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Application of metal oxide semiconductors in
light-driven organic transformations

Paola Riente @ and Timothy Noél @ *

The search for greener alternatives to perform organic reactions has become the order of the day in the

chemistry community. In this regard, the use of heterogeneous photocatalysts has emerged as a powerful

alternative to replace transition metal-based complexes and organic dyes to enable light-driven organic

transformations. Within this realm, metal oxide semiconductors (MOS) have become increasingly popular
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due to their recyclability, availability, energy efficiency, photo- and chemical stability and generally low tox-
icity. Here, we cover the most relevant literature related to the use of MOS as photocatalysts to light induce
organic reactions, including oxidations, C-C and C-heteroatom bond formations. We also discuss the

mechanisms involved in these processes, as well as the hitherto best known MOS modifications able to en-

rsc.li/catalysis

1. Introduction

Throughout history, humanity has been inspired by Nature
to find elegant solutions for complex problems in their daily
life. In the same way that natural photosynthesis drives
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hance their photocatalytic performance.

chemical processes using solar light, photocatalysis has
emerged as a Nature-inspired approach for harvesting and
converting solar energy to enable challenging synthetic trans-
formations." Defined by IUPAC Gold Book as ‘a change in the
rate of a chemical reaction or its initiation under the action of
ultraviolet, visible or infrared radiation in the presence of a sub-
stance—the photocatalyst—that absorbs light and is involved in
the chemical transformation of the reaction partners’,”> the con-
cept of photocatalysis may be traced back to Becquerel in
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1839 with his demonstration of the photovoltaic effect.’ In
this work, he observed the effect of sunlight irradiation over
silver halogen electrodes to establish a potential difference
and an electric current. The keyword photocatalysis was first
mentioned in 1911 in a scientific report where ZnO was used
as a photocatalyst to bleach dyes.* Although this seminal
work can be regarded as a breakthrough discovery, it was not
given much attention until the late 1960s, when Honda and
Fujishima carried out their pioneering work on the electro-
chemical photolysis of water at a semiconductor electrode.’
Following the work of Honda and Fujishima, heterogeneous
photocatalysis based on metal oxide semiconductors (MOS)
has gained enormous traction giving rise to a wide variety of
applications, including water splitting, CO, reductions,
photovoltaic cells, and pollutant degradation.® However, only
in 1998, their potential as catalytic platforms in organic syn-
thesis was demonstrated by Albini and coworkers. In their
initial work, these researchers used TiO, as a photocatalyst to
induce C-C bond formation under solar irradiation.” Another
decade later, the scientific contributions of MacMillan,®
Yoon® and Stephenson’® demonstrated the utility of homoge-
neous transition metal-based photocatalysts for synthetic
organic chemistry. Their findings proved to be the spark
that ignited the field resulting in the development of a
massive amount of synthetic methodologies based on
photocatalysis."

However, in a tireless effort to find greener alternatives for
visible-light photoredox catalysis,"* the use of heterogeneous
photocatalysts have received significant amounts of atten-
tion."® More specifically, metal oxide based semiconductors
(MOS) have emerged as promising candidates to substitute
expensive and toxic transition metal-based complexes and or-
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ganic dyes. MOS-based photocatalysts offer several advan-
tages over these homogeneous variants, such as (i) high recy-
clability and reusability; (ii) high abundancy (most of them
are earth-abundant) and thus low cost; (iii) low toxicity; (iv)
high chemical stability and (v) tunability of electronic and op-
tical properties.

This review focuses on the application of MOS as photo-
catalysts to drive synthetically useful transformations. In sec-
tion 2, we introduce different MOS and highlight their
unique electronic structure and properties, as well as, poten-
tial modifications to enhance their visible light absorption
capacity. Section 3 focuses on the most applied wide and nar-
row bandgap MOS and their applications as photocatalysts in
organic synthesis.

2. Background: metal oxide
semiconductors (MOS)

Metal oxide semiconductors (MOS) are mainly characterized
by a large band gap (>3.0 eV) (Scheme 1). They have been
widely applied in the photodegradation of organic pollutants
in water and air, energy conversion, biosensing, microelec-
tronics, optoelectronics, and storage.'® Usually, most of the
MOS are inexpensive, stable, safe, and earth-abundant. Also,
due to their solid insoluble nature, chemical and photo-stabil-
ity, they can be easily removed from the reaction media and
be reused in subsequent catalytic processes. MOS also present
great ability to form both oxidizing and reducing species un-
der appropriate irradiation, being a promising greener alter-
native to the use of expensive and toxic transition metal-based
complexes to promote important organic transformations.
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Scheme 1 Representative diagram of the redox potentials of valence and conduction bands and bandgap energies estimated at pH 7 of a range
of MOS presented in this review and relationship between band gap and wavelength.
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Typically, the electronic structure of MOS is composed of
a valence band (VB, highest occupied energy band), a conduc-
tion band (CB, lowest unoccupied energy band) and a band
gap (Eg, forbidden energy zone). If the energy of the incident
photons matches or is higher than that of E,, a charge sepa-
ration takes place leading to an electron-hole (e -h") pair.
Once these photogenerated electrons and holes are formed,
they become usually trapped at the surface of the MOS
which, by interfacial electron transfer (IFET), can reduce or
oxidize substrates with appropriate redox potentials
(Scheme 2a).

Despite the positive aspects of the use of MOS in photo-
redox processes, their unique electronic structure could gen-
erate some drawbacks that could hamper their practical
photocatalytic performance. Mainly, these drawbacks are as-
sociated with their wide band gaps, which may reduce their
capacity to absorb visible light. Another remarkable drawback
is the fast charge carrier recombination that can eventually
reduce the number of electrons and holes available to carry
out the photocatalytic process. Finally, photostability can be-
come an important obstacle which can significantly limit the
application of MOS."” Other aspects which may negatively af-
fect the photocatalytic performance of MOS are related to
their atomic structure parameters, such as geometry, crystal-
line phases, surface defects, specific surface area and particle
sizes."®

As previously stated, most of the MOS have large band
gaps and are mainly photoexcited by UV irradiation to form
the required electron-hole pairs which can subsequently trig-
ger the photocatalytic processes. Additional drawbacks asso-
ciated with the use of UV irradiation have to be taken into
consideration as well. These high energy photons can directly
activate chemical bonds of some organic molecules to form
radical intermediates giving rise to non-selective reactions.
Also, the use of UV light implies the use of more expensive
light sources and specialized glassware. The most employed
strategies to overcome these drawbacks and to enhance their
visible light photocatalytic activity are based on tuning or
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doping of the surface of the MOS. Chemical doping with
metals, non-metal based dopants or surface loading of the
MOS with visible light sensitizers have been intensely stud-
ied."”” Amongst these alternatives, the photosensitization of
MOS using dyes or ligand-to-metal-charge transfer (LMCT)
constitute the most employed strategies to increase the visi-
ble light response of the MOS.

Pioneered by Gritzel and O'Regan, the dye-sensitization
strategy is widely applied in solar cells, water splitting and
the photodegradation of organic pollutants.'® This strategy is
based on the attachment or adsorption of a dye or sensitizer
(metal complex, metal-free organic dye, noble metals) onto
the surface of the MOS. After visible light irradiation, the dye
undergoes a HOMO-LUMO photoexcitation generating
electron-hole pairs.'® Next, the photogenerated electrons are
injected into the CB of the MOS forming conduction band
electrons (ecg). These electrons can be transferred to an
electron acceptor and the oxidized dye can be regenerated by
the presence of a sacrificial electron donor (Scheme 2b). In
this process, the CB of the MOS mediates the electron trans-
fer from the dye, or sensitizer, to the substrate extending in-
directly the visible light photo-response of the wide band gap
semiconductors. Apart from the positive aspects of the use of
dye-sensitization, some fundamental requisites have to be
taken into account in the selection of an appropriate dye: (i)
the dye should possess a broad range absorption in the visi-
ble region (ii) its LUMO must be more negative than the CB
of the semiconductor, and its HOMO more positive than the
sacrificial electron donor redox potential; (iii) the dye should
display high photostability towards long-term light irradia-
tion and (iv) the dye should exhibit extended excited state
lifetimes. Despite ruthenium-based polypyridyl complexes
and other metal complexes being the most used dyes for sen-
sitization of MOS,?° there is a recent trend to use more eco-
friendly and low-cost metal-free organic dyes.*!

Ligand-to-metal-charge transfer (LMCT) is another method
to enable a visible light induced charge transfer. This type of
sensitization is less studied than dye-sensitization but has
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Scheme 2 A representative illustration of MOS photocatalytic mechanisms. (a) General MOS photocatalytic mechanism: (I) photoexcitation and
charge generation, (Il) electron transfer to an acceptor, (lll) oxidation of a donor (IV) charge recombination. (b) Dye photosensitization: (I) visible
light photoexcitation, (ll) electron transfer from the excited state of the dye to MOS CB, (lll) electron transfer to an acceptor, (IV) charge

recombination, (v) regeneration of the sensitizer by an electron donor.

(c) LMCT photosensitization: (I) visible light induced LMCT transfer, (I1)

electron transfer to an acceptor, (lll) charge recombination, (IV) regeneration of adsorbates by an electron donor or in its absence degradation of
adsorbates into small molecules. A and D represent electron acceptor and the electron donor, respectively.
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great potential for visible light photocatalytic applications.*?
LMCT is extensively used for degradation of pollutants
adsorbed onto the surface of TiO,.** Unlike dye-sensitiza-
tion, the compounds adsorbed onto the surface of the MOS
do not absorb visible light and the excited state of the ad-
sorbates is not involved in the process. The electron is
photoexcited directly from the ground state of the adsorbate
to the MOS CB. The oxidized adsorbate can be degraded in
small molecules or be regenerated by recombination with
the photoexcited electrons or by the presence of an electron
donor in the reaction medium (Scheme 2c). The formation
of CT complexes on MOS is generally characterized by the
appearance of a visible light absorption band which is not
observed with either the adsorbate or the MOS alone. A
wide range of organic and inorganic compounds with an ap-
propriate HOMO level can become suitable LMCT sensi-
tizers. For instance, electron-rich adsorbates containing hy-
droxyl and carboxyl linkers, such as catechol, EDTA
(ethylenediaminetetraacetic acid), ascorbic acid and salicylic
acid can be LMCT sensitizers. Also, substrates containing
heteroatoms (X = S, N or O) may adsorb onto the surface of
the MOS by weak interaction and can subsequently inject
electrons into the CB of MOS giving rise to a weak light ab-
sorbance and activation of the substrates (Scheme 3).

In both strategies, the efficiency of the photosensitization
process relies on several parameters, including (i) the way
that the foreign compounds are connected to the semicon-
ductor (physically or chemically bonded), (ii) the nature of
the anchored groups, (iii) the distance between the com-
pound and the MOS surface and (iv) the electronic nature of
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3. Application of MOS as
photocatalysts in organic
transformations

Despite TiO, being by far the most used MOS due to its low
toxicity, low cost, high photoreactivity and -stability, a variety
of different MOS have emerged as potential alternatives to
TiO,. Particularly, ZnO and other narrow bandgap semicon-
ductors, such as bismuth-based oxides, have received quite
some attention. In this section, we will highlight selected ex-
amples of the most used MOS capable of driving specific or-
ganic transformations either under UV or visible light irradia-
tion. Moreover, we will also detail the different strategies to
increase the visible-light response of wide bandgap MOS.

3.1. TiO,

The photosensitization of TiO, dates back to the early 20th
century.”* However, the interest in TiO, as a photocatalyst
only started to grow after the appearance of the paper by
Fujishima and Honda in 1972.° Since then, TiO, has been
intensely studied triggering numerous applications in the
photocatalysis field.>> Among these applications, its use as
photocatalyst to promote organic transformations specifically
has emerged only in the last 20 years as a great alternative to
replace the use of toxic and expensive transition metal com-
plexes. Mainly this augmented interest can be attributed to
its low cost, low toxicity, photo-stability and -reactivity and
abundance. However, its large band gap (3.2 eV for anatase
and brookite, 3.0 eV for rutile) together with a fast charge re-

functional groups on the anchored compound. combination limited its application potential in
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Scheme 3 Most common dyes (top) and adsorbates (bottom) used in sensitizer-MOS for photocatalytic applications.
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photocatalytic processes. In this respect, we direct the reader
to a number of interesting reviews, detailing the tuning and/
or doping of the TiO, surface to enhance its visible light ab-
sorption and/or reduce charge recombination.>®

Oxidations. TiO, has been widely applied to carry out oxi-
dations using oxygen as oxidant and light as a driving force.
In aerobic conditions, the irradiation of TiO, with an appro-
priate wavelength (generally UV irradiation) generates
electron/hole pairs, which eventually can interact with oxygen
or water to produce reactive species, such as superoxides
(0,7) and hydroxyl radicals ((OH), respectively. These reactive
oxygen species (ROS) are strong oxidants and can enable the
oxidation of organic molecules.>” Although the formation of
oxygen singlet (‘0,) from photoexcited MOS is less studied, it
is known that these compounds can act as photosensitizers
to also form this non-radical ROS.>®?° The reason why this is
less studied in MOS resides in the difficulties to detect 'O, in
suspension and also to the competition with other efficient
processes such as interfacial electron transfer. The formation
of 'O, can significantly affect the selectivity of the reactions
carried out by MOS as reported in some previous works.*
However, the main problem associated with the combination
of TiO, and UV irradiation is the formation of strong oxida-
tive holes in the valence band of TiO, that can oxidize both
starting materials and products in a non-selective fashion. As
mentioned before, to alleviate this drawback, several ap-
proaches were developed to extend its visible light response
(Scheme 4).

