent conversions and working under flow
conditions in the first case. All these catalysts were recovered by filtration and reused for
five cycles, maintaining their catalytic activity.
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Figure 14. Results obtained in the aerobic photo-oxidative coupling of benzylamines to N-benzylidene
benzylamines 2 catalyzed by 59.

Covalent organic frameworks (COFs) have also been used in the aforementioned
reaction. Thus, a hydrophilic hydrazone-based COF with 2-methoxyethoxy groups (TFPT-
BMTH, 60) has been employed as photocatalyst, yielding 2 in moderate to excellent conver-
sions (Figure 15) [135]. The promoter was recovered by filtration without any change in its
activity.
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Figure 15. Results obtained in the aerobic photo-oxidative coupling of benzylamines to N-benzylidene
benzylamines 2 catalyzed by 60.

Other COFs used successfully in the same transformation were a pyrene-benzothiadiazole
conjugated donor–acceptor (Py-BSZ-COF, 61) [136] and a pyrene-thiazolo[5,4-d]thiazole donor–
acceptor (PyTz-COF, 62) [137] (Figure 16). The recyclability of these photocatalysts was achieved
by centrifugation in both cases, being able to perform the reaction four and six times, respec-
tively, maintaining their performance.
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Graphene-based composites have been recently employed in many photocatalytic
processes, such as those related to the environmental area [138–140]. Metal-free graphene
quantum dots (GQDs) and carbon quantum dots (CQDs) are interesting materials due
to their unique physical and chemical properties, demonstrated to have various photo-
catalytic applications [141,142]. Thus, the aerobic oxidative coupling of benzylamines for
the preparation of 2 has been successfully carried out with nitrogen- and sulfur-codoped
GQDs synthesized from a catecholamine derivative (NS-GQDs, 63) [143], oxygen-rich
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CQDs (O-CQDs, 64) [144] and dimethylamino-functionalized GQDs (GQD-DMA, 65) [145]
(Figure 17). Recycling experiments were performed by precipitation (for 63), vacuum
distillation of the reactants, products and solvents (for 64), and by CO2 bubbling for 10 min
(for 65), without observing significant changes in the results.
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Remarkably, catalysts 63 and 64 were also able to effectively promote the amine aerobic
photo-oxidative heterocoupling, yielding imines 66 in good yields (Scheme 15) [143,144].

Molecules 2022, 27, x FOR PEER REVIEW 23 of 50 
 

 

[145] (Figure 17). Recycling experiments were performed by precipitation (for 63), vacuum 
distillation of the reactants, products and solvents (for 64), and by CO2 bubbling for 10 
min (for 65), without observing significant changes in the results. 

 
Figure 17. Results obtained in the aerobic photo-oxidative coupling of benzylamines to N-benzyli-
dene benzylamines 2 catalyzed by 63–65. 

Remarkably, catalysts 63 and 64 were also able to effectively promote the amine aer-
obic photo-oxidative heterocoupling, yielding imines 66 in good yields (Scheme 15) 
[143,144]. 

 
Scheme 15. Aerobic photo-oxidative heterocoupling of amines catalyzed by 63 or 64. Scheme 15. Aerobic photo-oxidative heterocoupling of amines catalyzed by 63 or 64.



Molecules 2022, 27, 497 24 of 49

Another different type of photocatalyst employed in the aerobic photo-oxidative
coupling of benzylamines was a hollow microporous organic network obtained from
tris(4-ethynylphenyl)amine and 2,6-diiodo-9,10-anthraquinone (MTAN, 67), rendering 2 in
moderate to excellent yields (Figure 18) [146]. Besides this reaction, 67 was also employed
in the aerobic photo-oxidative dehydrogenation of secondary amines shown in Scheme 12
(Ar = Ph, R = Bn, ca. 9 wt.%, toluene, O2 (balloon), rt, 24 h, blue LED, 55% yield) [146]. The
photocatalyst was not reused.
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In addition, the C70 fullerene 26 was also employed in the photo-oxidative homocou-
pling of benzylamines leading to 2 in excellent yields (0.05 mol%, CH3CN, O2, rt, 24 h,
34 W blue LED, 17 examples, 67–98% yield) [147], and also in the aerobic oxidative dehy-
drogenation of amines to yield aldehydes 9 (0.05 mol%, CHCl3, O2, rt, 24 h, 34 W blue LED,
14 examples, 37–96% yield) [147]. The recyclability of the photocatalyst was not tested.

From the above-presented results, it can be observed that the structural variety of the
recently employed heterogeneous photocatalysts scores higher than in the case of their
homogenous counterparts. When polymeric-based heterogeneous photocatalysts are em-
ployed, the reaction times are generally shorter, while the reaction yields or conversions
are usually high, showing their good photoabsorptivity and capacity to generate ROS.
In contrast, the reaction times are usually higher when POFs, COFs and graphene-based
photocatalysts are used, while the yields and conversions are excellent. Nevertheless, the
results can be considered excellent in almost all oxidative dehydrogenations shown. Con-
sidering the crucial point of recyclability, polymeric-based photocatalysts could generally
be recycled more easily and in more catalytic cycles than other heterogeneous photocatalyst
types, although good results were also obtained with other heterogeneous systems.

3. Oxidative Dehydrogenation of C–O Bonds
3.1. Homogeneous Oxidative Dehydrogenation of C–O Bonds

The selective oxidative dehydrogenation of alcohols to the corresponding carbonyl
compounds (ketones, aldehydes, carboxylic acids, etc.) is one of the most important
reactions in organic chemistry and has become a very active research area in recent years.
To perform this transformation, the use of air or pure O2 as the terminal oxidant, non-toxic
metal-free compounds as catalysts and mild conditions under visible light, is interesting
from an environmental point of view, the development of effective, versatile and sustainable
methodologies being desirable.
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The commonly accepted mechanism for the aerobic photocatalytic oxidative dehydro-
genation of alcohols is shown in Scheme 16 [148]. Firstly, the photocatalyst (PC) is excited
by irradiation with visible light to form its excited state (PC*), which is converted to its free
radical state (PC•) by an electron transfer process, and the cation radical of the alcohol is
formed. At the same time, an ET process is developed to produce the singlet oxygen (1O2)
from the triple oxygen (3O2). The photocatalyst is recovered by another electron transfer
process between the PC• and the O2, obtaining the corresponding reduced superoxide
radical ion (O2

−•) that can oxidize the cation radical of the alcohol to the final carbonyl
compound [149]. The singlet oxygen generated before could follow two pathways: the
first one consists of a HAT process and radical recombination to form a peroxy hemiacetal
intermediate that collapses to the final oxidized product, while in the second one, the
singlet oxygen is directly inserted on the carbon bearing the hydroxyl group to form the
mentioned peroxy hemiacetal that also collapses to the carbonyl compound [150]. In all the
pathways, hydrogen peroxide is generated.
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Flavin-based promoters are a promising type of photocatalyst that have been em-
ployed in different visible light-mediated transformations in recent years [151–155]. In
this context, riboflavin tetraacetate (RFTA, 68), derived from riboflavin (vitamin B2), could
successfully catalyze the oxidation of different aromatic primary and secondary alcohols to
the corresponding aldehydes and ketones 69 in the presence of molecular oxygen under
visible light and solvent-free conditions (Scheme 17) [156].

Other flavin-related compounds used as photocatalysts in the oxidation dehydrogena-
tion of alcohols to 69 were 70, which oxidized the benzyl alcohol in more than 95% yield
using thiourea as electron mediator (Figure 19) [157], and the flavinium salt 71, which
could catalyze the oxidation of para-substituted aromatic alcohols to the corresponding
carboxylic acids (69: R1 = Ph, 4-ClC6H4, 4-BrC6H4, 4-CF3C6H4; R2 = OH), aldehydes
(69: R1 = 4-NO2C6H4; R2 = H) and ketones (69: R1 = 4-ClC6H4, 4-CF3C6H4; R2 = Me) in
good yields using trifluoroacetic acid (CF3CO2H) as additive (Figure 19) [158].
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Figure 19. Results obtained in the aerobic photo-oxidation of aromatic alcohols catalyzed by 70 and 71.

The flavinium salt 71 (5 mol%) was also recently employed in the oxidative dehy-
drogenation of aromatic secondary alcohols to render ketones using cesium carbonate
(CsCO3, 70 mol%) as additive, O2 (balloon) as oxidant and under blue light irradiation,
obtaining good yields [159]. In the same work, the authors reported another flavin-based
photocatalyst 72 for the oxidation of cyclohexanol, 2-cyclohexenol and decan-2-ol to the
corresponding ketones 69 under the same reaction conditions, although in low yields
(Figure 20) [159].
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Xanthene-based catalysts have been used in many photoredox reactions in recent
years [160–162]. Recently, a neutral form of Rose Bengal 12 (5 mol%), in cooperation with
NH4SCN (3 equiv.), could successfully catalyze the oxidative dehydrogenation of aromatic
alcohols, including (9-ethyl-carbazol-3-yl)methanol, (indol-3-yl)methanol and cinnamyl
alcohol to the corresponding aldehydes 69 in good to excellent yields [163].

Additionally, other xanthene-related photocatalysts used were Eosin Y (3, 1 mol%),
which promoted the oxidation of aromatic and long-chain aliphatic primary alcohols to
aldehydes 69 in moderate to good yields under O2 atmosphere (balloon) and irradiated
with a 50 W Xe lamp [164]. Thioxanthone (5–20 mol%) also successfully catalyzed the
oxidation of aromatic and aliphatic primary and secondary alcohols (including cinnamyl
alcohol, 1,3-diphenylpropargylalcohol, xanthenol, ciclohexanol, borneol, menthol and
cholesterol) to aldehydes or ketones 69, obtaining excellent results [150]. The last approach
was also applied, in the same work, to the synthesis of quinazolinones by oxidation of
alcohols to aldehydes, imine formation using ortho-aminobenzamides, cyclization and final
oxidative dehydrogenation of a C–N bond.

Other simple molecules have been employed as photocatalysts to carry out the afore-
mentioned oxidation. Thus, metal-free TPP (0.005 mol%) promoted the oxidative dehydro-
genation of aromatic and aliphatic alcohols to aldehydes and ketones 69 in low yields under
solvent-free and ambient conditions [165]. In this reported strategy, epoxides of cinnamyl
alcohol and cinnamaldehyde, and the hydroperoxide of the cycloheptanol, were generated
as byproducts in the corresponding reactions. In addition, the use of 9-fluorenone as pho-
tocatalyst (3–6 mol%) allowed for the obtention of aldehydes or ketones 69 from alcohols
(including xanthenol, cyclohexanol and heteroaromatic substrates) in moderate to excel-
lent yields under blue light irradiation [149]. Moreover, tetrabutylammonium tribromide
(TBATB, 13 mol%) promoted the formation of aldehydes and ketones 69 from alcohols in
excellent isolated yields under violet or blue light irradiation [166], a low amount of the
corresponding carboxylic acid being observed. Furthermore, sodium trifluoromethanesul-
finate (5 mol%) catalyzed the oxidation of secondary alcohols to ketones 69 under violet
light, obtaining very good results [167].

TBATB has also been used as catalyst for the photo-oxidation of silyl ethers to aldehy-
des and ketones 69, obtaining low to excellent yields (Scheme 18) [167].
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Anthracene-based promoters have also been employed to photocatalyze the oxida-
tive dehydrogenation of alcohols to carbonyl compounds 69. Thus, the water-soluble
sodium anthraquinone-2-sulfonate (SAS, 73, ca. 34 mol%) allowed for the obtention of
aldehydes and ketones 69 from aromatic and aliphatic alcohols (including cyclohexanol,
1,2,3,4-tetrahydro-1-naphthol and pentanol) under O2 atmosphere, although obtaining
conversions below 20% [168]. This anthraquinone 73 was recently used in another reported
strategy for the cascade transformation of racemic alcohols to enantiopure amines 74 in
moderate to excellent yields, using differentω-transaminases as chiral inductors, sodium
phosphate (NaPi), pyridoxal-5-phosphate (PLP) and isopropylamine (IPA), the carbonyl
compounds 69 being the intermediates of the reaction (Scheme 19) [169].
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dehydrogenation catalyzed by 73 and enantioselective transamination.

9,10-dihydroanthracene (10 mol%) promoted the photo-oxidation of the benzyl alcohol,
hexanol, cyclohexanol and furfuryl alcohol to their respective aldehydes and ketones in very
good yields, using pure O2 and irradiated with a tungsten-bromine lamp [170]. Another
observed product from primary alcohols was the corresponding carboxylic acid.

Apart from the catalysts shown, a group of metal-free nitrogen-containing photocat-
alysts has been employed to synthesize carbonylic compounds by the aerobic oxidative
dehydrogenation of alcohols. This group includes a tetrazine-based catalyst (pytz, 75) using
two methodologies [171], a dicyanopyrazine-derived chromophore (DPZ, 76) used in coop-
eration with N-hydroxysuccinimide (NHS) and dibenzyl phosphoric acid (DBPA) [172],
and an iminoquinone-based catalyst (PA, 77) [173], enabling all of them to obtain aldehydes
and ketones 69 from alcohols in moderate to excellent yields (Figure 21).
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In addition, a carbazole-based promoter (4CzIPN, 78) with quinuclidine and tetrabuty-
lammonium phosphate (TBAP) as additives [174] and a pyridinium derivative (TETPY·3Br,
79) [148] were successfully used in the same mentioned transformation (Figure 22). The
carbazole photocatalyst 78 has also been employed in a novel strategy of oxidizing alco-
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hols to aldehydes and coupling them in situ with amines to generate the corresponding
amides [175].
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An attractive and selective aerobic oxidative dehydrogenation of carbohydrates achieved
after irradiation with visible light under aerobic conditions was recently developed, em-
ploying an acridinium salt 80 as catalyst and quinuclidine as HAT mediator, obtaining the
corresponding ketosugars 81 in moderate yields (Scheme 20) [176].
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An approach to the oxidation of different β-O-4 lignin models was developed, employ-
ing 4,4′-bis(diphenylamino)benzophenone (DPA-BP, 82) as photocatalyst and
N-hydroxyphthalimide (NHPI) as co-catalyst, leading to the corresponding carbonyl
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compounds 83 in very good yields (Scheme 21) [177]. In the same work, 82 (1.5 mol%)
was also used in combination with NHPI (15 mol%) in the aerobic photo-oxidation of
4-methoxyphenethyl alcohol to its acetophenone in 97% yield.
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Scheme 21. Aerobic photo-oxidation of β-O-4 lignin models catalyzed by 82.

