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Photoorganocatalysis has been recognised by the organic chemistry community as an important part of
photochemistry and catalysis. In general, aromatic ketones constitute key players in this type of catalysis
as they are involved in a plethora of examples in the literature. Among the various aromatic ketones, thiox-
anthone (TX) seems to play a unique role in photochemistry. In comparison with other aromatic ketones,
TX has a high triplet energy and a relatively long triplet lifetime, while it has the ability to participate suc-
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cessfully in merger reactions with metal complexes. In this review, we will discuss the photophysical pro-
perties of this small organic molecule, as well as the numerous examples of photochemical reactions,
where it is employed as a mediator and more specifically in polymerisation reactions, and organic
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1. Introduction

Polar organic chemistry always had the lion’s share in newly
developed organic methodologies, especially since radical
chemistry has always been considered complex, rendering it a
field of limited attention. This has changed since the introduc-
tion of modern photocatalysis, where radicals are produced in
a mild and controlled way. Through this new and powerful
field, novel domains of reactivities have emerged. Especially in
the last decade, photoredox catalysis has become a powerful
tool in the hands of scientists, in order to forge new molecules
by overcoming the limitations of the past." Photoredox cataly-
sis is mainly based on the ability of various metal complexes
to absorb light in the visible region and undergo a metal to
ligand charge transfer to an excited state which can react with
a reagent either by providing an electron (oxidative quenching)
or by acquiring one (reductive quenching)." Photoredox cataly-
sis can also be achieved with the use of redox active small
organic molecules, like acridinium salts, compounds with the
oxidation potential higher than that of metal photocatalysts,
making it a great example of the potential of photoorganocata-
lysts.” The concept of photoorganocatalysis, the use of small
organic molecules as photocatalysts to promote chemical
transformations, has been highlighted by Albini, Fagnoni and
coworkers,® who reviewed examples of molecules that can cata-
lyze reactions by hydrogen atom transfer (HAT), single electron
transfer (SET) or energy transfer (EnT). Aryl ketones are an

Laboratory of Organic Chemistry, Department of Chemistry, National and
Kapodistrian University of Athens, Panepistimiopolis, Athens 15771, Greece.
E-mail: ckokotos@chem.uoa.gr

+Denotes equal contribution.

This journal is © The Royal Society of Chemistry 2021

important category of photoorganocatalysts. Among the
various aromatic ketones, thioxanthone (TX) seems to play a
unique role in photochemistry. In comparison with other aro-
matic ketones, TX has a high triplet energy and a relatively
long triplet lifetime, while it has the ability to participate suc-
cessfully in merger reactions with metal complexes. In this
review, we will discuss the photophysical properties of thiox-
anthone, as well as its applications in photochemical
reactions.

2. Photophysical properties of
thioxanthone

Thioxanthone (TX, 1), like other aromatic ketones,*® is a well-
studied example of photoactive compounds, capable of per-
forming various chemical transformations.”™® The confor-
mation of TX is not fixed, but it interconverts from a planar
(C2v) to a non-planar conformation.'*"® This interconversion
has been characterized by Rubio-Pons as the “butterfly
motion” of TX.'® The two discrete conformations possess
different energy levels and exhibit two different absorption
bands in the UV-Vis spectrum, one at 361 nm and the other at
376 nm, where the first corresponds to the non-planar confor-
mation and the second to the planar conformation, respect-
ively. Upon irradiation, TX is excited to the singlet state, fol-
lowed by intersystem crossing (ISC) to the triplet state. In the
case of TX, the intersystem crossing of an electron normally
occurs from a non-bonding orbital (n) to an anti-bonding pi
orbital (z*) (nn* configuration) and occurs 10° times faster
than in the case of migration from the same type of molecular
orbital (mn* migration) (Scheme 1).” The configuration of the
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Scheme 1 Relation between electron distribution in excited TX and
solvent polarity.
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triplet state depends on the polarity of the solvent. In more
polar solvents, the triplet state an* is stabilized as the lower
lying triplet state, capable of reacting with hydrogen or elec-
tron donors (Scheme 1, breaking of the C=0O bond of TX to
the C-O biradical)."®'® Polar solvents tend to stabilize the xn*
state and destabilize the nzn* state. Thus, in polar solvents,
fluorescence is favored compared to phosphorescence. The
latter triplet state mn* of the aromatic ketone mostly partici-
pates in hydrogen atom abstraction events from a hydrogen
donor, producing a ketyl radical, instead of an electron trans-
fer event, which is favored in non-polar solvents, where the
major configuration is nn* (Scheme 1).>>*' Theoretical studies
support that TX’s low lying triplet state is close enough to the
singlet state, favoring in this way internal conversion (IC) and
ISC upon photoexcitation.”*>>?

Except from its ability to participate in HAT events, triplet
TX has a mild oxidative character (Eyq = +1.18 V), compared
to benzophenone (E..q = +1.28 V),> xanthone (Erq = +1.57 V)
and anthraquinone (E,.q = +1.77 V). In protic polar solvents
(such as MeCN and H,0), triplet TX leads to the TXH" radical
(2), the product of the direct HAT from the solvent. However,
in the presence of an electron donor, such as an easily oxi-
dized amine, a radical reduction of the ketone can occur in a
known two-step mechanism,” which involves firstly an oxi-
dation and secondly a protonation of the radical anion of
TX._.24
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Apart from electron or hydrogen abstraction, TX can partici-
pate in chemical transformations through energy transfer
(EnT). Compounds upon excitation can pass their excited state
energy to acceptors, compounds with lower energy levels.
Along these lines, Engel et al. studied the decomposition of
azo compounds using sensitizers with TX being a part of this
study, which showed that TX is a capable triplet state energy
sensitizer.”>>® TX with a high singlet state energy
(Eg : 76 kealmol ),*° a triplet state energy
(Ey: 65.5kcalmol™) *” and a lifetime estimated at 7, =
77 ps,”® a hundred times longer than that of benzophenone (z,
= 0.7 ps),?® proved to be a potent energy transfer molecule. TX
has a relatively high triplet energy compared to similar aromatic
ketones, such as benzil (E;:53.7 kcalmol *, triplet lifetime 7, =
36 ps),* benzophenone (E;. : 69.1 keal mol "), anthraquinone
(Ey : 62.9kcalmol ™", triplet lifetime 7, = 2280-3200 ps),>’ ace-
naphthenequinone (Ej. : 51.7kcalmol ')** and fluorenone
(Ey : 58.4kcal mol ™", triplet lifetime 7, = 3 ps).>*