In 2008, Zhao and co-workers reported the selective aero-
bic oxidation of alcohols in benzotrifluoride (BFT) using aliz-
arin red (AR)-sensitized TiO, under visible light irradiation
(L > 450 nm).>* The nitroxyl radical TEMPO (2,2,6,6-
tetramethylpiperidine 1-oxyl) was used as co-catalyst and
acted as a sacrificial electron donor to prevent the degrada-
tion of the dye. The photocatalytic system composed by AR/
TiO,/TEMPO/O, successfully promoted the oxidation of a vari-
ety of functionalized benzylic alcohols to the corresponding
aldehydes with good to excellent conversions (23 to 100%)
and high selectivities (up to 99%). Aliphatic and cyclic sec-
ondary alcohols were also oxidized under the optimized
photocatalytic conditions to the corresponding carbonyl com-
pounds albeit in low conversion. For the proposed mecha-
nism, the authors suggested that the excited state of the dye
injects electrons in the CB of the TiO, furnishing the dye rad-

0, .
Reductive pathway

0‘2_ e o H202 s o

. H0,
Oxidative pathway
H,O
Scheme 4 Generation of reactive oxygen species in MOS

photocatalysis.
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ical. This radical species promotes the oxidation of TEMPO
which selectively oxidizes the alcohols to the corresponding
carbonyl products by a two-electron-transfer mechanism. In
turn, the reduction of oxygen leads to the formation of O,”
species (that further reacts to form H,O and H,0,) which
could promote the regeneration of the dye (Scheme 5).

In a similar approach, Lang and co-workers recently
reported an exhaustive study of the use of eosin Y as a sensi-
tizer for TiO,.** In this work, the eosin Y-TiO,/TEMPO system
was very effective to oxidize alcohols in acetonitrile, such as
benzylic alcohols in short reaction times (1 to 4 hours) under
visible light irradiation (green light, 1 ~ 530 nm). However,
moderate to poor conversions were obtained when the system
was applied to the oxidation of allylic, aliphatic and second-
ary alcohols.

The formation of charge transfer complexes between col-
orless adsorbates and MOS to extend their visible light re-
sponse through LMCT is also a widely used approach to pro-
mote the oxidation of alcohols under visible light irradiation.
For instance, Higashimoto and co-workers reported the
photooxidation of alcohols into the corresponding carbonyl
compounds using unmodified TiO,, under both visible and
UV light irradiation.®® In both cases, the developed method
showed excellent efficiency and selectivity in the photooxida-
tion of benzylic alcohols (up to 99% in yields and selectiv-
ities) using acetonitrile as solvent. To explain the photo-
reactivity of the system under visible light irradiation, they
proposed that the interaction of the starting benzylic alcohols
with the surface of the semiconductor enables visible light
absorption mediated through LMCT.

Zhao et al. carried out successfully the selective oxidation
of amines to imines using air as oxidant and TiO, as the
photocatalyst under UV irradiation (500 W Xe lamp, cutoff fil-
ter 2 < 350 nm).** A range of benzylamines, including hetero-
cyclic benzyl amines, were converted into the desired imines
generally with high conversions (44 to 100%) and selectivities
(up to 94%). Next, they proposed the use of visible light to in-
duce this oxidation.?® They observed that the benzylic amines
adsorbed onto the surface of the TiO, could extend the light
absorption into the visible region by LMCT. The underlying
idea was to test whether the photooxidation could be carried
out under visible light irradiation. Remarkably, a great variety
of imines derivatives, ranging from primary and secondary
benzylamines, were prepared in high yields and selectivities
using a 300 W Xe lamp with a cutoff filter A < 420 nm. How-
ever, the photooxidation of disubstituted benzylamines yields
the formation of a mixture of aldehydes, symmetric and
unsymmetric imines. The proposed mechanism comprises
the activation of the CT complex by visible light irradiation to
generate electron-hole pairs. The holes locate on the
adsorbed amine and promote its oxidation to furnish a
carbon-center radical. The corresponding electrons are local-
ized in the CB of the TiO, and form Ti** species. The interac-
tion between the carbon-centered radical, Ti** and oxygen
lead to the formation of an oxygen bridged intermediate
which undergoes cleavage of both C-N and O-O bonds to

This journal is © The Royal Society of Chemistry 2019
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Scheme 5 The proposed mechanism for the oxidation of alcohols photocatalyzed by AR/TiO,/TEMPO under visible light irradiation.

yield the aldehyde intermediate. The condensation of the lat-
ter intermediate with the free amine yields the desired imine.
Next, TiO, is regenerated from the complex with the assis-
tance of H', thus completing the catalytic cycle (Scheme 6).
Li et al. anticipated that the photocatalytic activity of TiO,
may be strongly affected by its different crystalline phases.

TiO; (anatase)

For this study, they prepared mixed-phase TiO, nanowires
with different ratios of TiO,(B)/anatase.*® The best photocata-
lytic performance was demonstrated with a mixed-phase
TiO,(B)/anatase TiO, (TW-550, 65%/35%, respectively) in the
oxidation of benzylic amines (46 to 95% in conversions) un-
der visible light irradiation. Also, the results obtained using

CH3CN, air (1 atm) :
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Scheme 6 Proposed mechanism for the oxidation of amines to imines photocatalyzed by TiO, under visible light irradiation.
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this mixed-phase photocatalyst showed higher activity in
comparison with bare TiO, or pure TiO, anatase. The authors
suggested that the higher photocatalytic activity of TW-550,
compared to other mixed phase TiO, compositions, is mostly
due to the optimal surface-phase junctions between TiO,(B)
and anatase which can efficiently promote the interfacial
charge separation by their staggered band gap energy. More-
over, the good adsorption ability of the TiO,(B) in compari-
son with anatase TiO,, allows enhanced adsorption of the
amines onto their surface favoring the key charge transfer
event (Scheme 7). As mentioned in the latter report, the crys-
talline phase of the semiconductor not only can affect their
optical properties but also its surface structural arrangements
which can lead to different surface reactivity hindering the
selectivity of the reaction.®” A good example of this effect is
described in the sub-section Miscellaneous transformations.
Similar to dye sensitization, another strategy to overcome
intrinsic drawbacks associated with the use of wide bandgaps
semiconductors photocatalysts comprises the deposition of
noble metal plasmonic nanoparticles (PNP), such as Au and
Ag, onto their surfaces to form so-called plasmonic photo-
catalytic composites. These systems exhibit efficient visible
light absorption over a wide wavelength range and also re-
duces the carrier recombination rate.*® In these composites,
the plasmon activation of the PNP onto the surface of the
semiconductor by visible light generates positive charges on
the PNP and ecg on the nearby semiconductor. Shiraishi
et al. described the application of the plasmonic photo-
catalyst Pt/TiO, (Degussa P25) for the visible light aerobic
photooxidation of aniline to nitrosobenzene.** Higher yields
and selectivities (~90%) were observed compared to other
photocatalytic systems, which contain either P25, Au,/P25 or
Pd/P25 and Pt/anatase or rutile. The authors proposed that
the Lewis base sites located on the Pt nanoparticles promote
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the reductive deprotonation of aniline to form the corre-
sponding anion. This further reacts with hydroperoxides spe-
cies, which are formed through photogenerated electrons in
the CB of TiO,, furnishing the targeted nitrosobenzene and
water. They also claimed that the photocatalytic activity of
the composite was strongly dependent on the amount of Pt
loaded onto the TiO,, the temperature and the particle size.

The photooxidation power of TiO, was also demonstrated
in other organic oxidations. For instance, Cong and co-
workers reported visible light-mediated selective aerobic oxi-
dation of benzyl ethers to benzoates using an eosin
Y-sensitized TiO, (P25)."” The photocatalytic system showed
high efficiency and allowed to obtain the corresponding ben-
zoates in high yields (up to 92%). The transformation
displayed also high functional and protect groups tolerance,
including alkyl bromide, alkyl nitrile, pyridyl, silyl ether and
acetal among others and could be used to modify natural
products, such as serine, threonine and monosaccharide de-
rivatives. Based on kinetic studies and EPR (electron para-
magnetic resonance) experiments, the authors suggested that
the reaction mechanism goes through a single electron trans-
fer (SET)-mediated oxidation of benzyl ethers. The homolytic
cleavage of the O-O bond of the pre-formed peroxide inter-
mediate (A) by TiO, photocatalysis, could result in the forma-
tion of radical species. Subsequently, these species would re-
act with acetone (solvent) or (B) during the radical chain
propagation, including a series of hydrogen atom transfer
processes (HAT), to yield the corresponding benzoates
(Scheme 8).

Phenol is an important chemical compound widely ap-
plied in the chemical and pharmaceutical industry. There are
several methods for the synthesis of phenol starting from
benzene, such as cumene-phenol process, thermal catalysis,
oxidation with H,0, and Fenton process. However, most of

Anatase

5 T TW-550 RO
: - X H
; Ar)\NHR > Ar)\NJ\Ar :
. CH3CN, air H
300 W Xe Lamp
- (hv =420 nm) .

~~H,NCH,—RI "

Visible light

)
>

Scheme 7 Proposed mechanism for the oxidation of benzylic amines into imines on mixed-phase TiO,(B)/anatase TiO, (TW-550) under visible
light irradiation. The staggered gap at the interface is clearly observed in the scheme.
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Scheme 8 Oxidation of benzyl ethers photocatalyzed by eosin Y-sensitised TiO,. (a) Selected scope; (b) proposed mechanism.

these methods require harsh reaction conditions in combina-
tion with toxic reagents. More recently, the application of
semiconductor photocatalysis has emerged as a greener alter-
native for the synthesis of phenol. The mechanism for the

photooxidation of aromatics into phenols involves the activa-
tion of the unsaturated Csp®>~H bonds by hydroxyl radicals or
holes to form radical cationic benzene species. Next, these
radical cations are attacked by active oxygen species leading

=i TiO, SPR effect
02
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Filled
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&

Scheme 9 Proposed mechanism for the photooxidation of benzene into phenol photocatalyzed by Au@TiO, under visible light.
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amine as the redox mediator.

to the desired phenol. For instance, Di Paola et al. promoted
the hydroxylation of various aromatic compounds using TiO,
under UV irradiation (125 W Hg lamp, 2 ~ 360 nm).*" Inter-
estingly, benzene derivatives bearing electron donor groups
favor the oxidation of ortho- and para-positions, while
electron withdrawing groups result in unselective reactions
furnishing all possible isomers.

Huang et al reported the synthesis and use of metal
plasmonic photocatalysts (M@TiO,, M = Au, Pt, Ag) to promote
the visible light induced photooxidation of benzene to phenol in
water (300 W Xe arc lamp with UV cutoff filter, 4 > 400 nm).**
The best performance was achieved using Au@TiO,, obtaining
phenol in good yield (63%) and selectivity (91%). They suggested
that the photoexcitation of the plasmonic photocatalyst induces
an electron transfer from the plasmonic metal to the semicon-
ductor by surface plasmon resonance (SPR) effects, leading to
oxygen reduction and an electron deficient Au. The electron-
depleted Au subsequently adsorbs phenoxy anions (present in
the reaction medium) and provoke their oxidation to form free
phenoxy radicals. These radical species are able to oxidize ben-
zene to phenol regenerating the anion. The key step in this
photocatalytic process is the oxidation of the adsorbed phenoxy
anion, which is strongly influenced by the electronegativity of
the metal (Au > Pt > Ag) (Scheme 9).

It is well known that carbon allotropes, such as C60, car-
bon nanotubes (CNT) and graphene (GR) may improve the
photocatalytic performance of MOS due to their excellent
electron conductivity, which may increase the lifetime of the
photoexcited electron-hole pairs by charge separation.*’ In
an interesting example, Shiraishi et al. developed a photo-
catalytic system containing reduced graphene oxide (rGO)
and TiO, to carry out the photooxidation of cyclohexane into
cyclohexanone using UV irradiation (2 kW Xe lamp, 4 > 300

5194 | Catal. Sci. Technol., 2019, 9, 5186-5232

nm).** The system displayed higher yields and selectivities
(>80%) in comparison to the use of bare TiO, (ca. 60%).
They proposed that the enhancement of the selectivity is due
to efficient charge separation promoted by rGO, which traps
the ecg of TiO, after being photoexcited, favoring the selec-
tive formation of the cyclohexanone. This event avoids the
formation of single electron reduced species (e.g. O,7), via
the reduction of oxygen by the ecy in TiO,. These species are
known to be involved in the photodecomposition of cyclohex-
anone. Similar studies also describe the use of hybridized
rGO/TiO, to promote photooxidations of alcohols*® and re-
duction of nitrosobenzene.*®

The oxidation of organic sulfur compounds is a corner-
stone in organosulfur chemistry.?” Especially sulfoxides have
received increasing amounts of attention due to their pres-
ence in biologically active compounds. The oxidation of sul-
fides using oxygen is the most straightforward approach to
obtain these important moieties. The oxidation of sulfides
into sulfoxides using light to activate oxygen was achieved by
Chen and co-workers. Based on their experience in the syner-
getic photocatalytic oxidation of sulfides and the oxidative
formylation of amines using TiO,,*® they explored the synergy
between triethylamine (Et;N) and TiO, for the oxidation of
sulfides.”” With a system comprising Et;N/TiO,/O,, they suc-
cessfully achieved the photooxidation of several thioanisole
derivatives in moderate to excellent conversions (33 to 86%)
and selectivities (79 to 98%). The presence of a strong
electron withdrawing groups, such as -NO, group, resulted in
lower conversions. They suggested that the presence of the
-NO, negatively affected the Et;N stability. However, when
they increased the amount of Et;N (from 0.03 mmol to 0.1
mmol), the desired sulfoxide was obtained in higher conver-
sion (33 to 62%). Based on control experiments and DFT

This journal is © The Royal Society of Chemistry 2019
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calculations, the authors could unravel the role of Et;N and
CH,;O0H in the photocatalytic process. They proposed that the
interaction between Et;N and TiO, favors the LMCT and re-
sults in an increased visible light response. After irradiation,
the electrons in the HOMO of the adsorbed amine are excited
and injected into the CB of the TiO,. The hole located on the
tertiary amine acts as a redox mediator and favors the oxida-
tion of thioanisole to form the corresponding sulfide cationic
radical, thus regenerating the amine. Subsequent oxygen
atom transfer to the sulfide restores the TiO, electronic state
and after further electron and proton transfer (from the
methanol), the targeted sulfoxide is formed (Scheme 10).
Rezaeifard and co-workers reported that Co-ascorbic acid
complex-sensitized-TiO, (TiO,~AA-Co) is able to induce a va-
riety of organic transformations when subjected to visible
light irradiation. The photocatalyst was prepared through in-
corporation of Co(acac), into ascorbic acid-surface-modified-
TiO, nanoparticles. Diffuse reflectance spectroscopy (DRS)
data revealed a synergetic effect between Co-ascorbic acid
and TiO,, resulting in an enhanced visible light response due
to a decrease of the MOS band gap (~0.4 eV). The nano-
hybrid photocatalyst was successfully applied to promote the
aerobic oxidation of benzylic alcohols, benzylic hydrocarbons,
and olefins in the presence of N-hydroxyphthalimide (NPHI)
as a co-catalyst.”® More recently, they expanded the reaction
scope of this catalytic system to promote a cross-
dehydrogenative-coupling (CDC) between aldehydes and
N-hydroxyimides. The photocatalyst showed excellent recycla-

View Article Online
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bility and retained a good stability and activity after several
cycles (Scheme 11).

