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The future development of chemistry entails environmentally friendly and energy sustainable alternatives
for organic transformations. Visible light photocatalysis can address these challenges, as reflected by
recent intensive scientific endeavours to this end. This review covers state-of-the-art accomplishments
in visible-light-induced selective organic transformations by heterogeneous photocatalysis. The
discussion comprises three sections based on the photocatalyst type: metal oxides such as TiO,, Nb,Osg
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DOI: 10.1039/c3cs60188a

www.rsc.org/csr

environmental impact associated with chemical industries.
Sunlight, being an abundant and easily available energy
resource, possesses great potential in driving environmentally
benign organic transformations.” The introduction of light
would shift the apparent thermodynamic equilibrium of redox
reactions to favour room temperature chemical synthesis, as
well as avoid thermally induced side reactions. Photochemical
reactions have also been commonly used as key steps in the
synthesis of complicated molecules.” However, low wavelength
ultraviolet (UV) light is usually required to drive these reactions,

Introduction

One of the challenges in chemistry is the development of
renewable energy based processes, to diminish the detrimental
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and can only be introduced using special reaction vessels. In
addition, photochemical reactions typically afford low selectivity
of the desired products. To bypass these drawbacks, research has
graduated from photochemical to photocatalytic reactions,
which can be carried out under milder conditions to obtain
higher product selectivity. To this end, a plethora of selective
organic transformations on a semiconductor photocatalyst have
been developed, which can be performed in common glass
reactors.® Nevertheless, the photocatalyst can only be directly
excited by UV irradiation in order to facilitate most of these
transformations. The selectivity for the desired product also
remains unsatisfactory, due to the involvement of free radical
intermediates in UV-induced chemical reactions. This issue is
especially acute when attempting selective oxidation of organic
compounds with molecular oxygen (O,). O, can be easily
attached to free radical intermediates, thus leading to uncon-
trolled autooxidation products. Not only that the UV-induced
hole (h,,") is highly oxidative but also can hence generate a
variety of oxygen species to induce the formation of undesired
products. Both reasons lead to low selectivity of the desired
product.

Due to the aforementioned problems, organic transforma-
tions by visible light photocatalysis are favoured in order to
facilitate higher selectivity. This also allows for a more efficient
utilization of sunlight, which is mostly composed of visible
light. However, there exist very few visible light photocatalysts
suitable for selective organic transformations. Fortunately,
recent discoveries have demonstrated that highly selective
redox reactions under visible light irradiation are achievable,
with the provision of an appropriate photocatalyst and the right
reaction conditions.

Ruthenium or iridium metal complexes and metal free
organic dyes have been the subject of recent comprehensive
reviews, being excellent homogeneous photocatalysts for a
series of organic transformations under mild visible light
irradiation.”* Due to the length limit of this review, these
topics will not be covered here, and readers are recommended
to refer to the aforementioned reviews for a more in-depth
understanding. Herein, the main focus will be on the recent
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development of the visible-light-induced selective organic
transformations by heterogeneous photocatalysis. It is intended
that a balanced point of view be provided by analysing the
different approaches to improve selectivity through visible light
photocatalysis. The commonalities and dissimilarities of these
approaches will be comprehensively covered, serving as a ready-
to-use guide for further research on innovative organic transfor-
mations under visible light irradiation. This review has been
divided into three sections according to photocatalyst type: metal
oxide photocatalysts, plasmonic photocatalysts and polymeric
graphitic carbon nitride. Each section guides the readers
through a series of reactions from the most common to the
more niche, while enumerating their reaction conditions and
unique features. A discussion will also be provided on the
importance of combining the aforementioned photocatalysts
with Pd catalysis or organocatalysts, in order to overcome the
current limitations of photocatalysis and devise more creative
visible-light-induced organic transformations.

Metal oxide photocatalysts

TiO,, Nb,Os and ZnO are typical large band gap metal oxide
semiconductors, which are efficient photocatalysts under UV
irradiation. The photocatalytic activity of these metal oxides
is usually associated with non-selective free radical reaction
processes. Hence, they are widely used for the photodegrada-
tion of organic pollutants in water, i.e. mediating the total
destruction of these pollutants to CO, and H,O with O, under
UV irradiation. Despite the low selectivity of metal oxides in
water, the selective oxidation of alcohols and amines on rutile
TiO, and Degussa P25 TiO, under UV irradiation have been
successfully achieved.>® However, for the majority of organic
transformations by heterogeneous photocatalysis, the deployment
of organic solvent and visible light irradiation can significantly
improve product selectivity. Thus, it is more appealing to use
visible light photocatalysis for organic transformations. Surface
complexes, formed by the interaction of TiO, with colourless
molecules containing the carboxyl group, such as ethylenedi-
aminetetraacetic acid” and trans-ferulic acid,® or phenolic hydroxyl
group, such as fullerol,” could initiate photocatalytic reaction for
their own degradation or other redox reactions under visible
light irradiation. Arguably, interfacing chemical reactions with
commercially available metal oxides is a more convenient route
to achieve selective organic transformation under visible light
irradiation. Among them, by weak bonding such as surface
complexation of substrates, metal oxides could straightforwardly
serve as the platform for visible-light-induced organic reactions.
The reaction processes on metal oxides under visible light
irradiation are detailed in Scheme 1. Typically, the excitation of
an electron from the valence band (VB) to the conduction band
(CB) of a semiconductor metal oxide can only be accomplished
with UV irradiation due to its large band gap. The heteroatom
(X =0, S or N) containing substrates are also unable to absorb
visible light directly. However, the heteroatom substrates can
easily adsorb onto the surface of metal oxides via weak
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Metal oxide

Scheme 1 Surface complexation heteroatoms (X = O, N or S) on metal
(Ti, Nb or Zn) oxide for visible-light-induced reactions.

coordination and create new electron donor level above the VB
of metal oxide from the 2p orbital of O and N or 2p orbital of S,
leading to weak visible light absorbance. As heteroatoms are
electron rich atoms which can be easily activated, the electron
from the heteroatoms will be smoothly injected into the CB of
metal oxide under visible light irradiation, and ultimately
transferred to O, or other electron acceptors. The positive
charge (h") localized at the heteroatoms can either induce
the activation of the adjacent C-H bond and its subsequent
functionalization (in the case of O and N) or the direct functio-
nalization of the heteroatoms (in the case of S) by O, or
nucleophiles. Such reactions are of great importance as het-
eroatom containing molecules are important starting materials
for the synthesis of bioactive compounds. This mode of activa-
tion enables high selectivity even with O, as the terminal
oxidant, which is challenging to execute under UV irradiation.
In summary, the interaction between metal oxide and heteroatom
containing substrates could induce visible light absorbance and
consequent activation of the substrates, wherein O, could either be
directly incorporated into the product for oxofunctionalization or
simply act as the electron acceptor.

R_(j/\OH TiO,, blue LEDs ol ~r">0
= CH4CN, O, (1 atm) LA
1 2 1

R=H, pCH30, pCHj3, pCl, pCF3, pNO,, 0CH30, {Bu, conv.=89%,
select.=99%; R=pOH, conv.=85%, select.=23%

Nb,Os, 500 W Hg lamp H i*

+
CsHy SOH 323K, >390 nm, O, (1atm) CHg” O CuHg™ ~O (2)
3 4 5

Along this line, the oxidation of alcohols 1 to corresponding
carbonyl compounds 2 with O, on anatase TiO, was achieved
under visible light irradiation (eqn (1))."® The O-atoms can
weaken the adjacent benzylic C-H bond and facilitate substrate
adsorption on TiO,. Thus benzyl alcohol and its derivatives are
very suitable organic substrates for this mode of visible-light-
induced activation. Under blue light-emitting diodes (LEDs)
irradiation, the selective oxidation of benzyl alcohols with O,
could be successfully realized on anatase TiO, in CH;CN.
Excellent conversions and selectivities were achieved for a
series of substituted benzyl alcohols except when the substitu-
ent is —OH. This is because the substituted OH group provides
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extra coordination sites for interacting with TiO,, consequently
leading to the destruction of the phenyl ring. Replacing the
benzylic C-H with C-D and subjecting the substrates to kinetic
studies, a high kinetic isotope effect (KIE) value of 4.2 was
obtained, suggesting that the activation of benzylic C-H is the
rate determining step for the overall photocatalytic cycle. This
indicates that interaction of the —OH groups with the surface of
anatase TiO, plays a central role in defining the visible-light-
induced selective oxidation of benzyl alcohols to corresponding
aldehydes."' Apart from anatase TiO,, rutile TiO, nanorods
have also been used for the aerobic oxidation of benzyl alcohols
to benzaldehydes, yielding a high selectivity of 99% under
visible light irradiation."”