Due to its high triplet energy, TX is an efficient sensitizer
for oxygen, leading to singlet oxygen,*** since the excitation
of oxygen requires around 23 kcal mol™*.*

3. Thioxanthone as the photoinitiator
in polymerisation reactions

The employed organic molecules as photoinitiators in poly-
merisation reactions are divided into two major groups: type I
and type II (Scheme 2). In type I photoinitiators, upon light

absorption and excitation, the corresponding excited state
undergoes an o-cleavage, leading to new radical species that
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Scheme 2 Distinct types of photoinitiators for polymerisation based on
different types of photoinitiation.
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can participate in the initiation process (Scheme 2A). TX is a
typical type II photoinitiator (the excited molecule requires
interaction with a co-initiator) that has been used widely in
polymerisation reactions (Scheme 2B). The study of TX as a
photoinitiator goes back to 1981, when Amirzadeh and
Schnabel studied the role of different substituents on TX and
the use of various amines as co-initiators.>® Until then, TX had
already been known for its role in photocuring and
coating.*>*® This study was followed by the work of Timpe and
Kronfeld, in which various aromatic ketones, including thiox-
anthone, were studied in the photopolymerisation of methyl
methacrylate in the presence or absence of a hydrogen donor
as a co-initiator.’” In the first case, TX can interact with the
hydrogen donor, forming radical species, which can propagate
the polymerisation chain. In the other case, the excited carbo-
nyl compound reacts with electron-rich double bonds, forming
an oxetane ring, a procedure that terminates the polymeris-
ation route.?”

When an hydrogen donor is present, such as an amine,
TXH" (2) is formed (Scheme 3).*®* TXH' (2) can dimerize, react
with another radical 2, affording pinacol product 6 (Scheme 3).
Alternatively, disproportionation of radical 2 can lead to 1 and
thioxanthole 7 (Scheme 3). In some cases, this radical can ter-
minate the radical polymerisation by forming an adduct with
the newly-formed polymer (Scheme 3, 8). Similarly, molecular
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Scheme 3 Possible pathways of the TX ketyl radical during photopoly-
merisation reactions.
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oxygen can react with TXH" and the formed adduct 9 decom-
poses to TX and active radical oxygen species, regenerating in
this way the photocatalyst.

The great importance of type II initiators, especially thiox-
anthone, is highlighted in the great variety of co-initiators that
can be employed. In the literature, the combination of TX 1
with triphenyl sulfonium anion 20 (co-initiator) for the
polymerization of tetrahydrofuran (THF) 11 has been reported
(Scheme 4).*° This type of initiation occurs through a single
electron oxidation of the co-initiator from the sulfonium
cation and subsequent hydrogen atom abstraction from THF
to form the a-oxygen radical (12), which can participate in the
propagation route. The authors cleverly exploited the propen-
sity of excited TX to participate in HAT from weak C-H bonds.

There is a diversity of different co-initiators reported in the
literature, such as molecules designed to act as hydrogen
donors, for example, amines like MDEA 14
(Scheme 5)'>*' or more specific molecules like benzoxamides
15 (Scheme 5).** Apart from hydrogen atom donors, co-
initiators are also chosen based on their potential to interact
with the initiator through SET procedures (Scheme 6). Examples
of this type of co-initiator are sulfonium ions,**** iodonium,**
N-protected BDN or DBU,*® and NHC.*® In order to bypass the
need for a co-initiator, researchers designed thioxanthone-type
molecules, bearing different functionalities, that upon
irradiation can be utilized in polymerisations without the use of
an external co-initiator (Scheme 7). More specifically, molecules
bearing a thioxanthone scaffold, such as 25-28, upon
irradiation, photodecompose to radical species, which are
capable of propagating the radical route of polymerisation.*”*°

Alternatively, thioxanthone-like molecules can promote the
polymerisation via an intramolecular HAT (Scheme 8).
Molecules like 29, 30 and oligopolymer 31 can promote the
polymerisation through this intramolecular HAT mechanism,
bearing the active carbonyl and the hydrogen donor in the
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Scheme 4 Thioxanthone initiation mechanism combining co-initiators
through SET.
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Scheme 7 Examples of initiators bearing the thioxanthone chromo-
phore that work via photodecomposition.

same molecule. After irradiation, this intramolecular HAT
leads to the key radical species that can promote the poly-
merisation reaction.’*>?
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Scheme 8 Examples of initiators bearing the thioxanthone chromo-
phore that work via intramolecular HAT.

Finally, there is also a third group of molecules that pro-
vides basically a combination of the two above discussed
mechanisms, where intermolecular and intramolecular HAT
can be performed by molecules 32 and 34 (Scheme 9) to
promote the propagation route or interaction with oxygen, like
molecule 33 (Scheme 9), forming radical oxygen species that
can abstract hydrogen from the monomers.>*> All the above
three categories of photoinitiators were developed because the
use of an external co-initiator can often lead to various unde-
sired pathways.

4. Photochemical applications of
thioxanthone in organic synthesis

Since thioxanthone (1) can mediate reactions via triplet energy
transfer (EnT), hydrogen atom transfer (HAT) or single electron
transfer (SET), it has attracted the interest of many scientists
worldwide. Apart from the previously reported use in poly-
merisation chemistry, thioxanthone and its derivatives have
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Scheme 9 Other examples of initiators bearing the thioxanthone
chromophore.
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been employed in a wide variety of chemical transformations,
such as photoisomerisation reactions,”® photoinduced
rearrangements,”” [2 + 2] photocycloadditions, Paterno-Buchi
cycloadditions, photoredox catalysis and cross-coupling reac-
tions leading to C-O, C-N, C-P and other bond formation.
This review is intended to cover them, highlighting the role
played by thioxanthone in the reaction mechanism.