Photoinduced C-C bond formation. Besides the ability of
TiO, to form reactive oxygen species, a photogenerated
electron-hole pair under anaerobic conditions can also pro-
mote the generation of C-centered radicals, which enable
C-C bond forming reactions. Albini and co-workers
pioneered the use of TiO, to establish C-C bonds. In this
seminal work, the authors promoted the radical alkylation of
electron withdrawing substituted olefins using as alkylated
agent 4-methoxybenzyl(trimethyl)silane and maleic acid or
maleic anhydride as acceptor in the presence of TiO, under
solar irradiation.”

Scaiano and co-workers reported the use of PA@TiO, to
enable a photochemical Ullmann reaction between two aryl
iodides using both visible and UV irradiation.”® They claimed
that, by subjecting Pd@TiO, to two-color light sources, en-
hanced selectivity and yields were obtained for the corre-
sponding cross-coupled biaryl compound. According to the
authors, upon UV irradiation, the photoexcited TiO, facili-
tated the formation of THF radical species (I), which are key
for the photocatalytic process.”> This radical species subse-
quently transfers an electron to the aryl iodide bearing
electron withdrawing groups to form a short-lived aryl radical
(I1), which generates the oxidative addition complex with pal-
ladium. Next, the aryl iodide bearing electron donor groups
associates with the surface of the Pd or TiO,, Through visible
light induced photoreductive elimination, the desired cross-

Photooxidation of alcohols**?
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NPHI (15 mol%)
OH - (0]
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H i 44a
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Scheme 11 Selected examples for the aerobic oxidation and CDC photocatalyzed by TiO,-AA-Co under visible light.
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coupled product is formed (Scheme 12). Various aryl iodides
could be cross-coupled using this method with yields up to
94%.

Yoshida et al. described the cross-coupling between tetra-
hydrofuran and a variety of alkanes via UV-induced C-H
bond activation using Pt/TiO, as a photocatalyst (xenon lamp,
A > 350 nm).”® They proposed that the Pt nanoparticles have
a dual role in this process: (i) reducing the recombination of
the photogenerated electron-hole pairs and; (ii) acting as
metal catalyst to activate the Csp®~H bond of the THF or al-
kane molecules. Next, the same authors reported the cross-
coupling between benzene and cyclohexane using metal mod-
ified-TiO, (metal = Rh, Pt, Au, Pd, Ag, Ni, Co) under UV and
visible light irradiation (xenon lamp with a long pass filter, 1
> 350 or 400 nm).>* Pd modified-TiO, exhibited higher selec-
tivity for the formation of phenylcyclohexane than other
metals when UV irradiation was used. A further enhancement
of the selectivity towards the desired cross-coupled product
was observed when the system was irradiated with visible
light (4 > 400 nm). The authors disclosed that the high selec-
tivity observed for the Pd/TiO, catalytic system could be at-
tributed to the LMCT excitation, established through
n-interaction between the benzene complex and the TiO, sur-
face. Based on these observations, they proposed that under

View Article Online
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visible light irradiation the CT complex favors the formation
of a benzene radical cation which can selectively activate
cyclohexane to yield the cyclohexyl radical. Next, the cyclo-
hexyl radical attacks the benzene molecule through addition-
elimination and yields the desired cross-coupled product.
Conversely, under UV irradiation, the formation of cyclohexyl
and benzene radicals is caused by the holes on the VB of
TiO, and the coupling between these radicals decreases the
selectivity of the reaction (Scheme 13).

The light-induced radical decarboxylation of carboxylic
acids is another valuable approach to obtain carbon-centered
radicals. Inspired by the photo-Kolbe reaction,>® Walton and
co-workers reported the decarboxylation of carboxylic acids
by photolysis using TiO, (P25 Degussa) under UVA irradiation
(15 W Cleo tubes, 2 = 350 nm), to obtain a range of C-C
coupled products.’® The photocatalytic protocol was success-
fully applied for the photolysis of a variety of carboxylic acids
furnishing the corresponding homocoupled products in mod-
erate to good yields (38-83%) and high selectivity. In this
case, Pt (0.1%) was used to enhance the photocatalytic activ-
ity of the TiO,. They also extended the scope of the decarbox-
ylation reaction to promote the alkylation of electron-
deficient alkenes using TiO, (P25). In all cases, the formation
of moderate amounts of the corresponding reduced alkenes
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Scheme 12 Dual light enables to induce Ullmann reaction photocatalyzed by Pd@TiO,.
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Scheme 13 Proposed mechanism for the benzene/cyclohexane cross-coupling reaction photocatalyzed by Pd/TiO,.

was observed. Notably, the reaction between phenoxyacetic
acid and maleic anhydride furnished the desired alkylated
product along with dihydrofurochromenedione derivatives
(C). The authors claimed that the appearance of these ad-
ducts might be the result of an intramolecular closure onto
the phenyl ring followed by re-aromatization (Scheme 14).
Nevertheless, the selectivity of the reaction could be tuned, in
favor of the alkyl- or cycloadducts, using platinized-TiO, or
by changing the reaction concentration. Taking into account
these observations, they expanded the protocol for intramo-
lecular reactions with acceptor-functionalized aryloxyacetic
acids. However, the cycloadducts were obtained in low yields
(up to 58%). The proposed mechanism involves the oxidation
of the carboxylic acid by the photogenerated holes on the VB
of the TiO, furnishing the corresponding radical cation (I).
Deprotonation of the radical species followed by decarboxyl-
ation leads to an alkyl radical (II) that is added across the
double bond of the alkene. Electron transfer from TiO, and
subsequent protonation afforded the alkylated alkene
(Scheme 14).

Cong and Ren promoted the decarboxylative alkylation of
the benzylic C-H bond of aryltetrahydroisoquinolines in
2,2,2-trifluoroethanol (TFE) using erythrosine B sensitized-
TiO, as photocatalyst and N-acyloxy-phthalimide as alkylating
agent under visible light irradiation.”” A range of
aryltetrahydroisoquinolines were successfully subjected to the
photocatalytic  protocol furnishing the corresponding

This journal is © The Royal Society of Chemistry 2019

alkylated products in moderate to excellent yields (44 to
93%). It was suggested that the formation of the desired
products could be attributed to the radical-radical coupling
between the alkyl radical and the benzylic radical generated
by the electrons in the CB of TiO, and the photogenerated
holes on the dye, respectively (Scheme 15).

Arylation of heteroarenes is another useful transformation
to establish C-C bond formation and to access valuable
heterobiaryl structures.”® The most efficient methods to forge
aryl-heteroaryl bonds relay on the direct arylation of hetero-
arenes through C-H bond activation using transition metals
in the presence of ligands and an aryl source such as aryl ha-
lides, aryl boronic acids or aryl diazonium salts.”® Neverthe-
less, photocatalysis offers an eco-friendly alternative for the
use of transition metals. In this context, Rueping et al
reported the use of commercially available TiO, (P25) as a
photocatalyst to carry on the C-H arylation of heteroarenes
under visible light irradiation (11 W household lamp).®® The
reaction of a variety of heteroarenes, including furans, thio-
phenes, pyridines, could be established using aryl diazonium
salts as coupling partners. The corresponding heterobiaryl
compounds could be obtained in good to excellent yields
(53-94%). In addition, the photocatalyst could be recycled
and reused for 5 cycles with a negligible decrease in reactiv-
ity. Based on spectroscopic experiments, they proposed that
the formation of the TiO,-azoether (I) is responsible for the
visible light response of the photocatalytic system. Thus, after
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Scheme 14 Alkylation of alkenes with carboxylic acids promoted by TiO,. (a) Alkylation of N-phenylmaleimide with carboxylic acids; (b) addition-

cyclization reaction; (c) proposed mechanism.

irradiation, the excited state of the modified-TiO, induces the
formation of the corresponding aryl radical species (III)
through SET. The aryl radical subsequently reacts with the
heteroarene to yield a biaryl radical species (IV). The oxida-
tion of the biaryl radical (IV) results in the formation of the
carbocation ion (V) and is followed by proton removal and
rearomatization, yielding the corresponding heterobiaryl
compound (Scheme 16).

Wang and co-workers prepared a ternary system composed
of a polyaniline (PANI)-graphitic-carbon nitride (g-C3N,) and
TiO, composite (PANI-g-C;N,-TiO,). The photocatalytic activ-
ity of this composite was demonstrated for the arylation of
terminal alkynes, using aryl diazonium salts as the aryl
source, under visible light irradiation (14 W CFL).*" Although

5198 | Catal. Sci. Technol., 2019, 9, 5186-5232

the reaction worked smoothly with a variety of functionalized
aryl diazonium salts and phenylacetylene derivatives leading
to the corresponding o-chloro aryl ketones in good yields (up
to 78%), the reaction failed when electron-rich aryl diazo-
nium salts were employed. The difference in potentials of the
band edges of the three components forms the basis of the
operative mechanism and can explain these observations. Af-
ter irradiation, the photogenerated electrons in PANI sequen-
tially decay into the g-C;N, CB first, and then into the TiO,
CB, so gradually reducing their energy. The electrons in the
TiO, CB are able to reduce the aryl diazonium salts to form
the corresponding aryl radical species. This aryl radical adds
subsequently to the alkyne system. Simultaneously, the holes
on the TiO, migrate back to the VB of the g-C;N, and to the

This journal is © The Royal Society of Chemistry 2019
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Scheme 15 Proposed mechanism for the decarboxylative alkylation of C-H bond photocatalyzed by erythromycin B-sensitized TiO,.

n-orbital of PANI, promoting the oxidation of the radical VI
to furnish the desired o-chloro aryl ketone. Therefore, the
lack of reactivity for the electron-rich aryl diazonium salts
can be explained by the low edge oxidation potential of the
n-orbital of PANI, which is unable to oxidize intermediate
(VI). Nevertheless, it cannot be excluded that the oxidation
can be carried through the VB of the g-C;N, instead of the VB
of the PANI (Scheme 17). The same group extended the appli-
cation potential of this photocatalytic ternary system PANI-g-
C;3N,-TiO, to visible light induced C-H arylation of hetero-
arenes such as enol acetates or benzoquinones using in situ
generated diazonium salts in aqueous conditions.**

The photocatalytic functionalization of C-H bonds adja-
cent to a nitrogen atom has been thoroughly studied in the
last 10 years.** The importance of this transformation resides
in that valuable building blocks can be accessed in a single
step using this approach. Shen and co-workers contributed to
this field by demonstrating the application of MOS to pro-
mote the cyclization of tertiary anilines with maleimides
through C-H bond activation under visible light irradiation
(3 W blue LED).** For that purpose, they decorated the sur-
face of TiO, with highly dispersed NiO particles, extending

This journal is © The Royal Society of Chemistry 2019

the light response of the MOS to the visible region and also
reducing the hole-electron pair recombination. A strong cor-
relation between the amount of NiO nanoparticles loaded
onto the TiO, surface and the photocatalytic activity of the
system was observed. Starting from a wide range of tertiary
anilines and maleimides, a large variety of tetra-
hydroquinolines was synthesized in good to excellent yields
(45 to 93%) in relatively short reaction time (12 h). The TiO,/
NiO photocatalyst could be recycled and reused for at least
nine consecutive cycles without significant detrimental effect
on its photocatalytic activity. In the proposed mechanism, a
SET from the tertiary amine to the hole of the photoexcited
photocatalyst occurs, after which a proton transfer of the cat-
ionic radical (I) to the superoxide anion happens, yielding
the a-amino radical species (IT). The addition of this species
to the Michael acceptor is followed by an intramolecular cy-
clization leading to radical intermediate (IV). Subsequent oxi-
dation of IV, by oxygen or photogenerated electrons of the
photocatalyst, and deprotonation yields the target product
(Scheme 18).

The reaction of tertiary amines with cyanide sources af-
fords o-amino nitriles which are versatile building blocks for
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the synthesis of nitrogen-containing compounds. Especially
the Strecker reaction®® and transition metal catalyzed C-CN
bond formation®® are the most straightforward methodolo-
gies to obtain a-amino nitriles. Using light to drive these
transformations was first reported by Santamaria et al in
1990° and, since then, various reports were published on the
use of photoredox catalysis to promote the cyanation of
amines to aminonitriles.®® One elegant example of the appli-
cation of MOS to light-induce cyanation of amines was
reported recently by Opatz and Tremel and co-workers.*
They anchored a 6,7-dihydroxy-2-methylisoquinolinium
(DHMIQ) chromophore onto the surface of TiO, nano-
particles (DHMIQ-TiO,) triggering a panchromatic sensitiza-
tion of the photocatalyst which was able to promote the aero-
bic photocyanation of tertiary amines. With this catalyst, they
were able to synthesize a variety of a-aminonitriles with excel-
lent yields (up to 97%) starting from a range of tertiary
amines using trimethylsilyl cyanide (TMSCN) and oxygen un-
der visible light irradiation (1 = 462 nm). From a mechanistic
point of view, they proposed that, after the irradiation of the
photocatalytic system, the catechol-based ligand is excited
and is able to inject an electron into the TiO, CB. The reduc-

This journal is © The Royal Society of Chemistry 2019

tion of O, by the ecg leads to the formation of the hyperoxide
radical anion O, that can displace CN~ from TMSCN, yield-
ing a TMS-peroxo species. These species can accept an
H-atom from the amine radical cation to form an iminium
ion which can be subsequently be trapped by the CN™ fur-
nishing the desired a-aminonitrile compound (Scheme 19).
Scaiano et al. reported the use of Pt nanoparticles-
decorated TiO, as a photoredox catalyst to successfully pro-
mote the reductive dehalogenation-cyclization of aryl and al-
kyl iodides under UVA/visible light irradiation (solar simula-
tor with 375 nm cut off filter).” The desired products were
obtained in good to excellent yields (up to 87%). Despite the
fact that the catalyst could be reused for 4 cycles, poor recy-
clability was observed, which can be attributed to the agglom-
eration of the Pt nanoparticles. The approach was also ex-
tended to carry out intramolecular cyclization of bisenones.
However, for this reaction, the corresponding products were
obtained with moderate conversions and low selectivity. The
authors surmised that TiO, may present a dual role in this re-
action: (i) photoinduced the electron transfer; and (ii) act as
a weak Lewis acid, which could activate the enone favoring
the formation of the radical anion upon electron reduction.
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Scheme 19 Proposed mechanism for the cyanation of amines photocatalyzed by DHMIQ-TiO, under visible light.