As this mode of visible-light-induced reaction utilizes only
the CB of TiO, for organic transformations, large band gap
semiconductors with a CB position similar to TiO, can also be
applied to this type of reaction scheme. Other metal oxide
semiconductors such as Nb,Os; can also serve as a choice
platform for visible-light-induced redox reactions. Under solvent
free conditions, Nb,Os acts as an efficient photocatalyst for the
aerobic oxidation of alcohols.'® The mechanism of the oxidation
of alcohols has been investigated using Fourier transform infra-
red spectroscopy, electron spin resonance (ESR) and kinetic
studies. Although Nb,Os; cannot absorb visible light of wave-
lengths >390 nm, the aerobic oxidation of 1-pentanol 3 into their
corresponding carbonyl compounds 4 and 5 (eqn (2)) is able to
proceed under up to 480 nm visible light irradiation, due to the
interaction between 1-pentanol 3 and Nb,Os.

2R ©/\NH2 - ©/§N/\© R
A 6 B: Nb,Os, >390 nm, CgHg, O2 (A 7 F (3)

A: R=H, pCHj3,p- tBu, pCH30, pF, pCl, conv.=78~95%, select.=88~94%;
B: R=H, pCH30, pCHj, pCl, pCF3, mCH30, oCH30, conv.=12~30%, select.=94~97%

A: TiO,, >420 nm, CH5CN, O,

R=|
R=|
TiO,, >420 nm,

N
R—‘\ N [ \_R 300W Xelamp_ NS0 R_,\ N | \_R
 ~ Z CHiCN, O, S+ RS P (4)
8 2 7

R=pCHj3, p-tBu, pCH30, conv.=44~81%, select.(aldehyde)=17~31%, select.(imine)=40~65%
Nb,Os, >390 nm, 500 W Hg lamp

N R \N .R'
o o
9 CeHg, O2 10 (5)

R'=PhCH,, Ph, i-C3Hy, tBu, conv.=2.5~47%, select.=70~91%

The photocatalytic aerobic oxidation of benzyl amines 6
on Degussa P25 TiO, has been recently reported for highly
selective formation of corresponding imines 7 under UV irra-
diation.™ According to the criteria stated in Scheme 1, benzyl
amines are suitable substrates for selective oxidation under
visible light irradiation on TiO,. High surface area anatase TiO,
or Nb,Os are both desirable photocatalysts as they offer more
coordination sites for amines. This enables the selective for-
mation of imines 7 from primary amines 6 to be successfully
achieved under visible light irradiation and CH;CN or benzene
solvent (eqn (3))."'® Since the benzylic C-H bond adjacent to an
N-atom is weaker than that adjacent to an O-atom, atmospheric O,
can also be directly used as the oxidant for the selective oxidation
of amines. Primary benzylic amines have been selectively oxidized
to corresponding imines with moderate to good selectivities on
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TiO,. Moderate selectivities for imines were achieved from the
aromatic rings containing heteroatoms such as N, O or
S. Significant amounts of aldehydes were produced for the
oxidation of secondary benzyl amines 8 on TiO, under visible
light irradiation (eqn (4))."® When Nb,Os was used as the
photocatalyst for visible light reaction, the reported substrate
conversions were relatively low compared to that of TiO,, but
the selectivity was higher. It should be mentioned that the
selectivity of imines 10 are even higher when secondary amines
9 are used as substrates (eqn (5))."® However small amounts of
corresponding aldehydes were also detected using Nb,Os as the
photocatalyst.

Another interesting phenomenon to note is that the oxida-
tive dehydrogenation of 1,2,3,4-tetrahydroquinoline 11 on TiO,
afforded 3,4-dihydro-quinoline 12 with a good yield and iso-
quinoline 13 under visible light irradiation (eqn (6))."> This
category of substrates are famous for their versatility in weaving
new C-C bonds with suitable nucleophiles.

©© TiO,, >420 nm, 300 W Xe lamp (I) (jA/?
NH CH4CN, O, 2N 2N

1 12 yield=68% 13

TiO,, CH3NO; (10 equiv. )

| /_R fluorescent lamp —R (7)
14

C,HsOH, 11 W
15 NOz

R'=H, R=H, pCHg, pC,Hs, pCH30 , pF, pBr, oCHj3, yield=61~93%
TiO,, KCN(1.2 equiv.)

. . CO
\O R C,H50H, 11 Wfluorescent \O (8)
F lamp, CH3CO,H (5 equiv.)

R=H, pC,Hs;, pCH30, pF, pBr, mCH;,O, yleld =79~99%

Besides incorporating O, into the activated substrates or
carrying out dehydrogenation reactions, other nucleophiles
have also been incorporated into the activated substrates
adjacent to N-atom, enabling even more complicated functio-
nalization under visible light irradiation on Degussa P25 TiO,.
This demonstrates that the surface of TiO, can act as a platform
for more versatile and selective organic transformations. New
C-C bonds were successfully constructed under the mild visible
light irradiation of an 11 W fluorescent lamp.'” Both CH;NO,
(eqn (7)) and KCN (eqn (8)) were able to replace O, as the
nucleophile, facilitating the formation of different C-C bonds
to afford 15 and 16 for tetrahydroisoquinoline derivatives 14 in
good to excellent yields.

o)
(:()‘l " ZnO (1 equiv.) N
+C,Hs0”
\@R 2Hs Oé_‘Hs C,HsOH, 11 W \©R
Z P 2
0% 0C;H;

fluorescent lamp
14 17 OCzHs

R=H, pCHy, pC,Hs, pCH30 , pF, pBr, oCHj, yield=40~96%.

©)

The surface of ZnO, which possesses a similar CB edge
to that of TiO, and Nb,Os, can also act as a platform for
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visible-light-induced organic transformations. This has been
employed to functionalize the sp®> C-H adjacent to N-atoms in
tetrahydroisoquinoline derivatives 14 with diethyl phosphonate
to 17 under visible light irradiation (eqn (9))."”

TiOy, >400 nm

NN 1120, 4 SO, - S0sH
18 150 W Xe lamp, 19 yield=3.5 mmol L"'h!
CHyCO,H
(10)
0O,SH
TiOy, 400 nm
+ —
1120, +S0; 150 W Xe lamp, (11)
CHyCO,H
20 21 yield=40%

The C-H bonds of alkanes are more stable than those
adjacent to heteroatoms. Even worse, without the existence of
heteroatoms, the interaction between substrate (alkane 18 or
20) and TiO, will be much weaker. As a result, the direct
oxygenation of alkanes with O, is impossible under visible
light irradiation. By interacting with a reactant containing the
heteroatom S, i.e. SO, with anatase TiO,, a surface complex will
be generated. With this surface complex formed in situ as the
visible light photocatalyst, the inert sp> C-H bond of the
primary position (eqn (10)), secondary position (cyclohexane)
and tertiary position (eqn (11)) can all be converted to value-
added sulfoxidation chemicals in the presence of O,.'®* When
exposed to wavelength / > 400 nm visible light irradiation of a
150 W Xe lamp, the electron transfer from SO, to TiO, can
induce the activation of C-H of alkanes. The resultant alkane
free radicals will then react with O, and SO, to produce the
sulfoxidation products (19 or 21).