[2 + 2] Photocycloadditions

Generally, the [2 + 2] cycloaddition reaction constitutes a
powerful tool in organic synthesis, since a four-membered ring
system, which appears in many biologically active natural pro-
ducts, can be easily generated. Since 2008, photocatalysis has
created new perspectives and scientists worldwide explore new
methodologies to access the cyclobutane core. The reaction
usually proceeds in the presence of a photosensitizer, such as
thioxanthone 1, under milder conditions, hindering the possi-
bility of the reverse reaction to occur.’® In 1980, Padwa and co-
workers,” during their mechanistic studies on the photoche-
mical behavior of substituted cyclopropene derivatives,
reported a [2 + 2] intramolecular photocycloaddition, which
outcompetes diradical dimerisation, when the reaction was
performed in the presence of a triplet state sensitizer, such as
thioxanthone 1.

Since then, a significant amount of effort has been put into
the development of asymmetric versions of this transform-
ation. This is not a trivial task, since along with the taming of
radicals, the methodology should insert high levels of asymme-
try. Bach and coworkers have developed several chiral sensi-
tizers based on aryl ketones, such as benzophenone and
xanthone, that were successfully applied towards intra-
molecular [2 + 2] cycloaddition reactions.®® In a milestone con-
tribution in 2014, they developed the novel photosensitizer 35
based on thioxanthone (Scheme 10A).*" In this novel catalyst, a
1,3,5-trimethyl-3-azabicyclo[3.3.1]nonan-2-one ~ moiety  is
attached to thioxanthone via an oxazole ring. The formation of
two hydrogen bonds between the chiral thioxanthone catalyst
and a substrate bearing a lactam moiety (36) resulted in a
stable complex, as shown in Scheme 104, in which one face is
shielded, allowing the reaction to take place from the other
face. This new catalyst was applied in the enantioselective
intramolecular [2 + 2] photocycloaddition of quinolone deriva-
tives 37, affording the desired tetracyclic products 38 in high
yields with excellent enantioselectivities (Scheme 10B),°" and
in the enantioselective intermolecular [2 + 2] photocycloaddi-
tion of various quinolones 39 with electron-deficient alkenes
40 (Scheme 10C).®* The complexation of chiral thioxanthone
with the quinolone core, which occurs via the formation of
hydrogen bonding, is responsible for the enantioselective
approach of the alkene. Mechanistic and computational
studies by Yu and coworkers®® revealed that the enantio-
selectivity is governed by the quick and stable formation of the
complex between thioxanthone derivative 35 and the quino-
lone core of the substrate, in a similar fashion to that shown
in Scheme 10A. The lower triplet energy of the thioxanthone
derivative (263 kJ mol™"), compared to the previously reported
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Scheme 10 (A) Hydrogen bond complex formation between chiral
thioxanthone 35 and general lactam substrate 36 and (B—D) enantio-
selective [2 + 2] photocycloadditions in the presence of chiral sensitizer
35.

xanthone derivative (316 kJ mol™"), increases the selectivity of
the [2 + 2] photocycloaddition.

Recently, Bach and coworkers expanded their strategy for
the construction of fused cyclobutane fragments, employing
chiral catalyst 35 in the intramolecular enantioselective [2 + 2]
photoaddition of hydroxyquinolones tethered with alkenes
and allenes to form cyclobutene derivatives 43
(Scheme 10D).°* To their surprise, the intramolecular photocy-
cloaddition reaction of quinolone 43 (R = H) in the presence of
catalyst 35 failed. This was, later, attributed to the higher
triplet energy of quinolone 43 (R = H) (E; : 298 k] mol ') com-
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pared to the triplet state energy of the sensitizer
(E;. : 263k mol™!). Methyl substitution on the 3-position of
the quinolone core lowered the triplet state energy

(Ep:273 kI mol ™), facilitating the energy transfer from thiox-
anthone 35, to furnish the desired products with high enantio-
selectivities. Thus, subtle changes on the reagent backbone
can tune the triplet energy required for the reaction to occur.
In all cases, an energy transfer mechanism is responsible for
the final outcome. Compared to similar approaches using
chiral catalysts derived from xanthone and benzophenone, the
chiral catalyst derived from thioxanthone offers the use of
lower energy wavelength irradiation. In all cases, the major
restriction appears to be the a priori existence of a lactam
moiety on the substrate, which narrows down the catalyst’s
general application.

Having shown that the formation of hydrogen bonds
between the lactam core of sensitizer 35 and an amide
embedded on the substrate governs the enantioselectivity of
the photocycloaddition reaction, Bach and coworkers probed
other potential candidates. Based on the previous studies of
Sivaguru and Beeler,®” several chiral bisthioureas 44 were pre-
pared and applied towards the intramolecular [2 + 2] photocy-
cloaddition reaction of dihydropyridone 45.°° Indeed, as
expected, association of bisthiourea 44 with the substrate
induced enantioselectivity. Thioxanthone 1 proved to be the
ideal triplet state sensitizer, which apart from transferring
energy to the complex formed, upon irradiation, also acted as
a steric shield, inducing enantioselectivity (Scheme 11).
Furthermore, they introduced a novel class of bifunctional
photocatalysts,®” where a thiourea moiety was attached on
thioxanthone through various chiral linkers. These catalysts
were employed in the intramolecular [2 + 2] photocyclization
of 2-aryloxycyclohex-2-enones, affording the desired product
with low enantioselectivity, indicating that the hydrogen bond
interaction between the sensitizer and the substrate is likely to
occur.

