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Abstract: The development of novel chemical transformations
calls for environmentally friendly synthetic methods. Visible
light photoredox catalysis has gained attention as a versatile
tool to address these challenges. Due to the well-defined struc-
ture of homogeneous transition metal-based catalysts and or-
ganic dyes, they have been widely used to drive a wide variety
of organic transformations. On the other hand, due to low cost,
simple preparation procedure, and chemical stability of carbon
\nitride semiconductors, they have been known almost exclu-

sively in environmental applications and water splitting. Until
recently the applicability of carbon nitride semiconductors in
organic synthesis has remained hidden from the broad commu-
nity of organic chemists. In this review, we summarize reactions
mediated by heterogeneous carbon nitride photocatalysts and
common homogeneous photocatalysts in the same organic re-
actions, such as carbon-carbon or carbon-heteroatom bond for-
mation reactions. We compare performance of both groups of
catalysts in the discussed organic reactions. Y,

1. Introduction

The intensification of problems caused by the wide use of fossil
fuels and the ever rising demand for energy, as well as the level
of pollution by coal and oil industries, has forced scientist to
look for new clean and renewable sources of energy.” As a
result, in the last several decades, green solar energy has en-
tered the scientists' horizon in many fields.”! Solar energy is
already used to power solar cells,® and has high potential in
the generation of hydrogen from water splitting," reduction of
carbon dioxide,””! and degradation of organic pollutants,’ as
well as several other areas.

Light energy, typically from artificial light rather than natural
sunlight, may also be used to drive synthesis of fine organic
compounds. In fact the progress of the last few decades shows
that many chemical transformations in chemists' everyday life
can be successfully driven by light.2>7]

In general, photochemical reactions are well-known today
and have been commonly used in the synthesis of organic mo-
lecules.®! However, ultraviolet (UV) light is usually needed to
drive photochemical reactions. As a consequence special labo-
ratory equipment is required. Most of the reactants are mole-
cules transparent in visible light. Therefore visible light by itself
cannot directly excite the reagents to trigger the reaction. For
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such cases, a photocatalyst serves as a bridge to convert the
energy of visible light into energy for the formation of a chemi-
cal bond. As an example, the CF3- radical can be generated by
the reaction of Ph,SCF;* TfO~ with sodium dithionite.”! The
same CF3- radical can be generated from CF3SO,Cl upon single
electron transfer from the photocatalyst excited state.'” On the
whole in the photocatalytic approach the energy of a photon
is used to generate a reactive CF3- radical for subsequent bond-
forming reactions. In the photocatalytic approach we also
achieve higher atom efficiency by using a reagent with lower
molecular weight.

In the last several years increased interest in visible light pho-
tocatalysis by chemists has produced a wide variety of photo-
catalytic organic reactions. Most are mediated by homogene-
ous transition metal molecular catalysts, which are soluble in
common organic solvents, and often contain ruthenium or
iridium.[%]

Alternatively, metal-free organic dyes, e.g. acridinium salts,
riboflavins, chromones, have also been studied. Nevertheless,
homogeneous catalysts, in general, possess a few drawbacks,
for instance difficulties in separation from the product and its
recovery. That is why the development of heterogeneous cata-
lysts free from these problems is highly desired. These hetero-
geneous catalysts include semiconductors,'® organic porous
polymers,!'”! plasmonic-metal nanoparticles'® and other novel
materials.["”!

Among different heterogeneous catalysts, an important role
is played by polymeric carbon nitrides (CNs).2% These materials
consist mostly of C, N and partially H atoms that terminate the
fringe of the material (Figure 1). The advantages of these mate-
rials are that they are suitable for oxidation and reduction of
organic compounds as demonstrated by the potentials of their
valence and conduction band in comparison to common sub-
strates for these reactions (Figure 1).
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Figure 1. Overview of the heterogeneous carbon nitride photocatalysts and molecular photocatalysts. Catalyst structures: a) structure and aberration-corrected
high-resolution transmission electron microscopy (AC-HRTEM) image of g-C3N,, b) structure and AC-HRTEM image of K-PHI, c) transition metal-based com-
plexes, d) organic dyes. The redox potentials of eosin Y,!'"! phenothiazine dye,'? and of metal-based complexes were taken from literature.'3! The band gap
potentials of carbon nitrides were taken from Savateev et al.'¥ The potentials are given vs. SCE.

Carbon nitrides possess a band gap of ca. 2.7 eV (460 nm), der UV light. Thus a larger scope of functional groups is toler-
which allows for the use of visible light and therefore results in  ated in these conditions since photolysis is minimized. Carbon
milder conditions compared to the photochemical reaction un-  nitrides may vary in repeating units, condensation degree, mo-
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tifs and symmetry of intermolecular packing. A previously iden-
tified framework of CNs is a defect-rich N-bridged poly(tri-s-
triazine),’?"! that was found to be the most stable allotrope of
carbon nitride. The tri-s-triazine ring is aromatic in nature and
allows for the formation of m-conjugated planar layers like that
of graphite, which is often seen in carbon nitrides.?? In g-C3N,
(Figure 1a), heptazine rings are bonded through N-atoms, while
in potassium poly(heptazine imide) (K-PHI) (Figure 1b), six tri-s-
triazine rings form a hexagon, building a more ordered porous
structure.?3! Structural details can be observed in AC-HRTEM
images in Figure 1.

One of the most important factors to be considered in pho-
tocatalytic reactions is the redox potential of catalytic species
and reactants. In the photocatalytic cycle, reduced species of
the catalyst mediate substrate reduction, while oxidized species
mediate oxidation of the substrate. Tuning of redox potentials
is regarded as one of the key strategies for improving efficiency
of the catalysts. Redox potentials of the catalysts discussed in
this review are presented in Figure 1.