The proposed reaction mechanism leading to 83 is shown in Scheme 22. Thus, visible
light excites the catalyst 82 to the corresponding excited state 82*. This excited state
generates a phthalimide-N-oxyl radical (PINO) from NHPI through a proton-coupled
electron transfer process (PCET). Then, a hydrogen atom from the alcohol is abstracted by
the PINO radical through a HAT process, generating an α–hydroxybenzylic radical and
recovering NHPI. This radical reacts with O2 to form a peroxy radical and evolves to the
final ketone, abstracting a hydrogen atom from NHPI. The same process occurs to recover
the catalyst from ketyl 82-H [177].
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Continuing with lignin models, 78 has been employed as catalyst, in combination with
a phosphate and a thiol, in the photo-oxidative fragmentation of lignin model derivatives to
obtain the corresponding carbonyl products 84 and the corresponding phenol in moderate
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to good yields (Scheme 23) [178]. In the same work, the methodology was also applied to
diol derivatives presenting several backbones and leaving groups, obtaining good results.
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Scheme 23. Aerobic photo-oxidative cleavage of lignin model derivatives catalyzed by 78.

This oxidative cleavage occurs through a similar mechanism to the one shown in
Scheme 22 to generate the ketone (in this case the thiol is the co-catalyst). Then, a SET
process occurs reducing it to a ketyl radical anion, and the photocatalyst is regenerated.
This radical suffers a β C(sp3)-O bond cleavage due to its very poor stability, generating a
carbonyl radical and an anion from the leaving group. Finally, the radical and the anion are
transformed into the corresponding fragmentation products [178].

The aerobic oxidative dehydrogenation of phenols or naphthols to quinones or naph-
thoquinones, important in some biochemical transformations [179], is another reaction
carried out with metal-free catalysts. Thus, TPP was used as photocatalyst in the photo-
oxidation of naphthols to naphthoquinones 85 under continuous-flow conditions, obtaining
low to good yields (Scheme 24) [180].
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Scheme 24. Aerobic oxidative dehydrogenation of naphthols to naphthoquinones 85 catalyzed by TPP.

The proposed mechanism of this reaction is shown in Scheme 25. Firstly, the photo-
catalyst (TPP) is excited to its singlet excited state (1TPP*) by irradiation with visible light.
Next, an ISC process is produced to generate the triplet excited state of the catalyst (3TPP•)
from the singlet one. To recover the promoter, triplet oxygen (3O2) is converted to singlet
oxygen (1O2), which reacts with the starting naphthol by a [4+2] cycloaddition. Then, the
formed cycle is opened by an H transposition, and, finally, a molecule of H2O is lost to
generate the final product.
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quinones 85.

The same photocatalyst (TPP) was used in the oxidative dehydrogenation of
1,5-dihydroxynaphthalene working under flow conditions, obtaining the corresponding
naphthoquinone (Juglone, 85: R1 = R2 = R5 = H, R4 = OH) in very good yield [181]. In
addition, it has also been employed in the photo-oxidation of para-substituted phenols in a
continuous-flow and high-pressure system on a multigram scale using supercritical CO2,
leading to para-hydroperoxy quinones in moderate to excellent yields [182]. This system
was also applied to a multistep formation of 1,2,4-trioxanes from para-phenol derivatives
and alkyl or aromatic aldehydes in very good yields [182].

Other catalysts used in the photo-oxidation of 1,5-dihydroxynaphthalene to Juglone
(85: R1 = R2 = R5 = H, R4 = OH) were two perylenebisimide-[60]fullerene systems dissolved
in CH2Cl2/MeOH (9:1) (86a,b) (Figure 23) [183], although only the quantum yield of the
transformation was reported.
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Figure 23. Results obtained in the aerobic oxidative dehydrogenation of 1,5-dihydroxynaphthalene
to Juglone (85: R1 = R2 = R5 = H, R4 = OH) catalyzed by 86.

In addition, a mixture of two 1,7-phenanthroline based bis-BODIPYs with Cl- or SMe-
substituents (87a,b) [184] and two BODIPY-carbazole derivatives (88a,b) [185] photocat-
alyzed the same oxidation of 1,5-dihydroxynaphthalene to Juglone (85: R1 = R2 = R5 = H,
R4 = OH), only reporting the obtained quantum yield in the first case (Figure 24). Further-
more, methylene blue 1 has been employed in the photo-oxidation of different phenols and
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naphthols to quinones or naphthoquinones under continuous-flow conditions, obtaining
good results [186].

Molecules 2022, 27, x FOR PEER REVIEW 33 of 50 
 

 

In addition, a mixture of two 1,7-phenanthroline based bis-BODIPYs with Cl- or SMe- 
substituents (87a,b) [184] and two BODIPY-carbazole derivatives (88a,b) [185] photocata-
lyzed the same oxidation of 1,5-dihydroxynaphthalene to Juglone (85: R1 = R2 = R5 = H, R4 
= OH), only reporting the obtained quantum yield in the first case (Figure 24). Further-
more, methylene blue 1 has been employed in the photo-oxidation of different phenols 
and naphthols to quinones or naphthoquinones under continuous-flow conditions, ob-
taining good results [186]. 

In all these results, it is shown that the oxidative dehydrogenation of C–O bonds to 
the corresponding carbonyls has been successfully carried out using almost all the re-
cently employed homogeneous photocatalysts, except in the case of some promising fla-
vins. Xanthene-based and nitrogen-containing photocatalysts, such as tetrazines or pyra-
zines, demonstrated remarkable activity in the mentioned transformation in short reaction 
times, showing a high capacity to generate ROS. It is worth mentioning that some simple 
photocatalysts, for instance, 78, 80 and 82, as well as TPP, were able to successfully cata-
lyze the photo-oxidation of several alcohols present in sugars, lignin model derivatives 
and naphthols, resulting in interesting compounds for the pharmacological industry. 

 
Figure 24. Results obtained in the aerobic oxidative dehydrogenation of 1,5-dihydroxynaphthalene 
to Juglone (85: R1 = R2 = R5 = H, R4 = OH) catalyzed by 87 and 88. 

3.2. Heterogeneous Oxidative Dehydrogenation of C–O Bond 
The aerobic photo-oxidation of C–O bonds under heterogeneous conditions has been 

carried out extensively in recent years, using several photocatalysts [7,20,62]. One of the 
reactions included in this group is the oxidation of primary and secondary alcohols to 
their carbonyl products. This transformation was performed, for instance, using polymer-
based materials as photocatalysts. Thus, the melamine-based polymer 51 promoted the 
photo-oxidation of benzyl alcohols to the corresponding aldehydes 69 in moderate yields 
[115]. Other polymers used in this transformation were a trithiocyanuric acid-based ma-
terial composed of disulfide units 89 (Figure 25) [187], an heptazine-based porous material 
with ethane-1,1,2,2-tetrayl tetraaniline units (POP-HE, 90) (Figure 25) [188], a flavin-based 
mesoporous polymeric network with ethylene glycol dimethacrylate units (RFITMA-co-
EGDMA, 91) (Figure 25) [189], and the same hyper-cross-linked material was used in the 
aerobic oxidative coupling of amines and the dehydrogenation of dibenzylamine [111]. 
The recyclability of these photocatalysts was successfully carried out by filtration and 
washing with ethanol and acetone (for 90) and through a filter-equipped glass reactor (for 
91), while 89 was not reused. 

As in heterogeneous C–N bond oxidative dehydrogenation, carbon nitrides have 
been used frequently in heterogeneous C–O bond photo-oxidations. In particular, the aer-
obic oxidation of aliphatic and aromatic alcohols under visible light irradiation has been 

Figure 24. Results obtained in the aerobic oxidative dehydrogenation of 1,5-dihydroxynaphthalene
to Juglone (85: R1 = R2 = R5 = H, R4 = OH) catalyzed by 87 and 88.

In all these results, it is shown that the oxidative dehydrogenation of C–O bonds
to the corresponding carbonyls has been successfully carried out using almost all the
recently employed homogeneous photocatalysts, except in the case of some promising
flavins. Xanthene-based and nitrogen-containing photocatalysts, such as tetrazines or
pyrazines, demonstrated remarkable activity in the mentioned transformation in short
reaction times, showing a high capacity to generate ROS. It is worth mentioning that some
simple photocatalysts, for instance, 78, 80 and 82, as well as TPP, were able to successfully
catalyze the photo-oxidation of several alcohols present in sugars, lignin model derivatives
and naphthols, resulting in interesting compounds for the pharmacological industry.

3.2. Heterogeneous Oxidative Dehydrogenation of C–O Bond

The aerobic photo-oxidation of C–O bonds under heterogeneous conditions has been
carried out extensively in recent years, using several photocatalysts [7,20,62]. One of the
reactions included in this group is the oxidation of primary and secondary alcohols to their
carbonyl products. This transformation was performed, for instance, using polymer-based
materials as photocatalysts. Thus, the melamine-based polymer 51 promoted the photo-
oxidation of benzyl alcohols to the corresponding aldehydes 69 in moderate yields [115].
Other polymers used in this transformation were a trithiocyanuric acid-based material
composed of disulfide units 89 (Figure 25) [187], an heptazine-based porous material
with ethane-1,1,2,2-tetrayl tetraaniline units (POP-HE, 90) (Figure 25) [188], a flavin-based
mesoporous polymeric network with ethylene glycol dimethacrylate units (RFITMA-co-
EGDMA, 91) (Figure 25) [189], and the same hyper-cross-linked material was used in the
aerobic oxidative coupling of amines and the dehydrogenation of dibenzylamine [111]. The
recyclability of these photocatalysts was successfully carried out by filtration and washing
with ethanol and acetone (for 90) and through a filter-equipped glass reactor (for 91), while
89 was not reused.
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Figure 25. Results obtained in the aerobic photo-oxidation of benzyl alcohol to benzaldehyde
catalyzed by 89–91.

As in heterogeneous C–N bond oxidative dehydrogenation, carbon nitrides have been
used frequently in heterogeneous C–O bond photo-oxidations. In particular, the aerobic ox-
idation of aliphatic and aromatic alcohols under visible light irradiation has been promoted
by several polymeric carbon nitrides. Thus, a melamine-based polymeric promoter [190], a
hydrazine-linked heptazine carbon nitride 92 (Figure 26) [191] and a coral-like melamine-
based polymeric material [192] were employed in the mentioned transformation (92 only
being employed in the oxidation of the benzyl alcohol to benzaldehyde), obtaining the
corresponding aldehydes 69 in moderate to excellent conversions in all cases. The coral-like
material was reused by centrifugation and washed with acetonitrile and ethanol, observing
similar conversions in all the catalytic cycles. The recycling of the other two photocatalysts
was not reported.

Several graphitic carbon nitrides were also employed as photocatalysts in the trans-
formation of alcohols to aldehydes or ketones. Thus, a carbon-nanodot-doped material
derived from 33 [193], a few-layered phosphorene nanostructure graphitic material [194],
the basic unmodified graphitic carbon nitride 33 [119,195,196] and several 33 modified by
thermal, chemical and mechanical processes [197], with N vacancies [198] and doped with
P [199], O [200] and S atoms [201], could successfully catalyze the mentioned reaction under
visible light irradiation. The photocatalysts were able to be reused after centrifugation or
filtration without decreasing their catalytical activity.

Other carbon nitride-based photocatalysts used in the same process were a mesoporous
material combined with N-hydroxyphthalimide [202], a porous carbon nitride packed in
a reactor [123], a boron carbon nitride (BCN-500, 93) (Figure 27) [203,204], which is a
carbon nitride-based photocatalyst applied in energy and environmental areas [205–207],
and an aerogel composed of carbon nitride nanolayers [208], obtaining the corresponding
aldehydes and ketones (only in the first case) from benzyl alcohols in low to excellent
conversions. The recyclability of the catalysts was carried out by filtration and washing
(for the mesoporous material) and by centrifugation (for 93), maintaining their activity. The
recycling of the other photocatalysts was not reported.
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CQDs have also been employed to catalyze the aerobic photo-oxidation of alcohols to
carbonyl derivatives 69. Thus, the use of the oxygen-rich CQDs (O-CQDs, 64) [144],
also successfully employed in the aerobic photo-oxidative coupling of benzylamines
(Schemes 2 and 15), and a polyethylene-based material [209], resulted in the prepara-
tion of aldehydes 69 in low or high conversions, respectively. The photocatalysts were
recycled by filtration and rinsing in CH3CN (for 64) and by extraction with ethyl acetate
(for the polyethylene-based promoter) without any change in their activity.

Similarly, graphene oxide-based promoters have demonstrated good activity in the
oxidation of aromatic and aliphatic alcohols leading to the corresponding carbonyl products
69 when irradiated with visible light. In this sense, this reaction was performed well using
a graphene oxide/carbon nitride hybrid material [210] and a surface-modified graphene
oxide with TPP (GO-TPP40, 94) (Figure 28) [211], being able to recycle the last one by
dispersion in H2O and sonication for 1 h with a decrease in its activity in the fourth cycle.
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Immobilizing an organic molecule on mesoporous silica is a good strategy for prepar-
ing heterogeneous photocatalysts. In this manner, a covalent triazine framework supported
on mesoporous silica (CTF-Th@SBA-15, 95) [212] and two riboflavin derivatives (96a,b) an-
chored to mesoporous silica MCM-41 [213] enabled the process of aerobic photo-oxidation
of several aromatic alcohols to render aldehydes or ketones 69 in low to excellent con-
versions (Figure 29). The catalyst 95 was recovered by centrifugation, its activity slightly
decreasing along with cycles. In the case of 96, recycling was not reported.