In 2014, Sivaguru and coworkers®® followed a different strat-
egy to access enantioenriched cyclobutane fragments. They
postulated that molecular asymmetry on the chromophore or
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Scheme 11 Thioxanthone acting as an energy transfer mediator and an
one-face shield.
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the substrate could enhance the enantioselectivity in [2 + 2]
photocycloaddition reactions. Thus, they exploited various
atropoisomeric maleimides in intramolecular [2 + 2] photocy-
cloaddition reactions, using thioxanthone 1 as the sensitizer.
For this reason, several o-substituted N-phenylmaleimides 47
were synthesized. Methyl substitution at the 6-position proved
to be crucial as it restricts rotation around the C-N bond. The
reaction took place upon irradiation at 420 nm, using
30 mol% of thioxanthone 1 as the triplet sensitiser, affording
the desired products in moderate to high yields with excellent
enantioselectivity (Scheme 12A). Based on their achievements,
two years later, they expanded their strategy employing a series
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Scheme 12 (A) Intramolecular [2 + 2] photocycloaddition induced by

the axial chirality, (B) energy transfer mechanism of the intermolecular
[2 + 2] cycloaddition, and (C) hydrazides derived from
N-aminophthalimides.
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of atropisomeric enone imides and enone amides bearing N-
Caryi bond rotation, demonstrating that the axial chirality
could easily control the enantioselectivity in [2 + 2]
photocycloaddition.®’

In 2019, Sivaguru employed thioxanthone 1 as the triplet
sensitizer in the intermolecular [2 + 2] photocycloaddition of
atropoisomeric maleimides with various substituted alkenes
with complete control of the regioselectivity.”” Mechanistic
studies revealed a triplet state energy transfer from excited
thioxanthone to N-phenyl maleimide 49. The latter reacted
with the alkene to furnish the more stable biradical 50, which
crossed to the singlet state and upon cyclization formed the
desired product 51, as shown in Scheme 12B. The phenyl
group attached on the maleimide core plays a major role in
the regioselectivity of the reaction, stabilizing the intermediate
biradical. Following their interest in the field of enantio-
selective [2 + 2] photocycloaddition, Sivaguru and coworkers
examined various hydrazides 52-55 derived from
N-aminophthalimides as photoauxiliaries (Scheme 12C).”* The
substrates bearing hydrazide-derived substituents were applied
towards [2 + 2] photocycloadditions, Paterno-Buchi reactions,
Norrish-Yang reactions and 6n-photocyclizations, using thiox-
anthone as the triplet state sensitizer. In all cases, the hydra-
zide chromophore, due to its specific conformation, acted as
an excellent photoauxiliary. This previous achievement led
them to the expansion of their strategy, employing hydrazides
derived from oxazolidinones as potential reactants, towards
enantioselective [2 + 2] photocycloadditions with comparable
results.”” The mechanism of the reaction is substrate-depen-
dent and involves either an energy transfer pathway or an elec-
tron transfer pathway.

In 2019, Gilmour and coworkers reported a biomimetic
one-pot synthesis of fused dihydrocoumarins 58 from cinnamic
acids 56, which comprised a photosensitized E to Z isomeriza-
tion, followed by subsequent lactonization and an intra-
molecular [2 + 2] cycloaddition via two energy transfer events.”?
The energy requirement for the E/Z isomerization is rather low,
and the isomerization can be performed in the presence of
various sensitizers. However, for the second energy transfer
event, given the high triplet energy of the intermediate cou-
marin fragment 57 (E;:261kJmol '), thioxanthone (1) with a
significantly higher triplet energy (Ey: 265 k] mol ") than that of
(—)riboflavin  (E;:209kJmol™') was the obvious choice
(Scheme 13). The scope of the intermolecular [2 + 2] cyclo-
addition is unfortunately limited to the use of terminal alkenes.

Recently, Kappe and coworkers, exploring the potential of
flow technology in photochemistry, designed and optimized a
scalable [2 + 2] photocycloaddition reaction between citraconic
anhydride and ethylene.”* Thioxanthone (1) was compared to
other aromatic ketones, such as benzophenone, as triplet
energy sensitizers for the gaseous reactant ethylene. In this
case, benzophenone worked better than 1. Apart from its use
in synthesis, thioxanthone was also employed to promote DNA
[2 + 2] photocycloaddition in 5-cinnamoyl-substituted cytidine,
thus facilitating its conversion to thymine, providing an
efficient method for the methylation profile of DNA.”>
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Scheme 13 Biomimetic one-pot synthesis of fused dihydrocoumarins.

Another well-investigated [2 + 2] photocycloaddition reac-
tion is the Paterno-Buchi reaction,’® which occurs between an
excited state carbonyl group and an alkene leading to oxetanes,
usually in the presence of a triplet state sensitizer. Recently,
Bach and coworkers employed 3-substituted quinoxalinones
59 as imine scaffolds, towards an aza-Paterno-Buchi reaction
(Scheme 14).”” To attain high enantioselectivity, chiral sensi-
tizer 35 was employed. As shown in Scheme 10A, hydrogen
bond interactions between the lactam core of the sensitizer
and substrate 59 led to a complex, which allows the approach
of alkene 60, only from the one side, leading to 61 in good to
excellent yields with high enantioselectivities (Scheme 14). The
authors examined the scope of the reaction employing various
arylethylenes. Various substituents on the aryl ring did not
alter the final outcome. Notably, in the absence of the substi-
tuent at the C-3 position of the quinoxalinone fragment, the
reaction does not proceed. In this case, the substitution
product at the C-3 position is formed in a low yield, probably
due to the quick hydrogen abstraction.

Merger of photoredox catalysis with transition metal catalysis

During the last few years, many scientists have focused their
attention on the merger of metal catalysis with photocatalysis.
This strategy allows access to high oxidation state metal
species using milder conditions. These light-triggered pro-
cesses allow the synthesis of diverse organic structures in a
rapid and precise manner. A very interesting approach was
developed by Yagci and coworkers, incorporating photo-

35 (10 mol%), -25 °C @
N
hv (A = 420 nm) HN
R
0o

59 60
13 examples
50-99% yields
88-98% ee

Scheme 14 Enantioselective aza-Paterno—Buchi cycloaddition.
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initiators onto Cu" catalysts. They reported a ligand-free
photocatalyst, a combination of the thioxanthone carboxylate
moiety with Cu" ions, to promote the CuAAC reaction.”®