(0}
n-C7H15\/\ +H,0, TiOp, >440 nm, 500 W Xe lamp_ 1 C7H15\/<] +H,0
CH3;CN/C3H,CN
22 23 yield=52%

(12)

The epoxidation of alkene is a reaction of industrial impor-
tance. However, akin to alkanes, alkenes lack the suitable
coordination sites present in heteroatom substrates. Therefore,
the weak adsorbed alkene substrates are unable to interact with
TiO, directly to induce visible light absorbance and the ensuing
activity. Thus this oxidation reaction cannot use O, as the
oxidant under visible light irradiation. This hurdle was circum-
vented by the deployment of H,O, as the terminal oxidant. The
visible light active surface complex was formed through the
interplay between H,0, and TiO,. Early in 2001, the epoxida-
tion of 1-decene 22 to epoxide 23 with H,0, was reportedly
carried out on a rutile TiO, photocatalyst, in the presence of
mixed solvents of acetonitrile and butyronitrile when exposed
to 1 > 440 nm irradiation from a 500 W Xe lamp (eqn (12))."°
The formation of Ti-n>-peroxide species on the surface of rutile
TiO, upon treatment with the oxidant, H,O,, accounts for the
observed visible light photocatalytic activity. The epoxidation of
1-decene 22 with O, can be carried out on both anatase and
rutile TiO,. However, 4 > 340 nm UV light irradiation was

This journal is © The Royal Society of Chemistry 2014
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required for direct excitation of the TiO, photocatalyst rather
than the surface complex.

(o]
NbBA or NbMBA , 318 K, >400 nm
R1g "o, "R Q)LR "o
4 500 W halogen lamp, BTF 1
Z 24 9 P & 25
R=H, Ry=H, 0-CH3, m-CHa, p-CHs. NbBA, conv.=10~19%, select.=70~100%;

NbMBA, conv.=15~21%, select.=66~89%;
R=CHj, Ry=H, NbBA, conv.=23%, select. =95%; NbMBA, conv.=23%, select.=96%.

(13)

Grafting organic substrates on the surface of niobium
hydroxide is another effective method for the preparation of
visible light active photocatalysts. The niobium hydroxide
grafted with benzyl alcohol (NbBA) or 4-methoxybenzyl alcohol
(NbMBA) could be an efficient visible light photocatalyst for the
challenging reaction of aromatic alkane oxidation by O, in
benzotrifluoride (BTF) (eqn (13)).>° This is prepared by the
reaction between niobium chloride and anhydrous benzyl
alcohol or 4-methoxybenzyl alcohol under solvent thermal
conditions. The afforded photocatalyst can render high conver-
sions of the substrates 24 and high selectivity for corresponding
aldehydes or ketones 25. This phenomenon can also be
observed for titanate grafted with benzyl alcohol, though with
lower activity compared to that of NbBA and NbMBA.

There is a plethora of examples regarding visible-light-
induced selective organic transformations on the surface of
commercially available metal oxides. However, the reaction is
initiated by the excitation of the adsorbed reactant; as a result,
the scope of substrates able to undergo such transformations
on metal oxides is limited. The challenging activation of a sp>
C-H bond in a benzene ring is beyond the capacity of this
methodology. In order to accommodate a broader range of
organic substrates, one should seek effective photocatalysts
which can be directly excited under visible light irradiation.
The utilization of the surface plasmon resonance (SPR) effect of
nanostructured Au, Ag and Cu paves a delicate pathway towards
this goal, which will be elaborated in the following section.

Plasmonic photocatalysts

SPR is the collective oscillation of electrons in a solid or liquid,
which is stimulated when the frequency of the incident light
photons matches the natural frequency of surface electrons
oscillating against the restoring force of positive nuclei. The
SPR effect in nanostructured materials is known as localized
SPR. The absorbance spectra surface plasmon bands of Au, Ag,
and Cu spherical nanoparticles (NPs) display maxima at ~ 530,
~400, and ~ 580 nm respectively, which is within the range of
visible light. As a result, the localized SPR effect of Au, Ag and
Cu NPs may potentially manipulate chemical conversions
under visible light irradiation.> The SPR effect of NPs was first
examined for the potential photocatalysis of the unselective
degradation of organic species in 2008, using Au or Ag NPs
supported on ZrO, or AgCl under visible light irradiation.****
This marks the entry of plasmonic photocatalysts into the
domain of selective redox transformations under visible light

This journal is © The Royal Society of Chemistry 2014
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SP state

Visible light

uBl/

Scheme 2 Surface plasmonic metal (Au, Ag or Cu) NPs for visible light
induced reactions.

Au, Ag, Cu NPs

irradiation. Although free standing plasmonic NPs are capable
of catalyzing the organic transformation under visible light
irradiation, their stability suffers under the photocatalytic con-
ditions. Therefore, for realistic application, most plasmonic
photocatalysts are supported on metal oxides.

Reducible metal oxides like CeO, or inert supports like ZrO,,
Al,O; or SiO, have been reported to enable good performance
for plasmonic NPs. In particular, the most popular metal oxide
support of choice is TiO,. The CB of TiO, can assist the electron
transfer to an electron acceptor such as O,, which is beneficial
for efficient selective aerobic oxidation. The visible-light-induced
organic transformation with O, by plasmonic photocatalysts
is rationalized in Scheme 2. Under visible light irradiation,
electrons below the Fermi level (Eg) of the plasmonic NPs will
be excited to the surface plasmon (SP) states, leaving positive
charges (h") below E; Since plasmonic NPs are commonly
supported on the surface of metal oxide, the SP state electrons
will be injected into the CB of the metal oxide, and ultimately
transferred to electron acceptors such as O,. Meanwhile, the left
h" would be quenched by the organic substrate to complete
the photocatalytic cycle. To comprehensively understand the
functionality of a plasmonic photocatalyst, both the properties
of plasmonic NPs and metal oxide support should be taken into
consideration. In addition to stabilizing plasmonic NPs and
shuttling electron transfer, the metal oxides also possess surface
acid-base properties, which can facilitate the formation of
product for the overall heterogeneous reaction processes. In
addition, metal oxide supported Au, Ag, and Cu NPs are excellent
heterogeneous catalysts for thermally induced redox conversions,
which can facilitate the progress of the plasmonic photocatalysis.

OH Q
N R Au/TiO,, sunlight d A R
R1+ + Oy R1T + Hy0z
A % 11.5 mW/er?, toulene Z 25 (14)

R=CHj, R'=H, pCH3, pCH30, yield=79~99%;
R=H, R'=H, pCH3, pCH30, pCl, yield=79~99%.

Au NPs of <5 nm diameter loaded at the interface of
anatase/rutile TiO, (i.e. Degussa P25) could serve as plasmonic
photocatalysts for the aerobic oxidation of alcohols in toluene
under the irradiation of natural sunlight (eqn (14)).>* Au/TiO,
could act as an efficient photocatalyst when exposed to
A > 450 nm visible light irradiation from a 2000 W Xe lamp.
Au/TiO, was prepared via the deposition-precipitation method
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from H4AuCl, and TiO,. Different TiO, samples were tested as
a support for Au NPs, from which Degussa P25 TiO, was
proven to deliver the best result. When exposed to sunlight,
Au/TiO, could prompt the high yield transformation of very
dilute alcohols 26 (2 pM) into aldehydes or ketones 25 in
toluene.