The photocatalytic transformation of biomass-derived chemicals has been explored
in recent years [214–216], and there are some recently reported examples in which metal-
free photocatalysts are employed. Starting with polymer-based promoters, the CMP 41
catalyzed the aerobic oxidative dehydrogenation of 5-hydroxymethylfurfural (HMF) to
2,5-diformylfurfural (DFF, 97) in 25% yield under visible light irradiation (Scheme 26) [217].
The recyclability of 41 was studied, but on a different reaction.

Other metal-free catalysts used in this transformation included a melamine-based
polymeric carbon nitride, also employed in the photo-oxidation of two benzyl alcohols to
the corresponding aldehydes shown in Scheme 17 [218], the basic graphitic carbon nitride
33 [219,220], a mesoporous carbon nitride [221] and the covalent triazine framework sup-
ported on mesoporous silica 95 [222]. In all cases, moderate conversions to 97 were obtained
when irradiated with visible light or using solar light. The photocatalytic materials were
recycled by decantation (for the melamine-based polymeric carbon nitride), by decantation
and washing with water or centrifugation (for 33), by washing with water and ethanol (for
the mesoporous carbon nitride) and by filtration and washing with water and acetone (for
95) with no remarkable changes in the results.
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The photo-oxidation of the β-O-4 lignin models shown in Scheme 21 has also been
carried out under heterogeneous catalysis. Thus, a 3D carbazolic POF generated by cou-
pling carbon radicals from the oxidized carbazole groups of 78 (Figure 22) was employed
in this transformation, obtaining 83 in excellent yields [223]. The catalyst was also used in
the photo-oxidation of a benzyl secondary alcohol, rendering the corresponding ketone in
99% yield. The recyclability of the material was successfully achieved by centrifugation,
observing very similar yields in five catalytic cycles.

Generating quinones and naphthoquinones by oxidative dehydrogenation of phenols
and naphthols has been made possible recently by employing different heterogeneous
catalysts. Thus, a 3% by weight of methylene blue-dyed polyester fabrics could catalyze the
oxidative dehydrogenation of 1,5-dihydroxynaphthalene, obtaining Juglone (85, R1 = R2 =
R5 = H, R4 = OH) in 75% conversion [224]. Other photocatalysts used in the same photo-
oxidation of 1,5-dihydroxynaphthalene were a benzoquinone-functionalized carbon nitride
(CN-T, 98) [225] and two perylenebisimide-fullerene dyads (99a,b) [226], obtaining Juglone
(85, R1 = R2 = R5 = H, R4 = OH) in high yields (Figure 30). Recycling of the methylene
blue-dyed polyester fabrics and 99 was not carried out, while 98 was recovered and reused
three times, with a slight decrease in its activity at the third catalytic cycle.
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In addition, two C60-BODIPY photosensitizers (C60-B1/C60-B2, 100a,b) [227], a C70-
BODIPY-triphenylamine triad (C70-B-T, 101) [228] and a meso-tetrakis(N-methylpyridinium-
4-yl)porphyrin supported on the sodium salt of Amberlyst 15 nanoparticles and complexed
with formic acid (nanoAmbSO3@H2TYMPyP(HCO2H)2, 102a) [229] and BF3 (nanoAmb-
SO3@H2TYMPyP(BF3)2, 102b) [230] were employed in the mentioned transformation,
obtaining Juglone (85, R1 = R2 = R5 = H, R4 = OH) in high yield (only quantum yield was
given in the case of using 100 and 101) (Figure 31). The recyclability of 100 and 101 was not
tested, while 102a and 102b were recycled but in a different photo-oxidation reaction.

Furthermore, non-complexed 102 in a continuous flow photoreactor [231] and a gi-
gantic porphyrin-based organic cage with 12 units of tetra(4-aminophenyl)porphyrin
and 24 moieties of 2-hydroxy-5-octyloxy-1,3-benzenedicarboxaldehyde [232] were used
as photocatalysts in the preparation of Juglone (85, R1 = R2 = R5 = H, R4 = OH) from
1,5-dihydroxynaphthalene in good to excellent yields. However, those catalysts were not
recycled.

An oxidative photocatalytic cleavage of the C–C bond of lignin models was recently
reported using a mesoporous carbon nitride as photocatalyst, leading to 84 in excellent
conversions and moderate yields [233]. In the reaction, the corresponding carboxylic acid
from 84 could also be obtained in low to moderate yields. The reusability of the carbon
nitride was studied, and the cleavage could be performed again for up to five cycles.

Another recent aerobic oxidative C–C bond cleavage, in this case in vicinal diols,
has been reported in two works using the carbon nitride 33 in a micellar medium with
cetyltrimethyl ammonium bromide (CTAB) as surfactant [234] and the graphitic form of
33 [235], rendering the corresponding aldehydes or ketones 69 in moderate to good yields
and also performing a broad scope of internal and monosubstituted diols (Scheme 27). In
the first case, the catalyst was recycled 10 times by extracting the product and adding more
starting reagent to the water phase that contained the catalyst. In the case of the graphitic
form of 33, it was recovered by filtration and washing with dichloromethane, being reused
for up to five cycles.
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The proposed mechanism for this aerobic photo-oxidative cleavage of diols is shown
in Scheme 28. Firstly, the photocatalyst (PC) is excited, producing electrons (e−) and holes
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(h+). Then, one hydroxyl of the 1,2-diols is oxidized by a hole, generating the radical A and
a proton, while O2 is reduced to the superoxide radical by an electron. At this moment,
two pathways are possible depending on whether aldehydes or ketones are generated:
pathway 1, in which the corresponding aldehyde or ketone and an α-hydroxy radical are
generated through a β-scission of the radical A, the α-hydroxy radical being transformed
subsequently to a second aldehyde or ketone by a HAT process; and pathway 2, in which
an intermediate B and H2O are produced from the reaction between the radical A and
the superoxide radical, the intermediate B being hydrolyzed immediately to generate an
aldehyde and a germinal diol that suffers dehydration to render two other aldehydes [235].
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Observing the previous examples, it can be deduced that, in terms of reaction yields
and conversions, the best photocatalysts for the heterogeneous oxidative dehydrogenation
of alcohols to the corresponding carbonyl derivatives were the boron carbon nitride 93, the
graphene oxide/carbon nitride hybrid material 94 and the immobilized ones in silica, while
polymer-based photocatalysts promoted transformation in lower yields. In terms of reaction
time, the mentioned catalyst types added to BODIPY-based ones promoted different photo-
oxidation reactions faster than the other ones. These differences are probably related to
different photoabsorptivities and ROS generation abilities. The recyclability of all the
photocatalysts was carried out generally simply and conveniently, and all materials were
able to be reused for several catalytic cycles, maintaining their activity.

4. Conclusions

The oxidative dehydrogenation of C–N and C–O bonds leading to C=N and C=O
bonds, catalyzed by metal-free molecules under visible light irradiation and using atmo-
spheric air or pure O2 as readily available and cheap oxidant, is a powerful strategy for
preparing compounds, such as imines and carbonyl derivatives from amines and alco-
hols, being also interesting due to the use of environmentally friendly and sustainable
reaction conditions. In this review, the recent advances and activities in this field have
been shown, a broad variety of metal-free homogeneous and heterogeneous photocatalysts
being employed, achieving excellent results. For instance, cheap organic dyes, such as
methylene blue or Rose Bengal, are examples of homogeneous promoters used success-
fully, while polymeric- or carbon nitride-based materials have been used as heterogeneous
catalysts among others, showing very good performance and being able to be recovered
in most cases without losing their activity, which adds additional value to the methodol-
ogy. However, some oxidations of biomass-derived chemicals, such as lignin models and
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5-hydroxymethylfurfural, are less explored, and the development of more methodologies
in this field is necessary. Undoubtedly, the oxidative dehydrogenation of C–N and C–O
bonds under these convenient reaction conditions will be explored and improved in the
nearest future, particularly in the case of recoverable photocatalysts devoted to their use in
flow conditions and applicable to industrial processes.

Author Contributions: A.T.-C. and R.C. have contributed to writing and reviewing the manuscript.
All authors have read and agreed to the published version of the manuscript.

Funding: This work was funded by the Spanish Ministry of Economy, Industry and Competitiviness,
grant numbers PGC2018-096616-B-I00 and CTQ201788171-P, and the University of Alicante, grant
number VIGROB-173.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Ameta, R.; Ameta, S.C. Photocatalysis: Principles and Applications, 1st ed.; CRC Press: Boca Raton, FL, USA, 2016.
2. König, B. Photocatalysis in Organic Synthesis—Past, Present, and Future. Eur. J. Org. Chem. 2017, 1979–1981. [CrossRef]
3. Sideri, I.K.; Voutyritsa, E.; Kokotos, C.G. Photoorganocatalysis, Small Organic Molecules and Light for Organic Synthesis: The

Awakening of a Sleeping Giant. Org. Biomol. Chem. 2018, 16, 4596–4614. [CrossRef] [PubMed]
4. Zhang, J.; Tian, B.; Wang, L.; Xing, M.; Lei, J. Photocatalysis: Fundamentals, Materials and Applications, 1st ed.; Springer: Singapore,

2018.
5. Schroll, P. Early Pioneers of Organic Photochemistry. In Chemical Photocatalysis; König, B., Ed.; De Gruyter: Berlin, Germany, 2013;

pp. 3–18.
6. Narayanam, J.M.R.; Stephenson, C.R.J. Visible Light Photoredox Catalysis: Applications in Organic Synthesis. Chem. Soc. Rev.

2011, 40, 102–113. [CrossRef]
7. Chen, J.; Cen, J.; Xu, X.; Li, X. The Application of Heterogeneous Visible Light Photocatalysts in Organic Synthesis. Catal. Sci.

Technol. 2016, 6, 349–362. [CrossRef]
8. Liu, Q.; Wu, L.-Z. Recent Advances in Visible-Light-Driven Organic Reactions. Natl. Sci. Rev. 2017, 4, 359–380. [CrossRef]
9. Festerbank, L.; Goddard, J.-P.; Ollivier, C. Visible-Light-Mediated Free Radical Synthesis. In Visible Light Photocatalysis in Organic

Chemistry; Stephenson, C.R.J., Yoon, T.P., MacMillan, D.W.C., Eds.; Wiley-VCH: Weinheim, Germany, 2018. Available online:
https://onlinelibrary.wiley.com/doi/10.1002/9783527674145.ch2 (accessed on 12 January 2022).

10. Reischauer, S.; Pieber, B. Emerging Concepts in Photocatalytic Organic Synthesis. iScience 2021, 24, 102209. [CrossRef] [PubMed]
11. Prier, C.K.; Rankic, D.A.; MacMillan, D.W.C. Visible Light Photoredox Catalysis with Transition Metal Complexes: Applications

in Organic Synthesis. Chem. Rev. 2013, 113, 5322–5363. [CrossRef]
12. Twilton, J.; Le, C.; Zhang, P.; Shaw, M.H.; Evans, R.W.; MacMillan, D.W.C. The Merger of Transition Metal and Photocatalysis.

Nat. Rev. Chem. 2017, 1, 0052. [CrossRef]
13. Cheng, W.-M.; Shang, R. Transition Metal-Catalyzed Organic Reactions under Visible Light: Recent Developments and Future

Perspectives. ACS Catal. 2020, 10, 9170–9196. [CrossRef]
14. Shing Cheung, K.P.; Sarkar, S.; Gevorgyan, V. Visible Light-Induced Transition Metal Catalysis. Chem. Rev. 2021. [CrossRef]
15. Nicewicz, D.A.; Nguyen, T.M. Recent Applications of Organic Dyes as Photoredox Catalysts in Organic Synthesis. ACS Catal.

2014, 4, 355–360. [CrossRef]
16. Romero, N.A.; Nicewicz, D.A. Organic Photoredox Catalysis. Chem. Rev. 2016, 116, 10075–10166. [CrossRef] [PubMed]
17. Ray, S.; Samanta, P.K.; Biswas, P. Recent Developments on Visible-Light Photoredox Catalysis by Organic Dyes for Organic

Synthesis. In Visible Light-Active Photocatalysis: Nanostructured Catalyst Design, Mechanisms, and Applications; Ghosh, S., Ed.;
Wiley-VCH: Weinheim, Germany, 2018; pp. 393–419.

18. Zeitler, K. Metal-Free Photo(redox) Catalysis. In Visible Light Photocatalysis in Organic Chemistry; Stephenson, C.R.J., Yoon, T.P.,
MacMillan, D.W.C., Eds.; Wiley-VCH: Weinheim, Germany, 2018; pp. 159–232. Available online: https://onlinelibrary.wiley.com/
doi/10.1002/9783527674145.ch6 (accessed on 12 January 2022).