Potential of the valence and conduction band determine
redox properties of semiconducting materials. Band potentials
of carbon nitrides may significantly vary depending on the
structure and method of synthesis. For example, g-CsN4 has
more negative conduction band (CB) potential (-1.54 V) than
that of K-PHI (-0.75 V), whereas valence band (VB) potential of
K-PHI (1.88 V) is noticeably more positive than of g-CsN,
(1.16 V). Different strategies for modifying electronic properties
of carbon nitrides will be discussed later. As we can see from
Figure 1 carbon nitrides show comparable redox potentials to
that of common transition metal-based homogeneous catalysts
and organic dyes and therefore can be used for both oxidation
and reduction reactions.

Chemical and thermal stability, reusability, and relatively low
cost of production are crucial for potential industrial scale-up
of photocatalytic methods. CNs fulfil all of these requirements.
Finally, ease of CN separation from the reaction mixture by fil-
tration or centrifugation is also of great advantage for scale-up.

A survey of the current literature suggests that up to date a
colossal amount of photocatalytic organic reactions have been
developed and summarized in several comprehensive reviews
dedicated to transition metal complexes,!' organic dyes,’>
and carbon nitrides.!6%25!

As we have been working on the design and application of
carbon nitride materials, in particular in organic photocatalysis,
we actively follow the progress in this area. In our opinion, a
“critical mass” of publications on carbon nitrides in organic pho-
tocatalysis has been reported within past few years to initiate
a new area of heterogeneous photocatalysis. Therefore, it is
timely to make preliminary conclusions about the performance
of this class of photocatalysts and to outline future paths for
development.

In this review, we critically evaluate the performance of
homogeneous molecular photocatalysts and heterogeneous
carbon nitride photocatalysts in specific reactions under similar
conditions. Namely we will consider carbon-carbon bond for-
mation, carbon-carbon radical cyclizations, and carbon-hetero-
atom bond formation reactions. By this we will show the molec-
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ular catalysis community the capabilities of carbon nitride
photocatalysts in comparison to rather common homogeneous
systems. On the other hand, the review will be useful for semi-
conductor catalysis community in order to expand the scope of
intriguing and useful photocatalytic reactions where semicon-
ductors may be potentially applied. The objective of the review
is to build a bridge between the homogeneous and heteroge-
neous catalysis communities to solve the existing challenges in
the most efficient way.

2. Synthesis and Properties of Carbon Nitrides

In general, carbon nitrides consist only of two earth-abundant
elements — carbon and nitrogen in a variable ratio close to 3 to
4. Therefore carbon nitrides can be easily prepared at low cost
from a variety of nitrogen-rich materials. It also means that their
properties can be easily tuned by modification of the synthetic
strategies, precursors, and polymerization conditions. Control of
the valence and conduction band positions by simple tuning
of the nitrogen/carbon ratio in the carbon nitride structure is
one of the exciting and challenging research areas in recent
years. Nitrogen content in the resulting carbon nitride polymer
can also be controlled by using precursors with different nitro-
gen content.l2?!

Optical and redox properties of CN-materials also depend on
the synthesis strategy and can be further tuned through some
band engineering techniques, such as elemental or molecular
doping.l?”!

One of the synthesis methods that allow for the tuning of
the band gap of CNs is a salt-melt (or ionothermal) method of
synthesis. It has been shown as a suitable technique for control-
ling the polymerization process and therefore for modifying op-
tical and electronic properties of materials.*® For example, by
simply changing the molten salts from a LiCl/KCl eutectic mix-
ture to NaCl/KCl, the band gap of a CN-material changed from
1.87 to 2.2 V and the conduction band from -0.66 V to -0.2 V
(vs. RHE).?°! Even by modifying polymerization conditions by
altering this one method, it is possible to slightly influence the
band gap of the material.3”

Researchers recently found that the ionothermal method of
synthesizing triazine-heptezine-based polymers in NaCl/KCl
molten salts influences the electronic properties of the material.
This resulted in a change in the activity of the catalyst in a
water-splitting reaction. An apparent quantum yield of up to
60 % was achieved in the hydrogen evolution reaction by the
most active photocatalyst synthesized.3"

Another simple approach to control chemical and photo-
physical properties of CN-materials is supramolecular preorga-
nization of monomers before calcination. This technique allows
for the formation of specific morphologies and ordered struc-
tures before calcination by adjusting supramolecular inter-
actions (hydrogen bonding, m-7t interactions, etc.) of the CN
monomer.2?! The polymeric CN can be also synthesized from
already preordered materials. For example, the N-rich semicon-
ductor (3-amino-1,2,4-triazole oligomer) was recently used as
a precursor for CN polymer.33! This approach allowed for the
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preservation of the starting morphology of the semiconductor,
while also changing the electronic and optical properties of the
final polymeric material.

Molecular doping is another unique technique for modifying
the band gap of CN-based materials, which is usually not suit-
able for inorganic materials. Molecular doping can be per-
formed by copolymerization of CN precursors with appropriate
structure-matching organic additives. Anchoring organic
groups to CN-materials can significantly change their light-
harvesting properties and sufficiently narrow the band gap. Not
only small functional groups but also large functional units can
be introduced into the CN-framework. One example of this is
when a hexaazatriphenylene unit was installed in a CN-struc-
ture, which significantly narrowed the band gap.** Doping the
CN-material with carbon-rich molecules showed not only nar-
rowing of the band gap, but also enhances the conductivity
of the semiconductor.?> When CNs are modified with organic
additives, a remarkable redshift of optical absorption is ob-
served. This allows for the harvesting of photons more effi-
ciently from the visible part of the optical spectrum.