Murakami and coworkers reported a nickel-catalysed homo-
coupling of aryl halides, introducing thioxanthone 1 as an
efficient photoredox catalyst for single-electron transfer. The
reaction takes place in the presence of a catalytic amount of
complex 64 [(dtbbpy)NiCl,] (dtbbpy = 4,4'-di-tert-butyl-2,2’-
bipyridine) and stoichiometric iPr,NEt, which acts as an elec-
tron donor (Scheme 15).”° A plausible mechanism for the
homocoupling reaction of aryl halides proposed by Murakami
consists of three redox cycles as shown in Scheme 15. The first
photoredox cycle commences with the excitation of thiox-
anthone by visible light irradiation and its excited triplet state
undergoes reduction with iPr,NEt to furnish the corres-
ponding radical anion 1°7. The latter reduces Ni(u) species to
Ni(0) species regenerating thioxanthone. Redox cycle II begins
with the oxidative addition of aryl halide 62 to Ni(0) species to
produce complex 66, which either forms Ni(u)dibromide 64,
following and completing cycle II, or forms diarylnickel(u) 67,
when engaged to cycle III. Finally, diarylnickel(u) 67 species
via reductive elimination delivers the desired product 63,
regenerating Ni(0) and completing cycle III. A wide variety of
substrates were examined by Murakami applying the optimal
reaction conditions. Aryl iodides and bromides proved to be
excellent substrates, affording the desired products in moder-
ate to high yields, while the reaction using 4-chlorotoluene
afforded a low yield, due to possible competing reduction.
This homocoupling reaction displayed high functional group
tolerance, even in the case of the potentially reactive boryl
group. Less reactive heteroarenes (e.g. 3-bromothiophene)
resulted in a lower yield. Furthermore, this coupling reaction
was also implemented in a flow system affording comparable
results.

In 2019, Lang and coworkers reported a new nickel-cata-
lysed esterification reaction between aromatic carboxylic acids
and aryl halides, employing thioxanthone as the triplet energy
transfer photosensitizer.®® Optimization trials revealed that
the use of 20 mol% thioxanthone, 5 mol% NiBr,, 6 mol%
dtbby, and 1.5 eq. of K;PO, in DMSO promoted the esterifica-
tion reaction of 4-bromobenzonitrile and benzoic acid, fur-
nishing the desired ester in 93% yield after 24 h of irradiation
with 45 W CFL. The authors applied the optimum reaction
conditions in a variety of aryl bromides bearing electron-with-
drawing groups on the aromatic ring. The reaction displayed
excellent tolerance affording the desired esters in moderate to
high yields (Scheme 16). In contrast, the esterification reaction
did not proceed when bromobenzene or p-bromotoluene was
used, while the corresponding esters in these two cases were
prepared in low yields from iodoaryls. Lang and co-workers
performed the reaction of 4-bromobenzonitrile and benzoic
acid in the presence of various photosensitizers to shed light
on the mechanism of the reaction. It appears that the reactivity
was directly correlated with the triplet state energy (E7) of the
catalyst, proving that thioxanthone was the most effective. It
must be mentioned that when the same reaction was carried

This journal is © The Royal Society of Chemistry 2021
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Scheme 15 Dual photoredox and nickel catalysis mechanism.
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Scheme 16 Mechanism of the nickel-catalyzed esterification reaction.

out in the presence of catalysts with higher redox potentials
than that of thioxanthone, such as CF;-thioxanthone or CI-
thioxanthone, decreased yields were observed, implying that
the potential oxidation of Ni(u) to Ni(u) via a single electron
transfer (SET) process is not applicable in this mechanism.

This journal is © The Royal Society of Chemistry 2021

(dtbbpy)-4-cyanophenylnickel(in)bromide and CsOAc in the
presence of thioxanthone for 24 h, afforded 4-cyanophenyl
acetate in 81% yield. When the same experiment was con-
ducted in the absence of the photosensitizer, after 120 h of
irradiation, the desired product was afforded in 15% yield.
These results indicated that the reaction proceeds through
triplet energy transfer from excited-state thioxanthone to the
(dtbbpy)-4-cyanophenylnickel(i)carboxy  intermediate  71.
According to Lang, the reaction commences with the oxidative
addition of aryl halide to nickel providing complex 70, fol-
lowed by ligand exchange with a carboxylate nucleophile to
form intermediate 71 (Scheme 16). Simultaneously, upon
visible light irradiation, thioxanthone is excited to the triplet
state. Intermediate 71 is excited upon triplet-triplet energy
transfer from thioxanthone. The triplet excited state intermedi-
ate 71* via reductive elimination delivers the desired ester 69,
completing the catalytic cycle (Scheme 16). Although the
authors mainly employed aryl bromides, the use of iodoaryls
was shown to lead to superior results. Also, acids bearing an
aliphatic side chain were employed successfully.

Based on their gained experience, in 2020, Lang and co-
workers exploited thioxanthone as the triplet state sensitizer in
Cgp—Cgpz cross-coupling reactions between aryl halides and
alkynes.®! Parallel experiments performing the same reaction
in the presence of various photocatalysts indicated that the
reaction does not involve electron transfer but proceeds via
energy transfer. As shown in Scheme 17, it was proposed that
the reaction begins with an oxidative addition of [dtbbpyNi’]
to aryl halide 62, affording complex 70. The latter reacts with
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Scheme 17 Nickel-catalyzed Sonogashira cross-coupling reaction.

the in situ-generated Zn(u) acetylide to afford complex 74,
which is excited to its triplet state from the excited triplet state
thioxanthone. The resulting excited state Ni(u) complex 74*
generates 73 and 65 completing the catalytic cycle. Aryl- and
alkyl-substituted terminal alkynes proved to be excellent sub-
strates, while heteroaryl alkynes afforded the desired product
in a moderate yield. Aryl- and heteroaryl-bromides bearing
electron-withdrawing groups afforded the desired product in
good to excellent yields, while aryl bromides bearing electron-
donating groups afforded products in low yields.