19. Amos, S.G.E.; Garreau, M.; Buzzetti, L.; Waser, J. Photocatalysis with Organic Dyes: Facile Access to Reactive Intermediates for
Synthesis. Beilstein J. Org. Chem. 2020, 16, 1163–1187. [CrossRef] [PubMed]

20. Franchi, D.; Amara, Z. Applications of Sensitized Semiconductors as Heterogeneous Visible-Light Photocatalysts in Organic
Synthesis. ACS Sustain. Chem. Eng. 2020, 8, 15405–15429. [CrossRef]

21. Han, G.; Sun, Y. Visible-Light-Driven Organic Transformations on Semiconductors. Mater. Today Phys. 2021, 16, 100297. [CrossRef]
22. Gambarotti, C.; Melone, L.; Caronna, T.; Punta, C. O2-Mediated Photocatalytic Functionalization of Organic Compounds: Recent

Advances Towards Greener Synthetic Routes. Curr. Org. Chem. 2013, 17, 2406–2419. [CrossRef]

http://doi.org/10.1002/ejoc.201700420
http://doi.org/10.1039/C8OB00725J
http://www.ncbi.nlm.nih.gov/pubmed/29888357
http://doi.org/10.1039/B913880N
http://doi.org/10.1039/C5CY01289A
http://doi.org/10.1093/nsr/nwx039
https://onlinelibrary.wiley.com/doi/10.1002/9783527674145.ch2
http://doi.org/10.1016/j.isci.2021.102209
http://www.ncbi.nlm.nih.gov/pubmed/33733069
http://doi.org/10.1021/cr300503r
http://doi.org/10.1038/s41570-017-0052
http://doi.org/10.1021/acscatal.0c01979
http://doi.org/10.1021/acs.chemrev.1c00403
http://doi.org/10.1021/cs400956a
http://doi.org/10.1021/acs.chemrev.6b00057
http://www.ncbi.nlm.nih.gov/pubmed/27285582
https://onlinelibrary.wiley.com/doi/10.1002/9783527674145.ch6
https://onlinelibrary.wiley.com/doi/10.1002/9783527674145.ch6
http://doi.org/10.3762/bjoc.16.103
http://www.ncbi.nlm.nih.gov/pubmed/32550931
http://doi.org/10.1021/acssuschemeng.0c05179
http://doi.org/10.1016/j.mtphys.2020.100297
http://doi.org/10.2174/13852728113179990054


Molecules 2022, 27, 497 42 of 49

23. Zhang, Y.; Schilling, W.; Das, S. Metal-Free Photocatalysts for C−H Bond Oxygenation Reactions with Oxygen as the Oxidant.
ChemSusChem 2019, 12, 2898–2910. [CrossRef]

24. Yang, X.; Zhang, S.; Li, P.; Gao, S.; Cao, R. Visible-Light-Driven Photocatalytic Selective Organic Oxidation Reactions. J. Mat.
Chem. A 2020, 8, 20897–20924. [CrossRef]

25. Xiong, L.; Tang, J. Strategies and Challenges on Selectivity of Photocatalytic Oxidation of Organic Substances. Adv. Energy Mater.
2021, 11, 2003216. [CrossRef]

26. Cheng, B.; König, B. Benzylic Photooxidation by Flavins. In Flavin-Based Catalysis: Principles and Applications, 1st ed.; Cibulka, R.,
Fraaije, M., Eds.; Wiley-VCH: Weinheim, Germany, 2021; pp. 245–264.

27. Morris, S.; Nguyen, T.; Zheng, N. Visible Light Mediated Cycloaddition Reactions. In Visible Light Photocatalysis in Organic
Chemistry; Stephenson, C.R.J., Yoon, T.P., MacMillan, D.W.C., Eds.; Wiley-VCH: Weinheim, Germany, 2018; pp. 129–158. Available
online: https://onlinelibrary.wiley.com/doi/10.1002/9783527674145.ch5 (accessed on 12 January 2022).

28. Amador, A.G.; Scholz, S.O.; Skubi, K.L.; Yoon, T.P. Photocatalytic Cycloadditions. In Photocatalysis in Organic Synthesis, 1st ed.;
König, B., Ed.; Thieme: Stuttgart, Germany, 2019; pp. 467–516. Available online: https://science-of-synthesis.thieme.com/app/
view/pdf/sos-5225190964754192936.pdf (accessed on 12 January 2022).

29. Zhang, T.; Zhang, Y.; Das, S. Deal Photoredox Catalysis for the Cycloaddition Reactions. ChemCatChem 2020, 12, 6173–6185.
[CrossRef]

30. Sicignano, M.; Rodríguez, R.I.; Alemán, J. Recent Visible Light and Metal Free Strategies in [2+2] and [4+2] Photocycloadditions.
Eur. J. Org. Chem. 2021, 3303–3321. [CrossRef] [PubMed]

31. Qin, Q.; Jiang, H.; Hu, Z.; Ren, D.; Yu, S. Functionalization of C-H Bonds by Photoredox Catalysis. Chem. Rec. 2017, 17, 754–774.
[CrossRef] [PubMed]

32. Revathi, L.; Ravindar, L.; Fang, W.-Y.; Rakesh, K.P.; Qin, H.-L. Visible Light-Induced C−H Bond Functionalization: A Critical
Review. Adv. Synth. Catal. 2018, 360, 4652–4698. [CrossRef]

33. Uygur, M.; García Mancheño, O. Visible Light-Mediated Organophotocatalyzed C–H Bond Functionalization Reactions. Org.
Biomol. Chem. 2019, 17, 5475–5489. [CrossRef] [PubMed]

34. Guillemard, L.; Wencel-Delord, J. When Metal-Catalyzed C–H Functionalization Meets Visible-Light Photocatalysis. Beilstein J.
Org. Chem. 2020, 16, 1754–1804. [CrossRef]

35. Tucker, J.W.; Stephenson, C.R.J. Shining Light on Photoredox Catalysis: Theory and Synthetic Applications. J. Org. Chem. 2012, 77,
1617–1622. [CrossRef]

36. Xuan, J.; Xiao, W.-J. Visible-Light Photoredox Catalysis. Angew. Chem. Int. Ed. 2012, 51, 6828–6838. [CrossRef] [PubMed]
37. Angnes, R.A.; Li, Z.; Correia, C.R.D.; Hammond, G.B. Recent Synthetic Additions to the Visible Light Photoredox Catalysis

Toolbox. Org. Biomol. Chem. 2015, 13, 9152–9167. [CrossRef] [PubMed]
38. Lang, X.; Zhao, J.; Chen, X. Cooperative Photoredox Catalysis. Chem. Soc. Rev. 2016, 45, 3026–3038. [CrossRef]
39. Shaw, M.H.; Twilton, J.; MacMillan, D.W.C. Photoredox Catalysis in Organic Chemistry. J. Org. Chem. 2016, 81, 6898–6926.

[CrossRef]
40. Marzo, L.; Pagire, S.K.; Reiser, O.; König, B. Visible-Light Photocatalysis: Does It Make a Difference in Organic Synthesis? Angew.

Chem. Int. Ed. 2018, 57, 10034–10072. [CrossRef] [PubMed]
41. Zeitler, K.; Neumann, M. Synergistic Visible Light Photoredox Catalysis. Phys. Sci. Rev. 2020, 5, 20170173. [CrossRef]
42. Xu, G.-Q.; Xu, P.-F. Visible Light Organic Photoredox Catalytic Cascade Reactions. Chem. Commun. 2021, 57, 12914–12935.

[CrossRef]
43. Mastandrea, M.M.; Pericàs, M.A. Photoredox Dual Catalysis: A Fertile Playground for the Discovery of New Reactivities. Eur. J.

Inorg. Chem. 2021, 3421–3431. [CrossRef]
44. Brimioulle, R.; Lenhart, D.; Maturi, M.M.; Bach, T. Enantioselective Catalysis of Photochemical Reactions. Angew. Chem. Int. Ed.

2015, 54, 3872–3890. [CrossRef] [PubMed]
45. Silvi, M.; Melchiorre, P. Enhancing the Potential of Enantioselective Organocatalysis with Light. Nature 2018, 554, 41–49.

[CrossRef] [PubMed]
46. Zou, Y.-Q.; Hörmann, F.M.; Bach, T. Iminium and Enamine Catalysis in Enantioselective Photochemical Reactions. Chem. Soc. Rev.

2018, 47, 278–290. [CrossRef]
47. Coote, S.C.; Bach, T. Enantioselective Photocatalysis. In Visible Light Photocatalysis in Organic Chemistry; Stephenson, C.R.J.,

Yoon, T.P., MacMillan, D.W.C., Eds.; Wiley-VCH: Weinheim, Germany, 2018; pp. 335–361. Available online: https://onlinelibrary.
wiley.com/doi/pdf/10.1002/9783527674145.ch11 (accessed on 12 January 2022).

48. Rey, Y.P.; Hepburn, H.B.; Melchiorre, P. Organocatalysis with Amines in Photocatalysis. In Photocatalysis in Organic Synthesis, 1st
ed.; König, B., Ed.; Thieme: Stuttgart, Germany, 2019. Available online: https://science-of-synthesis.thieme.com/app/view/
pdf/sos-3283989787971243663.pdf (accessed on 12 January 2022).

49. Prentice, C.; Morrisson, J.; Smith, A.D.; Zysman-Colman, E. Recent Developments in Enantioselective photocatalysis. Beilstein J.
Org. Chem. 2020, 16, 2363–2441. [CrossRef]

50. Saha, D. Catalytic Enantioselective Radical Transformations Enabled by Visible Light. Chem. Asian J. 2020, 15, 2129–2152.
[CrossRef]

51. Hong, B.-C. Enantioselective Synthesis Enabled by Visible Light Photocatalysis. Org. Biomol. Chem. 2020, 18, 4298–4353. [CrossRef]

http://doi.org/10.1002/cssc.201900414
http://doi.org/10.1039/D0TA05485B
http://doi.org/10.1002/aenm.202003216
https://onlinelibrary.wiley.com/doi/10.1002/9783527674145.ch5
https://science-of-synthesis.thieme.com/app/view/pdf/sos-5225190964754192936.pdf
https://science-of-synthesis.thieme.com/app/view/pdf/sos-5225190964754192936.pdf
http://doi.org/10.1002/cctc.202001195
http://doi.org/10.1002/ejoc.202100518
http://www.ncbi.nlm.nih.gov/pubmed/34248414
http://doi.org/10.1002/tcr.201600125
http://www.ncbi.nlm.nih.gov/pubmed/28074599
http://doi.org/10.1002/adsc.201800736
http://doi.org/10.1039/C9OB00834A
http://www.ncbi.nlm.nih.gov/pubmed/31115431
http://doi.org/10.3762/bjoc.16.147
http://doi.org/10.1021/jo202538x
http://doi.org/10.1002/anie.201200223
http://www.ncbi.nlm.nih.gov/pubmed/22711502
http://doi.org/10.1039/C5OB01349F
http://www.ncbi.nlm.nih.gov/pubmed/26242759
http://doi.org/10.1039/C5CS00659G
http://doi.org/10.1021/acs.joc.6b01449
http://doi.org/10.1002/anie.201709766
http://www.ncbi.nlm.nih.gov/pubmed/29457971
http://doi.org/10.1515/psr-2017-0173
http://doi.org/10.1039/D1CC04883J
http://doi.org/10.1002/ejic.202100455
http://doi.org/10.1002/anie.201411409
http://www.ncbi.nlm.nih.gov/pubmed/25728854
http://doi.org/10.1038/nature25175
http://www.ncbi.nlm.nih.gov/pubmed/29388950
http://doi.org/10.1039/C7CS00509A
https://onlinelibrary.wiley.com/doi/pdf/10.1002/9783527674145.ch11
https://onlinelibrary.wiley.com/doi/pdf/10.1002/9783527674145.ch11
https://science-of-synthesis.thieme.com/app/view/pdf/sos-3283989787971243663.pdf
https://science-of-synthesis.thieme.com/app/view/pdf/sos-3283989787971243663.pdf
http://doi.org/10.3762/bjoc.16.197
http://doi.org/10.1002/asia.202000525
http://doi.org/10.1039/D0OB00759E


Molecules 2022, 27, 497 43 of 49

52. Han, N.; Liu, P.; Jiang, J.; Ai, L.; Shao, Z.; Liu, S. Recent Advances in Nanostructured Metal Nitrides for Water Splitting. J. Mat.
Chem. A 2018, 6, 19912–19933. [CrossRef]

53. Han, N.; Race, M.; Zhang, W.; Marotta, R.; Zhang, C.; Bokhari, A.; Klemeš, J.J. Perovskite and Related Oxide Based Electrodes for
Water Splitting. J. Clean. Prod. 2021, 318, 128544. [CrossRef]

54. Li, M.; Han, N.; Zhang, X.; Wang, S.; Jiang, M.; Bokhari, A.; Zhang, W.; Race, M.; Shen, Z.; Chen, R.; et al. Perovskite Oxide for
Emerging Photo(electro)catalysis in Energy and Environment. Environ. Res. 2022, 205, 112544. [CrossRef] [PubMed]

55. Caron, S.; Dugger, R.W.; Ruggeri, S.G.; Ragan, J.A.; Ripin, D.H.B. Large-Scale Oxidations in the Pharmaceutical Industry. Chem.
Rev. 2006, 106, 2943–2989. [CrossRef] [PubMed]

56. Hazra, S.; Malik, E.; Nair, A.; Tiwari, V.; Dolui, P.; Elias, A.J. Catalytic Oxidation of Alcohols and Amines to Value-Added
Chemicals using Water as the Solvent. Chem. Asian J. 2020, 15, 1916–1936. [CrossRef] [PubMed]

57. Mejía, E. Catalytic Aerobic Oxidations; The Royal Society of Chemistry: Croydon, UK, 2020.
58. Shi, Z.; Zhang, C.; Tang, C.; Jiao, N. Recent Advances in Transition-Metal Catalyzed Reactions Using Molecular Oxygen as the

Oxidant. Chem. Soc. Rev. 2012, 41, 3381–3430. [CrossRef]
59. Roduner, E.; Kaim, W.; Sarkar, B.; Urlacher, V.B.; Pleiss, J.; Gläser, R.; Einicke, W.-D.; Sprenger, G.A.; Beifuß, U.; Klemm, E.; et al.

Selective Catalytic Oxidation of C-H Bonds with Molecular Oxygen. ChemCatChem 2013, 5, 82–112. [CrossRef]
60. Li, Q.; Li, F.-t. Recent Advances in Molecular Oxygen Activation Via Photocatalysis and its Application in Oxidation Reactions.