A facile method for the functionalization of a CN was recently
reported by Vinu et al. Inspired by natural enzymes, a CN with
both basic and acidic sites in one structure was synthesized.
By treatment of mesoporous g-CsN, with oxygen under UV light
irradiation, acid groups were introduced. Both introduced acidic
cites and inherent basic cites of the CN were shown to catalyze
cooperatively a one-pot deacetalization-Knoevenagel reaction,
which requires both acidic and basic function.

Perhaps the most important technique for modifying the
electronic structure of carbon nitrides is elemental doping. CNs
can be modified with both non-metal and metal elements. In
the case of doping with non-metals, such as fluorine, sulfur,
phosphor or boron, substitution of C or N atoms in the struc-
ture occurs. This affects the corresponding CB or VB. Doping by
metals instead occurs by insertion of the metal into the carbon
nitride framework. This important technique allows for versatile
band gap engineering of CN materials by varying specific dop-
ing elements and their loadings in order to achieve the desired
band gap positions. In most cases doping of the material results
in a narrowing of the band gap and enhancement of the charge
separation and transfer. An increase in the photocatalytic activ-
ity is achieved as a result.3”!

Exploring structural and textural properties of carbon nitrides
has been one area of intense scientific research in the past dec-
ade. CNs polymeric structure has made it possible to apply com-
mon surface engineering techniques to control surface proper-
ties of the material, which is especially important in photocataly-
sis. Significant effort has been put into the development of CNs
with an ordered structure, extremely high surface areas, narrow
pore size distribution, tunable pore size, uniform particle size,
controllable shape, and morphology, as well as their crystallinity
and semiconducting features.

Carbon nitrides can be simply synthesized by condensation
of organic precursors. Directly after condensation, these materi-
als have a small surface area of less than 10 m? g~'38! and thus
their practical application is limited. This is especially true for
their application in catalysis, where the amount of reactive sites
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in material is paramount. Therefore the development of CNs
with a high surface area is desirable. To overcome the problem
of low surface area, various techniques were developed for in-
troduction of porosity in the CN matrix. Additionally, porous
structures can be considered as effective channels to improve
interactions between CN and reactants.

Templating strategies allow for the control of the porosity
of the material, while at the same time retaining the chemical
structure of the bulk g-CsN4. Hard and soft templating tech-
niques are often considered as methods for creating a high
surface area and an ordered porous structure.’>”

Mesoporous g-C3N, was successfully obtained from different
precursors using mesoporous silica matrices as a tem-
plate.l2224% The resulting pore size was consistent with the size
of the silica nanoparticles in the template. Recently, controlled
synthesis of 3D mesoporous carbon nitride was proposed using
the environmentally benign precursor guanidine and colloid
silica nanoparticles as a hard template.*" Modification of this
material with Pd(OAc), produced an active and stable catalyst
for room temperature Suzuki couplings./?

The “hard template” method allows for the control of surface
properties of CNs to a certain extent. Depending on the fraction
of silica it is possible to achieve surface areas of 86-439 m? g='.[43]
Despite the effectiveness and diversity of this approach, it is
considered to be a time consuming and hazardous process as
the removal of the template involves toxic HF or ammonium
bifluorides.

Due to the mentioned problems of the “hard template” strat-
egy, the development of new strategies for the production of
mesoporous materials using “soft templates” has obtained signif-
icant interest.™¥ The soft templating strategy was realized by
Antonietti et al. using different surfactants or amphiphilic block
polymers as structure-directing agents for polymerization of di-
cyandiamide.*>! A stepwise heating program determined by de-
composition temperature of the surfactants was used in order to
avoid the destruction of the mesoporous structure in the CNs. A
nicely developed pore system was found only for some selected
templates, such as Triton X-100 (Brunauer-Emmett-Teller (BET)
surface area of 76 m? g~') and several ionic liquids (BET surface
area of 81 m? g™"). The ionic liquids were found to have unique
physical and chemical properties for high-temperature templat-
ing and gave good nanoporous structures.* Using a “soft
template” of butylmethylimidazolium tetrafluoroborate provided
CNs doped with boron and fluorine.*®! These materials showed
excellent mesoporous morphology with a BET surface area of
444 m? g~' and total pore volume of 0.32 cm? g~'. Soft template
synthesis of CNs with bimodal pore size distribution was pro-
posed by Shen et al. using Triton X-100 as the soft template and
melamine and glutaraldehyde as precursors.*”? A BET surface
area of these materials was reported as 221 m? g™".

The “soft-templating” approach mostly affords disordered
porous structures with low surface areas and specific pore vol-
umes as compared to CNs synthesized using the “hard-templat-
ing” method. However, the “soft-templating” technique is a
more eco-friendly and environmentally benign method.

This reveals that development of new methods to achieve
carbon nitrides with a high surface area is still a challenging

© 2019 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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task. Synthesis strategy mainly determines the final physico-
chemical properties of the material. The nature of the precur-
sors, degree of polymerization, and experimental conditions
regulate crystallinity and carbon/nitrogen content of the mate-
rial.

Recently theoretical studies predicted the structure of
carbon nitride with C/N stoichiometric ratio of 0.75 as the most
stable allotrope at ambient conditions.[*®! Saturated, sp3-hybrid-
ized, crystalline g-CsN; was predicted to have outstanding
physical properties, hardness and low compressibility compara-
ble or exceeding that of diamond.*?! However, it has been
revealed to be difficult to prepare the desired single-phase
sp3-hybridized carbon nitride. This is mainly considered to be a
kinetic problem with the reaction.[*33! Polymerization of carbon
nitrides is a combination of polyaddition and polycondensation
processes in a stepwise manner at different temperatures. These
transformations are hard to control during the heating pro-
gram, which results in different levels of condensation and
therefore structural defects in the final material.