In 2021, Li and coworkers merged thioxanthone catalysis
with nickel catalysis to perform an efficient visible-light photo-
redox arylation of H-phosphine oxides or H-phosphites with
aryl halides (Scheme 18).%> Extensive mechanistic studies were
performed, indicating that the cross-coupling reaction pro-
ceeds via a SET event between excited state thioxanthone and
H-phosphine oxides or H-phosphites. This was further sup-

1, (20 mol%)
[NICly(dtobpy] (10 mol%)

Br o t-BUNH(/Pr) (2eq.) R
©/ + H-P-R ————— R
R 45 W CFL

62 75 76
R = phenyl,
substituted aryl

31 examples
52-92% yields

Scheme 18 C-H
phosphonates.

functionalization using phosphine oxides and
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ported upon correlating the reactivity of the excited-state redox
potentials of the photocatalyst. Thioxanthone 1, with the
highest excited-state reduction potential (E.q = +1.18 V versus
SCE), resulted in a higher yield compared to photocatalysts
with lower excited-state potentials, such as fluoren-9-one (E;q
= 0.95 V versus SCE) or Ru(bpy)s*" [Erun+/rur) = 0.77 V versus
SCE]. This protocol described an easy and economical access
to arylphosphine oxides and arylphosphonates which can be
further used for further functionalization.

Singlet oxygen generation

In 2017, Xiao and coworkers developed a new series of bifunc-
tional photocatalysts that can easily coordinate to a metal.®?
This novel class of photocatalysts consisted of two parts. The
first part was a ligand that coordinates with a metal. For this
purpose, they employed bisoxalines (BOX), privileged ligands
in the field of asymmetric catalysis. The second part was thiox-
anthone, which serves as a sensitizer. These two parts were
combined via an ester linkage. The novel class of catalysts 79
was found to generate singlet oxygen upon excitation by visible
light, promoting asymmetric oxidation of p-keto esters and
f-ketoamides. Switching the ester moiety from methyl and iso-
propyl to the bulkier adamantly group increased the enantio-
selectivity of the reaction. Various substituted 1-indonanone
derivatives were tested, producing the corresponding a-hydroxy
derivatives 78 in high yields with excellent enantioselectivities
(Scheme 19).

In 2018, Guo and coworkers®! reported a metal-free aerobic
oxidation of sulfides to sulfoxides, using 4-phenyl thiox-
anthone 82 as the visible light sensitizer (Scheme 20). Upon
visible light irradiation, oxygen is sensitized to its singlet state,
providing the oxidant source for the reaction. Several aromatic
and dialkyl sulfides were tested under the optimal conditions
delivering the corresponding sulfoxides in good to excellent

e}
Ni(acac), (10 mol%)/79e
R— C B —
{ toluene, -15 °C
" visible light, O,
77 78

21 examples
78-98% yield - 85-95% ee

R R PR Ph
79a: R=i-Pr,
79b: R= t-Bu, 79e: R= Me,
79c: R=Ph, 79f: R=i-Pr
79d: R=Bn

Scheme 19 Aerobic oxidation:
ketoesters.

access to enantioenriched hydroxy
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Scheme 20 Aerobic oxidation of thioethers with generated singlet
oxygen.

yields. Unfortunately, the authors did not perform the reaction
in the presence of other, prone to oxidation, moieties such as
olefins, alkynes, etc.

In 2020, Kokotos and coworkers, following their continuous
interest in photocatalysis, exploited thioxanthone, developing
a green and sustainable methodology for the oxidation of alco-
hols to their corresponding carbonyl derivatives (Scheme 21).%
Experimental observation indicated that singlet oxygen
appears to be the oxidant source. Extensive mechanistic
studies were performed to distinguish whether the reaction
involves an energy transfer event or a hydrogen atom transfer
process. A plausible mechanism for this reaction involves exci-
tation of thioxanthone by visible light and subsequent energy
transfer to molecular oxygen, generating singlet oxygen. Then,
two pathways are possible. Singlet oxygen abstracts a hydrogen
atom from benzylic alcohol 83, furnishing the corresponding
benzyl radical (trapped with TEMPO). This event is followed by

1, (20 mol% or 5 mol%)

_——

hv (CFL), 14-18 h

83

hv

Mo
v:’\%\\ /_F hioxanthone]”

Thioxanthone 0,
OH

HAT

OH

0, 4’ + HO/O

()

83

Scheme 21 Aerobic oxidation of alcohols with generated singlet
oxygen.
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fast radical recombination, leading to peroxy hemiacetal 86,
which under further irradiation is decomposed the corres-
ponding benzaldehyde 84 (Scheme 21). The second possibility
is a direct insertion of singlet oxygen to 83 (Scheme 21). This
methodology was applied to numerous aliphatic and aromatic
alcohols, affording the corresponding carbonyl derivatives in
moderate to excellent yields. Furthermore, it was also exam-
ined using natural light, affording comparable results.
However, primary aliphatic alcohols proved to be poor
substrates.

Miscellaneous applications

While this review was in the process of writing, a seminal
methodology from Glorius and coworkers was published.®®
Investigating the synthetic utility of a novel oxyamination strat-
egy, they reported a metal-free regioselective oxyimination
addition to unactivated alkenes (Scheme 22). Based on their
previous reports,’” Glorius and coworkers envisioned that
oxime esters could be excellent candidates for the simul-
taneous generation of both N- and O-centered radicals. For
this reason, they studied the reaction of several benzophenone
oxime esters 87 with 1-octene. Oxime esters derived from
acetic acid and benzoic acid failed to generate O-radicals due
to the competitive decarboxylation reaction, which is kineti-
cally favored. Phosphonate esters and carbamates also failed
to afford the desired product. Remarkably, methyl and ethyl
carbonate esters proved to be the optimal substrates, generat-
ing O-radicals. The reaction was performed in the presence of
various photocatalysts. Among all, thioxanthone, having the
highest triplet state energy, afforded the desired oxyimination
product in the highest yield. Mechanistic studies supported
the occurrence of an energy transfer event between the excited
thioxanthone and the oxime ester (Scheme 22). The excited
oxime ester undergoes a homolytic cleavage of the N-O bond
to generate N- and O-centered radicals. Both radicals are
added in the double bond to form the 1,2-oxyimination
product 89 (Scheme 22). This oxyamination methodology was

i
[Thioxanthone] <——  Thioxanthone o
ﬂEnT
Ph
hiy
Ph” SN
N Ph
-
RiO” O \\( )\/o ORy
R
Ph hif
87 89 O
(0]
)k- Ni_ _Ph
R0” O
Ph
R

NS VaCa
Ph N o

Scheme 22 Oxyamination of unactivated alkenes.
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applied in a variety of mono-, di-, and tri-substituted alkenes,
generating in all cases the desired addition products, while
tetra-substituted alkenes were unreactive. The authors also
examined the application of the reaction in more complex
alkenes derived from (1S)-(—)-camphanic acid, camphene,
diprogulic acid, (—)-menthol and cholesterol. Furthermore, the
synthetic utility of this protocol was shown, applying it to the
short synthesis of the amino alcohols leucinol and isoleucinol
on a gram scale.