Chem. Eng. J. 2021, 421, 129915. [CrossRef]
61. Zhang, X.; Rakesh, K.P.; Ravindar, L.; Qin, H.-L. Visible-Light Initiated Aerobic Oxidations: A Critical Review. Green Chem. 2018,

20, 4790–4833. [CrossRef]
62. Chen, L.; Tang, J.; Song, L.-N.; Chen, P.; He, J.; Au, C.-T.; Yin, S.-F. Heterogeneous Photocatalysis for Selective Oxidation of

Alcohols and Hydrocarbons. Appl. Catal. B 2019, 242, 379–388. [CrossRef]
63. Stroyuk, A.L.; Raevskaya, A.E.; Kuchmy, S.Y. Photocatalytic Selective Oxidation of Organic Compounds in Graphitic Carbon

Nitride Systems: A Review. Theor. Exp. Chem. 2019, 55, 147–172. [CrossRef]
64. Alemán, J.; Mas-Ballesté, R. Photocatalytic Oxidation Reactions Mediated by Covalent Organic Frameworks and Related Extended

Organic Materials. Front. Chem. 2021, 9, 708312. [CrossRef]
65. Shen, Z.; Hu, Y.; Li, B.; Zou, Y.; Li, S.; Wilma Busser, G.; Wang, X.; Zhao, G.; Muhler, M. State-of-the-Art Progress in the Selective

Photo-Oxidation of Alcohols. J. Energy Chem. 2021, 62, 338–350. [CrossRef]
66. Baciocchi, E.; Del Giacco, T.; Lapi, A. Dual Pathways for the Desilylation of Silylamines by Singlet Oxygen. Org. Lett. 2006, 8,

1783–1786. [CrossRef] [PubMed]
67. Baciocchi, E.; Del Giacco, T.; Lanzalunga, O.; Lapi, A. Singlet Oxygen Promoted Carbon-Heteroatom Bond Cleavage in Dibenzyl

Sulfides and Tertiary Dibenzylamines. Structural Effects and the Role of Exciplexes. J. Org. Chem. 2007, 72, 9582–9589. [CrossRef]
[PubMed]

68. Berlicka, A.; König, B. Porphycene-Mediated Photooxidation of Benzylamines by Visible Light. Photochem. Photobiol. Sci. 2010, 9,
1359–1366. [CrossRef]

69. Schweitzer, C.; Schmidt, R. Physical Mechanisms of Generation and Deactivation of Singlet Oxygen. Chem. Rev. 2003, 103,
1685–1757. [CrossRef]

70. Okada, A.; Yuasa, H.; Fujiya, A.; Tada, N.; Miura, T.; Itoh, A. Aerobic Photooxidative Synthesis of Secondary Aldimines from
Benzylamines by Using Methylene Blue. Synlett 2015, 26, 1705–1709. [CrossRef]

71. Ushakov, D.B.; Plutschack, M.B.; Gilmore, K.; Seeberger, P.H. Factors Influencing the Regioselectivity of the Oxidation of
Asymmetric Secondary Amines with Singlet Oxygen. Chem. Eur. J. 2015, 21, 6528–6534. [CrossRef] [PubMed]

72. Kouridaki, A.; Huvaere, K. Singlet Oxygen Oxidations in Homogeneous Continuous Flow Using a Gas-Liquid Membrane Reactor.
React. Chem. Eng. 2017, 2, 590–597. [CrossRef]

73. Tibbetts, J.D.; Carbery, D.R.; Emanuelsson, E.A.C. An In-Depth Study of the Use of Eosin Y for the Solar Photocatalytic Oxidative
Coupling of Benzylic Amines. ACS Sustain. Chem. Eng. 2017, 5, 9826–9835. [CrossRef]

74. Dadwal, S.; Deol, H.; Kumar, M.; Bhalla, V. AIEE Active Nanoassemblies of Pyrazine Based Organic Photosensitizers as Efficient
Metal-Free Supramolecular Photoredox Catalytic Systems. Sci. Rep. 2019, 9, 11142. [CrossRef] [PubMed]

75. Unkel, L.-N.; Malcherek, S.; Schendera, E.; Hoffmann, F.; Rehbein, J.; Brasholz, M. Photoorganocatalytic Aerobic Oxidative Amine
Dehydrogenation/Super Acid-Mediated Pictet-Spengler Cyclization: Synthesis of cis-1,3-Diaryl Tetrahydroisoquinolines. Adv.
Synth. Catal. 2019, 361, 2870–2876. [CrossRef]

76. Li, J.; Bao, W.; Tang, Z.; Guo, B.; Zhang, S.; Liu, H.; Huang, S.; Zhang, Y.; Rao, Y. Cercosporin-Bioinspired Selective Photooxidation
Reactions Under Mild Conditions. Green Chem. 2019, 21, 6073–6081. [CrossRef]

77. Wang, H.; Man, Y.; Wang, K.; Wan, X.; Tong, L.; Li, N.; Tang, B. Hydrogen Bond Directed Aerobic Oxidation of Amines Via
Photoredox Catalysis. Chem. Commun. 2018, 54, 10989–10992. [CrossRef] [PubMed]

78. Vitaku, E.; Smith, D.T.; Njardarson, J.T. Analysis of the Structural Diversity, Substitution Patterns, and Frequency of Nitrogen
Heterocycles among U.S. FDA Approved Pharmaceuticals. J. Med. Chem. 2014, 57, 10257–10274. [CrossRef]

79. Sahoo, M.K.; Jaiswal, G.; Rana, J.; Balaraman, E. Organo-Photoredox Catalyzed Oxidative Dehydrogenation of N-Heterocycles.
Chem. Eur. J. 2017, 23, 14167–14172. [CrossRef] [PubMed]

80. Wei, L.; Wei, Y.; Zhang, J.; Xu, L. Visible-Light-Mediated Organoboron-Catalysed Metal-Free Dehydrogenation of N-Heterocycles
Using Molecular Oxygen. Green Chem. 2021, 23, 4446–4450. [CrossRef]

http://doi.org/10.1039/C8TA06529B
http://doi.org/10.1016/j.jclepro.2021.128544
http://doi.org/10.1016/j.envres.2021.112544
http://www.ncbi.nlm.nih.gov/pubmed/34902376
http://doi.org/10.1021/cr040679f
http://www.ncbi.nlm.nih.gov/pubmed/16836305
http://doi.org/10.1002/asia.202000299
http://www.ncbi.nlm.nih.gov/pubmed/32374073
http://doi.org/10.1039/c2cs15224j
http://doi.org/10.1002/cctc.201200266
http://doi.org/10.1016/j.cej.2021.129915
http://doi.org/10.1039/C8GC02382D
http://doi.org/10.1016/j.apcatb.2018.10.025
http://doi.org/10.1007/s11237-019-09607-4
http://doi.org/10.3389/fchem.2021.708312
http://doi.org/10.1016/j.jechem.2021.03.033
http://doi.org/10.1021/ol0602607
http://www.ncbi.nlm.nih.gov/pubmed/16623550
http://doi.org/10.1021/jo701641b
http://www.ncbi.nlm.nih.gov/pubmed/18001095
http://doi.org/10.1039/c0pp00192a
http://doi.org/10.1021/cr010371d
http://doi.org/10.1055/s-0034-1379923
http://doi.org/10.1002/chem.201500121
http://www.ncbi.nlm.nih.gov/pubmed/25754337
http://doi.org/10.1039/C7RE00053G
http://doi.org/10.1021/acssuschemeng.7b01754
http://doi.org/10.1038/s41598-019-47588-5
http://www.ncbi.nlm.nih.gov/pubmed/31366949
http://doi.org/10.1002/adsc.201900165
http://doi.org/10.1039/C9GC02270H
http://doi.org/10.1039/C8CC06603E
http://www.ncbi.nlm.nih.gov/pubmed/30211917
http://doi.org/10.1021/jm501100b
http://doi.org/10.1002/chem.201703642
http://www.ncbi.nlm.nih.gov/pubmed/28805268
http://doi.org/10.1039/D1GC01063H


Molecules 2022, 27, 497 44 of 49

81. Chhetri, K.; Bhuyan, S.; Mandal, S.; Chhetri, S.; Lepcha, P.T.; Lepcha, S.W.; Basumatary, J.; Roy, B.G. Efficient Metal-Free Visible
Light Photocatalytic Aromatization of Azaheterocyles. Curr. Res. Green Sustain. Chem. 2021, 4, 100135. [CrossRef]

82. Lu, J.; Zhang, J. Photocatalytic Applications of Conjugated Microporous Polymers. In Photochemistry; Albini, A., Fasani, E.,
Protti, S., Eds.; The Royal Society of Chemistry: Croydon, UK, 2018; Volume 45, pp. 191–220.

83. Xiao, J.; Liu, X.; Pan, L.; Shi, C.; Zhang, X.; Zou, J.-J. Heterogeneous Photocatalytic Organic Transformation Reactions Using
Conjugated Polymers-Based Materials. ACS Catal. 2020, 10, 12256–12283. [CrossRef]

84. Qian, Z.; Zhang, K.A.I. Recent Advances of Conjugated Microporous Polymers in Visible Light–Promoted Chemical Transforma-
tions. Sol. RRL 2021, 5, 2000489. [CrossRef]

85. Xu, H.; Li, X.; Hao, H.; Dong, X.; Sheng, W.; Lang, X. Designing Fluorene-Based Conjugated Microporous Polymers for Blue
Light-Driven Photocatalytic Selective Oxidation of Amines with Oxygen. Appl. Catal. B 2021, 285, 119796. [CrossRef]

86. Li, X.; Hao, H.; Lang, X. Thiazolo[5,4-d]Thiazole Linked Conjugated Microporous Polymer Photocatalysis for Selective Aerobic
Oxidation of Amines. J. Colloid Interface Sci. 2021, 593, 380–389. [CrossRef] [PubMed]

87. Kumar, R.; Gleissner, E.H.; Tiu, E.G.V.; Yamakoshi, Y. C70 as a Photocatalyst for Oxidation of Secondary Benzylamines to Imines.
Org. Lett. 2016, 18, 184–187. [CrossRef]

88. Chen, R.; Shi, J.-L.; Ma, Y.; Lin, G.; Lang, X.; Wang, C. Designed Synthesis of a 2D Porphyrin-Based sp2 Carbon-Conjugated
Covalent Organic Framework for Heterogeneous Photocatalysis. Angew. Chem. Int. Ed. 2019, 58, 6430–6434. [CrossRef]

89. Shi, J.-L.; Chen, R.; Hao, H.; Wang, C.; Lang, X. 2D sp2 Carbon-Conjugated Porphyrin Covalent Organic Framework for
Cooperative Photocatalysis with TEMPO. Angew. Chem. Int. Ed. 2020, 59, 9088–9093. [CrossRef]

90. Yu, K.; Zhang, H.; Su, C.; Zhu, Y. Visible-Light-Promoted Efficient Aerobic Dehydrogenation of N-Heterocycles by a Tiny Organic
Semiconductor Under Ambient Conditions. Eur. J. Org. Chem. 2020, 1956–1960. [CrossRef]

91. Chen, Y.; Jiang, J. Imidazole-linked porphyrin-based conjugated microporous polymers for metal-free photocatalytic oxidative
dehydrogenation of N-heterocycles. Sustain. Energy Fuels 2021, 5, 6478–6487. [CrossRef]

92. Su, C.; Tandiana, R.; Tian, B.; Sengupta, A.; Tang, W.; Su, J.; Loh, K.P. Visible-Light Photocatalysis of Aerobic Oxidation Reactions
Using Carbazolic Conjugated Microporous Polymers. ACS Catal. 2016, 6, 3594–3599. [CrossRef]

93. Zhang, J.; An, X.; Lin, N.; Wu, W.; Wang, L.; Li, Z.; Wang, R.; Wang, Y.; Liu, J.; Wu, M. Engineering Monomer Structure of Carbon
Nitride for the Effective and Mild Photooxidation Reaction. Carbon 2016, 100, 450–455. [CrossRef]

94. Wu, W.; Zhang, J.; Fan, W.; Li, Z.; Wang, L.; Li, X.; Wang, Y.; Wang, R.; Zheng, J.; Wu, M.; et al. Remedying Defects in Carbon
Nitride to Improve both Photooxidation and H2 Generation Efficiencies. ACS Catal. 2016, 6, 3365–3371. [CrossRef]

95. Wang, Z.J.; Garth, K.; Ghasimi, S.; Landfester, K.; Zhang, K.A.I. Conjugated Microporous Poly(Benzochalcogenadiazole)s for
Photocatalytic Oxidative Coupling of Amines under Visible Light. ChemSusChem 2015, 8, 3459–3464. [CrossRef]

96. Wang, Z.J.; Ghasimi, S.; Landfester, K.; Zhang, K.A.I. Molecular Structural Design of Conjugated Microporous Poly(Benzooxadiazole)
Networks for Enhanced Photocatalytic Activity with Visible Light. Adv. Mater. 2015, 27, 6265–6270. [CrossRef]

97. Battula, V.R.; Singh, H.; Kumar, S.; Bala, I.; Pal, S.K.; Kailasam, K. Natural Sunlight Driven Oxidative Homocoupling of Amines
by a Truxene-Based Conjugated Microporous Polymer. ACS Catal. 2018, 8, 6751–6759. [CrossRef]

98. Jiang, J.; Liang, Z.; Xiong, X.; Zhou, X.; Ji, H. A Carbazolyl Porphyrin-Based Conjugated Microporous Polymer for Metal-Free
Photocatalytic Aerobic Oxidation Reactions. ChemCatChem 2020, 12, 3523–3529. [CrossRef]

99. Jiang, J.; Liu, X.; Luo, R. Donor-Acceptor Type Conjugated Microporous Polymer as a Metal-Free Photocatalyst for Visible-Light-
Driven Aerobic Oxidative Coupling of Amines. Catal. Lett. 2021, 151, 3145–3153. [CrossRef]

100. Gong, W.; Dong, K.; Liu, L.; Hassan, M.; Ning, G. β-Diketone Boron Difluoride Dye-Functionalized Conjugated Microporous
Polymers for Efficient Aerobic Oxidative Photocatalysis. Catal. Sci. Technol. 2021, 11, 3905–3913. [CrossRef]

101. Gong, W.; Deng, X.; Dong, K.; Liu, L.; Ning, G. A Boranil-Based Conjugated Microporous Polymer for Efficient Visible-Light-
Driven Heterogeneous Photocatalysis. Polym. Chem. 2021, 12, 3153–3159. [CrossRef]