Therefore, smaller or higher C/N molar ratios than the ideal
g-C5N, are attributed to the presence of these structural defects
resulted from the degree of condensation. The average C/N ra-
tio of bulk carbon nitrides is around 0.72, and a small amount
of hydrogen (2 %) is also usually found. When a smaller C/N
ratio than one of the ideal g-C3N, is obtained it is due to incom-
plete condensation of the precursors, which leads to the pres-
ence of uncondensed amino groups. These amino groups can
partially reduce the inert nature of the material and promote
its interactions with reactants. Furthermore, excessive defects
due to incomplete condensation may also negatively affect
charge migration and separation. Incomplete polymerization re-
sults in the formation of amorphous or semi-crystalline phases.
However, a few approaches have been found to synthesize
highly crystalline CNs. Schnick and co-workers isolated and
identified the crystal structures of heptazine derivatives, such
as melem CgN,(NH,)5P% and melam [(NH,),(C5N3)1,NH.B™ This
work appeared as an argument in the discussion of possible
building units of CNs as well as it shows that high local crystal
packing in carbon nitrides is possible. The McMillan group later
reported the synthesis of a crystalline carbon nitride imide
phase C,N,(NH) with high-pressure, high-temperature (HP-HT)
reaction conditions.’? The synthesis of a highly crystalline
carbon nitride by a simple condensation in a salt melt of LiCl/
KCl has been reported by Antonietti and co-workers.[28230:53]

On the other hand, a trace amount of defects can improve
catalytic properties of the carbon nitride. Moreover, introduc-
tion of “catalytically useful” defects enhances the activity of the
catalyst. A carbon nitride photocatalyst modified with cyan-
amide groups was reported to have 12 and 16 times the hydro-
gen evolution rate and apparent quantum yield efficiency com-
pared to an unmodified catalyst.® The authors suggested that
cyanamide moieties improve coordination to the platinum co-
catalyst and therefore enhance charge transfer kinetics and
charge separation. Recently, a protonic acid-assisted synthesis
of carbon nitride with abundant nitrogen and oxygen-contain-
ing defects was published.”! This catalyst showed high effi-
ciency in hydrogen evolution reaction and selectivity of 92.4 %
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in photocatalytic CO, reduction as well as sufficient improve-
ment in photocatalytic NO removal.

Generally, the photocatalytic activity of the material benefits
from a certain level of defects. Stacking defects, grain bounda-
ries, surface terminations, and structural defects seem to serve
as active sites for reactions. While crystalline perfection largely
affects the bulk properties of the material, such as graphitic
structure, thermal and chemical stability, and semiconductor
electronic structure.33]

3. Organic Photocatalytic Reactions

3.1. Carbon-Carbon Bond Formation Reactions

Direct formation of C-C bonds is a challenging research area in
organic synthesis, especially when done in an environmentally
friendly manner. In recent years photoredox catalysis, as a green
synthetic method, has been successfully applied to cross-
coupling reactions. Traditionally, this approach is largely repre-
sented by transition-metal catalysis. However, examples medi-
ated by organic dyes and carbon nitrides have also been re-
ported.

The tetrahydroisoquinoline (THIQ) framework is a common
element in a number of natural bioactive compounds.>® There-
fore, many techniques have been developed in order to func-
tionalize tetrahydroisoquinoline fragment,*”! including photo-
chemical approaches.

In general, amines are known to be very good electron do-
nors, which easily undergo single-electron oxidation to give an
aminium radical cation, and two-electron oxidation followed by
proton abstraction to give an iminium ion. Catalytically gener-
ated iminium ion intermediates can be subsequently trapped
by the nucleophilic compounds to form a new bond at a-posi-
tion. In 2010, Stephenson et al. published the photocatalyzed
aza-Henry reaction with nitroalkanes and N-aryltetrahydroiso-
quinolines under visible light irradiation with an iridium catalyst
(Scheme 1).581 After this, Kénig and Hari developed a transition
metal-free version of this reaction with eosin Y, a common or-
ganic dye.>! Despite the high yields of the products by both
methods, the drawback of these systems is the difficulty in recy-
cling of the catalyst. Among heterogeneous catalysts, metal-
free carbon nitride has been used by Blechert's group.[*® Meso-
porous graphitic carbon nitride (mpg-CsN4) showed compara-
ble activity to the homogeneous systems. In all approaches the
reaction conditions were almost the same, except of course the
catalyst used. In the more complicated reaction with N-phenyl-
pyrrolidine, however, mpg-CsN, gave higher yield than both
homogeneous catalysts.

The Mannich-type reaction shown in Scheme 2 was accom-
plished on tetrahydroisoquinoline substrates using proline as a
co-catalyst with both mpg-C3N, and Ru(bpy)s(PFe),. The reac-
tion proceeds through the formation of a nucleophilic enamine
from the proline and ketone, followed by subsequent addition
to the iminium ion (Scheme 2).[606"1 This reaction catalyzed by
Ru(bpy)s(PF¢), has been published by Rueping and co-au-
thors,'°"! and with mpg-CsN, as published by Blechert et al.
Similar product yields were achieved by catalysis with heteroge-

© 2019 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim



Eur|OC

European Journal
@ *ChemPUbSOC ofOrpgamc Chemistry
X Europe Minireview
photocatalyst, R
R! R2 0, (or air), hv
+ V/NOZ b N
R N “Ar H MeNO; (solvent), r.t. g1 ~Ar
R?” "NO,
N‘F‘h N‘F‘h
NO, NO,
mpg-C3N,  Ir(ppy)2(dtbbpy)PFg eosin Y mpg-C3Ny  Ir(ppy)o(dtbbpy)PFs eosin'Y
94% 92% 80% 81% 96% 75%
MeQO
N
MeO Nopp : ; \©\
NOZ OzN Br
mpg-CaN4  Ir(ppy)s(dtbbpy)PFg eosinY ~ Mpg-CaNg  Ir(ppy)a(dtbbpy)PFg eosin'Y
91% 92% 74% 92% 93% 76%
N-Ph
L
O,5N OMe O,N

mpg-C3N,  Ir(ppy)2(dtbbpy)PFgs eosin Y
89% 96% 78%
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Scheme 1. Photocatalytic aza-Henry reaction with nitroalkanes and N-aryltetrahydroisoquinolines.

neous carbon nitride when compared to the homogeneous cat-
alyst.[6%!