Also, they claimed that the presence of Pt nanoparticles dop-
ing the TiO, surface could enhance the catalytic activity of
TiO, and increase its visible light response (Scheme 20).
More recently, the same research group reported the [4 + 2]
cycloaddition of indoles and electron-rich dienes promoted by
Pt nanoparticles supported on TiO, under visible light irradia-
tion (10 W LED, /. = 460 nm).”" The reaction worked success-
fully for a variety of indoles and cis-1,3-dienes providing the
corresponding alkaloids in moderate to good yields (up to
72%) and stereoselectivities. The heterogeneous photocatalyst
could be easily recuperated and reused for three cycles. How-
ever, a deleterious effect on the photoactivity of the catalyst
was observed. The proposed mechanism starts with the ad-
sorption of the indole nitrogen onto the surface of the MOS
leading to a weakly visible light absorbance. Upon irradiation,
the nitrogen of the indole injects electrons into the CB of the
semiconductor, which are trapped by the Pt nanoparticles and
subsequently quenched by either MeNO, or O,, decreasing
the probability of electron-hole recombination. Once the in-
dole radical-cation is formed, it can undergo an [4 + 2] cyclo-

©1N Pt@TiO, N
| ﬂ| (i-Pr),NEt, CH3CN

Solar simulator

(375 nm cutoff filter)
87% in yield

Scheme 20 Selected example for the hydrodehalogenation and
cyclization of iodine compound photocatalyzed by Pt@TiO,.
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addition with 1,3-cyclohexadiene, which is followed by reduc-
tion of the as-formed tetrahydrocarbazole radical cation with
an electron originating from the Pt@TiO,. The rapid acylation
of the tetrahydrocarbazole prevents the overoxidation and
cycloreversion of the reaction products (Scheme 21).

Inspired by the last findings, Scaiano et al. reported the
heterogeneous dual photoredox-Lewis acid catalysis.”> For
this purpose, they supported samarium oxide nanoparticles
onto nanostructured TiO, and CeO, semiconductors. In a
first attempt, the efficiency of the photocatalytic system was
studied in the reductive cyclization of chalcones under visible
light irradiation (90 W LED, /. = 400 nm) using diisopropyl-
ethyl amine as an electron donor. The best yield was achieved
with Sm,0,@TiO, for the formation of the corresponding
cyclopentanol (70%). The authors proposed that the modest
reactivity of the Sm,0,@CeO, (up to 40%) in this transforma-
tion can be attributed to the lower response in the visible
light region compared to Sm,0,@TiO,, which possesses a
narrower bandgap. The narrower band gap observed for the
latter nanocomposite is related to the presence of in-gap
electronic states corresponding to the 4f manifold of Sm,
with the filled states near the valence edge of TiO,, which re-
duces the band gap effectively. Based on these results, they
investigated the scope of the reaction for functionalized
chalcone derivatives and the recyclability of the photocata-
Iytic system. The corresponding cyclic dimers could be
obtained in modest to excellent yields (27 to 90%) and
diastereoselectivities (>10:1). Only traces of [2 + 2] cycloaddi-
tion products and pinacol coupling, as by-products, were ob-
served. In some cases, the yields were superior to the ones
obtained with previously reported dual homogeneous

This journal is © The Royal Society of Chemistry 2019
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photoredox catalysis. Using the same photocatalytic system,
they also investigated the [2 + 2] photocycloaddition of (bis)
enones using Sm,O0,@TiO, as the photocatalyst and DABCO
as a sacrificial electron donor. The desired cycloadduct prod-
ucts were obtained in modest to good yields (4 to 72%) and
selectivities (10 to 81%). In both cases, the nanocomposite
photocatalyst could be reused and recycled without apparent
loss in reactivity. Regarding the mechanism, a SET from the
photoexcited nanocomposite to the Lewis acid-activated sub-
strate was suggested to yield the radical anion species. There-
after, an intramolecular addition Michael and subsequent
cyclobutanation lead to the samarium coordinate ketyl radi-
cal, which could release one electron back to the TiO, nano-
composite yielding the cycloadduct (Scheme 22).

Finally, Okada and coworkers demonstrated that TiO, can
successfully photocatalyze radical cation Diels-Alder reac-
tions and [2 + 2] cycloadditions using LiClO, and a nitro-
methane electrolyte solution under visible light irradiation.”®

Photoinduced C-X bond formation. The feasibility of TiO,
to enable C-X bond formation has been also reported and
have led to several synthetically valuable approaches. For in-
stance, the a-oxidation of aldehydes is an important method
to obtain asymmetric oxygen-bearing stereocenters. After the
seminal contributions of Sibi and MacMillan in the asymmet-
ric  a-oxyamination  of  aldehydes using  chiral
imidazolidinones, several other approaches were reported in
this field.”* In 2009, Koike and Akita merged photoredox and
amine catalysis to promote the racemic version of the
o-oxyamination of aldehydes using a Ru-bipyridyl complex,

This journal is © The Royal Society of Chemistry 2019

as the photocatalyst.”” Jang et al. reported an enantioselective
protocol for this reaction combining TiO,, chiral secondary
amines and UV irradiation (50-500 W Newport mercury-
lamp).”® The reaction was conducted using two different chi-
ral diphenylprolinol derivatives (A and B) as organocatalysts
to enhance the yields (up to 88%) and enantioselectivities
(up to 78% in ee) of the corresponding o-oxy aldehydes.
Based on control experiments and electrochemical data, it
was suggested that the semiconductor could be involved in
the oxidation of the enamine, to form the enamine radical,
and in the oxidation of TEMPO leading to the corresponding
cation in the photocatalytic process (Scheme 23).
Organofluorides play a pivotal role in the pharmaceutical
and agrochemical sector.”” Hence, the development of novel
or improved synthetic approaches install fluorine into or-
ganic molecules is a contemporary research objective. Espe-
cially because conventional methods to incorporate fluorine
typically suffer from low selectivities and poor functional
group tolerance. In this regard, the conversion of carboxylic
acids into the corresponding fluorinated-compounds by
photoredox catalysis has emerged in the last years as a very
mild way to obtain organofluorides.”® For instance, Ham-
mond and co-workers promoted the C-F bond formation
using TiO, (P25), as a photocatalyst, by decarboxylative
electrophilic fluorination of a wide range of aliphatic carbox-
ylic acids using selectfluor as the fluorine source.”” In addi-
tion to the very high turnover frequencies (up to 1050 h™),
the photocatalyst could be recovered and reused during four
cycles without a significant loss in catalytic performance.
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However, the use of more challenging primary aliphatic car-
boxylic acids, as starting materials, proved ineffective.
Spectroscopic and mechanistic studies, suggested that two
mechanisms could be involved in the photocatalytic process.
First, the photogenerated holes could promote the oxidation
of the carboxylate species, which are adsorbed onto the TiO,
surface, affording the formation of the carboxyl radical. After
decarboxylation, the corresponding alkyl radical can be fluo-
rinated by selectfluor. The selectfluor cationic species can be
next trapped by free electrons generated after the photoexci-
tation of TiO, yielding the more stable reduced species. In
addition to the main photocatalytic cycle, another free-radical
pathway process could be involved. In this case, the
selectfluor radical cation could react with other species, such
as carboxylate ions or adsorbed carboxylates leading to the al-
kyl radical and CO, (Scheme 24). The authors also proposed
that the base may have a dual role in the mechanism: it can
deprotonate the carboxylic acid and can act as a sacrificial
electron donor.

Sulfoxidation of hydrocarbons is a widespread and well-
known method for the synthesis of alkyl sulfonic acids.*
Normally, this reaction requires the excitation of the SO, by
UV or the presence of radical initiators at high-temperature.
The use of visible light is appealing as a desired green alter-
native for the synthesis of organosulfur compounds. For in-

5204 | Catal Sci. Technol., 2019, 9, 5186-5232

stance, Kisch et al. promoted the photosulfoxidation of al-
kanes using TiO, under visible light irradiation (1 = 400
nm).*" According to the authors, the visible light response of
the photocatalyst is due to the formation of a charge-transfer
(CT) complex between the surface of the TiO, and sulfur diox-
ide generating a CT band in the visible region of the solar
spectrum. The photocatalytic system composed by TiO,/O,/
SO, worked smoothly using n-heptane, cyclohexane and ada-
mantine, as starting alkanes, showing high chemoselectivity
for the formation of the alkyl sulfonic acids. Moreover, the
photocatalyst could be reused after washing with methanol.
Based on experimental evidence, the authors suggested that,
after visible light irradiation of the TiO,-SO, complex,
electrons are transferred into the CB of the TiO,, through
LMCT, promoting the oxygen reduction to furnish superox-
ides. The SO, radical cation oxidizes the alkane to give the
C-centered radical and a proton, which could induce a radical
chain mechanism (Scheme 25).

The classical thiol-ene reaction is an anti-Markovnikov
radical addition of a thiyl radical to non-activated alkenes.
Similar to sulfoxidation, the reaction is generally initiated by
UV irradiation, heat or radical initiators. Yoon and
Stephenson's groups pioneered the application of visible light
photocatalysis to induce this transformation.®*> Inspired by
this work, Greaney and co-workers used TiO, nanoparticles

This journal is © The Royal Society of Chemistry 2019
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Scheme 23 Proposed mechanism for the a-oxyamination of aldehydes with TEMPO photocatalyzed by TiO,.

and visible light (20 W light) (Scheme 26).** They were able
to successfully click a variety of allyl and vinyl alkenes with
thiols in acetonitrile using TiO, (1 equiv. or 0.1 equiv.) under
visible light irradiation. The authors also suggested that the
intriguing visible light response of the TiO, could be associ-
ated with the interactions between the substrates and the
surface of the MOS.

Photoredox-mediated Csp®>-P bond formation can be
regarded as a strategy for the phosphorylation of arenes using
the narrow bandgap Cu,O/TiO, composite under visible light
irradiation.®* Starting from arylhydrazines and a range of
trialkylphosphites, a variety of arylphosphonate derivatives was
prepared in good to excellent yields (up to 94%). Moreover, the
photocatalyst could be easily recovered and reused without sig-
nificant loss in activity. The authors claimed that the synergetic
combination of Cu,O with TiO, may prevent the fast recombi-
nation of the photogenerated electron-hole pairs due to the
electron transfer from Cu,O to the CB of TiO,. The mechanism
involves an aryl radical species (I), formed after the reduction
of arylhydrazine by the ecg of TiO,, which reacts with
trialkylphosphite furnishing the phosphoryl radical (II). Then,
the desired product was generated after a displacement step
generating an ethyl radical (III) (Scheme 27).

Miscellaneous transformations. The self-condensation of
amines is a very attractive method for the synthesis of sym-

This journal is © The Royal Society of Chemistry 2019

metric secondary amines. This transformation is usually car-
ried out using transition metal-based complexes under harsh
reaction conditions.®

Naka and co-workers reported a mild approach to promoting
the self-condensation of primary amines in cyclopentyl methyl
ether (CPME) using Pd/TiO,, as a photocatalyst, under ultraviolet
irradiation (300 W Xe lamp, / = 365 nm).*® The photocatalytic
self-condensation afforded a variety of secondary amines in
moderate to excellent yields (52 to 96%). Moreover, the protocol
was extended to the one-pot photocatalytic synthesis of Alverine,
a drug used for irritable bowel syndrome (Scheme 28).

The wuse of CT complexes to enable the C-H
functionalization of tertiary amines was reported by Rueping
et al. using TiO, and visible light (11 W lamp).*” The
o-functionalization of N,N-dimethylaniline and its derivatives
with isocyanides furnished the corresponding amino amides
with moderate to good yields (40 to 82%). After separation by
centrifugation, the semiconductor could be reused five times
without deleterious effect on the reactivity and selectivity.
The proposed mechanism goes through the photogeneration
of electron-hole pairs which could reduce oxygen and oxidize
the starting amine into iminium ion (II), respectively. Nucleo-
philic attack with isocyanide leads to the formation of the
nitrilium jon (II). After tautomerization, the corresponding
o-amino amido product is formed (Scheme 29).