102. Sun, W.; Xiang, Y.; Jiang, Z.; Wang, S.; Yang, N.; Jin, S.; Sun, L.; Teng, H.; Chen, H. Designed Polymeric Conjugation Motivates
Tunable Activation of Molecular Oxygen in Heterogeneous Organic Photosynthesis. Sci. Bull. 2022, 67, 61–70. [CrossRef]

103. Bohra, H.; Li, P.; Yang, C.; Zhao, Y.; Wang, M. “Greener” and Modular Synthesis of Triazine-Based Conjugated Porous Polymers
Via Direct Arylation Polymerization: Structure-Function Relationship and Photocatalytic Application. Polym. Chem. 2018, 9,
1972–1982. [CrossRef]

104. Lai, F.; Wang, Y.; Li, D.; Sun, X.; Peng, J.; Zhang, X.; Tian, Y.; Liu, T. Visible Light-Driven Superoxide Generation by Conjugated
Polymers for Organic Synthesis. Nano Res. 2018, 11, 1099–1108. [CrossRef]

105. Kong, P.; Liu, P.; Ge, Z.; Tan, H.; Pei, L.; Wang, J.; Zhu, P.; Gu, X.; Zheng, Z.; Li, Z. Conjugated HCl-Doped Polyaniline for
Photocatalytic Oxidative Coupling of Amines under Visible Light. Catal. Sci. Technol. 2019, 9, 753–761. [CrossRef]

106. Kong, P.; Tan, H.; Lei, T.; Wang, J.; Yan, W.; Wang, R.; Waclawik, E.R.; Zheng, Z.; Li, Z. Oxygen Vacancies Confined in Conjugated
Polyimide for Promoted Visible-Light Photocatalytic Oxidative Coupling of Amines. Appl. Catal. B 2020, 272, 118964. [CrossRef]

107. Zhou, J.; Wang, Y.; Cui, Z.; Hu, Y.; Hao, X.; Wang, Y.; Zou, Z. Ultrathin Conjugated Polymer Nanosheets as Highly Efficient
Photocatalyst for Visible Light Driven Oxygen Activation. Appl. Catal. B 2020, 277, 119228. [CrossRef]

108. Wang, T.-X.; Liang, H.-P.; Anito, D.A.; Ding, X.; Han, B.-H. Emerging Applications of Porous Organic Polymers in Visible-Light
Photocatalysis. J. Mater. Chem. A 2020, 8, 7003–7034. [CrossRef]

109. Zhi, Y.; Li, K.; Xia, H.; Xue, M.; Mu, Y.; Liu, X. Robust Porous Organic Polymers as Efficient Heterogeneous Organo-Photocatalysts
for Aerobic Oxidation Reactions. J. Mater. Chem. A 2017, 5, 8697–8704. [CrossRef]

http://doi.org/10.1016/j.crgsc.2021.100135
http://doi.org/10.1021/acscatal.0c03480
http://doi.org/10.1002/solr.202000489
http://doi.org/10.1016/j.apcatb.2020.119796
http://doi.org/10.1016/j.jcis.2021.02.111
http://www.ncbi.nlm.nih.gov/pubmed/33744546
http://doi.org/10.1021/acs.orglett.5b03194
http://doi.org/10.1002/anie.201902543
http://doi.org/10.1002/anie.202000723
http://doi.org/10.1002/ejoc.202000170
http://doi.org/10.1039/D1SE01410B
http://doi.org/10.1021/acscatal.6b00443
http://doi.org/10.1016/j.carbon.2016.01.027
http://doi.org/10.1021/acscatal.6b00879
http://doi.org/10.1002/cssc.201500827
http://doi.org/10.1002/adma.201502735
http://doi.org/10.1021/acscatal.8b00623
http://doi.org/10.1002/cctc.202000199
http://doi.org/10.1007/s10562-021-03574-z
http://doi.org/10.1039/D1CY00384D
http://doi.org/10.1039/D1PY00297J
http://doi.org/10.1016/j.scib.2021.07.016
http://doi.org/10.1039/C8PY00025E
http://doi.org/10.1007/s12274-017-1729-6
http://doi.org/10.1039/C8CY02280A
http://doi.org/10.1016/j.apcatb.2020.118964
http://doi.org/10.1016/j.apcatb.2020.119228
http://doi.org/10.1039/D0TA00364F
http://doi.org/10.1039/C7TA02205K


Molecules 2022, 27, 497 45 of 49

110. Bandyopadhyay, S.; Kundu, S.; Giri, A.; Patra, A. A Smart Photosensitizer Based on a Red Emitting Solution Processable Porous
Polymer: Generation of Reactive Oxygen Species. Chem. Commun. 2018, 54, 9123–9126. [CrossRef]

111. Ji, G.; Yang, Z.; Yu, X.; Zhao, Y.; Zhang, F.; Liu, Z. Photosensitive Hyper-Cross-Linked Polymers Derived from Three-Dimensional
Ringlike Arenes: Promising Catalysts for Singlet-Oxygen Generation. ACS Sustain. Chem. Eng. 2020, 8, 16320–16326. [CrossRef]

112. Liu, L.; Qu, W.-D.; Dong, K.-X.; Qi, Y.; Gong, W.-T.; Ning, G.-L.; Cui, J.-N. An Anthracene Extended Viologen-Incorporated Ionic
Porous Organic Polymer for Efficient Aerobic Photocatalysis and Antibacterial Activity. Chem. Commun. 2021, 57, 3339–3342.
[CrossRef] [PubMed]

113. Kumar, S.; Battula, V.R.; Sharma, N.; Samanta, S.; Kailasam, K. Understanding the Role of Soft Linkers in Designing Heptazine-
Based Polymeric Frameworks as Heterogeneous (Photo)catalyst. J. Colloid Interface Sci. 2021, 588, 138–146. [CrossRef] [PubMed]

114. Sharma, N.; Kumar, S.; Battula, V.R.; Kumari, A.; Giri, A.; Patra, A.; Kailasam, K. A Tailored Heptazine-Based Porous Polymeric
Network as a Versatile Heterogeneous (Photo)catalyst. Chem. Eur. J. 2021, 27, 10649–10656. [CrossRef]

115. Wang, H.; Sun, X.; Li, D.; Zhang, X.; Chen, S.; Shao, W.; Tian, Y.; Xie, Y. Boosting Hot-Electron Generation: Exciton Dissociation at
the Order-Disorder Interfaces in Polymeric Photocatalysts. J. Am. Chem. Soc. 2017, 139, 2468–2473. [CrossRef] [PubMed]

116. Ferguson, C.T.J.; Huber, N.; Landfester, K.; Zhang, K.A.I. Dual-Responsive Photocatalytic Polymer Nanogels. Angew. Chem. Int.
Ed. 2019, 58, 10567–10571. [CrossRef] [PubMed]

117. Li, X.; Su, Q.; Liu, Z.; Luo, K.; Li, G.; Wu, Q. A Triformylphloroglucinol-Based Covalent Organic Polymer: Synthesis, Characteri-
zation and Its Application in Visible-Light-Driven Oxidative Coupling Reactions of Primary Amines. Chem. Res. Chin. Univ. 2020,
36, 1017–1023. [CrossRef]

118. Humayun, M.; Ullah, H.; Tahir, A.A.; bin Mohd Yusoff, A.R.; Mat Teridi, M.A.; Nazeeruddin, M.K.; Luo, W. An Overview of the
Recent Progress in Polymeric Carbon Nitride Based Photocatalysis. Chem. Rec. 2021, 21, 1811–1844. [CrossRef]

119. Yang, C.; Wang, B.; Zhang, L.; Yin, L.; Wang, X. Synthesis of Layered Carbonitrides from Biotic Molecules for Photoredox
Transformations. Angew. Chem. Int. Ed. 2017, 56, 6627–6631. [CrossRef]

120. Tan, H.; Gu, X.; Kong, P.; Lian, Z.; Li, B.; Zheng, Z. Cyano Group Modified Carbon Nitride with Enhanced Photoactivity for
Selective Oxidation of Benzylamine. Appl. Catal. B 2019, 242, 67–75. [CrossRef]

121. Wang, H.; Jiang, S.; Liu, W.; Zhang, X.; Zhang, Q.; Luo, Y.; Xie, Y. Ketones as Molecular Co-Catalysts for Boosting Exciton-Based
Photocatalytic Molecular Oxygen Activation. Angew. Chem. Int. Ed. 2020, 59, 11093–11100. [CrossRef]

122. Gao, G.; Zhang, L.; Chen, Q.; Fan, H.; Zheng, J.; Fang, Y.; Duan, R.; Cao, X.; Hu, X. Self-Assembly Approach Toward Polymeric
Carbon Nitrides with Regulated Heptazine Structure and Surface Groups for Improving the Photocatalytic Performance. Chem.
Eng. J. 2021, 409, 127370. [CrossRef]

123. Bajada, M.A.; Vijeta, A.; Savateev, A.; Zhang, G.; Howe, D.; Reisner, E. Visible-Light Flow Reactor Packed with Porous Carbon
Nitride for Aerobic Substrate Oxidations. ACS Appl. Mater. Interfaces 2020, 12, 8176–8182. [CrossRef]

124. Liang, Q.; Shao, B.; Tong, S.; Liu, Z.; Tang, L.; Liu, Y.; Cheng, M.; He, Q.; Wu, T.; Pan, Y.; et al. Recent Advances of Melamine
Self-Assembled Graphitic Carbon Nitride-Based Materials: Design, Synthesis and Application in Energy and Environment. Chem.
Eng. J. 2021, 405, 126951. [CrossRef]

125. Mishra, B.P.; Parida, K. Orienting Z Scheme Charge Transfer in Graphitic Carbon Nitride-Based Systems for Photocatalytic Energy
and Environmental Applications. J. Mater. Chem. A 2021, 9, 10039–10080. [CrossRef]

126. Mittal, D.; Dutta, D.P. Synthesis, Structure, and Selected Photocatalytic Applications of Graphitic Carbon Nitride: A Review. J.
Mater. Sci. Mater. Electron. 2021, 32, 18512–18543. [CrossRef]

127. Zhang, J.-j.; Ge, J.-M.; Wang, H.-H.; Wei, X.; Li, X.-H.; Chen, J.-S. Activating Oxygen Molecules over Carbonyl-Modified g-C3N4:
Merging Supramolecular Oxidation with Photocatalysis in a Metal-Free Catalyst for Oxidative Coupling Amines into Imines.
ChemCatChem 2016, 8, 3441–3445. [CrossRef]

128. Zhang, D.; Han, X.; Dong, T.; Guo, X.; Song, C.; Zhao, Z. Promoting Effect of Cyano Groups Attached on g-C3N4 Nanosheets
Towards Molecular Oxygen Activation for Visible Light-Driven Aerobic Coupling of Amines to Imines. J. Catal. 2018, 366,
237–244. [CrossRef]

129. Yu, W.; Zhang, T.; Zhao, Z. Garland-Like Intercalated Carbon Nitride Prepared by an Oxalic Acid-mediated Assembly Strategy
for Highly-Efficient Visible-Light-Driven Photoredox Catalysis. Appl. Catal. B 2020, 278, 119342. [CrossRef]

130. Xing, C.; Yu, G.; Chen, T.; Liu, S.; Sun, Q.; Liu, Q.; Hu, Y.; Liu, H.; Li, X. Perylenetetracarboxylic Diimide Covalently Bonded with
Mesoporous g-C3N4 to Construct Direct Z-Scheme Heterojunctions for Efficient Photocatalytic Oxidative Coupling of Amines.
Appl. Catal. B 2021, 298, 120534. [CrossRef]

131. Xiao, Y.; Tian, G.; Li, W.; Xie, Y.; Jiang, B.; Tian, C.; Zhao, D.; Fu, H. Molecule Self-Assembly Synthesis of Porous Few-Layer
Carbon Nitride for Highly Efficient Photoredox Catalysis. J. Am. Chem. Soc. 2019, 141, 2508–2515. [CrossRef]

132. Xiao, R.; Tobin, J.M.; Zha, M.; Hou, Y.-L.; He, J.; Vilela, F.; Xu, Z. A Nano Porous Graphene Analog for Superfast Heavy Metal
Removal and Continuous-Flow Visible-Light Photoredox Catalysis. J. Mater. Chem. A 2017, 5, 20180–20187. [CrossRef]

133. Luo, J.; Lu, J.; Zhang, J. Carbazole-Triazine Based Donor-Acceptor Porous Organic Frameworks for Efficient Visible-Light
Photocatalytic Aerobic Oxidation Reactions. J. Mater. Chem. A 2018, 6, 15154–15161. [CrossRef]

134. Liu, C.; Liu, K.; Wang, C.; Liu, H.; Wang, H.; Su, H.; Li, X.; Chen, B.; Jiang, J. Elucidating Heterogeneous Photocatalytic Superiority
of Microporous Porphyrin Organic Cage. Nat. Commun. 2020, 11, 1047. [CrossRef]

135. Liu, Z.; Su, Q.; Ju, P.; Li, X.; Li, G.; Wu, Q.; Yang, B. A Hydrophilic Covalent Organic Framework for Photocatalytic Oxidation of
Benzylamine in Water. Chem. Commun. 2020, 56, 766–769. [CrossRef]

http://doi.org/10.1039/C8CC04328K
http://doi.org/10.1021/acssuschemeng.0c06025
http://doi.org/10.1039/D1CC00322D
http://www.ncbi.nlm.nih.gov/pubmed/33657199
http://doi.org/10.1016/j.jcis.2020.12.040
http://www.ncbi.nlm.nih.gov/pubmed/33388579
http://doi.org/10.1002/chem.202100595
http://doi.org/10.1021/jacs.6b12878
http://www.ncbi.nlm.nih.gov/pubmed/28102077
http://doi.org/10.1002/anie.201903309
http://www.ncbi.nlm.nih.gov/pubmed/31066484
http://doi.org/10.1007/s40242-020-8008-x
http://doi.org/10.1002/tcr.202100067
http://doi.org/10.1002/anie.201702213
http://doi.org/10.1016/j.apcatb.2018.09.084
http://doi.org/10.1002/anie.202003042
http://doi.org/10.1016/j.cej.2020.127370
http://doi.org/10.1021/acsami.9b19718
http://doi.org/10.1016/j.cej.2020.126951
http://doi.org/10.1039/D1TA00704A
http://doi.org/10.1007/s10854-021-06508-y
http://doi.org/10.1002/cctc.201601065
http://doi.org/10.1016/j.jcat.2018.08.018
http://doi.org/10.1016/j.apcatb.2020.119342
http://doi.org/10.1016/j.apcatb.2021.120534
http://doi.org/10.1021/jacs.8b12428
http://doi.org/10.1039/C7TA05534J
http://doi.org/10.1039/C8TA05329D
http://doi.org/10.1038/s41467-020-14831-x
http://doi.org/10.1039/C9CC07661A