In drug discovery practice a common strategy to protect a
drug candidate against in vivo metabolism is incorporation of
electron-withdrawing groups, such as trifluoromethyl (CF5).[6%
The CF3; moiety is typically installed by transition metal-cata-
lyzed cross-coupling reactions. However, several photochemical
approaches have been recently introduced. Trifluoromethyl-

ation of arenes and heteroarenes by iridium and ruthenium
photocatalysts has been reported by MacMillan et al.
(Scheme 3)."%! A broad scope of products, benzene derivatives
and CFs-functionalized 5- and 6-membered heterocycles, were
synthesized with moderate to excellent yields. A method with
carbon nitride photocatalyst was published by Blechert et al.,
but the yields, in this case, were slightly lower.""®! Nevertheless,
a large variety of heterocycles has been studied. In both cases

R1
hotocatalyst
R o) P h
-
R ~Ar R hv, MeCN, r.t. o
R2
MeO
N.ph N-ph MeO N-ph
o) o) @)
Et
mpg-C3Ns Ru(bpy)s(PFg)z  mpg-C3N; Ru(bpy)s(PFe)2  mpg-CsN4; Ru(bpy)s(PFg)z
94% 95% 44% 47% 73% 82%

p-Tol

e T =5,

Ru(bpy)3(PFe)>
64%

mpg-CsN4
80%

mpg-CaNy
78%

Ru(bpy)a(PFg)2

Ru(bpy)s(PFg)2
7%

mpg-C3Ny

78% 88%

Scheme 2. Photocatalytic Mannich-type reaction with N-aryltetrahydro-isoquinolines and ketones.
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a CF; radical was generated by single-electron reduction of tri-
fluoromethanesulfonyl chloride. The value of this transforma-
tion has been shown by trifluoromethylation of biologically ac-
tive molecules, e.g. caffeine.['%P!

photocatalyst
-

KzHPOy, hv
MeCN, r.t.

CF
©/ ’ QCE Q\CF;,

)
(HeOA-H  + CI—S-CFy Het(Ar)—CF3
§)

mpg-C3N4 Ru(phen);Cl, mpg-CsN4 Ru(phen);Cla

mpg-CaN, Ir(Fppy)s

65% 74%  81% 88% 81% 94%
Cl
N, _CFs
N N N
H H
mpg-C3N,4 In(Fppy)s mpg-C3Ny Ru(phen);Clz
72% 94% 49% 72%

Scheme 3. Photocatalytic trifluoromethylation of arenes and heteroarenes.

Reactions such as a-aminoalkyl radical additions, allylation,
and heteroarylations, are quite well represented by homogene-
ous catalysis. However, in 2018 Rueping et al. published several
reactions involving the generation of reactive a-aminoalkyl rad-
icals with heterogeneous g-C3N,.[%%! Desilylative addition of a-
silylamine to activated alkenes, such as 2-cycloxexenone, other
cyclic unsaturated ketones (Scheme 4), and dicyanostyrenes
(Scheme 5) was performed.

0o
(0] photocatalyst, hv,
RL t., CH,CI R
NTTMS  + R e
R? | CSF, MeOH with g-CsN; R
R3 sk, Me with g-CaNy
R R?
0 [¢)
0
I';’h
\ \ N
N N
PH
9-C3Nq [Ir(ppy)2(dtbbpy)]BF, g-C3N, [Ir(ppy)a(dtbbpy)]BF4
92% 70% 81% 87%
PhyN P
Ph,N Ph
[Ir(ppy)2(dtbbpy ]BF4 g-C3Ny [Ir(ppy)2(dtbbpy)]BF 4 g-C3Ny
79% 68% 56% 71%

Scheme 4. Photocatalytic alkylamination of ketoalkenes via a-aminoalkyl radi-
cals.

Silyl-substituted amines were chosen as substrates for the
selective formation of a-aminoalkyl radicals at the desired posi-
tion. This reaction catalyzed by g-C3N, with enones required
CsF as a base.[®3 Variety of substituents of different electronic
properties were investigated and showed no effect on the reac-
tivity of the substrate. Moreover, a study of the reaction path-
way in case of catalysis by [Ir(ppy),(dtbbpy)]IBF, was done.
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photocatalyst,r.t., Ar CN
RL NC._CN  MeCN, blue LED Ar
N7 TTMS 4+ | . s R oN
R2 Ar or g-C3Ny, white LED N

MeCNH,0=20:1  R?

ITI CN ITJ CN ITJ CN
Me F

g-C3Ny4 g-CaNg g-C3Ny
96% 96% 92%
Q. . @ \Q
N CN
|
[Ir(ppy)zbpy)IPFg [Ir(ppy szy)]PFe [Ir( ppv)szy)]PFa
68% 53% 61%

Scheme 5. Photocatalytic alkylamination of dicyanoalkenes.

A primary product of the addition - silyl enol ether was iso-
lated.[6%

The reaction with dicyanoalkenes with the homogeneous
catalyst [Ir(ppy),bpy)]PFs was performed with conventional
amines without silyl substituent (Scheme 5).1%°! Based on this
reaction the authors showed the principal role of oxygen in the
synthesis. In the presence of oxygen, selective formation
of cyclic products was observed. In the reaction catalyzed by
g-C3N,, acrylonitrile derivatives showed excellent reactivity and
higher yields in comparison to iridium-catalyzed approach.®3
To illustrate the practicability of the heterogeneous process cat-
alyst was recycled for 8 times without losing its activity.