OH o
R“L A R Au/TiO,, >420 nm, 300 W Xe Iam[.L Rl B R
{ - —
2 2 H,0, C15TAC, O, (1 atm), (25 (15)

R=CHj, R'=H, yield=6.2%; R=H, R'=H, pOH, pCH30, pCl, yield=3.8~12.4%

Au/TiO, can also act as an efficient photocatalyst for the
selective oxidation of alcohol with O, in water under the visible
light irradiation of a 300 W Xe lamp (eqn (15)).>* The Au/TiO,
was prepared via the deposition-precipitation method from
H,AuCl, and TiO,. When the cationic surfactant trimethylsteryl-
ammonium chloride (C;4TAC) was added to the photocatalytic
system, the reaction rate was significantly enhanced by 3.3- to
5.7-fold. In a special case, a 29.6-fold increase of the reaction rate
could be achieved relative to the surfactant-free system. During
kinetic studies, a linear Hammett plot was obtained for the
substituted aromatic alcohols 1 to aldehydes 2. On the other
hand, Au/ZrO,, which is another photocatalyst based on an inert
support, showed no visible light photocatalytic activity as the CB
edge of ZrO, is too high, thus inhibiting the electron transfer
from Au nanoparticles to ZrO,.

7 OH Au/CeO, i X No
R » R
# 1 H0,530nmLEDs, O,(1atm) 2 2 (16)
R=H, oCH3, mCH3, mCl, pCHj, pCl, conv.=92~99%, select.=99%
/@/\OH Au/CeO, _ /@Ao
HoN H,0, 530 nm LEDs, O, (1 atm) HoN (17)
27 28 yield=99%

It has been reported that CeO,, a reducible metal oxide,
could replace the role of TiO, as the support for Au NPs. Au/
CeO, was prepared by photochemical deposition of H;AuCl, on
CeO, in the presence of citric acid as the reducing agent. The
maximum absorption of the obtained Au/CeO, is around
550 nm, which is in agreement with the SPR of Au NPs. When
exposed to 530 nm LED irradiation, aromatic alcohols 1 can be
selectively transformed into corresponding aldehydes 2 with O,
in water without the assistance of a surfactant (eqn (16)).>® The
external surface area of Au NPs plays a crucial role in defining
the activity of the photocatalyst. Increasing the average Au
particle size to >30 nm affords a very active visible light
plasmonic photocatalyst. Au/CeO, can also be prepared by the
multistep photodeposition method, which leads to larger Au
NPs than those prepared by the single-step method.>” Au/CeO,
can be used for the selective oxidation of 4-aminobenzyl alcohol
27 to 4-aminobenzaldehyde 28 despite the presence of amine
functional groups (eqn (17)). The reaction pathway was
hypothesized to involve an Au-H intermediate, and ESR has
recently been employed to investigate the details of such photo-
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induced Au-H reaction of Au/CeO, under UV and visible light
irradiation.”®

R R
OH +H,0, 15 nm Au NPs 0 +2H,0 18
530 nm LEDs, ( )
29 30

R=H, conv.=95.2%, R=CH3, conv.=66.3%

The free-standing Au NPs could themselves act as a photo-
catalyst for the oxidation of alcohols 29 to the corresponding
carbonyl compounds 30 with H,O, under 530 nm LED irradiation
(eqn (18)).%° Au NPs were prepared from H,AuCl, solution via the
photochemical method in the presence of benzophenone and a
surfactant, yielding a particle size of about 15 nm.

Au NPs alloyed with Pd on ZrO, (Au-Pd/zZr0,)*° or with Cu
on TiO, (Au-Cu/TiO,)*" can enhance the oxidation activity of
benzyl alcohols with O, exposed to visible light or sunlight
irradiation. For Au-Pd/ZrO,, the electronic heterogeneity and
the distribution of Pd sites at the Au NPs surface play key roles
in determining the photocatalytic activity whereas for Au-Cu/
TiO,, the oxidation and restoration of surface Cu® by surface
plasmon of Au NPs lead to improvement in electron transfer
and prompt the overall aerobic oxidation process.

A NH,

TR
F Visible Ilght O/\ /\O

6 (19)
Au/TiO,, >430 nm, R=H, pCH3;0 pCH3, pCl, conv.=0.7~4.5%, select.=99%;
Au-Pd/ZrO,, >400 nm, R=H, pCH30, pCHj3, Cl, yield=33~95%

.R' . X, .R'
©/\ N AuTiO,, >430 nm, 300 W Xe lamp OAN
1" Solvent free 12

R'= CHj, PhCHy, conv.=0.1, 0.3%, select.=99%

Au NPs with a maximum size of ~7 nm supported on
the surface of rutile TiO, or Au-Pd alloy supported on ZrO,
(Au-Pd/ZrO,) can function as plasmonic photocatalysts for the
selective oxidation of primary benzyl amines 6 to imines 7
under solvent free conditions or in CH;CN (eqn (19)).>%** The
aerobic oxidation of secondary benzyl amines 11 to imines 12
was also successful on Au/TiO, under visible light irradiation
(eqn (20)).>> A variety of binary or tertiary metal oxides including
TiO,, WO3, ZnO, In,0; and SrTiO; were tested as the supports,
with rutile TiO, providing the best results. The aforementioned
reactions were all carried out under solvent-free conditions with
high selectivity. It should be mentioned, however, that the
conversions achieved were very low (<5%).

Both aromatic and aliphatic amines are undeniably very
versatile starting substrates for the fabrication of pharmaceutically
important and structurally complicated molecules by visible light
plasmonic photocatalysis. Imines can also be produced by reacting
alkynes 31 with anilines 32 to hydroamination products 33 with Au
NPs supported on nitrogen doped TiO, (Au/TiO,-N), which serves
as the visible light plasmonic photocatalyst (eqn (21)).** TiO,
support delivers better results than other supports. The presence
of Ti** of TiO,, arising from nitrogen doping, provides more
coordination sites for the alkyne, thereby prompting a better
performance than that of pure TiO,. Through a similar reaction,
propargylamines 36 have been produced by a one-pot synthesis

AufTi |02 or Au-Pd/ZrO,
2 Ry

(20)
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procedure with the introduction of aldehyde 35 to the amine 34
and alkyne 31 mixture, on the catalyst Au/ZnO under 530 nm LEDs
irradiation (eqn (22)).** The high yields of propargylamines 36
result from the interaction of alkyne 31 with the ZnO support.
The use of plasmonic photocatalysts can also be employed to
manipulate the oxidative condensation of amine 37 with aldehyde
2 under visible light irradiation. Amide 38 was afforded in tetra-
hydrofuran (THF) by the oxidation of benzaldehyde 2 and morpho-
line 37 with H,0O, in the presence of a strong base KOH on Au NPs
supported on SiO, (Au/SiO,) exposed to 532 nm laser irradiation
(eqn (23)).*® Since the selective oxidation of alcohol to aldehyde
with H,0, is able to occur under the same photocatalytic reaction
conditions, the same amide can be afforded using benzyl alcohol as
the starting substrate.

R2

Au/TiOz-N, visible light N/©

_O_ +H2N—©- ! (21)
500 W halogen lamp, CH.
toluene 3
33
oonv.=55—90%, select.=91~99%
R
< > _) Au/ZnO, 530 nm LEDs P
A e - R2
Rzk R\/@ (22)
31,R=H 35 NS 36
ineld=50~95%
o
) "
[e] NH Au/SiOy, 532 nm laser N N
+ H0y 2 MBS +2H,0 23
O/\ K/o 22 KOH,THF RO)L (}) z (23)
2,R=H 38

Au alloyed with Pd nanostructures could harvest visible-to-
near-infrared light for Suzuki coupling of bromobenzenes 39
and aromatic boronic acids 40 to biphenyls 41 under the
irradiation of 809 nm laser (eqn (24)).>® The plasmonic Au
nanorods absorb visible light while the Pd shell acts as the
direct catalyst for the coupling reaction. The reaction efficiency
is dependent on the size of the Au-Pd nanorods, with
the smaller nanostructured Au-Pd nanorods delivering the
best performance. Suzuki coupling of iodobenzenes 42 and
aromatic boronic acids 40 to biphenyls 41 can also be achieved
on Au-Pd/ZrO, under visible light irradiation (eqn (25)).*°
It was similarly concluded that the conduction electron of
the SPR Au nanocrystals produces energetic electrons at the
surface Pd sites, thereby enhancing the intrinsic catalytic
activity of Pd in promoting the coupling reaction. Au-Pd
core-shell nanowheels also successfully photocatalyze the
Suzuki coupling reaction and oxidation of alcohols with organic
peroxides under Xe lamp light irradiation.?”