In the field of photoredox and enamine catalysis, Aleman
and coworkers, inspired by Xiao,** developed a series of
bifunctional photoaminocatalysts from thioxanthone and
various substituted imidazolidinones.*® The use of chiral imi-
dazolidinones was expected to control the facile approach of
the radical inducing enantioselectivity, while the attached
thioxanthone would mediate an energy transfer event or an
electron transfer event. Photophysical and electrochemical
studies on the new photocatalysts pointed out their potential
to act as visible light sensitizers. Photoaminocatalysts 90 and
91 were applied towards the a-alkylation of various aldehydes
using a range of a-bromocarbonyls and bromonitriles as the
radical precursors, affording excellent enantioselectivity and
yield (Scheme 23).

Bach and coworkers employed chiral sensitizer 35 in the
deracemization of allenes 92,% cyclopropanes 93 °° and sulfox-
ides 94 (Scheme 24).°" In all cases, the basic requirement is
the coordination of the substrate to the catalyst prior to sensit-
ization. Upon excitation of the catalyst, energy is transferred to
the substrate, enriching one enantiomer.

In 2004, Steiner reported thioxanthone as the most efficient
photocatalyst for the triplet sensitization of photolabile pro-
tecting groups (ppg), such as the 2-(2-nitrophenyl)propoxycar-
bonyl (NPPOC) group, which are widely used in photolitho-
graphic DNA chip synthesis.”” Three years later, following this
observation, they developed a new class of ppg 95, where thiox-
anthone was linked on the NPPOC group, and studied the
mechanism of the intramolecular triplet-triplet energy trans-
fer (Scheme 25).°° They proposed that the mechanism for
triplet-triplet energy transfer depends on the linker chain. In

o) o)
’}\N/w o ’2\\N/\R1 o}
R N%/ R e
S0 OeS
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90 91
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Rq: Me, H
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Scheme 23 Enantioselective a-alkylation of aldehydes.
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the case of long linkers or of inflexible short linkers, energy
transfer takes place from the low triplet nn* state of thiox-
anthone, whereas for short and flexible linkers, it occurs from
the higher triplet nz* state of thioxanthone. In 2010, Pirrung
and coworkers® reported that isopropylthioxanthone having a
large two-photon absorption cross section can be used in the
two-photon photochemical removal of NPPOC.

In 2017, Ooi and coworkers examined the ability of several
photocatalysts derived from thioxanthone 98 to act as excited
state reductants in their attempt to generate a nitrogen-based

This journal is © The Royal Society of Chemistry 2021
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Scheme 26 C-H imidation mechanism.

radical from N-acyloxyphthalimides 99 (Scheme 26).°
Interestingly, thioxanthone substituted with an electron-donat-
ing group under 365 nm LED irradiation proved to be an excel-
lent catalyst for nitrogen-based radical generation. To dis-
tinguish whether the arene imidation process takes place
through an energy transfer event or a single electron transfer
event, Ooi and coworkers examined the triplet energy of all
reactants. It was obvious that since thioxanthone derivatives
exhibited lower triplet energy than the other reactants, energy
transfer had to be excluded. On the other hand, examination
of the triplet state oxidation potentials of the catalysts and the
reduction potentials of the substrate corroborated the possi-
bility of an electron transfer event. Based on their findings,
they proposed a catalytic cycle that starts with the excitation of
the substituted thioxanthone catalyst, followed by a sub-
sequent intersystem crossing (ISC) to afford the triplet excited
state. Excited substituted thioxanthone donates an electron to
the imidating agent, forming radical anion 99°~. The latter
undergoes fragmentation to generate a phthalimidyl radical
(PhthN) and a 3,5-bis(trifluoromethyl)benzoate anion.
Addition of the phthalimide radical to the arene delivers
neutral radical species that are oxidized by thioxanthone
radical cation [98]" to provide intermediate 102.
Deprotonation of intermediate 102 by a 3,5-bis-(trifluoro-
methyl)benzoate anion produces the desired product 103,
along with the corresponding carboxylic acid. Various arenes
and heteroarenes underwent the reaction in good to excellent
yields. However, in the case of arenes bearing electron-with-
drawing groups, an increased amount of the catalyst was
necessary for reaction completion. Ooi and coworkers
extended this methodology exploiting thioxanthone derivatives
to generate a carboxyl radical from peroxides to access acyloxy
derivatives. Thioxanthone photocatalyst 98 was also examined
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towards C-centered radical generation from 1,3-dioxolane. This
process involved a single-electron transfer event, followed by a
proton transfer event. Ooi and coworkers reported the reaction
of the 1,3-dioxolane radical with a,p-unsaturated carboxylic
acids.”®

In 2019, Guo and coworkers reported an iodine-atom trans-
fer addition (I-ATRA) from aryl iodides 105 to alkenyl iodides
108 (Scheme 27).°” Among all photosensitizers, thioxanthone,
having the highest triplet energy, was the one to promote the
reaction under visible light irradiation. Upon switching the
irradiation to purple LED irradiation, a significant increase in
the yield was observed. Furthermore, electron-donating substi-
tuents on thioxanthone were found to enhance the catalytic
activity. Mechanistic studies on the reaction indicated that it
could take place involving both heterolysis and homolysis of
the C,-1 bond. As shown in Scheme 27, the reaction com-
mences upon excitation of the photocatalyst in the singlet
state and through intersystem crossing to its triplet state.
Thereafter, an energy transfer event takes place between the
excited catalyst 104 and the substrate to form triplet 105*. The
latter may act reversibly in two ways. The reaction may proceed
through homolysis of the C,,-I bond, generating radical 106,
which upon cyclization and coupling with an iodide radical
furnishes the desired product 108 via 107. Alternatively, hetero-
lysis of the C,-I bond leads to cation 109 and an iodine
anion. An intermolecular nucleophilic attack on the triple
bond, followed by coupling of the formed alkenyl cation with

@ @ Lamp, 5 mol% 104 @.