Formation of a-aminoalkyl radicals was completed from
more easily available a-amino acids (Scheme 6).1036¢1 Secondary
amine alkyl radicals were formed through a decarboxylation
process. The reactivity of substrates was proven by achieving
formation of a quaternary center. The yield was higher for

R? photocatalyst, r.t., Ar R R
i RE_R®  MeOH, hy, LiCO. R
RS N/I\COOH N I R gR
H R3 R4  org-CgNy hv, CsF 1.NH
MeDH

@r“ﬁ Bos @f*@

F
g-C3N, [Ir(ppy)o(dibbpy)]PFg  9-CaNy [Ir(ppy)a(dtbbpy)]PFs  9-CalNg [Ir(ppy)a(dtbbpy)IPFg
70% 7% 71% 67% 54% 92%

0 0 0
Ph” Ph” Ph”

g-CaNy [Ir(ppy)o(dibbpy)lPFg  9-CaNa [Ir(ppy)z(dtbbpy)JPFs - 9-CaNa [Ir(ppy)2(dtbbpy)PFe
65% 50% 78% 55% 53% 56%

Scheme 6. Photocatalytic decarboxylative addition of a-amino acids to acti-
vated alkenes.
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1 R? X%, MeOH hv.LipCOy  RL
RY A cl :[ : - > w
N° TMS * ‘<\N “-.;::-“ or g-C3Ny, hv, CsF, Ph
Ph MeOH
Boc
TR M TRD M
g-C3Ny g-C3Ny g-C3Ny [Ir(ppy)2(dtbbpy)lPFg  g-CaN,
88% 92% 80% 83% 72%
@ <
[Ir(ppy)2(dtbbpy)]PFs  [Ir(ppy)2(dtbbpy)]PFe  [Ir(ppy)a(dtbbpy)]lPFs  [Ir(ppy).(dtbbpy)]PFg
87% 89% 62% 7%

Scheme 7. Photocatalytic arylation through a-aminoalkyl radical addition.

carbon nitride catalyzed reactions rather than for the homoge-
neous catalyst [Ir(ppy).(dtbbpy)]PFs (65 % and 50 % respec-
tively). Five-membered rings were tolerated in this reaction as
well, however, only moderate yields were reported due to unse-
lective polymerization and cycloaddition processes.

Following the additions to activated double bonds, hetero-
arylation was explored with g-C3N, as an alternative to the
homogeneous catalyst [Ir(ppy),(dtbbpy)IPFs. As a result, photo-
catalytic amine a-arylation was achieved by the addition of an
a-amino radical to a neutral arene (Scheme 7). Heteroarylation
catalyzed by g-CsN, was performed in a desilylative manner./3!
Condensed five-membered heterocycles, as well as monocyclic
thiasole, were tolerated under these conditions. The homoge-
neously catalyzed reaction showed great performance with
six-membered heterocycles as well as five- and six-membered
cyclic amines.'”!

3.2. Carbon-Carbon Radical Cyclizations

The Diels-Alder reaction is a common and powerful tool in or-
ganic synthesis for the formation of new cyclic compounds./®
It was found that radical cations generated from electron-rich
alkenes by using photoredox catalysis react with dienes to give
Diels-Alder adducts (Scheme 8). Yoon and co-authors have pub-
lished a radical cation [4+2] cycloaddition with Ru(bpz)s(BArF),
photocatalyst (Figure 1).1°% They demonstrated the value of the
proposed method by synthesis of natural regioisomer of heitzi-
amide A. The similar method, but with metal-free g-C3N, was
proposed by Zhao and Antonietti, which gave comparable
yields and in some cases outperformed the homogeneous cata-
lyst79 In one case, 9-vinyl-9H-carbazole, g-C;N, catalyst
showed 91 % product yield after only 1 h of irradiation com-
pared to 65 % for Ru(bpz)s(BArF), after 24 h of irradiation.

g-CaN4 Ru(bpz)s(BArF),

90% 98% 54%

MeO

g-C3N; Ru(bpz)s(BArF),

R3
4 g-C3Ny, hv, air
R2 %R CH3NO, MgSOy, rt.
—_————
Ru(bpz);(BArF),
hv, air, r.t.
MeO

W

g-C3Ny Ru(bpz)s(BArF),

H
:

g-C3N; Ru(bpz)s(BArF);

g-C3N; Ru(bpz)s(BArF),
97% 98%

gl

g-C3N; Ru(bpz)s(BArF),

91%

92% 78% 74% 62% 9% 65%
Scheme 8. Photocatalytic Diels-Alder cyclization.
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The apparent quantum yield for g-C3N, in this reaction
reached an outstanding value of 47 %. Aerobic conditions for
this reaction were required, as O, plays the role of electron
mediator in the reaction mechanism.

Photoredox catalysts are able to reduce carbon-halogen
bond by a single-electron transfer to form alkyl radicals. The
photogenerated radical then reacts with the unsaturated part
of the molecule to cyclize. One example of this utilizing homo-
geneous catalysts was reported by Stephenson et al.
(Scheme 9).”" Bromomalonate was reduced to the correspond-
ing radical and subsequently cyclized to cyclopentane through
reaction with the double bond. The reaction is mediated by
ruthenium (Ru(bpy)s;Cl,) and iridium (Ir(ppy),(dtbbpy)PFs) cata-
lysts under visible light conditions in the presence of Et;N as a
sacrificial electron donor.