1
Au-Pd nanorods R,\’ N\ /7 X%

4 Br + (HO), B—O
=, 2 \ / NaOH, CTAB,H,0, 809 nm laser ‘= — (24)
39 40 41 yield=50~99%
Au-Pd/Zr0, b
Oz O e
>400 nm, 500 W halogen lamp —

40 KyCOj3, DMF: HO 41 yield=80~99%

Apart from Au, Ag and Cu NPs can also be used as visible
light plasmonic photocatalysts for selective epoxidation of
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ethane 42 to ethylene oxide 43 on Ag/a-Al,O; (eqn (26))
and epoxidation of propylene 44 to propylene oxide 45 on
Cu/SiO, (eqn (27)) with O,. Ag nanocubes of ~60 nm edge
length supported on o-Al,O; can be used for industrially
important processes, i.e. the selective oxidation of ethylene
to ethylene oxide.?® At 450 K, with the introduction of visible
light into the system, the steady-state oxidation rate shows a
4-fold increase relative to that driven by thermal energy only.
However, the enhancement rate as a function of temperature
decreases from 8-fold at lower temperatures to 3-fold at high
temperature without influencing the selectivity for ethylene
oxide 43. Kinetic studies using '*0, labelled oxygen showed
a large KIE value of 1.19 £ 0.01 for the photothermal
process. The linear dependence of the photo-induced
reaction on the light source intensity in addition to the large
KIE value indicates an energetic electron-assisted O,-
dissociation process. Cu NPs with an average size of 41 +
9 nm supported on the inert SiO, (Cu/SiO,) can tune the
selectivity for the light-driven epoxidation of propylene 44
(eqn (26)).*° The selectivity enhancement by Xe lamp irra-
diation is attributed to the localized SPR of Cu NPs which
weakens the Cu-O bond, thereby prompting the reduction of
Cu,O to Cu’.

H H o)
450 K, Ag/a-Al,03, O, H H
) - ( > XX 26
H H 250 mW cm2, Xe lamp H H ( )
42 43
H H 473K, CulSi0 0,  H_Q H
HgC: :H 550 MW om®, Xe lamp  HiC™ H (27)
44 45

The sp® C-H bond of benzene 46 is more stable than sp?
C-H bonds, which makes its hydroxylation more difficult.
Plasmonic photocatalysts are applicable to this type of reac-
tions under UV or visible light irradiation (eqn (28)). 3%
Au/TiO, was prepared by the reduction deposition of HAuCl,
on Degussa P25 TiO, with NaBH, in anhydrous ethanol. Under
simulated solar irradiation containing UV light, the aqueous
hydroxylation of benzene 46 was performed to afford phenol 47.
Under the oxidizing CO, atmosphere, a selectivity of 89% and
benzene conversion of 14% were achieved on Au/TiO,.*°
Visible-light-induced hydroxylation was also achievable with
nanostructured Au prepared under slightly different conditions.
Au nanodisk at the interlayer between layers of titanate could serve
as a visible light photocatalyst, and was prepared by the modifica-
tion of layered titanate with (3-mercaptopropyl)trimethoxysilane.
The thiol-modified layered titanate was first mixed with HAuCl,,
followed by reduction with NaBH,. Under visible light irradiation,
a remarkable selectivity of 96% for phenol was reported.*" It
should be mentioned that the addition of phenol in the photo-
catalytic system can enhance both the reaction rate and the
product selectivity. Besides the use of NaBH,, the reduction of
HAuCl, can also be conducted with ethanol under photochemical
conditions. Under UV irradiation in N, atmosphere and ethanol
solution, the TiO, will be reduced by ethanol, and upon adding
HAuCl, to the reaction system, Au NPs will be loaded in situ on
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TiO,. Pt and Ag NPs may also be loaded on TiO, via a similar
method. Such synthesized materials, especially Au/TiO,, are
effective visible light photocatalysts for the hydroxylation of

benzene 46 with O, in water.**
Photocatalyst
@ H,0, 300 W Xe lamp QOH
46 47
AU/TiO,, 1 solar light, CO, (2.3 atm), conv.=14%, select.=89%;

Auftitante, >420 nm, O, (1 atm), conv.=64%, select.=96%;
AU/TiO,, >400 nm, O,, conv.=69%, select.=91%;

(28)

As mentioned previously, Au/ZrO, is inactive for the
aerobic oxidation of alcohols under visible light irradiation.
However, a recent report details the selective reduction of
nitrobenzenes 48 into corresponding aromatic azo com-
pounds 50 on Au/ZrO, in 2-propanol 49 with KOH as the
additive under UV light irradiation in an Ar atmosphere
(eqn (29)).** Au/ZrO, was prepared by reduction deposition
of HAuCl, on ZrO, with NaBH, in the presence of lysine in
H,0. The resultant Au NPs was about 6 nm in size. It was quite
a remarkable finding that in addition to the aromatic azo
compounds and acetone 51, O, was concomitantly produced
as the co-product in the photocatalytic process. This may serve
as a model system to deepen our understanding of the oxida-
tion of water to O, during artificial photosynthesis driven by
plasmonic photocatalysts.

O)\

AU/ZrO,, KOH (0.1 M)
Incandescent light or UV

\©\R 51

X=2, R=H, Cl, CH3, CH30, conv.=58~100%, select.=56~99%;
X=1, R=H, conv.=100%, select.=95%

(29)

The overall redox process occurs on the surface of Au NPs
under the irradiation of UV-Vis light. Like in the oxidation of
alcohols, the surface Au-H plays a pivotal role in the photo-
catalytic reaction. The key step in the reduction process is the
breaking of N-O bonds by the surface Au-H species. Au-H
reacts with the N-O bonds, yielding HO-AuNP species which
subsequently decompose to yield O, and regenerate the H-Au
species. The electrophilic N-O bond cleavage is preferred
when energetic electrons are present in the environment, as
in the case of illuminated Au. As the CB edge of ZrO, is too
high for electron transfer to occur readily from Au NPs to
Zr0,, ZrO, is proposed to play no active redox role in the
photocatalytic process other than simply supporting the
Au NPs.

With Ag as an SPR photocatalyst, the nanoscale reaction
mechanism for the reduction of nitrobenzene 52 to azo
compound 53 was monitored with 633 nm laser Raman
spectroscopy using Ag coated AFM tips as the photocatalyst
under 532 nm laser irradiation (eqn (30)).** Detailed molecu-
lar reactions such as monolayer disorder and reactions on a
single catalytic site can be directly observed through this
method. In fact, Au/TiO, with Ag NPs as a co-catalyst is able
to photocatalyze the reduction of nitrobenzene 54 to
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aminobenzene 55 with 2-propanol under visible light irradia-
tion (eqn (31)).*°

S
NO, X
2 /@’ Ag AFM tip N (30)
HS 532 nm laser \©\
52 53 s
NO, Au/TiO,-Ag, 2-propanol NH; -
©/54 >480 nm, Xe lamp - 55 ( )

In summary, plasmonic photocatalysts play an essential role
in driving versatile selective organic transformations under
visible light irradiation. However, the success of these photo-
catalysts is negated by the fact that they are based on expensive
noble metals, such as Au and Ag. Typically, the effective usage
of the SPR effect for chemical reactions necessitates relatively
large NPs which make the nominal turnover number (TON) in
relation to Au, Ag atoms very small. From an economic per-
spective, earth-abundant materials or even metal free visible
light heterogeneous photocatalysts capable of more cost effec-
tive visible-light-induced organic transformations need to be
discovered. The recently reported polymeric graphitic carbon
nitride belongs to this family of inexpensive photocatalysts.