Catal. Sci. Technol.,, 2019, 9, 5186-5232 | 5205
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Atom transfer radical addition (ATRA), also known as the
Kharasch reaction, is an efficient reaction for the synthesis of
difunctionalized alkanes (or alkenes) by the addition of halo-
alkanes across carbon-carbon double (or triple) bonds.®*® Typ-
ically, the photoinduced ATRA reaction is carried out using
transition metal complexes. However, Stephenson et al. devel-
oped a protocol to carry out the ATRA reaction using ruthe-
nium and iridium-based photocatalysts in the presence of a
Lewis acid.®® Next, other groups also made important ad-
vances to drive this photocatalytic reaction using Cu- or EDA-
complexes and visible light irradiation.”® Cong and Mao com-
bined a TiO, semiconductor with hypervalent iodine(m) re-
agents, such as Togni I or PIDA ((diacetoxyiodo)benzene), as
co-initiators to drive the ATRA reaction using visible light ir-
radiation (blue LED).”" The reaction system worked smoothly

using alkyl halides containing different functional groups
and unactivated olefins (up to 95% in yields). Also, a more
challenging ATRA donor could be used under the optimized
conditions: chloroform was used as both alkyl halide partner
and solvent leading to the corresponding hydro-
trichloromethylation product with good yield (62%). The re-
action takes place through reduction of the Togni reagent I
by the photogenerated electrons in the TiO, CB to yield the
benzoate anion (II) and trifluoromethyl radical species (I).
The latter is added to the alkene to generate the new alkyl
radical (III), which reacts with the atom transfer reagent to
form the byproduct (IV) and the alkyl radical (V). This radical
(V) is finally involved in a radical chain pathway (Scheme 30).

Bahnemann and co-workers reported a valuable study
concerning the effect of the crystalline phase of the

R-H + SO, + 15,0,

» RSO;H
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Scheme 25 Proposed mechanism for the primary reaction steps for the alkane sulfoxidation photocatalyzed by TiO,.
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Scheme 26 Selected scope for the thiol-ene reaction photocatalyzed by TiO, under visible light irradiation.

semiconductor in its surface properties.’” In this work, they
investigated the selectivity of four different types of TiO, (ru-
tile, anatase, aeroxide P25 and mesoporous anatase) and its
surface properties towards the photocatalytic conversion of
nitroaromatic derivatives into nitrogen-containing com-
pounds using ethanol as solvent and hole scavenger. In this

study, they observed that the selectivity of the reaction was
closely linked to the surface properties of the crystalline
phase of the TiO, used in the photocatalytic process. By mea-
suring the acidic properties of the surface sites of the photo-
catalysts, they disclosed that this property had a strong influ-
ence on the selectivity of the reaction. For instance, the

: Cu,0ITiO, Q
: > P, !
CH4CN, air, rt R AR
; 15 W CFL :

Oy + CoHg

m Et

P(O)(OEt)!

(n

N, + Hy +HO?

_______________ ! FF ‘OE%\J/ 0

P(OEt),

Scheme 27 Proposed mechanism for the phosphorylation of arenes photocatalyzed by Cu,O/TiO, under visible light irradiation.
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condensation of the amine with the aldehyde to form imine
was favored on the Lewis acidic site of the anatase. On the con-
trary, the formation of the amines as a side product was more
pronounced when the poor acidic rutile is employed. Interest-
ingly, the formation of quinoline from meta-nitrotoluene,
through the cyclization of the pre-formed imine, was favored
by the Bronsted acidic sites on the surface of P25. Moreover,
when the reaction was carried out with a mixture of anatase
and rutile in the same ratio as P25 the products were obtained
with similar selectivity obtained for the reaction with pure ana-
tase (Scheme 31). Also, in this work, they study the effect of the
platinization of the TiO, photocatalysts against the N-alkylation
and N,N-dialkylation reactions of anilines.

Continuous-flow technology has been embraced as an en-
abling technology for photochemistry.”® This is due to its in-
trinsic advantages compared to batch, such as shorter diffu-
sion distances, larger surface-to-volume ratios, efficient mass
transfer, improved irradiation, etc. However, the use of

heterogeneous catalysts in flow has been challenging due to
problems associated with microreactor clogging.”* Up to
now, continuous processing technology has almost exclu-
sively been applied to enable wastewater treatment and fuel
processing using TiO,.>> Often, TiO, is either deposited as a
layer on the channel wall or packed in a fixed bed.

As an example, the C-H arylation of heteroarenes using a
variety of aryl diazonium salts as starting materials was
performed in a microstructured falling film reactor (FFMR)
with TiO, immobilized on the stainless steel microchannel
walls (Scheme 32).°° The reaction medium was irradiated
with royal blue light (2 = 455 nm). Reusability of the semi-
conductor was demonstrated by carrying out a long term run
over 3 hours. In this experiment, the arylation of pyridine
with 4-trifluoromethylbenzene diazonium salt served as a
benchmark example. The desired product was obtained with
a constant conversion of 77% during the entire process. Nota-
bly, the combination of heterogeneous photocatalysis and
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Scheme 29 Proposed mechanism for the oxidative multi-component reaction photocatalyzed by TiO, under visible light irradiation.
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microreactor technology showed a significant enhancement
of the performance of the reaction in contrast to the batch
synthesis. For justify that, they calculated the specific reactor

N02 N
Step 1 Step 2 Step 3 AN
N
| Il L]
Yields (%)

Catalyst 0 T Ml
Rutile 72 2 7
Anatase 49 44 4
Aeroxide P25 21 13 31
Mesoporous anatase 32 44 3

_Mixture anatase + rutile 48 47 5

conversion  of
UVA

Scheme 31 Results for the photocatalytic
m-nitrotoluene in EtOH using TiO, photocatalysts under
irradiation (1 > 320 nm).
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performance for the batch system and the continuous flow
reactor. They evaluated the performance using as a reaction
model the synthesis of 2-(4-chlorophenyl)pyridine, starting
from 4-chlorobenzenediazonium salt with pyridine. For the
flow synthesis, the performance was estimated to be around
6000 higher than the used batch system.®”

Another example of flow photocatalysis involves the aero-
bic synthesis of disulfides using TiO, as a photocatalyst
(Scheme 33).°” The photocatalyst was loaded into a packed
bed type-reactor together with glass beads and irradiated with
visible light using white LEDs. Interestingly, the presence of
TMEDA induced the agglomeration of TiO, nanoparticles
thus avoiding the leaching of the particles and subsequent
clogging of the capillaries. The use of continuous-flow
resulted in a substantial rate acceleration compared to batch
(hours to minutes). Moreover, the photocatalyst could be
reused and recycled in both batch (10 consecutive times) and
flow (28 h) and the reactions could be carried out at full con-
version without appreciable deactivation of the catalyst.
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Scheme 32 C-H arylation of heteroarenes photocatalyzed by TiO, immobilized in a continuous flow reactor. (a) FFMR reaction plate with TiO,
immobilized in 32 microchannels; (b) SEM image of TiO, surface in the microchannels; (c) set up of the reaction (Fig. 32a-c: reprinted from ref. 96

published by the Royal Society of Chemistry).
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/

3 min - 86% in yield

Scheme 33 Synthesis of disulfides photocatalyzed by TiO,/TMEDA in flow under visible light irradiation. (a) Selected example; (b) schematic view
of the packed bed reactor; (c) picture of the packed bed reactor (Fig. 33b and c: reprinted from ref. 97 Copyright (2016), with permission from

John Wiley and Sons).

The synthesis of r-pipecolinic acid from t-lysine was
achieved by a photocatalytic process using TiO,/Pt nano-
particles supported on the channel walls in a Pyrex micro-
reactor (Scheme 34).°® The reaction mixture was irradiated
with a high-pressure mercury lamp with UV transmitting fil-
ter (110 mW cm™?) to obtain the desired product in 52 sec-

5210 | Catal. Sci. Technol., 2019, 9, 5186-5232

onds of residence time (14% yield, 50% ee). Despite the simi-
lar yield and enantioselectivity compared to batch, the
conversion rate in the microreactor was 70 times larger.
Kappe et al. developed a scalable continuous-flow process
to prepare TiO, nanocrystals (NCs). Monodisperse TiO, NCs
with a rod or spherical shape in various, tunable sizes were

This journal is © The Royal Society of Chemistry 2019
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Scheme 34 Synthesis of L-pipecolinic acid photocatalyzed by Pt/TiO,. (a) Pt/TiO,-modified microchannel chip and; (b) cross-sectional SEM im-
ages of the channel (Fig. 34a and b: reprinted from ref. 98 Copyright (2005), with permission from Elsevier).

synthesized. Their photocatalytic activity was investigated in
flow using as a model reaction the tandem addition-cycliza-
tion reaction of  N,N-dimethylaniline and N,N-
methylmaleimide under ultraviolet irradiation (Scheme 35).°
The best result was achieved using spherical TiO, NCs (91%
in yield) with 0.5 mL min™" flow rate for 5 hours. It should be
noted that TiO, was used as a colloidal suspension.

: o 0o -
; HeC-CHa TiO, NCs HaCsy ;
. _ -
: + | N—-CHj —_— > N=CHz .
: CH20|2 :
\ o) A =365 nm e} .

UV-transparent
PFA-coil

The transmission, as well as the uniform distribution of
photons in the design of a photoreactor, are crucial factors to
carry out an effective photocatalytic process.”*” An interesting
approach, based on internal illumination, was developed by
Bloh and co-workers for the photo-reduction of nitrobenzene
to aniline in isopropanol using TiO,.'® For that aim, they
integrated the heterogeneous photocatalyst into light emitter

365 nm UV-LED
Labino® Torch Light

Scheme 35 Tandem addition-cyclization reaction photocatalyzed by TiO, NCs in a continuous-flow photoreactor setup (figure reprinted from

ref. 99 Copyright (2013), with permission from Springer Nature).
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units by embedded wireless light emitters (WLEs), previously
coated with a cyclic olefin polymer, with a multilayer SiO,/
TiO, (Scheme 36). The photocatalytic spheres powered wire-
lessly by inductive coupling demonstrated high photonic effi-
ciency (26%), reusability and maintain free mobility within
the reaction media.

Finally, the combination of enzymes and photocatalysts to
perform photo-biocatalysis is a highly valuable approach for
the sustainable synthesis of relevant organic compounds.
The integration of photocatalysts, such as organic dyes, quan-
tum dots or MOS into photo-biocatalysis has shown high po-
tential when light-insensitive enzymes are present. In this re-
gard, the widespread applications of TiO, as a photocatalyst
were also demonstrated in biocatalysis. Recently, very impor-
tant contributions were reported in this topic and we encour-
age the readers to check them (Table 1)."*!

3.2. Bismuth(m)-Based semiconductors

Although Bi is ranked as the 69th most abundant element in
the earth's crust, a large amount of Bi is obtained each year
as a side product in the refining other metals, such as cop-
per, lead, tin, and tungsten. The estimated world reserves ex-
ceed 320000 tons. Therefore, bismuth and its derivatives are
quite inexpensive.

Bismuth-Based semiconductors, such as BiO(X) (X = Cl, Br
and I), Bi,MOs (M = Cr, Mo, W), BiVO, and Bi,O3, have been
widely applied in several areas such as photocatalytic water split-
ting and photocatalytic decontamination of wastewater and
air."> More recently, Bi semiconductors have emerged as a very
promising alternative to promote photocatalytic processes in or-
ganic synthesis, including oxidations, C-C and C-X bond forma-
tion, etc. The hybridization of 6s Bi and 2p O orbitals at the top
of the valence band allows for a narrow band gap (generally E,
< 3.0 eV) and also helps to increase the mobility of the photo-
generated charge carriers. Their excellent electronic properties,
in combination with their low toxicity, makes them good candi-
dates to carry out organic reactions driven by visible light.

View Article Online
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3.2.1. Bismuth oxide. Bismuth(m) oxide is an important
MOS, mostly found in nature as the mineral bismite or
sphaerobismoite. However, it can also be achieved as a side
product of melting copper and lead ores. The narrow
bandgap (E, = 2.1 to 2.8 €V), which makes Bi,O; a visible
light-responsive compound, together with its high refractive
index, good photoconductivity and low toxicity makes this
MOS an attractive compound for applications in synthesis.
Although well-known in material science its application as a
photocatalyst was only reported for the first time by Wang
et al. in 2006."% They prepared Bi,O; nanocrystals via a
sonochemical approach and applied the photocatalyst in the
photodegradation of methyl orange under visible light
irradiation.

While the application of Bi,O; as a photocatalyst in or-
ganic synthesis is quite recent, valuable synthetic methodolo-
gies have been developed in recent years. Pericas et al. were
the pioneers in the use of Bi,O; as a photocatalyst to light in-
duce an organic transformation. Inspired by previous work
on dual organo-photocatalysis,® they disclosed the use of
commercially available Bi,O; bulk or Bi,S; nanoparticles to
promote the visible light-enabled asymmetric a-alkylation of
aldehydes."®* Despite both semiconductors showing excellent
activities at low concentrations, Bi,O; was generally more ac-
tive in the photocatalytic process. The authors suggested that
this higher reactivity was due to the solubility of this MOS in
the reaction medium. Moreover, when bromomalonate was
used as an alkylated agent, the results obtained with the
above mentioned bismuth-based semiconductors showed
slightly higher enantioselectivity and were faster compared to
the Ru-based homogeneous system.® Analogous to the pro-
posed mechanism for homogeneous photocatalysis, the
photo-a-alkylation of aldehydes by MOS may involve the re-
duction of the a-bromocarbonyl compounds to generate the
alkyl radicals (I). These radicals react with the chiral enamine
leading to an a-amino radical (II) that delivers an electron to
the hole of the MOS closing the catalytic cycle (Scheme 37).
Based on the work of Melchiorre and co-workers,'?” Pericas

field coils

WLE

quartz frit
for
gas-supply

coated WIIEESZR S ,.‘ -

TiO, coated-WLEs
—_——
PrOH, t, N,

cyclic olefin polymer
Si0, ~ 200 nm

= ¢Tsoz~1um
\\.“_4__ UV-LED

receiving coil

Scheme 36 Photo-reduction of nitrobenzene using TiO,/SiO, supported onto WLEs. (a) Photograph and schematic view of the modified
photoreactor containing WLEs; (b) WLE; (c) coated-WLE and; (d) schematic view of WLE and coating. (Fig. 36a-d: reprinted from ref. 100 published