CH,Cly, rt, 48 h
\\I 105 e |

Ar®

108
Ar [

Scheme 27

1-ATRA reaction.
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the iodine anion forms product 108 via 110. Incorporation of
bromine in the final product upon addition of tetrabutyl-
ammonium bromide supported the existence of an ionic
pathway. Several substrates bearing electron-donating or elec-
tron-withdrawing groups on aromatic rings Ar' and Ar*> were
examined, and the I-ATRA products were formed in moderate
to excellent yields. Additionally, electron-donating and elec-
tron-withdrawing groups on the aromatic ring Ar’ in the
alkyne terminal afforded the corresponding iodides in good
yields. Furthermore, I-ATRA products were subjected to coup-
ling reactions (Suzuki, Sonogashira, and Kumada cross-coup-
ling reactions) affording the corresponding products in excel-
lent yields.

In 2019, Chemtob and coworkers reported the generation of
N-heterocyclic carbenes (NHC) 24 from arylborate salts 112
and isopropyl thioxanthone 111.°® Previous reports have
shown that arylborate salts upon irradiation may act as elec-
tron donors in the photoinduced electron transfer reaction
(PET). Based on that, Chemtob and coworkers demonstrated
that isopropylthioxanthone upon excitation can participate in
an electron transfer event accepting an electron from a boranyl
anion, forming excited isopropylthioxanthone radical anion
113. The latter can abstract a proton from the azolium cation
forming the free NHC 24 (Scheme 28).

In 2019, Kunishima and coworkers employed thioxanthone
as the photocatalyst to promote alkyne generation from UV
labile amino-substituted cyclopropenone derivatives
(Scheme 29).°° Based on previous reports where in situ-gener-
ated alkyne acted as an intermediate stepping stone for amide
formation, they examined various photocatalysts to generate
ynamine 121 from aminocyclopropenone 117. Among all
photocatalysts, thioxanthone proved to be the catalyst of

/—\
CL ™
s H BPh,
111 112
365 nm
~ electron transfer
(0]
| —
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113 114 115
| |
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Scheme 28 N-Heterocyclic carbenes (NHC).
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Scheme 29 Cyclopropene fragmentation and direct access to alkynes.

choice to promote decarbonylation of aminocyclopropenone.
This indication was further supported after examination of the
redox potential of both the substrate and thioxanthone.
According to Kunishima’s proposition, a plausible mechanism
involves excitation of thioxanthone in its triplet state. Excited
thioxanthone oxidizes aminocyclopropenone to produce
radical cation 118, which subsequently undergoes ring
opening to furnish cation 119. 119 receives one electron from
a thioxanthone radical anion to form zwitterion 120.
Decarbonylation of 120 delivers the desired ynamine 121. The
desired ynamine 121 was also possible to be derived from
cation 119 releasing CO. Having optimized the reaction con-
ditions, aminocyclopropenone was examined in the conden-
sation reaction between an acid and an amine to form the
corresponding amide in moderate yields. Replacing aliphatic
amines with aniline disturbed the reaction due to photo-
decomposition quenching of the photocatalyst.

In 2019, Kokotos and coworkers developed a new, green,
and mild photo-organocatalytic methodology for the conver-
sion of aldehydes to the corresponding acetals.'® For this
purpose, they employed thioxanthone as the photocatalyst.
Mechanistic studies supported that excited thioxanthone can
pass its excited triplet energy to the aldehyde via energy trans-
fer. This energy transfer event facilitates the nucleophilic
attack from the alcohol. This protocol was applied to a
plethora of substrates bearing different functional groups deli-
vering the corresponding acetals in excellent yields. CFL lamp
irradiation was employed, which can be substituted by
sunlight.

During the preparation of this review, Kokotos and co-
workers reported the use of thioxanthone as the photocatalyst
for the generation of acyl radicals from aromatic aldehydes."**
This acyl radical was trapped by N-chlorosuccinimide, leading
to the corresponding acyl chloride, which is subsequently

This journal is © The Royal Society of Chemistry 2021
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reacted with amine, a hydroxyamine or an alcohol leading to
an amide, a hydroxamic acid or an ester, respectively. Aliphatic
aldehydes could not be employed. Given the close BDEs of C-
H in aliphatic chains, the in situ formed succinimidyl radical,
which is responsible for the propagation, leads to complex
mixtures. It is very interesting to note that depending on the
concentration of N-chlorosuccinimide and the presence of
acetonitrile as the solvent, a second mechanism was found to
be also operable.

5. Conclusions

Thioxanthone, a well-known photocatalyst that mediates
energy transfer (EnT), single electron transfer (SET) and hydro-
gen atom transfer (HAT) events, has been employed during the
last 50 years in photochemical reactions. Recently, it has been
found that it is also compatible with merger catalysis, adding
extra options on the synthetic arsenal of scientists worldwide.
Although there is a significant number of reports in the litera-
ture, this field seems to be rather unexplored, offering great
opportunities for further development. Furthermore, the dis-
covery of highly selective chiral and bifunctional photocatalysts
based on thioxanthone that tune the regioselectivity and
enantioselectivity is expected to take the baton from current
studies as the rapid advancement in the field will continue to
grow. The high versatility of thioxanthone in encompassing
such different mechanisms of action has moved its employ-
ment from its traditional use to novel and more challenging
organic transformations. For these reasons, thioxanthone will
definitely play a decisive role in the future of photocatalysis by
replacing expensive metal complexes and will offer opportu-
nities for enantioselective photocatalysis.
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