Molecules 2022, 27, 497 46 of 49

136. Li, S.; Li, L.; Li, Y.; Dai, L.; Liu, C.; Liu, Y.; Li, J.; Lv, J.; Li, P.; Wang, B. Fully Conjugated Donor-Acceptor Covalent Organic
Frameworks for Photocatalytic Oxidative Amine Coupling and Thioamide Cyclization. ACS Catal. 2020, 10, 8717–8726. [CrossRef]

137. Li, W.; Huang, X.; Zeng, T.; Liu, Y.A.; Hu, W.; Yang, H.; Zhang, Y.-B.; Wen, K. Thiazolo[5,4-d]Thiazole-Based Donor-Acceptor
Covalent Organic Framework for Sunlight-Driven Hydrogen Evolution. Angew. Chem. Int. Ed. 2021, 60, 1869–1874. [CrossRef]
[PubMed]

138. Fadlalla, M.I.; Kumar, P.S.; Selvam, V.; Babu, S.G. Emerging Energy and Environmental Application of Graphene and Their
Composites: A Review. J. Mater. Sci. 2020, 55, 7156–7183. [CrossRef]

139. Mishra, S.; Acharya, R. Photocatalytic Applications of Graphene Based Semiconductor Composites: A Review. Mater. Today: Proc.
2021, 35, 164–169. [CrossRef]

140. Hu, Y.; Zhou, C.; Wang, H.; Chen, M.; Zeng, G.; Liu, Z.; Liu, Y.; Wang, W.; Wu, T.; Shao, B.; et al. Recent Advance of
Graphene/Semiconductor Composite Nanocatalysts: Synthesis, Mechanism, Applications and Perspectives. Chem. Eng. J. 2021,
414, 128795. [CrossRef]

141. Wang, R.; Lu, K.-Q.; Tang, Z.-R.; Xu, Y.-J. Recent Progress in Carbon Quantum Dots: Synthesis, Properties and Applications in
Photocatalysis. J. Mater. Chem. A 2017, 5, 3717–3734. [CrossRef]

142. Zeng, Z.; Chen, S.; Tan, T.T.Y.; Xiao, F.-X. Graphene Quantum Dots (GQDs) and its Derivatives for Multifarious Photocatalysis
and Photoelectrocatalysis. Catal. Today 2018, 315, 171–183. [CrossRef]

143. Jeon, S.-J.; Kang, T.-W.; Ju, J.-M.; Kim, M.-J.; Park, J.H.; Raza, F.; Han, J.; Lee, H.-R.; Kim, J.-H. Modulating the Photocatalytic
Activity of Graphene Quantum Dots via Atomic Tailoring for Highly Enhanced Photocatalysis under Visible Light. Adv. Funct.
Mater. 2016, 26, 8211–8219. [CrossRef]

144. Ye, J.; Ni, K.; Liu, J.; Chen, G.; Ikram, M.; Zhu, Y. Oxygen-Rich Carbon Quantum Dots as Catalysts for Selective Oxidation of
Amines and Alcohols. ChemCatChem 2018, 10, 259–265. [CrossRef]

145. Tu, X.; Wang, Q.; Zhang, F.; Lan, F.; Liu, H.; Li, R. CO2-Triggered Reversible Phase Transfer of Graphene Quantum Dots for Visible
Light-Promoted Amine Oxidation. Nanoscale 2020, 12, 4410–4417. [CrossRef]

146. Ko, J.H.; Kang, N.; Park, N.; Shin, H.-W.; Kang, S.; Lee, S.M.; Kim, H.J.; Ahn, T.K.; Son, S.U. Hollow Microporous Organic
Networks Bearing Triphenylamines and Anthraquinones: Diffusion Pathway Effect in Visible Light-Driven Oxidative Coupling
of Benzylamines. ACS Macro Lett. 2015, 4, 669–672. [CrossRef]

147. Kumar, I.; Kumar, R.; Gupta, S.S.; Sharma, U. C70 Fullerene Catalyzed Photoinduced Aerobic Oxidation of Benzylamines to
Imines and Aldehydes. J. Org. Chem. 2021, 86, 6449–6457. [CrossRef]

148. Ma, S.; Cui, J.-W.; Rao, C.-H.; Jia, M.-Z.; Chen, Y.-R.; Zhang, J. Boosting Activity of Molecular Oxygen by Pyridinium-Based
Photocatalysts for Metal-Free Alcohol Oxidation. Green Chem. 2021, 23, 1337–1343. [CrossRef]

149. Schilling, W.; Riemer, D.; Zhang, Y.; Hatami, N.; Das, S. Metal-Free Catalyst for Visible-Light-Induced Oxidation of Unactivated
Alcohols Using Air/Oxygen as an Oxidant. ACS Catal. 2018, 8, 5425–5430. [CrossRef]

150. Nikitas, N.F.; Tzaras, D.I.; Triandafillidi, I.; Kokotos, C.G. Photochemical Oxidation of Benzylic Primary and Secondary Alcohols
Utilizing Air as the Oxidant. Green Chem. 2020, 22, 471–477. [CrossRef]

151. König, B.; Kümmel, S.; Svobodová, E.; Cibulka, R. Flavin Photocatalysis. Phys. Sci. Rev. 2018, 3, 20170168. [CrossRef]
152. Mudd, R.J.; Gilmour, R. Flavins in Photocatalysis. In Photocatalysis in Organic Synthesis, 1st ed.; König, B., Ed.; Thieme: Stuttgart,

Germany, 2019; pp. 391–404. Available online: https://science-of-synthesis.thieme.com/app/view/pdf/sos-4535791240923419
569.pdf (accessed on 12 January 2022).

153. Grosheva, D.; Hyster, T.K. Light-Driven Flavin-Based Biocatalysis. In Flavin-Based Catalysis; Cibulka, R., Fraaije, M., Eds.;
Wiley-VCH: Weinheim, Germany, 2021; pp. 291–313. Available online: https://onlinelibrary.wiley.com/doi/10.1002/9783527830
138.ch12 (accessed on 12 January 2022).

154. Svobodová, E.; Cibulka, R. New Applications of Flavin Photocatalysis. In Flavin-Based Catalysis; Cibulka, R., Fraaije, M., Eds.;
Wiley-VCH: Weinheim, Germany, 2021; pp. 265–291.

155. Srivastava, V.; Singh, P.K.; Srivastava, A.; Singh, P.P. Synthetic Applications of Flavin Photocatalysis: A Review. RSC Adv. 2021,
11, 14251–14259. [CrossRef]

156. Obst, M.; König, B. Solvent-Free, Visible-Light Photocatalytic Alcohol Oxidations Applying an Organic Photocatalyst. Beilstein J.
Org. Chem. 2016, 12, 2358–2363. [CrossRef]

157. Korvinson, K.A.; Hargenrader, G.N.; Stevanovic, J.; Xie, Y.; Joseph, J.; Maslak, V.; Hadad, C.M.; Glusac, K.D. Improved Flavin-
Based Catalytic Photooxidation of Alcohols through Intersystem Crossing Rate Enhancement. J. Phys. Chem. A 2016, 120,
7294–7300. [CrossRef]

158. Zelenka, J.; Svobodova, E.; Tarabek, J.; Hoskovcova, I.; Boguschova, V.; Bailly, S.; Sikorski, M.; Roithova, J.; Cibulka, R. Combining
Flavin Photocatalysis and Organocatalysis: Metal-Free Aerobic Oxidation of Unactivated Benzylic Substrates. Org. Lett. 2019, 21,
114–119. [CrossRef]

159. Tolba, A.H.; Vavra, F.; Chudoba, J.; Cibulka, R. Tuning Flavin-Based Photocatalytic Systems for Application in the Mild
Chemoselective Aerobic Oxidation of Benzylic Substrates. Eur. J. Org. Chem. 2020, 1579–1585. [CrossRef]

160. Hari, D.P.; König, B. Synthetic Applications of Eosin Y in Photoredox Catalysis. Chem. Commun. 2014, 50, 6688–6699. [CrossRef]
161. Srivastava, V.; Singh, P.P. Eosin Y Catalysed Photoredox Synthesis: A Review. RSC Adv. 2017, 7, 31377–31392. [CrossRef]
162. Sharma, S.; Sharma, A. Recent Advances in Photocatalytic Manipulations of Rose Bengal in Organic Synthesis. Org. Biomol. Chem.

2019, 17, 4384–4405. [CrossRef]

http://doi.org/10.1021/acscatal.0c01242
http://doi.org/10.1002/anie.202014408
http://www.ncbi.nlm.nih.gov/pubmed/33285029
http://doi.org/10.1007/s10853-020-04474-0
http://doi.org/10.1016/j.matpr.2020.04.066
http://doi.org/10.1016/j.cej.2021.128795
http://doi.org/10.1039/C6TA08660H
http://doi.org/10.1016/j.cattod.2018.01.005
http://doi.org/10.1002/adfm.201603803
http://doi.org/10.1002/cctc.201701148
http://doi.org/10.1039/C9NR10195K
http://doi.org/10.1021/acsmacrolett.5b00323
http://doi.org/10.1021/acs.joc.1c00297
http://doi.org/10.1039/D0GC03730C
http://doi.org/10.1021/acscatal.8b01067
http://doi.org/10.1039/C9GC03000J
http://doi.org/10.1515/psr-2017-0168
https://science-of-synthesis.thieme.com/app/view/pdf/sos-4535791240923419569.pdf
https://science-of-synthesis.thieme.com/app/view/pdf/sos-4535791240923419569.pdf
https://onlinelibrary.wiley.com/doi/10.1002/9783527830138.ch12
https://onlinelibrary.wiley.com/doi/10.1002/9783527830138.ch12
http://doi.org/10.1039/D1RA00925G
http://doi.org/10.3762/bjoc.12.229
http://doi.org/10.1021/acs.jpca.6b08405
http://doi.org/10.1021/acs.orglett.8b03547
http://doi.org/10.1002/ejoc.201901628
http://doi.org/10.1039/C4CC00751D
http://doi.org/10.1039/C7RA05444K
http://doi.org/10.1039/C9OB00092E


Molecules 2022, 27, 497 47 of 49

163. Sheriff Shah, S.; Pradeep Singh, N.D. Pseudohalide Assisted Aerobic Oxidation of Alcohols in the Presence of Visible-Light.
Tetrahedron Lett. 2018, 59, 247–251. [CrossRef]

164. Xia, Q.; Shi, Z.; Yuan, J.; Bian, Q.; Xu, Y.; Liu, B.; Huang, Y.; Yang, X.; Xu, H. Visible-Light-Enabled Selective Oxidation of Primary
Alcohols through Hydrogen-Atom Transfer and its Application in the Synthesis of Quinazolinones. Asian J. Org. Chem. 2019, 8,
1933–1941. [CrossRef]

165. Mehrabi-Kalajahi, S.S.; Hajimohammadi, M.; Safari, N. Selective Photocatalytic Oxidation of Alcohols to Corresponding Aldehy-
des in Solvent-Free Conditions Using Porphyrin Sensitizers. J. Iran. Chem. Soc. 2016, 13, 1069–1076. [CrossRef]

166. Mardani, A.; Heshami, M.; Shariati, Y.; Kazemi, F.; Abdollahi Kakroudi, M.; Kaboudin, B. A Tunable Synthesis of Either
Benzaldehyde or Benzoic Acid through Blue-Violet LED Irradiation Using TBATB. J. Photochem. Photobiol. A 2020, 389, 112220.
[CrossRef]

167. Zhu, X.; Liu, C.; Liu, Y.; Yang, H.; Fu, H. A Sodium Trifluoromethanesulfinate-Mediated Photocatalytic Strategy for Aerobic
Oxidation of Alcohols. Chem. Commun. 2020, 56, 12443–12446. [CrossRef] [PubMed]

168. Zhang, W.; Gacs, J.; Arends, I.W.C.E.; Hollmann, F. Selective Photooxidation Reactions using Water-Soluble Anthraquinone
Photocatalysts. ChemCatChem 2017, 9, 3821–3826. [CrossRef] [PubMed]

169. Gacs, J.; Zhang, W.; Knaus, T.; Mutti, F.G.; Arends, I.W.C.E.; Hollmann, F. A Photo-Enzymatic Cascade to Transform Racemic
Alcohols into Enantiomerically Pure Amines. Catalysts 2019, 9, 305. [CrossRef]

170. Jiang, D.; Chen, M.; Deng, Y.; Hu, W.; Su, A.; Yang, B.; Mao, F.; Zhang, C.; Liu, Y.; Fu, Z. 9,10-Dihydroanthracene Auto-
Photooxidation Efficiently Triggered Photo-Catalytic Oxidation of Organic Compounds by Molecular Oxygen under Visible Light.
Mol. Catal. 2020, 494, 111127. [CrossRef]

171. Samanta, S.; Biswas, P. Metal Free Visible Light Driven Oxidation of Alcohols to Carbonyl Derivatives Using 3,6-Di(pyridin-2-yl)-
1,2,4,5-tetrazine (pytz) as Catalyst. RSC Adv. 2015, 5, 84328–84333. [CrossRef]