by the Royal Society of Chemistry).
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Table 1 Summary of the reactions photocatalyzed by TiO, described in this review
Reaction type Photocatalyst/modifications Irradiation Ref.
Oxidation of alcohols Dye-sensitized-TiO, Vis 31, 32
TiO,/LMCT Vis 33
rGO/TiO, Vis 45
Co-Ascorbic acid/TiO, Vis 50a
Oxidation of amines TiO, anatase uv 34
TiO,/LMCT Vis 35
TiO,(B)/anatase Vis 36
Pt/TiO, Vis 39
Oxidation of hydrocarbons TiO, uv 41
M@TiO, (M = Au, Pt, Ag) Vis 42
Co-Ascorbic acid/TiO, Vis 50a,b
rGO/TiO, uv 44
Other oxidations
Oxidation of benzyl ether Dye-sensitized-TiO, Vis 40
Oxidation of sulfides TiO,-LMCT Vis 49
C-C bond formation
Cross-coupling TiO, Vis 7, 60
Pt/TiO, UV/vis 53
Pd/TiO, UV/vis 51
M@TiO, (M = Rh, Pt, Au, Pd, Ag, Ni, Co) UV/vis 54
Decarboxylative alkylation TiO, UVA 56
Dye-sensitized-TiO, Vis 57
Arylation of unsaturated systems TiO, Vis 60, 96
PANI-g-C;N,-TiO, Vis 61, 62
Cyanation of amines DHMIQ-TIO, Vis 69
o-Alkylation of aldehydes TiO, Vis 124
[4 + 2] cycloaddition Pt@TiO, Vis 71
TiO,/LiClO,/CH;NO, Vis 73b
[2 + 2] cycloaddition Sm,0,@TiO, Vis 72
TiO,/LiClO,/CH;NO, Vis 73a
Dehalogenation-cyclization Pt@TiO, UVA/vis 70
C-O bond formation
o-Oxyamination of aldehydes TiO, uv 76
C-S bond formation
Thiol-ene TiO, Vis 83
Sulfoxidation of HCs TiO,-LMCT Vis 81
C-F bond formation
Decarboxylative fluorination TiO, Solar simulator 79
C-P bond formation
Phosphorylation of arenes Cu,O/TiO, Vis 84
Miscellaneous
ATRA TiO, Vis 91
Self-condensation of amines Pd/TiO, uv 86
CDC Co-Ascorbic acid/TiO, Vis 50c
TiO, Vis 131
Cyclization of tertiary anilines with maleimides TiO,/NiO Vis 64
TiO, uv 99
Synthesis of disulfides TiO,-LMCT Vis 97
Multicomponent reaction TiO, Vis 87
Synthesis of r-pipecolinic acid Pt/TiO, uv 98
Reduction of nitro aromatics rGO/TiO, uv 46
TiO, UVA 92
TiO,/WLEs UVA 100
CuAAc Cu0,/TiO, UVA 148
Biocatalysis TiO, Vis 101

et al. also proposed a secondary competitive cycle involving
the formation of an electron-donor-acceptor (EDA) complex

This journal is © The Royal Society of Chemistry 2019

which does not include the participation of any external
photocatalyst. However, based on control experiments, the
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authors claimed that the suggested semiconductor cycle
should be much faster than the EDA cycle since the latter in-
volves the coupling of two low-abundance radical species.
The versatility of bismuth oxide as a photocatalyst was
also proven in reactions involving a C-X bond formation. For
instance, Fadeyi et al. applied commercially available Bi,O3,
as a photocatalyst, and bromotrichloromethane (BrCCly), as a
single electron acceptor, to promote the formation of the
thiyl radical under visible light irradiation (25 W CFL).'*® The
corresponding thiol-ene adducts were obtained in high yields
(up to 96%) and displayed the expected anti-Markovnikov
regioselectivity. Moreover, they explored the application of
this methodology to late-stage diversification of biomolecules
and active pharmaceutical agents, such as S-acetyl protected
precursor to NCH-31 (A, potent antitumor agent) and the cy-
clic tetrapeptide (B, potent histone deacetylase inhibitor)
(Scheme 38). Similar to the mechanism proposed for TiO,,*
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the authors suggested that the photogenerated electrons in-
duce the reduction of the bromotrichloromethane leading to
the corresponding trichloromethyl radical. This radical read-
ily abstracts the thiol hydrogen atom producing the thiyl rad-
ical, which in turn initiates the radical-thiol process.

Pericas et al. tested the feasibility of Bi,O; to induce the
arylation of heteroarenes under visible light irradiation (23 W
CFL).'® A variety of heteroarenes, including pyridine, thio-
phene, furan and N-protected pyrrole, were engaged in this
transformation, furnishing the corresponding heterobiaryls
in moderate to excellent yields (32 to 97%). A reaction mecha-
nism involving the reduction of the diazonium salt by the
photogenerated electrons in the conduction band of the
Bi,0; leading to the aryl radical (I) were suggested. This aryl
radical (I) would then attack the heteroarene to afford radical
(II). Next, radical (II) is oxidized by the photogenerated holes
to yield the cation (III). In the last step, the deprotonation of
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Scheme 37 Asymmetric a-alkylation of aldehydes with a-bromocarbonyl compounds photocatalyzed by bismuth-based semiconductors under
visible light irradiation. (a) Selected scope for the a-alkylation of aldehydes and; (b) proposed reaction mechanism.
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Scheme 38 Thiol-ene reaction photoinitiated by Bi,Os. (a) Selected scope for the thiol-ene reaction and; (b) proposed reaction mechanism.

the cation furnishes the target arylated product (Scheme 39).
In a competitive pathway, a radical chain propagation mecha-
nism could be also involved.

Pericas et al. also demonstrated that the commercially
available Bi,O; semiconductor could be an efficient photo-
catalyst in the ATRA of bromoalkenes across double bonds
and triple bonds.'®” A variety of organobromides and olefins
were subjected to the reaction conditions yielding the desired
ATRA products in good to excellent yields (up to 91%). The
reaction worked particularly well when using dialkyl bromo-
malonate, as ATRA donor, and could be carried out using so-
lar light. Mechanistically, the authors suggested that both
radical-polar crossover and radical chain propagation routes
could be involved in the photocatalytic process. Therefore,
the  photogenerated  electron reduce the
organobromide compound forming the carbon-centered radi-
cal (I). This radical species is subsequently added to the dou-
ble bond of the olefin giving rise to radical (II). In a radical-
polar crossover pathway, radical (II) is oxidized by the holes
of the valence band of Bi,O; resulting in the formation of a
carbocation (III). This carbocation ultimately reacts with bro-

would

This journal is © The Royal Society of Chemistry 2019

mide forming the target ATRA product. Alternatively, radical
(II) could subtract a bromine atom from the starting material
leading directly to the desired product and regenerating the
radical (I) that continues the chain (Scheme 40).

Free radicals are well-known species able to induce a poly-
merization process. Typically the radical precursor is ther-
mally decomposed to yield the free-radical initiators. How-
ever, the poor control over chain length makes this approach
less efficient and selective for industrial applications. To
overcome this drawback, atom-transfer radical polymeriza-
tion (ATRP) or reversible addition fragmentation chain trans-
fer (RAFT) have been developed to generate uniform polymer
chain growth.’®® Generally, these polymerization methodolo-
gies make use of stoichiometric amounts of transition metals
and high reaction temperatures, hindering their application
in industry. Recently, the introduction of light enabled new
modes of reactivity, such as single electron transfer (PET)
processes.'” Light activation is also an attractive alternative
for the existing classical methods offering a low-cost, eco-
friendly and energy-efficient approach to initiate
polymerizations.
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Scheme 39 Proposed reaction mechanism for o-arylation of heteroarenes photocatalyzed by Bi,Os.

Miillner et al. demonstrated that Bi,O; can photo-induce
polymerizations (Scheme 41)."'° The synthesis of di-block co-
polymers with different activated monomers and narrow mo-
lecular weight distribution was achieved using very mild con-
ditions (room temperature, visible light irradiation).
Interestingly, the polymerization could be carried out in a
range of different solvents, including water. Moreover, the
photocatalytic protocol displayed excellent control over de-
generative chain transfer polymerizations, such as PET-
MADIX and PET-RAFT. The catalyst could be easily recycled
and reused for four cycles without a significant loss in cata-
lytic performance.

3.2.2. Bismuth oxide-based semiconductors. Bi,WO, be-
longs to the Aurivillius family of structurally related oxides
with general formula Bi,A,,1B, 03,3 (A = Sr, Ba, Pb, Bi, Na, K
and B = W, Ti, Nb, Ta, Mo, Fe). It is better known for its fer-
roelectric properties and is widely applied in electronic de-
vices. Its performance as a visible light photocatalyst has
been demonstrated in water splitting and photo-
decomposition of organic pollutants.*'* Although Bi,WOj of-
fers a favorable valence band edge position to promote oxida-

5216 | Catal Sci. Technol., 2019, 9, 5186-5232

tions, its potential as a photocatalyst to drive catalytic trans-
formations has been sparingly explored.

One of the first applications of Bi,WOg in photocatalysis
was presented by Xu et al in 2013.'** They reported a
chemoselective aerobic oxidation of glycerol to dihydroxyace-
tone (DHA) in water using flower-like Bi,WOg crystals irradi-
ated with visible light (1 > 420 nm). The most optimal result
yielded the target compound in 87% yield and in high selec-
tivity (91%), with glyceraldehyde being the main byproduct.
Moreover, the photocatalyst could be recycled and reused for
six consecutive cycles without significant loss in reactivity.
Based on control experiments, the high selectivity in the for-
mation of DHA could be explained by the absence of non-
selective 'OH radical species in the photocatalytic process
(the redox potential of the photogenerated holes in the va-
lence band of Bi,WO, are more negative than that of 'OH/
OH). Therefore, the proposed mechanism relies on the di-
rect oxidation of the adsorbed glycerol by the photogenerated
positive holes on the Bi,WOg valence band and subsequent
formation of the corresponding intermediate. The reaction
between the intermediate and oxygen, or activated oxygen

This journal is © The Royal Society of Chemistry 2019
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Scheme 41 PET-MADIX polymerization of vinyl acetate photocatalyzed by Bi,O3z under visible light irradiation.

(e.g. O,7), furnishes the desired DHA product (Scheme 42).
Inspired by these results, they extended the protocol to pro-
mote the oxidation of benzylic alcohols also under visible
light irradiation (1 = 420-760 nm).""?

3.2.3. BiVO,. Bismuth vanadate (BiVO,) is a wide band gap
semiconductor (E, = 2.4-2.5 eV) that presents several benefits
such as low-toxicity, high photostability and resistance to cor-
rosion. Since its first application as a photocatalyst for solar-
assisted water splitting,114 researchers in material science,
physical chemistry and chemistry have turned their attention

This journal is © The Royal Society of Chemistry 2019

to this MOS."" In addition, the position of its valence band
edge (near + 2.5 eV vs. NHE) makes this material a promising
candidate to promote oxidations of organic compounds.

The synergetic effect between MOS and metal complexes
can form highly efficient photocatalysts with a strong absorp-
tion in a broad spectral range. This type of photocatalysts has
received special attention in the last years, especially in the
photogeneration of H, and reduction of CO,.""® As an exam-
ple, Naya et al. demonstrated that monoclinic sheelite BiVO,
containing bis(acetylacetonate)copper(u) binuclear complexes

Catal. Sci. Technol., 2019, 9, 5186-5232 | 5217
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Scheme 42 Proposed mechanism for the oxidation of glycerol to DHA photocatalyzed by Bi,WOg under visible light.

(Cu(acac),/ms-BiVO,) on the surface constitute an efficient
electrocatalyst for the multi-electron reduction of O, under
visible-light irradiation, which shows high activity for the oxi-
dation of amines, imines and alcohols.""” They observed that
the addition of trimethylstearylammonium chloride (C,3TAC)
drastically enhanced the activity and selectivity of the
Cu(acac),/ms-BivO, towards the photooxidation of
benzylalcohol analogs to the corresponding benzaldehydes.
Although the reaction was highly dependent on the stirring
speed, the authors claimed that a C;3TAC monolayer was
eventually growing on the ms-BivVO, surface, thus forming an
adsorption bilayer or admicelle. This bilayer allowed for a
high concentration of substrates near the ms-BiVO, provok-
ing a good particle dispersity in water by electrostatic repul-
sion between surface charges.

Next, Li et al. prepared BiVO, crystals selectively doped in
the (010) and (110) facets using Pt as reduction cocatalyst and
MnO, as oxidation cocatalyst."'® They demonstrated that the
spatial separation of reduction and oxidation sites, avoided re-
combination and reversed reactions, improving conversions
and selectivities for the oxidation benzyl alcohols (Scheme 43).

Similarly, Li et al. reported the application of BiVO, to drive
the oxidation of amines.""® BiVO, crystals with more reactive
(040) and (110) facets, using a hydrothermal procedure, were pre-
pared. The photocatalytic activity of the crystals towards the oxi-
dation of a variety of benzylic primary and secondary amines
was investigated using visible light irradiation (xenon lamp, 4 >
420 nm) and oxygen as the oxidant. The developed approach
gave the corresponding target imines in high yields and selectiv-
ities (up to 99%), even when the sterically hindered N-t-butyl
benzylamine was used (92% in yield and selectivity). BivO, could
be separated from the reaction media by filtration and could be
reused (seven cycles) without significant activity loss. Regarding
the mechanism, it was suggested that the photooxidation with
BiVO, may have a different pathway than with TiO,. In TiO,
photooxidation catalysis, the formation of the amide, via the
adsorbed amine, is a pre-requisite in the photocatalytic process.
However, based on kinetic experiments, the photogenerated
electrons in the CB of BiVO, reduce dioxygen, forming activated
oxygen species. At the same time, the amine is oxidized by the
holes in the VB to form the carbocation radical intermediate. Re-
moval of the protons yield the corresponding imine (Scheme 44).

Toluene, H,0, O,
500 W Hg-Xenon lamp
(A > 420 nm)

Scheme 43 Oxidation of benzylic alcohol to benzaldehyde photocatalyzed by BiVO,4 under visible light. (a) SEM images of BiVO, crystals after
selective deposition of Pt and MnO, on {010} and {110} facets and; (b) schematic mechanism (Fig. 43a: reprinted from ref. 118 Copyright (2018),

with permission from the Royal Society of Chemistry).
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Scheme 44 Proposed mechanism for the oxidation of amines into imines photocatalyzed by BiVO, under visible light.