Polymeric graphitic carbon nitride

Polymeric graphitic carbon nitride (g-C;N,) is a graphene-like
layered material which comprises C, N and H impurities. g-
C;3N, possesses a band-gap in the medium range and high
structural stability under both thermal and photochemical
conditions. Due to these properties, g-C3N, can function as a
metal-free visible light photocatalyst for selective redox reac-
tions. Large surface areas of this polymer, such as in meso-
porous g-C3N, (mpg-C3;N,), are usually required to boost the
reactant to access the reactive photocatalytic sites, which is
beneficial for visible-light-induced redox reaction.

OH o
y N R mpg-C3Ny, 373 K, >420 nm - R
— R_
R'T 2 % 300 W Xe lamp, BTF, O, (8 atm) J 25 (32)

R=H, R'=H, pCH30, pCH3, pCl, pCOOCH;, conv.=57~100%, select.=90~99%;
R=CHjg, R'=H, conv.=77%, select=99%;

1 R2 mpg-C3N,, 373 K, O, (1 atmi

CH3;CN, visible light R2

Ry=H, 0CH3, mCH3;, oCH30, pCHj3, pCH30, pCl, pBr, pC,Hs, yield=67~73%

(33)

Both aromatic alcohols 26 and aliphatic alcohols can be
transformed into the corresponding aldehydes 25 with O, on
mpg-C;N, exposed to wavelengths 4 > 420 nm visible light
irradiation (eqn (32)).*® The mpg-C;N, used was prepared using
silica NPs as the template with a high mesopore surface area of
ca. 200 m*> g '. The high surface area could enhance the
accessibility for both alcohols and O,, which is the key to
success in many heterogeneous catalytic systems. A KIE value
of 3.3 has been obtained during kinetic studies, indicating that
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the activation of benzylic C-H is the rate determining
step. Both electron withdrawing and donating groups
enhance the reaction rate for the aerobic oxidation of alcohols,
which is strong evidence of a mechanism involving radicals.
The solvent plays a very important role in determining both the
reaction rate and the product selectivity, and BTF is the best
solvent among those tested for this visible light photocatalytic
system. The selective oxidation of o-hydroxy ketones 56 to
1,2-diketones 57 was also recently achieved on mpg-C;N, with
1 atm of O, in CH;CN (eqn (33)) under almost identical reaction
conditions.*”

N
B NH, mpg-C3N,, 353 K, >420 nm= R X N | \—R

2Ry N Z

Z ¢ 300 W Xe lamp, CH3CN, 7 (34)
O, (5 atm)
R=H, R=pCH3;, pCH30, pCF3, 0CH30, mCH30, conv.=72~99%, select.=90~99%;
NR mpg-CaNy, 353K, >420nm A SR

9 H 300 W Xe lamp, CH3CN, O, (5 atm) L Z 10 (35)

R'=PhCH,, conv.=70%, select.=80%; R'=Ph, conv.=46%,
select.=92%; R'=iPr, conv.=82%, select.=87%

The same mpg-C;N, was employed for the oxidation of
primary benzylic amines 6 (eqn (34)) and secondary benzylic
amines 9 (eqn (35)) to corresponding imines 7 or 10 with O, in
CH;CN under visible light irradiation.*® In addition to . >
420 nm visible light irradiation, a temperature of 353 K was
needed to assist the final product formation. Hammett plot
revealed a linear relationship of ¢ = —0.16, suggesting the
involvement of a cationic carbon intermediate in the reaction
process. Kinetic investigation demonstrated that a KIE value of
2.3 was obtained for the oxidation process, implying that the
activation of the benzylic C-H bond of amines was the rate
determining step.

mpg-C3Nj, O, (0.1 MPa)

. RIS
R NO, CH3CN, 60 W energy.
saving lamp

—_—
S+ Lot 69)

R'=H, R=pCHg, pC,Hs, pCH30 , pF, pBr, oCHj, yield=80~92%; 58
R'=CHj, C,Hs, R=H, pCH3, pCH30, yield=81~91%;

CO,Me MPG-C3Ny, O, (0.1 MPa)
N * ( CH4CN, 60 W energy- N
\GR CO,Me saving lamp \(}R (37)
Z F
14 MeO,C CO,Me

Rq=H, Ry=H, R=pCH3, pCH30, yield=65~92%; 59

One of the distinct advantages of photocatalytic systems is
that the reaction can be carried out at room temperature. In the
examples highlighted above, high temperatures were engaged
to perform the visible-light-induced reaction, which is a draw-
back of the mpg-C;N, photocatalyst. However, the selective
aerobic oxidation of organic substrates at room temperature
was recently reported with mpg-C;N, as a photocatalyst. mpg-
C;3N, was able to operate as a visible light photocatalyst, with-
out the assistance of an additional additive, for the functiona-
lization of benzylic C-H adjacent to N-atoms with a suitable
nucleophile, using 0.1 MPa of O, as the oxidant.*® Under the
visible light irradiation of a 60 W energy-saving lamp, a variety
of N-aryltetrahydroisoquinolines 14 could be connected with
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nitroalkanes (eqn (36)) and dimethyl malonate (eqn (37)) to
construct new C-C bonds.

9
s ) s
~ mpg-C3N,, IBA(2 equiv.) ~
R 0O, (1 atm), >420 nm, R 61 (3 8)
60 150 W Hg lamp, 298 K
R=NO,, F, Cl, Br, CHy, CH30, conv.=76~98%, select.=92~99%
N NH mpg-C3Ny, O, (5 atm) R®_<\X
R * NI) >420 nm, 300 W Xe =/ N
2!
lamp, 373 K
6,R=H 63 (39)

X 0, R=H, CHj3, Cl, conv.=70~99%, select.=69~75%;
X=NCHg, R=H, CHj3, Cl, conv.=97~99%, select.=91~98%;
X=8, R=H, CH30, Cl, conv.=91~97%, select.=92~97%

bl

When exposed to 4 > 420 nm visible light irradiation of a
150 W Hg lamp, the oxidation of sulphides 60 to sulfoxides 61
with O, can be achieved on CH;CN with high selectivity
(eqn (38)).>° The trick is to add 2 equiv. of the additive
isobutyraldehyde (IBA) as a free radical initiator to initiate the
free radical oxidation.

Molecular structures of greater complexity can be assembled
on mpg-C;N, under visible light irradiation. An example is
the use of mpg-C3;N, can be used for the synthesis of hetero-
cyclic compounds namely benzoxazoles, benzimidazoles, and
benzothiazole from benzylamine 6 and o-substituted amino-
aromatics 62, whereby an imine intermediate was involved in
the formation of products 63 (eqn (39)).*® 1t should be noted
that lowering the reaction temperature from 373 K to 353 K
will significantly reduce the formation of benzoxazoles, sug-
gesting the importance of temperature during the formation of
product.

O e

46

Fe-g-C3N4/SBA-15, >420 nm
300 W Xe lamp, CHCN, 333K

Ogorone
47

conv.=11.9%, TOF=14.84 h"!

(40)

2
<:\>_X (HO), B_ORZ PampgCiy R, fT
+ )2!
N\ 7/ K;COs CoHsOH: H,0 \— = (41)

390r42 40 150 W Xe lamp light
X=Br, yield=85-97%; X=, yield=3-98%

Like metal oxides, g-C;N, can also serve as the support
material for transition metals, the more challenging sp> C-H
activation of benzene (eqn (40)).>" It is interesting to note that
both the transition metal and g-C;N, play an active role in the
visible light induced hydroxylation of benzene with H,0,.
This means that the surface area will be a key factor in the
heterogeneous catalytic system. Fe-g-C3;N, can be supported
on ordered mesoporous silica SBA-15 to enhance reactant
accessibility, in order to achieve a better photocatalytic activity
than in the case of bulk g-C;N,. Pd NPs supported on mpg-C3N,
may prompt the Suzuki coupling reaction at room temperature,
in which mpg-C;N, acts as the photocatalyst whilst Pd acts as
the coupling catalyst (eqn (41)).>> However, this reaction was
driven by the direct irradiation from a 150 W Xe lamp which
contains UV light rather than visible light only.