MeO,C_ Br

MeO,C R mpg-CaHy, hv, THE  MeO,C CO,Me
or =
MeO,C. Br R or R
2 W Ru(bpy)aCla/ Ir(ppy)z(dtbbpy)PFg
MeO,C NEt;, DMF, hv

MeO:C o Me MeO:C co,Me MeO;C co,Me

- O O

mpg-C3Ny Ru(bpy)sCla mpg-C3Ns Ru(bpy);Cla
80% 1% 58%

mpg-CsNy
100% 85%

MeO,C CO,Me

5 oS
CO;Me

Ru(bpy);Clz mpg-C;Ny Ru(bpy)sClz
92% 89% 69%

MeOLC co,Me MeO,C, CO:Me

Scheme 9. Photocatalytic formation of cyclopentane by reduction of carbon-
halogen bond.

Being insoluble in any organic solvent, Blechert et al. used
mpg-C3N, in a packed bed flow photoreactor in order to in-
crease contact with the reaction media.l’?! This approach in-
creased the selectivity and reduced the reaction time. Further-
more, THF (the solvent) also served as a sacrificial electron do-
nor.

Reductive cyclodimerization of chalcones was recently cata-
lyzed by homogeneous Ru(bpy);(PFs), catalyst (Scheme 10).73!

The reaction proceeds through a single-electron reduction
of the chalcone with its subsequent dimerization and aldol-type
cyclization. The regioselectivity plays an important role in this
transformation, as the only one regioisomer can be cyclized. An
additional reagent for coordination of the carbonyl and enol
groups, e.g. Sm(QOTf)s, is necessary to achieve higher selectivity
toward cyclopentanol. In the heterogeneous version of this re-
action, developed by Kurpil and Savateev, with the heterogene-
ous K-PHI photocatalyst, a coordination additive is not required,
as the catalyst itself plays a coordination role.'¥ This feature of
the heterogeneous photocatalysis simplifies the conditions and
allows for high regioselectivity. In both reactions schemes
amine was used as a sacrificial electron donor.

Oxidation of phenols to the corresponding phenoxonium
cations, followed by their coupling with alkenes is one method
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K-PHI, TEOA, MeCN o]
Rw’\)J\Rz R‘ UH
or Ru(bpy)s(PFg)2, Sm(OTf)3
j-ProNEt, MeCN R?
Qe
OH OH OH
K-PHI  Ru(bpy)s(PFg)2 K-PHI  Ru(bpy)3(PFg)2 K-PHI
65% 62% 72% 59% 68%
MeO,
MeO. O FiC O E O
P e e 0
' OH . OH O OH
MeO FsC F O OMe
Ru(bpy)s(PFs)2 K-PHI Ru(bpy)a(PFg)
54% 73% 51%

Scheme 10. Photocatalytic reductive cyclodimerization of chalcones.

to build dihydrobenzofuran rings by [3+2] cycloaddition
(Scheme 11). This reaction can by catalyzed by the relatively
strong oxidation photocatalyst Ru(bpz)s(PFe),. When more pop-
ular photocatalyst Ru(bpy)s(PFe), was used it was shown to be
less efficient.”4 In order for the reaction to proceed efficiently,
the oxidation potential of the alkene must be outside of the
working range of the photocatalyst. The phenols must bear alk-
oxy substituents in 2- or 4- position in order to stabilize the
phenoxonium cation. The proposed method requires the use of
(NH,),S,04 as an oxidant.

Ru(bpz)3(PFg)z
(NH4 252,08

MeCN hv, r.t.

- i Me i
Lo
OMe o
e}
OMe

R=Bn, 83% 55%
R=allyl, 77%
R= CHECHZOH 83% .

eO "'

Lo
(o]
R

R= Me, 75% R= Me, 94%
R=t-Bu, 91% R=Cl, 35%

Scheme 11. Photocatalytic dihydrobenzofuran ring formation through [3+2]
cycloaddition.

Another approach for building a dihydrobenzofuran frag-
ment was shown by mpg-C;N, photocatalyzed oxidative dimer-
ization of resveratrol and its analogs (Scheme 12).7>! Mimicking
the biosynthesis of &-viniferin, in the proposed method free
oxygen was used as an oxidizing reagent instead of (NH,),S,0s,
while 2,6-lutidine was used as a base. Fifteen 4-hydroxy-trans-
stilbenes, including resveratrol, were shown to be suitable sub-
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strates. Additionally 3,4-dihydroxy-trans-stilbenes under the
same reaction conditions gave benzodioxane-based dimers.

R5
HO mpg-C3N,, air, hv
O ” 2,6-luticine (5 eq)
— =
= ! g¢ rt.2ah,MecN HO
RZ
R‘I

R = H, 86%
R = Me, 85%
R=Ac, 51% R

R=H,71%
R=F,40%
R=Cl,77%
R=Br, 711%
R=CF3, 70%
R = OH, 88%
R=0Me, 77%

e
(0]
|
OH OOR

R=0H, 81%
R = OMe, 85%

R =3-OMe, 78%
R = 2-OMe, 73%
R =3,4-OMe, 84%

Scheme 12. Photocatalytic synthesis of dihydrobenzofurans by oxidative di-
merization of resveratrol and its analogs.

3.3. Carbon-Heteroatom Bond Formation Reactions

The oxidation of amines is an important chemical reaction, as
it is one of the key steps in the synthesis of biologically active
compounds in drug discovery and agrochemistry.l’®! Photo-
redox catalysis has been widely presented as a suitable tech-
nique for this transformation. Both heterogeneous and homo-
geneous catalysts can easily oxidize amines, especially primary

amines (Scheme 13).
R 80 °C with mpg-CsN, O/\ /\C
Me Me

mpg-C3Ny Ir(ppy)2(bpy)PFs phenothiazine mpg-CaNy Ir(ppy)2(bpy)PFg  phenothiazine
dye dye
100% 93% 99% 96%

mpg-C3N, Ir(ppy)2(bpy)PFs  phenothiazine mpg-CsN4 Ir(ppy)2(bpy)PFg  phenothiazine
dye dye
93% 78% 92% 82% 87% 98%

| = NH, photocalalysl hv, O; (or air)

Y

98% 99%

Scheme 13. Oxidative formation of imines by photocatalysis.