Barlett et al. compared the reactivity of CuWO, and BiVO,
powders in the photooxidation of benzylamine under visible light
irradiation (blue LED, /. = 460 nm)."*® Despite the fact that
both showed near quantitative yields and high selectivity for the
formation of the N-benzylidenebenzylamine (98 to 99% in
yields), it was observed that BiVO, catalyzed the reaction at about
twice the rate (0.34 h™ g™ for CuWO, and 0.70 h™" ¢™* for BiVO,).
They asserted that the differences in the electronic structures of
the employed photocatalysts might explain the difference in
CuWO, and BiVO, reaction rates. More specifically, BivO, showed
a larger absorption coefficient due to a direct band transition,
which is 0.2 eV greater than the indirect electronic bandgap.

3.2.4. Bismuth oxyhalides. Bismuth oxychloride (BiOCI)
possesses a wide band gap (E, ~ 3.4 €V) and is the most com-

mon and representative compound of the bismuth oxyhalides
family (general formula Bi;0,,X,). It is a highly active photo-
catalyst for the degradation of dyes, water splitting, CO, re-
duction, N, fixation and also organic transformations."*'

One elegant example of the application of BiOCl as a
photocatalyst for light-driven organic transformations was
reported by Li et al. After using BiVO, as the photocatalyst for
the oxidation of amines,"*® the authors exploited the potential
of BiOCl to carry out the same transformation (Scheme 45).
The importance of the structure of the MOS on its photocata-
Iytic activity was shown using ultrathin graphene-like BiOCl
nanosheets (BiOCl C-UTNSs)."”*> The unique layered structure
enables the recombination of the photogenerated charge car-
riers and reduces their surface trapping. Moreover, this

CH3CN, O3 (1 atm), rt
300 W Xenon lamp
(A > 420 nm)

Y
Py
;/
£
Y

s S A< S A<
saalicaalies

97% conv. 93% conv. 92% conv.

sealicanlicans

90% conv.

92% conv.

99% conv.

Scheme 45 Oxidation of benzylamines to imines photocatalyzed by BiOCI-UTNSs under visible light. (a) TEM images of BiOCI-UTNSs and; (b) se-

lected scope (Fig. 45a: reprinted from ref. 122 published by the Royal Society of Chemistry).
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Scheme 46 o-Alkylation of octanal with organobromides using PbBiO,Br.

behavior explains the intriguing visible light response (in con-
trast to the bulk material which is ultraviolet responsive). This
is due to the abundant presence of oxygen vacancies in the
nanosheets, which create a new impurity band between the
VB and CB thus efficiently reducing the energy gap.'*

Regarding oxybromides, Konig et al. applied perovskite-
like semiconductors, PbBiO,Br, as the photocatalyst. This cat-
alyst was combined with chiral imidazolidinone under visible
light irradiation (high-power LED, 3 W, LUXEOM) to promote
the asymmetric a-alkylation of aldehydes.'> The starting
octanal was alkylated with organobromo derivatives leading
to the corresponding chiral alkylated aldehydes in good
yields and enantioselectivities (Scheme 46).

Su et al. described the selective photooxidation of primary
alcohols to aldehydes in air using Bi,4O3,Br;o(OH); as a
photocatalyst."*> The photocatalyst was prepared using a
microwave-assisted method with Bi(NO;);-5H,0 as a salt pre-
cursor in an alkaline aqueous solution. The microstructure
analysis revealed that the material was highly porous which
favors the diffusion of bulky alcohols to the active sites. Un-
der visible light (LED, 1 = 450 nm), a series of primary, sec-
ondary and aromatic alcohols were successfully oxidized to
the corresponding aldehydes or ketones in excellent conver-
sions and selectivities (up to 99%). Notably, the quantum ef-
ficiency for the photooxidation of isopropanol was reported

R = -(C=0)Ph, 65% in yield and 96% ee

R = 2,4-(NO,),-CgH3, 72% in yield and 77% ee

to be high (71% and 55% at 410 and 450 nm, respectively)
(Scheme 47). In this study, it was also observed that aromatic
alcohols reacted faster than their aliphatic counterparts. This
could be attributed to the presence of conjugated systems
leading to a stronger adsorption onto the surface of the
photocatalyst. Based on spectroscopic and spectrometric
analysis, they proposed that the surface basic sites and active
lattice oxygen (O;) on the photocatalyst have a pivotal role in
the dehydrogenation of the alcohols. This favors the oxida-
tion process even in the absence of oxygen. Hence,
Bi,,03,Bryo(OH); first promotes the dehydrogenation of the
alcohol, leading to the absorption of hydrogen on the photo-
catalyst.">® Then, the O, species of the photocatalyst is in-
volved in the oxidation yielding the formation of water, alde-
hydes and oxygen vacancies. These vacancies can be restored
in the presence of oxidants (O, or benzoquinone) (Table 2).

3.3. ZnO

ZnO is a white powder mostly obtained from metallurgical
processes based on the roasting of zinc ore. However, in Na-
ture, it can occur as a rare mineral named zincite. Due to its
low toxicity and favorable medicinal properties, ZnO is widely
used in domestic care products and food factory, such as
baby cream, sunscreen, calamine lotion, oral care products,

L _ q
E N Biz4031Bryo(OH); L oo
i R7OH == B
; CH4CN, air, rt :
5 LED :
: (A =450 nm) :
®) A © Ny g o
= n
1 €
i > 05~-08V 84% 81% n=2t08, > 99%
% of” ) 02/'02
¢ - ROH/R=0 0 CHO R Conv. (%)
L
) /ho H 97
ME7-190v 22?21\; 200
95% R 4.0Me

Scheme 47 Oxidation of alcohols photocatalyzed by Bi»4O31Brio(OH)s under visible light irradiation. (a) TEM image and (b) band positions of the
Bi>4031Br10(OH)s sample. The redox potentials of O, and isopropanol are also shown as references and; (c) scope for the reaction (Fig. 47a and b:
reprinted from ref. 125 Copyright (2019), with permission from John Wiley and Sons).
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food additive, etc."®” As a semiconductor, it is widely applied
in electronic and photonic devices and used for environmen-
tal photocatalysis.'*® Despite its apparent advantages, the use
of ZnO as a photocatalyst to drive organic transformations is
less investigated. This is mainly due to the fact that ZnO has
a low visible light response (E, ~ 3.4 eV, 2 ~ 380 nm) and
also displays fast charge recombination, limiting the overall
photocatalytic efficiency. However, similarly to TiO,, ZnO can
be doped (e.g. sensitizers, metals, etc.) or tuned, allowing to
extend its absorption from the UV to the visible light region
and to decrease the charge recombination rate."”®

Inspired by the work of Zhao on the use of dyes to sensi-
tize TiO,,*' Robinson et al. used ZnO for the photooxidation
of organic molecules. The photocatalytic system was com-
posed of an alizarin (Ar) sensitized-ZnO/AgNO;/TEMPO and
was able to promote the aerobic oxidation of alcohols under
visible light irradiation (1 > 450 nm)."*° The versatility of the
protocol was demonstrated in the oxidation of a variety of
benzylic alcohols and cinnamyl alcohol leading the corre-
sponding aldehydes in high yields (82-99%). Remarkably, the
photooxidation of more challenging secondary alcohols such
as 1-phenyl ethanol gave rise to acetophenone in good yield
(67%) after 2 hours reaction time. However, the photocata-
lytic system proved to be sluggish in the photooxidation of
cyclohexanol (12% yield). The authors claimed that the pres-
ence of AgNO; had a dual rule in the photocatalytic process:
(i) preventing the detachment of the dye and; (ii) increasing
the power of the photooxidation system by its high electron
acceptance capacity.

Another interesting example on the use of ZnO as a photo-
catalyst was reported by Rueping et al."*' The photooxidation
of tertiary amines to form highly reactive iminium ions inter-
mediates was possible with this photocatalyst. The iminium
intermediates can be subsequently trapped with various nu-
cleophiles leading to the formation of C-C and
C-heteroatoms coupled products. This includes oxidative aza-

View Article Online

Mini review

Henry, Mannich, cyanation reactions as well as
phosphonylation of amines. Although ZnO showed interest-
ing photocatalytic activity toward cross dehydrogenative cou-
pling reactions, lower conversions or even decomposition of
the starting material were typically observed compared to
TiO,. Nevertheless, ZnO showed higher photoactivity in the
phosphonylation of tetrahydroisoquinolines yielding the
amino-phosphonate adducts in moderate to excellent yields
(40 to 96%) (Scheme 48). In addition, both ZnO and TiO,
could be recycled by simple centrifugation and could be
reused in consecutive cycles without apparent loss in reactiv-
ity and selectivity.

More recently, Hosseini-Sarvari and Bazyar reported the
photocatalytic activity of Pd nanoparticles-supported onto
ZnO semiconductors (Pd/ZnO). This catalyst system could
light promote cross-coupling reactions, such as Suzuki-
Miyaura, Hiyama and Buchwald-Hartwig reactions as well as
carbonylation of aryl halides using visible light irradiation
(11 W lamp)."*> Moreover, the photocatalyst showed good
chemical and photostability. The authors surmised that the
intriguing visible-light response of the nanocomposite could
be ascribed to the SPR effect of the Pd nanoparticles due to
the interaction of the conduction band with the incident pho-
tons on the surface of the ZnO. Also, in the proposed mecha-
nism for the carbonylation, they suggested that Pd(0) nano-
particles could favor the oxidative addition (Scheme 49).

Yagci and co-workers applied ZnO nanoparticles to the
atom transfer radical polymerization (ATRP) of methyl acry-
late (MMA)."** Two different systems, composed either of
ZnO or Fe-doped ZnO/CuBr,/N,N,N',N",N"-penta-
methyldiethylenetriamine (PMDETA), were used to furnish
the corresponding polymers under UV light (1 > 350 nm)
using a-bromoisobutyrate as a radical initiator. Moreover, the
growth of the polymer chains could be tuned by controlling
the irradiation time. Regarding the mechanism, the authors
suggested that the reduction of Cu(u)/PMDETA to Cu(i)/

Table 2 Summary of the reactions photocatalyzed by bismuth-based semiconductors described in this review

Reaction type Photocatalyst/modifications Irradiation Ref.

Oxidation of alcohols Bi,WOq Vis 112,113
Cu(acac),/ms-BivVO, Vis 117b
Pt/MnO,/BiVO, Vis 118
Bi403:Br;4(OH); Vis 125

Oxidation of amines BivVO, Vis 119, 120
BiOCl Vis 122
Cu(acac),/ms-BivO, Vis 117a

Oxidation of imines Cu(acac),/ms-BiVO, Vis 117a

C-C bond formation

Arylation of unsaturated systems Bi,O3 Vis 106

o-Alkylation of aldehydes Bi,0; Vis 104
PbBiO,Br Vis 124

C-S bond formation

Thiol-ene Bi,03 Vis 105

Miscellaneous

ATRA Bi,0; Vis 107

Polymerization Bi,O; Vis 110
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Scheme 48 Phosphonylation of tetrahydroisoquinoline photocatalyzed by ZnO under visible light irradiation.

PMETA by ecg of ZnO could activate the alkyl bromide initia-
tor. Based on these results, they also reported the application
of ZnO or Fe-doped ZnO, as photocatalysts, to promote the
aerobic free-radical polymerization of vinyl monomers in
both aqueous and organic media under UV irradiation (350
nm).l34

The same authors described the application of homemade
ZnO nanoparticles in the presence of CuCl, and PMDETA to
promote the copper-catalyzed azide-alkyne -cycloaddition
(CuAAQ) reaction in acetonitrile under visible light irradia-
tion (1 = 400-500 nm)."** A range of aromatic and aliphatic
azides and alkynes compounds were subjected to the photo-
catalytic protocol giving the corresponding adducts in moder-

ate to excellent yields (up to 98%) (Scheme 50). Remarkably,
in control experiments, both the absence of light or ZnO
inhibited the reaction and only traces of the final product
were observed.

3.4. Nb,Os

Niobium pentoxide (Nb,Os) is another wide band gap semi-
conductor (E, =~ 3.4 eV) with a conduction band formed by
empty Nb®>* 4d orbitals."*® Due to its remarkable acidic prop-
erties, its chemical and thermal stability and low toxicity,
Nb,Os is widely used as a solid acid catalyst to drive impor-
tant organic transformations."®” Nb,Os, as a photocatalyst, is

: Cl OMe Pd/ZnO 1) OMe :
Q AN ZnO (4 equiv.) _ Q
: N * e, CHACN:H,O (2:1 V), 1t K 5
: 11 W lamp blue LED
E PhO (©) PhO (0] E
E 40% in yield :
Photocatalytic pathway
- ZnO Pd nanoparticles
0, - .
e (o HOO
Visible
Q=" [reapmreaero light
-+
EtNCHCH, |
Et;N i
EtN=CHCH,
HOO' H,0,
§Hs
CHs —CH-NEt,
Ar—CH-N=Et,
Pd catalytic
H0 PA/ZnO  pathway
: ; .
| Ar=C-CH, * EGNH]

Scheme 49 Selected example and the proposed mechanism for the carbonylation of aryl iodides using tertiary amines photocatalyzed by Pd/ZnO

under visible light irradiation.
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Scheme 50 Selected scope for the visible-light-induced CUAAC photocatalyzed by ZnO under visible light irradiation.

widely applied in gas sensing and energy storage as well as in
degradation of organic pollutants."*® It can also be used as a
dopant of other semiconductors to form heterojunctions (e.g.
Nb,O5/TiO,, g-C3N,/Nb,0O5, Nb,O5/Bi,WO,)."*° These hetero-
junctions show a better photocatalytic activity than the iso-
lated systems by decreasing the electron-hole recombination
rate. Although the application of Nb,O; to drive photocata-
lytic organic processes is not common, few examples have
been already reported. As an example, Tanaka et al. contrib-

uted to demonstrate the feasibility of Nb,O5 to promote the
photooxidation of alcohols using molecular oxygen and
solvent-free conditions.'*® They suggested that the photooxi-
dation of alcohols over Nb,O; follows a different reaction
pathway than observed with TiO,. They proposed that the ad-
sorption of the alcohol onto the Nb,O; surface as an
alcoholate species is the rate-determining step. Thus, this
intermediate would transfer an electron to the conduction
band of the MOS under appropriate irradiation, leading to its

; )O\H NB,Os or Cu/Nb,05 JOL ;
< B 0, (1 atm) R R |
: hv > 300 nm up to 99% in conversions :
R_R
—Nb>*—0—Nb>**—0— T
1120, OH
e
Nb*  Np**—0— H Q
P —Nb%*—0 NbZ+—0—
PRR
: \ﬂ/ - hv
1.0
R.__R

H,0

Scheme 51 Proposed mechanism for the oxidation of alcohols photocatalyzed by Nb,Os.
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reduction to Nb*" and to the formation of a hole on the
alcoholate. Then, the alkenyl radical is dehydrogenated to
form the carbonyl compound. Re-oxidation of Nb*" to Nb>*
happens with molecular oxygen (Scheme 51). To further im-
prove the photocatalytic activity of Nb,Os, they doped its sur-
face with small amounts of copper. As a result, they could en-
hance significantly the conversions by increasing the
desorption rate of the formed carbonyl compounds."*' En-
couraged by the results, the authors also used Nb,Os to im-
prove the photocatalytic activity of TiO, for the photooxida-
tion of alcohols.'®® The amount of Nb,Os loaded onto the
surface of TiO, has a strong impact on the selectivity of the
reaction and the photocatalytic activity of the composite. The
enhancement of the selectivity can be attributed to the inhi-
bition of ozonide ion (O3 ) formation, by surface coverage of
TiO, with Nb,Os. This avoids further oxidation of the car-
bonyl compounds to carbon dioxide.