172. Liu, X.; Lin, L.; Ye, X.; Tan, C.-H.; Jiang, Z. Aerobic Oxidation of Benzylic sp3 C-H Bonds through Cooperative Visible-Light
Photoredox Catalysis of N-Hydroxyimide and Dicyanopyrazine. Asian J. Org. Chem. 2017, 6, 422–425. [CrossRef]

173. Bains, A.K.; Ankit, Y.; Adhikari, D. Bioinspired Radical-Mediated Transition-Metal-Free Synthesis of N-Heterocycles under Visible
Light. ChemSusChem 2021, 14, 324–329. [CrossRef]

174. Zhang, H.; Guo, T.; Wu, M.; Huo, X.; Tang, S.; Wang, X.; Liu, J. 4CzIPN Catalyzed Photochemical Oxidation of Benzylic Alcohols.
Tetrahedron Lett. 2021, 67, 152878. [CrossRef]

175. Shah, S.S.; Shee, M.; Venkatesh, Y.; Singh, A.K.; Samanta, S.; Singh, N.D.P. Organophotoredox-Mediated Amide Synthesis by
Coupling Alcohol and Amine through Aerobic Oxidation of Alcohol. Chem. Eur. J. 2020, 26, 3703–3708. [CrossRef]

176. Gorelik, D.J.; Dimakos, V.; Adrianov, T.; Taylor, M.S. Photocatalytic, Site-Selective Oxidations of Carbohydrates. Chem. Commun.
2021, 57, 12135–12138. [CrossRef]

177. Luo, J.; Zhang, J. Aerobic Oxidation of Olefins and Lignin Model Compounds Using Photogenerated Phthalimide-N-oxyl Radical.
J. Org. Chem. 2016, 81, 9131–9137. [CrossRef] [PubMed]

178. Chen, K.; Schwarz, J.; Karl, T.A.; Chatterjee, A.; König, B. Visible Light Induced Redox Neutral Fragmentation of 1,2-Diol
Derivatives. Chem. Commun. 2019, 55, 13144–13147. [CrossRef]

179. Thomson, R.H. Naturally Occurring Quinones IV, 4th ed.; Chapman & Hall: London, UK, 1996.
180. de Oliveira, K.T.; Miller, L.Z.; McQuade, D.T. Exploiting Photooxygenations Mediated by Porphyrinoid Photocatalysts under

Continuous Flow Conditions. RSC Adv. 2016, 6, 12717–12725. [CrossRef]
181. Rehm, T.H.; Gros, S.; Löb, P.; Renken, A. Photonic Contacting of Gas–Liquid Phases in a Falling Film Microreactor for Continuous-

Flow Photochemical Catalysis with Visible Light. React. Chem. Eng. 2016, 1, 636–648. [CrossRef]
182. Wu, L.; Abreu, B.L.; Blake, A.J.; Taylor, L.J.; Lewis, W.; Argent, S.P.; Poliakoff, M.; Boufroura, H.; George, M.W. Multigram

Synthesis of Trioxanes Enabled by a Supercritical CO2 Integrated Flow Process. Org. Process Res. Dev. 2021, 25, 1873–1881.
[CrossRef]

183. Zhu, S.-E.; Liu, K.-Q.; Wang, X.-F.; Xia, A.-D.; Wang, G.-W. Synthesis and Properties of Axially Symmetrical Rigid Visible
Light-Harvesting Systems Containing [60]Fullerene and Perylenebisimide. J. Org. Chem. 2016, 81, 12223–12231. [CrossRef]

184. Singh, V.D.; Singh, R.S.; Dwivedi, B.K.; Mukhopadhyay, S.; Shukla, A.; Maiti, P.; Pandey, D.S. Photosensitization Ability of
1,7-Phenanthroline Based Bis-BODIPYs: Perplexing Role of Intramolecular Rotation on Photophysical Properties. J. Phys. Chem. C
2019, 123, 30623–30632. [CrossRef]

185. Li, Y.; Wei, Y.; Zhou, X. Two New Bodipy-Carbazole Derivatives as Metal-Free Photosensitizers in Photocatalytic Oxidation of
1,5-Dihydroxynaphthalene. J. Photochem. Photobiol. A 2020, 400, 112713. [CrossRef]

186. Wellauer, J.; Miladinov, D.; Buchholz, T.; Schütz, J.; Stemmler, R.T.; Medlock, J.A.; Bonrath, W.; Sparr, C. Organophotocatalytic
Aerobic Oxygenation of Phenols in a Visible-Light Continuous-Flow Photoreactor. Chem. Eur. J. 2021, 27, 9748–9752. [CrossRef]

187. Chen, L.; Zhao, L.; Xu, J.; Long, J.; Hou, L. Metal-Free Photocatalysts C3N3S3 and its Polymers: Solubility in Water and Application
in Benzylic Alcohols Oxidation Under Visible Light. Nano 2017, 12, 1750101. [CrossRef]

188. Xu, C.; Qian, L.; Lin, J.; Guo, Z.; Yan, D.; Zhan, H. Heptazine-Based Porous Polymer for Selective CO2 Sorption and Visible Light
Photocatalytic Oxidation of Benzyl Alcohol. Microporous Mesoporous Mater. 2019, 282, 9–14. [CrossRef]

189. Arakawa, Y.; Sato, F.; Ariki, K.; Minagawa, K.; Imada, Y. Preparation of Flavin-Containing Mesoporous Network Polymers and
Their Catalysis. Tetrahedron Lett. 2020, 61, 151710. [CrossRef]

http://doi.org/10.1016/j.tetlet.2017.12.018
http://doi.org/10.1002/ajoc.201900491
http://doi.org/10.1007/s13738-016-0821-2
http://doi.org/10.1016/j.jphotochem.2019.112220
http://doi.org/10.1039/D0CC05799A
http://www.ncbi.nlm.nih.gov/pubmed/32940293
http://doi.org/10.1002/cctc.201700779
http://www.ncbi.nlm.nih.gov/pubmed/29201242
http://doi.org/10.3390/catal9040305
http://doi.org/10.1016/j.mcat.2020.111127
http://doi.org/10.1039/C5RA18151H
http://doi.org/10.1002/ajoc.201600426
http://doi.org/10.1002/cssc.202002161
http://doi.org/10.1016/j.tetlet.2021.152878
http://doi.org/10.1002/chem.201904924
http://doi.org/10.1039/D1CC05124E
http://doi.org/10.1021/acs.joc.6b01704
http://www.ncbi.nlm.nih.gov/pubmed/27611186
http://doi.org/10.1039/C9CC06904F
http://doi.org/10.1039/C6RA00285D
http://doi.org/10.1039/C6RE00169F
http://doi.org/10.1021/acs.oprd.1c00111
http://doi.org/10.1021/acs.joc.6b02042
http://doi.org/10.1021/acs.jpcc.9b09721
http://doi.org/10.1016/j.jphotochem.2020.112713
http://doi.org/10.1002/chem.202101313
http://doi.org/10.1142/S1793292017501016
http://doi.org/10.1016/j.micromeso.2019.03.011
http://doi.org/10.1016/j.tetlet.2020.151710


Molecules 2022, 27, 497 48 of 49

190. Krivtsov, I.; Ilkaeva, M.; García-López, E.I.; Marcì, G.; Palmisano, L.; Bartashevich, E.; Grigoreva, E.; Matveeva, K.; Díaz, E.;
Ordóñez, S. Effect of Substituents on Partial Photocatalytic Oxidation of Aromatic Alcohols Assisted by Polymeric C3N4.
ChemCatChem 2019, 11, 2713–2724. [CrossRef]

191. Zhang, W.; Xu, C.; Kobayashi, T.; Zhong, Y.; Guo, Z.; Zhan, H.; Pruski, M.; Huang, W. Hydrazone-Linked Heptazine Polymeric
Carbon Nitrides for Synergistic Visible-Light-Driven Catalysis. Chem. Eur. J. 2020, 26, 7358–7364. [CrossRef]

192. Gu, Q.; Jiang, P.; Leng, Y.; Thin, W.P.; Zhang, K.; Shen, Y.; Agus, H. Synthesis of Coralloid Carbon Nitride Polymers and
Photocatalytic Selective Oxidation of Benzyl Alcohol. Nanotechnology 2021, 32, 235602. [CrossRef] [PubMed]

193. Zhang, W.; Bariotaki, A.; Smonou, I.; Hollmann, F. Visible-Light-Driven Photooxidation of Alcohols Using Surface-Doped
Graphitic Carbon Nitride. Green Chem. 2017, 19, 2096–2100. [CrossRef]

194. Pahari, S.K.; Doong, R.-A. Few-Layered Phosphorene-Graphitic Carbon Nitride Nanoheterostructure as a Metal-Free Photocatalyst
for Aerobic Oxidation of Benzyl Alcohol and Toluene. ACS Sustain. Chem. Eng. 2020, 8, 13342–13351. [CrossRef]

195. Fernandes, R.A.; Sampaio, M.J.; Faria, J.L.; Silva, C.G. Aqueous Solution Photocatalytic Synthesis of p-Anisaldehyde by Using
Graphite-Like Carbon Nitride Photocatalysts Obtained Via the Hard-Templating Route. RSC Adv. 2020, 10, 19431–19442.
[CrossRef]

196. García-López, E.I.; Abbasi, Z.; Di Franco, F.; Santamaria, M.; Marcì, G.; Palmisano, L. Selective Oxidation of Aromatic Alcohols in
the Presence of C3N4 Photocatalysts Derived from the Polycondensation of Melamine, Cyanuric and Barbituric Acids. Res. Chem.
Intermed. 2021, 47, 131–156. [CrossRef]

197. Lima, M.J.; Silva, A.M.T.; Silva, C.G.; Faria, J.L. Graphitic Carbon Nitride Modified by Thermal, Chemical and Mechanical
Processes as Metal-Free Photocatalyst for the Selective Synthesis of Benzaldehyde from Benzyl Alcohol. J. Catal. 2017, 353, 44–53.
[CrossRef]

198. Ding, J.; Xu, W.; Wan, H.; Yuan, D.; Chen, C.; Wang, L.; Guan, G.; Dai, W.-L. Nitrogen Vacancy Engineered Graphitic C3N4-Based
Polymers for Photocatalytic Oxidation of Aromatic Alcohols to Aldehydes. Appl. Catal. B 2018, 221, 626–634. [CrossRef]

199. Bellardita, M.; García-López, E.I.; Marcì, G.; Krivtsov, I.; García, J.R.; Palmisano, L. Selective Photocatalytic Oxidation of Aromatic
Alcohols in Water by Using P-Doped g-C3N4. Appl. Catal. B 2018, 220, 222–233. [CrossRef]

200. Zhang, P.; Yue, C.; Fan, M.; Haryonob, A.; Leng, Y.; Jiang, P. The Selective Oxidation of Glycerol over Metal-free Photocatalysts:
Insights into the Solvent Effect on Catalytic Efficiency and Product Distribution. Catal. Sci. Technol. 2021, 11, 3385–3392. [CrossRef]

201. Zhang, F.; Li, J.; Wang, H.; Li, Y.; Liu, Y.; Qian, Q.; Jin, X.; Wang, X.; Zhang, J.; Zhang, G. Realizing Synergistic Effect of Electronic
Modulation and Nanostructure Engineering over Graphitic Carbon Nitride for Highly Efficient Visible-Light H2 Production
Coupled with Benzyl Alcohol Oxidation. Appl. Catal. B 2020, 269, 118772. [CrossRef]

202. Zhang, P.; Deng, J.; Mao, J.; Li, H.; Wang, Y. Selective Aerobic Oxidation of Alcohols by a Mesoporous Graphitic Carbon
Nitride/N-hydroxyphthalimide System under Visible-Light Illumination at Room Temperature. Chin. J. Catal. 2015, 36, 1580–1586.
[CrossRef]

203. Zhou, M.; Yang, P.; Wang, S.; Luo, Z.; Huang, C.; Wang, X. Structure-Mediated Charge Separation in Boron Carbon Nitride for
Enhanced Photocatalytic Oxidation of Alcohol. ChemSusChem 2018, 11, 3949–3955. [CrossRef]

204. Zhou, M.; Chen, Z.; Yang, P.; Wang, S.; Huang, C.; Wang, X. Hydrogen Reduction Treatment of Boron Carbon Nitrides for
Photocatalytic Selective Oxidation of Alcohols. Appl. Catal. B 2020, 276, 118916. [CrossRef]

205. Han, R.; Liu, F.; Wang, X.; Huang, M.; Li, W.; Yamauchi, Y.; Sun, X.; Huang, Z. Functionalised Hexagonal Boron Nitride for Energy
Conversion and Storage. J. Mat. Chem. A 2020, 8, 14384–14399. [CrossRef]

206. Wang, B.; Anpo, M.; Le, Z.; Wang, X. Photocatalytic Performance of Hexagonal Boron Carbon Nitride Nanomaterials. In Current
Developments in Photocatalysis and Photocatalytic Materials: New Horizons in Photocatalysis; Wang, X., Anpo, M., Fu, X., Eds.; Elsevier:
Oxford, UK, 2020; pp. 475–490.

207. Li, X.; Zhang, J.; Zhang, S.; Xu, S.; Wu, X.; Chang, J.; He, Z. Hexagonal Boron Nitride Composite Photocatalysts for Hydrogen
Production. J. Alloys Compd. 2021, 864, 158153. [CrossRef]

208. Zhang, B.; Zhao, T.-J.; Wang, H.-H. Enhanced Photocatalytic Activity of Aerogel Composed of Crooked Carbon Nitride Nanolayers
with Nitrogen Vacancies. ACS Appl. Mater. Interfaces 2019, 11, 34922–34929. [CrossRef]

209. Mondal, S.; Karthik, P.E.; Sahoo, L.; Chatterjee, K.; Sathish, M.; Gautam, U.K. High and Reversible Oxygen Uptake in Carbon Dot
Solutions Generated from Polyethylene Facilitating Reactant-Enhanced Solar Light Harvesting. Nanoscale 2020, 12, 10480–10490.
[CrossRef]
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