To sum up, the metal-free heterogeneous photocatalyst,
g-C3N,, manifests itself as an economically viable alternative
for organic transformations under visible light irradiation,
which includes the selective aerobic oxidation of alcohols,
amines, etc. However, elevated temperature and high O, pressure
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were needed in these systems to achieve the desired conversions.
As stated previously, it would be ideal to use room temperature
and ambient O, pressure for visible-light-induced organic synth-
esis. As an alternative, organic dyes are showing promising
photocatalytic activity for selective organic transformations
under highly benign conditions. More remarkably, some inactive
organic dyes may be transformed to exhibit visible light activity
on the surface of metal oxides. Thus a fruitful strategy may be to
anchor organic dyes on the surface of heterogeneous catalysts to
accomplish the synergetic interplay between the organic dye and
metal oxide photocatalyst for creative chemical syntheses.

Dye sensitized heterogeneous
photocatalysis

From the aforementioned discussion, it can be concluded that
visible-light-induced organic transformation using heterogeneous
photocatalysts may be a viable alternative for the environmentally
friendly and energy sustainable conversion of industrially impor-
tant chemicals or the synthesis of delicate bioactive compounds.
This area of research may be further expanded to encompass future
applications of heterogeneous photocatalytic processes under visi-
ble light irradiation. Several lessons can be learnt from the progress
in this area of chemical research. Firstly, the dyes that are currently
being used successfully in the dye sensitized solar cells can be
incorporated directly into photocatalysts for enhancing the visible-
light-induced reaction efficiency. Secondly, the intrinsic limitation
of photocatalysis can be easily overcome through collaboration
with other areas of catalysis. For instance, the otherwise inacces-
sible enantioselective reactions can be achieved with the addition
of an enantioselective organocatalyst. Although heteroatom-
containing substrates such as alcohols, amines and sulfides can
undergo photocatalytic reactions under visible light irradiation, the
addition of organocatalysts may accelerate the reaction.

The detailed reaction scheme for the dye sensitized metal
oxide in combination with organocatalysis is illustrated in
Scheme 3. An organic dye can absorb visible light to generate
an excited state (dye*), which injects an electron into the CB of
the metal oxide semiconductor and ultimately transfers it to an
electron acceptor, for example O,, through the CB. Concur-
rently, the positive charge was left on the dye molecules to
produce Dye' free radicals, which can indirectly drive the
transformation of the substrate to the product via the catalytic
cycle of an organocatalyst. In this scenario, the visible light

0, Dye*

OC ox. substrate
Vjs. Dve+ X
D OC red. product

y

(o)%

Scheme 3 Dye sensitized photocatalysis in combination with organoca-
talysis. OC, organocatalyst; ox., oxidized; red., reduced; Vis., visible light.
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Fig. 1 Organic dyes suitable for anchoring on TiO,.

absorbance is not limited by substrate adsorption; superior
organic dyes serve as sensitizers to absorb visible light more
efficiently.

The presence of strong anchoring groups in the organic dyes
to form covalent bonding (Fig. 1) can ensure the heterogeneous
nature of the photocatalytic system. However, this is not the
precondition for this mode of activation. We have learnt that
some heteroatom substrates can be smoothly transformed into
desired products with the surface of metal oxide as the platform
under visible light irradiation. Meanwhile, organocatalysts
usually consist of heteroatoms. The substrate may first interact
with the organocatalyst to form an intermediate, the heteroa-
toms of which will interact with metal oxide in a manner
similar to that mentioned in the metal oxide section, leading
to the formation of the product under visible light irradiation.

A metal free organic dye such as Alizarin Red S (AR, see
Fig. 1) is photo-inactive for chemical conversions on its own.
However, it is able to sensitize metal oxide, making it active
under visible light to drive a redox reaction. With the assistance
of an organocatalyst, TEMPO (see Fig. 2), AR can be used to
sensitize TiO, for visible-light-induced oxidation of alcohols 1
to aldehydes 2 with O, in BTF (eqn (42));>® whilst sensitization
of ZnO with AR for the same reaction with AgNO; can also occur
in water (eqn (43)),>* which are in agreement with the descrip-

TEMPO (2 mol%), BTF, >450 nm,

tion in Scheme 3.%%°*
N ~
R °
Z 2
500 W halogen lamp

R=H, pCH3, pCH30, pCl, pNO,, conv.= 49~100%, select.=97~99%

QY 0H_AR (0.6 mol%), ZnO, AgNO (18 equiy.) @Ao
T » oL
Z 1 TEMPO (2 mol%), H,O, >450 nm (A 2 (43)

R=H, pCH3, pCH30, pCl, pNO,, conv.= 49~100%, select.=97~99%

o AR (0.6 moi%), TiO, 0, (0.1 MPa)

2
<\ /;

(42)

Combining TiO, with organocatalysts a and b (see Fig. 2)
may be an efficient way for the formation of new C-C bonds

/
OH OGN *HCl Ph FaC,
Eﬁ DitBu mOSiMea Q
o CF.
a N
H N NP s

OSiMe;

o
L N ’
N N-OH H Q CF,
& TEMPO \ NHPI

F3C

Fig. 2 Organocatalysts used in combination with photocatalysts.
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with a ketone or an aldehyde under visible light irradiation."”>>
The reaction is initiated by interacting the surface of TiO, with
the tetrahydroisoquinoline substrates 14 or organocatalyst a to
afford the product 64 (eqn (44), see Scheme 1 for a more
detailed explanation). The reaction rate of enantioselective
a-alkylation of aldehydes 66 with TiO, and organocatalyst b
can also be enhanced when the reaction is carried out in a
microreactor, underpinning the importance of reactor design
for the practical application of organic transformations by
heterogeneous photocatalysis under visible light irradiation

(eqn (45)).

CQ“ a (10 mol%), TiO,, acetone (10 equiv.)
- N
| N R 11 Wluorescent, C,H;OH | N (44)
F F
64

14

o]
R=H, pCH3, pC;Hs, pF, pBr, yield=58-98%.

o o
b (20 mol%), TiO.
J\(U\OEt + J\/"Can DM T2 o o OEt
440 nm LED, 293 K (4 5)
Br g5 OHC n-CsHys

67 yield=55%, ee=71%

Meanwhile, combining TiO, with organocatalysts c or d (see
Fig. 2) may produce an efficient system for the a-oxyamination
of aldehydes 68 with TEMPO to corresponding products 69
under UV irradiation. Due to the lack of visible light absorbance
for the individual components and the potentially weak inter-
action with TiO, to induce visible light activity, the reaction
needs to be performed under UV irradiation. Such radical
coupling reaction is initiated by the single electron transfer to
h,," of UV excited TiO, (eqn (46)).>® The consequential reaction
steps are then controlled by organocatalysis, affording highly
enantioselective products. Since TEMPO is an excellent organo-
catalyst for the oxidation of alcohols, the tandem oxidation of
alcohol to aldehydes 68 and ensuing asymmetric o-oxyamination
of aldehydes 68 can also be achieved through the strategy of
combining TiO, photocatalysis and organocatalysis.

i >O<
R
HJ\( >,
R, o

o

2
¢ or d, TiO,, UV irradiation H&;
N

Hg lamp, CH3CN, rt O,

o =
O ph " Jk("CsHm O (CHp)0-nCHy 7z (46)
Wy H
o H
¢, 60%, 63% ee; ¢, 54%, 63% ee; ¢, 71%, 53% ee; o) RR0) ane
d.19%, 78%ee  d,59%, 14% ee d, 32% 77% 06 S f;’o/fj'f;,f'::'
EtOZCvcozet
COOEt ¢, N 719/Ti0, H
—_— H

: (47)

COOEt CH34CN, visible light 8
8 W fluorescent lamp R 72 N
R=H, CH30, CH3, NO,, Cl, Br. yield=53-80%, 90~99% ee