Another remarkable example of the combination of Nb,O5
and TiO, was reported by Li et al.'** The photocatalytic activ-
ity of the Nb,O5/TiO, heterojunction was successfully demon-
strated in the photocatalytic oxidation of primary and sec-
ondary aromatic alcohols as well as in the photocatalytic
reforming of methanol. The conversions obtained with the
heterojunction were higher than with pure TiO, or Nb,Os. Re-
garding the mechanism, upon ultraviolet irradiation (200 W,
320-780 nm), electron-hole pairs are generated. Due to the
difference of the valence band edges of the semiconductors
(2.81 eV for TiO, and 2.75 eV for Nb,O;), the photogenerated
electrons in the conduction band of Nb,O5 can be transferred
to the CB of TiO,. Simultaneously, the photogenerated holes
can move from the TiO, to the Nb,Os. Therefore, the hetero-
junction has a dual role: Nb,Os acts as an oxidant and TiO,
as the reducing agent in the photocatalytic process
(Scheme 52).

Another photochemical transformation with Nb,Os as a
photocatalyst is the aerobic oxidation of amines to imines. A
range of primary, secondary, cyclic and benzylic amine deriv-
atives were converted into the corresponding imines gener-
ally with high conversions and selectivities under UV irradia-
tion (1 > 300 nm)."** Although primary benzylamines were
converted into the corresponding imines with high yields
and selectivities, the oxidation of primary alkyl amines or
more sterically hindered amines, such as N-phenyl- or N-tert-
butyl benzylamines, led to the corresponding imines in mod-
erated selectivity (61%) or in low conversions (up to 30%)
(Scheme 53). The reaction was also carried out using visible
light irradiation (1 > 390 nm), even though lower conversions
were observed (up to 30%). A complete mechanistic study
was reported using a combination of experimental tech-
niques and theoretical calculations."*® Similar to the reaction
pathways for the photooxidation of alcohols catalyzed by
Nb,Os, the rate-determining step is the adsorption of the
amine onto the MOS surface.

Yoon et al reported the formation of CT complexes
through adsorption of polycyclic hydrocarbons onto the sur-
face of Ti0,."*® Inspired by these findings, Tanaka et al. de-
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scribed the photooxidation of aromatic hydrocarbons into
carbonyl compounds using Nb,Os under visible light irradia-
tion (Hg-Xe lamp with cutoff filter, 2 > 390 nm).""” A vacuum
heat treatment of Nb,O; enhanced the photocatalytic activity
of the system by favoring the LMCT between the semiconduc-
tor surface and small aromatic hydrocarbons adsorbed onto
its surface. Similar to other LMCT-based photocatalytic sys-
tems, the mechanism is based on the reduction of oxygen by
the electrons injected in the CB of the Nb,O;. These reduced
radical species are next able to dissociate the benzylic C-H
bond to form the benzylic radical and ‘OOH. The oxidation
of the benzylic radical, by O,, gives rise the benzylperoxy radi-
cals which further decompose in benzaldehyde (Scheme 54).

Scaiano et al. reported the use of TiO, and Nb,Os semi-
conductors doped with CuO, nanostructures to carry out aer-
obic copper-catalyzed azide-alkyne cycloaddition reactions
under UVA irradiation."*® The authors claimed that the CuO
decorated onto the surface of the MOS trap the electrons,
thus decreasing the electron-hole recombination and yield-
ing Cu(1). They argued that the presence of an amine in the
system is required to act as a hole scavenger hindering the
oxidation of Cu(i). Both semiconductors showed excellent ver-
satility with a great variety of substituted alkynes and azides
leading to 1,4-disubstituted-1,2,3-triazole derivatives in moder-
ate to excellent yields (up to 99%). Also, both catalysts
showed good stability and could be reused in four consecu-
tive runs.

3.5. WO,

Tungsten trioxide (WO;) is a stable and non-toxic semicon-
ductor with a narrow band gap (E, ~ 2.8 €V), which can ab-
sorb light up to 480 nm. A large variety of applications of this
semiconductor have been reported, including solar cells com-
ponents, gas sensors and water splitting."*® For these

TiO,

Scheme 52 Schematic diagram of Nb,Os/TiO, heterojunction and
relative CB and VB structure and charge-transfer of the photo-
generated electrons and holes.
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Scheme 53 Selected scope for the oxidation of amines photocatalyzed by Nb,Os.

reasons, it is an excellent candidate for applications in visible
light photocatalysis. However, WO; exhibits a relatively posi-
tive conduction band (e.g., +0.5 V vs. NHE for WOj;) that
limits its capacity to reduce O,, thus hindering its application
in the oxidation of organic compounds by light. Moreover, it
displays a rapid recombination of the photogenerated
charges, limiting further its application in photocatalysis.
The improvement of its photocatalytic activity can be
achieved by loading its surface with metals."*® This allows to
construct catalytic materials which are able to promote the
multi-electron reduction of O,.

Abe et al. reported the oxidation of benzene to phenol by
using Pt loaded onto WO, as a visible light photocatalyst."
The authors observed that the system composed by Pt/WO;
showed higher selectivity for the phenol production (74% of
selectivity) when compared with platinized or bare TiO,. It
was hypothesized that the high selectivity is due to the pres-
ence of the platinum co-catalyst, which favors the two-
electron reduction of 0,.'°* This results in the formation of
mainly H,O, and thus avoids the formation of stronger oxi-
dizing radical species, such as ‘O,” and 'HO,. The formed
H,O0, can be rapidly decomposed in water and oxygen, conse-
quently, having an insignificant effect on the oxidation path-
way (Scheme 55). Moreover, since benzene and phenol show
less affinity with the WO; surface than with the TiO, surface,

Nb,Os Toluene

HOMO |

MO &
iiIIIIIIFOFﬂEL E

the photogenerated holes on WO; mainly react with H,O to
form 'OH radical species, which subsequently react with ben-
zene to produce selectively phenol.

Next, Abe et al. expanded the approach for the photoox-
idation of 2-propanol to acetone using WO; loaded with
palladium oxide (PdO,/WO;).">* This photocatalytic system
demonstrated higher selectivity under UV-visible light irra-
diation (300 W Xe lamp, 300 < A < 500 nm) compared to
other photocatalysts, such as Pt/WO;, Pd/TiO, or Pt/TiO,.
Similar to the case of Pt-loaded WO;, the role of the PdO,
on the photocatalytic composite was to promote the highly
selective two-electron reduction of O, to form H,O,. Next,
it reacts with the holes generated in PdO,/WO; system,
suppressing the overoxidation of the formed acetone. More-
over, the higher selectivity observed in PdO,/WO; seems to
be related to the photogenerated holes in WO;. Due to the
low affinity of the WO; surface with the starting material
and acetone, the photogenerated holes engage preferen-
tially with water molecules generating ‘'OH radical species
that react specifically with alcohols to produce acetone
(Scheme 56).

Wang et al. developed an efficient photocatalytic system
for the oxidation of benzyl alcohol to benzaldehydes replac-
ing the use of noble metals as a doping agent by fluor anion.
The as-prepared fluorinated-mesoporous WO; (Fm-WO;)

H H 0-0 o
*O0OH 1

—_— :

I ]

—_— :

-H0, Oy :

Scheme 54 Proposed mechanism for the visible light photooxidation of aromatic hydrocarbons via LMCT on the surface of Nb,Os.

This journal is © The Royal Society of Chemistry 2019
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Scheme 55 Proposed mechanism for phenol production from benzene photocatalyzed by Pt/WOs.

showed good conversion (>57%) and excellent selectivity (>99%)
towards the photooxidation of benzyl alcohol to benzaldehyde.
The effect of fluorination in the MOS included the enhancement
of the adsorption of the benzyl alcohol on Fm-WO; surface
through H-F bond formation triggering an efficient photocatalytic
process. Moreover, its large surface area, furnish more active sites
for O, absorption which benefit efficient multi-electron reduction
of 0, to H,0, and, therefore, its photocatalytic activity.'>*

The creation of defect states in MOS, such as oxygen va-
cancies, by defect engineering, can have a significant impact
on its electronic structure, ionic/electronic conductivity and
catalytic activity. Regarding the creation of oxygen vacancies,
such defects can modify the bulk material changing the inter-
actions of the catalyst with the substrates enhancing the per-
formance of the MOS." For instance, Xiong and co-workers
demonstrated that the creation of oxygen vacancies in WO;
nanosheets led to numerous coordinatively unsaturated sites
on its surface for oxygen activation.'”® As a proof of concept,

the as-formed MOS was used as a photocatalyst to promote
the aerobic coupling of amines into imines under visible
light. The photocatalytic system showed high efficiency, en-
hancing the kinetic rate six times compared to defect-
deficient WO;. Moreover, its high stability was demonstrated
in recycling-reuse experiments. They asserted that the oxygen
chemisorption, favored at the defect sites, yielded the forma-
tion of superoxide radicals in a chemisorbed state (O;"). In
a subsequent step, these radical species could react with the
amines adsorbed at the neighboring sites (Table 3).

4. Outlook

In recent years, the application of heterogeneous metal oxide
semiconductors (MOS) in photocatalytic organic synthesis
has gained considerable traction as a viable alternative for
the use of homogeneous transition metal-based complexes
and organic dyes. The most attractive features of MOS

OH
PdO,/WO,

)oi PO, /WO, )cl)\
H,0, air 069, i

300 W Xenon lamp o conversion ;

(300 < % < 500 nm) 80% selectivity

Scheme 56 Proposed mechanism for the oxidation of 2-propanol into acetone photocatalyzed by PdO,/WOs.
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Table 3 Summary of the reactions photocatalyzed by Nb,Os, ZnO or WO3 semiconductors described in this review

Reaction type Photocatalyst/modifications Irradiation Ref.

Oxidation of alcohols Dye-sensitized-ZnO Vis 130
Nb,05/TiO, uv 142, 143
Nb,O5 uv 140
Cu/Nb,O5 uv 141
PdO,/WO, Vis 153
Fm-WO, Vis 154

Oxidation of amines Nb,O5 UV/vis 144, 145

Oxidation of hydrocarbons Nb,Os/LMCT Vis 147
Pt/WO, Vis 152

C-C bond formation

Cross-coupling Pd/ZnO Vis 132a,b

C-N bond formation

Cross-coupling Pd/ZnO Vis 132a

C-P bond formation

Phosphonylation ZnO Vis 131

Miscellaneous

CuAAC ZnO Vis 135
Cu0,/Nb,05 Vis 148

CDC ZnO Vis 131

Polymerization ZnO or Fe/ZnO uv 133, 134

Condensation of amines WO, Vis 156

photocatalysts are their heterogeneous nature, abundance,
low cost, low toxicity, and unique and tunable electronic and
optical properties. Moreover, most MOS catalysts display also
a high chemical and thermal stability, which enables their
use even under aggressive reaction conditions.

Despite those apparent advantages, there are still some
considerable challenges which hamper their use in all poten-
tial photocatalytic transformations. These hurdles for further
implementation of MOS include (i) the - sometimes - low
chemical selectivity, which is mostly associated with the
photogeneration of high-energetic holes in wide bandgap
semiconductors; (ii) the limited capacity of visible light ab-
sorption due to their wide bandgap; (iii) the charge-carrier
and fast charge recombination which may also hinder their
photon-efficiency and; (iv) the non-ideal band edge poten-
tials. Considerable research efforts should be devoted to
these specific aspects to increase the application potential of
MOS photocatalysis in organic synthesis. Given the interdisci-
plinarity of the application of MOS photocatalysis, collabora-
tive efforts between, amongst others, organic chemists, catal-
ysis experts and material scientists will be required to solve
these important challenges.

Concerning the band edge potentials, MOS possess va-
lence band edges with sufficiently high potentials to oxidize
most of the organic molecules. However, the energy of their
conduction bands is frequently lower than the HOMO of
these molecules. The latter aspect may hamper MOS-based
photocatalytic processes involving reduction pathways.

Finally, recent advances in continuous-flow processes have
allowed the use of heterogeneous reagents and catalysts, even
in microchannels. Despite this progress, the application of
MOS in flow is still rare. However, the combination of an im-

This journal is © The Royal Society of Chemistry 2019

proved irradiation of the MOS photocatalyst in flow together
with increased mass transfer characteristics should allow for
more selective and faster photochemical processes. Hence,
we do expect that more flow applications will be reported in
due course.
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