Using the same underlying principle, the aforementioned
reaction protocol may be upgraded to conduct redox reactions
under visible light irradiation, with the aid of Ru metal complex
organic dye N719 (see Fig. 1). The strong anchoring carboxyl
groups in the ligand can immobilize N719 on the surface of
TiO,, which acts as the initiator for the redox relay involving
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organocatalysts 3 as the redox mediators, in order to drive the
overall product 72 formation processes under visible light
irradiation. The TiO, sensitized with organic dye N 719,
together with organocatalysts 3, can dictate the extremely
complicated reaction scheme involving one-pot Michael addi-
tions of malonate 71 to a,B-unsaturated aldehydes 70 followed
by a-oxyamination of the resulting B-substituted aldehydes,
producing good yield and excellent enantioselectivity of the
product under visible light irradiation (eqn (47)).>

o}
o
[Ru(bpy)s*'VAg@Si0, ©)‘\ ©><1
> +
74 75

0O,, >400 nm, 500 W Xe lamp
TON=861

(48)

Likewise, efforts have also been expended to anchor the
Ru(bpy);>* (bpy, 2,2'-bipyridine) complex on SiO, encapsulated
Ag (Ag@Si0,) for the selective aerobic oxidation of alkenes 73 to
ketone 74 and epoxide 75 with O,. A TON of 861 with regards to
the substrate was obtained when exposed to 4 > 400 visible light
irradiation from a 500 W Xe lamp (eqn (46)).>® This successfully
demonstrates that the combination of both molecular photo-
catalyst (Ru(bpy);>") and plasmonic photocatalyst (Ag@SiO,)
can be adopted to establish new reaction regimes under visible
light irradiation.

E :[ :N | N o
- —R
2 (49)
14 64
R=H, pCHj3, pCH30,p-tBu, pBr yield=71-94%.

mpg-C3Ny, a (10 mol% )

acetone, O, (0.1 MPa),
60 W energy-saving lamp,

RWRZ g-CsNg, NHPL (10 mol%), RWRZ

R®  CHLCN, 333K, O, (1 atm),

76 >420 nm, 250 W tungsten lamp
O 30
conv.=93%, conv.=26%,  conv.=71%,
select.=77% select.=79%  select.=66%

The combination of mpg-C;N, with organocatalysts a (see
Fig. 2) can be an efficient way for the formation of new C-C
bond product 64 from tetrahydroisoquinoline derivatives 14
with acetone and the presence of O, as additional electron
acceptor, under visible light irradiation and using acetone
solvent (eqn (49)).”” The g-C;N, photocatalyst combined with
the organocatalyst NHPI (see Fig. 2) can effectuate the selective
oxidation of an allylic position of alkenes 76 with O, to product
77 under visible light irradiation (eqn (50)).>° The selective
visible-light-induced oxidation allylic position in a complicated
molecule with O, on g-C;N, and NHPI combination was proven
to be successful too. This protocol is also applicable to the
oxidation of alkanes and alkenes under visible light irradiation,
i.e. the oxidation of phenylethylene and toluene to benz-
aldehyde or the oxidation of alkanes (cyclohexane and ethyl-
benzene) to ketones (cyclohexanone and acetophenone) with
O,. As in most cases where g-C;N, is employed as the
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photocatalyst, a relatively high temperature is needed to drive
the oxidation reaction in addition to visible light irradiation.
NO, NHy
©/54 CH4CN, TEOA (10 equiv.), >420 nm, ©/55
500 W Xe lamp
NO2 N3 (2 mol%), TiO,, KoPtClg (0.001 mol%) NH,
R 7g  CHsON. TEOA (10 equiv.), 530 nm LEDs” 79
R=H, C,H50,C, NC, CHO, Br, NO,, 20~89%
(52)

2,3-DN, PY/TiO,

(51)

A visible light absorbing surface complex can also be formed
when the colourless organic molecule, 2,3-dihydroxynaphthalene
(2,3-DN, see Fig. 1) is adsorbed on the surface of anatase TiO, via
the strong bonding of the ortho dihydroxyl on the aromatic ring.
When used in combination with a common reduction co-catalyst Pt
NPs, the surface complex could photocatalyze the reduction of
nitrobenzene 54 to aminobenzene 55 with triethanolamine (TEOA)
when exposed to 4 > 420 nm visible light irradiation from a 500 W
Xe lamp (eqn (51)).°° The combination of a metal complex organic
dye with a TiO, photocatalyst could efficiently reduce nitro-
benzenes 78 to aminobenzenes 79 with TEOA under visible light
irradiation (eqn (52)). An organic dye N3 (see Fig. 1) in combination
with TiO, (Degussa P25) along with the assistance of Pt NPs,
produced in situ from K,PtCls, can effectively reduce nitrobenzene
into aminobenzenes with TEOA when exposed to the visible
light irradiation from 530 nm LEDs.®" Interestingly, without the
presence of K,PtCls as the reducing co-catalyst, the reaction
rate for the reduction of nitrobenzene to aminobenzene could
be augmented by adding trace amount of urea derivatives as the
co-catalyst, which is ascribed to the provision of additional
proton shuttling channels by urea derivatives.®*

Conclusions

Apart from offering easy separation of the photocatalyst from
the reaction system, heterogeneous photocatalysis, which interfaces
chemistry with materials science, possesses a unique position in
the advancement of selective organic transformations under
visible light irradiation. Heterogeneous photocatalysis has been
flourishing with the recent collaborative efforts of chemists and
material scientists, culminating in the development of environ-
mentally friendly and energy sustainable strategies for selective
redox organic synthesis. The specific selective redox organic
transformations in which these catalysts are applicable include:
(1) the oxidation of alcohols, amines, alkene and alkanes or the
hydroxylation of aromatic compounds with O,; (2) the C,-H
bond activation and functionalization with nucleophiles to con-
struct new C-C or C-X (X = O, N or S) bonds; (3) the reduction of
nitrobenzenes to corresponding aminobenzenes or azo benzenes
with sacrificial agents under O,-free conditions. The strategy
for the exploring of visible light photocatalysts includes the
reinventing of old materials such as metal oxides and polymeric
carbon nitride with new mechanistic insights, and the
creation of new materials such as plasmonic photocatalysts.
There are both advantages and disadvantages for different types
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of photocatalysts. Metal oxides are stable and inexpensive, but
they suffer from a limited scope of substrates and limited range
of visible light absorption as the reaction is induced by weak
interaction of substrates and metal oxide. For plasmonic
photocatalysts, the scope of substrates is relatively broadened.
However, plasmonic photocatalysts are more expensive, the
reported conversions of substrates are mostly very low and
the mechanistic insights are still lacking. g-C3N, is not
expensive, but demands high temperature and O, pressure in
addition to visible light when carrying out most reported
transformations. Dye sensitized heterogeneous photocatalytic
processes are promising in many aspects, but the stability of
the applied dyes under aerobic conditions can be an important
concern. Notwithstanding, the disadvantages could be got
around by ingenious design.

Heterogeneous photocatalysis can be further optimized and
diversified for visible-light-induced selective organic transfor-
mations by employing the following tactics: (1) the progress of
different branches of photocatalysis could interact with each
other to inspire new discoveries; (2) the scope and the efficiency
of these reactions could be amplified by the combination of
heterogeneous photocatalysts with molecular photocatalysts;
(3) the interplay between heterogeneous photocatalysis and
Pd catalysis or organocatalysis could broaden the scope of
reactions even further to Suzuki coupling or enantioselective
reactions, etc. The investigation into redox transformations of
organic compounds by heterogeneous photocatalysis could
deepen our understanding of the photo-induced interfacial
electron transfer processes, which in turn have a far-reaching
impact on the development and implementation of feasible
artificial photosynthesis for solar energy capture and storage.
Although significant progress has been made in this area of
research, great challenges still need to be resolved before
sunlight can be a viable source of energy. More exciting
discoveries can be conceived in the pursuit of a green and
renewable chemical future. Hopefully, this review can stimulate
new insights and creative solutions, thereby carrying forward
the visible-light-induced selective organic transformations by
heterogeneous photocatalysis to fulfil their potential applications.
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