In the oxidation of amines, reactions where O, acts as an
electron acceptor under visible light are common. This shows
the advantages of the photocatalytic methods compared to the
traditional purely chemical methods when stoichiometric quan-
tities of strong oxidants are usually required as opposed to O,
as an oxidant.””! The transition metal-free heterogeneous mpg-
C3N,4 was reported as a suitable photocatalyst for selective oxid-
ation of amines to the corresponding imines.’®! Despite the
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high selectivity of this method, it requires a reaction tempera-
ture of 80 °C. Homogeneous version of this photocatalytic reac-
tion mediated by Ir(ppy),(bpy)PFs was shown by Rueping et
al.”?! A metal-free homogeneous catalysis under visible light
with phenothiazine dye (Figure 1) gave overall higher yields
and selectivities under mild conditions.['?

The synthetic pathways for the incorporation of fluorine at-
oms into potential biologically active molecules has significant
interest for pharmaceutical and agrochemical areas.!®"!

Until recently there were no methods for direct photocata-
lytic carbon-fluorine bond formation. Among different carbon-
heteroatom couplings, C-F bond formation has remained one
of the most challenging reactions for years, because it usually
requires specific fluorinating reagents that are not tolerated in
photocatalytic systems. Nevertheless, Selectfluor, one of the
most common fluorinating reagents, was found to be suitable
for this reaction in combination with the photocatalysts
Ru(bpy)sCl, and CMB-C3N, (carbon nitride prepared from
cyanauric acid, melamine, and barbituric acid). The first exam-
ple of photocatalytic fluorination with Selectfluor was reported
in 2014 with a common homogeneous catalyst Ru(bpy)sCl,
(Scheme 14).8" Aryloxyacetic acid derivatives as substrates
were chosen. Under the reaction conditions, they release the
CO, molecule and couple with F atom.

photocatalyst, hv, Selectfluor

MeCN/H,0 (1:1), r.t.
Ar/O\/CDZH - Ar’ov
NaOH with Ru(bpy);Cly

o._F o._F . o._F
Y ®
t-Bu N

CMB-C3N; Ru(bpy)sCl,  CMB-C3N; Ru(bpy)sClz CMB-C3N4 Ru(bpy)sCly
94% 84% 79% 79% 69% 63%

/@/O\/F /@O\/F
F Br

CMB-C3N; Ru(bpy)sCls CMB-C;3N; Ru(bpy)sCl
71% 67% 52% 56%

Scheme 14. Photocatalytic decarboxylative fluorination.

Flow reactor enhance mass and heat transfer in reactions,
enables precise control over the reaction parameters, and in-
creases the overall process efficiency and safety.® Despite
these advantages, flow chemistry is barely used together with
heterogeneous photocatalysis due to poor light penetration
and high back pressure (packed bed reactor), or clogging and
poor reproducibility (pumping a suspension).®®3! In order to
overcome these existing challenges, Pieber developed serial
micro-batch photoreactors (SMBRs).2* Using this technology,
decarboxylative fluorination was enabled by CMB-C;N, photo-
catalyst (Scheme 14). This approach was extended to fluorin-
ation of three different types of substrates. The practical appli-
cation of this method was shown by the direct fluorination of
ibuprofen. The reaction with the homogeneous catalyst
Ru(bpy)sCl, requires the use of NaOH in excess, while the proce-
dure with CMB-C5N, was performed without any additives.
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A fascinating method for the synthesis of vinyl sulfones was
discovered by Koénig and co-authors (Scheme 15). First, they
published the method for sulfonylation of alkenes with aryl sulf-
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and substitution of substrates bearing electron-withdrawing
groups was not achieved. Further improvement is needed to
extend the scope of substrates to electron deficient aromatic

inates!® and later extended this method to alkyl sulfinates.®®!  systems.
eosin Y, 535nm o] RFT, p-MBA, AcOH, HCI
- I cl
o ./ or NCN-CN,, 45§nm RS R = or Ru(bpy)sCla, NagS,0g, NaCl R _I(j/
S T PhNO; (1 equiv.). o4 . or K-PHI, HC! or NaCl Z
R”7"ONa EtOH, 40°C, hv 0y, hv, rit.
o 0 o)
I - ~ ~o
T el ! W
o] 0
=
| X B
NCN-CN, eosinY NCN-CN, eosinY “cl A &
74% 99% 78% 79% cl :
o o K-PHI RFT Ru(bpy)sCl, K-PHI RFT Ru(bpy);Cl, K-PHI Ru(bpy)s;Cla
: I 99% 66% 94% 66% 97% 82% 40% 62%
top
0] ~0 SN
NCN-CNx  eosin Y NCN-CN, eosinY /@ | =
81% 79% 72% 75% ~0 -\a 2
Scheme 15. Photocatalyzed oxidative sylfonylation of arylalkenes with sulfon- K-PHI RFT K-PHI RFT
ates. 55%  40% 98% 96%

These reactions were enabled by the organic dye, eosin Y,
under green light irradiation (4,,,=535 nm). A heterogeneous
version of this reaction was performed with cyanamide- and
urea-functionalized graphitic carbon nitrides (NCN-CN,) under
blue light irradiation (Aya.x=455 nm).B”! The performance of
NCN-CN, in general is similar to homogeneous eosin Y. The
reaction between styrene and benzenesulfinate under green
light irradiation was achieved with g-CsN, modified with cyano
groups.®8 For this reaction PhNO, (1 equiv.) was required as
electron acceptor, and without it the yields were significantly
lower.

Halogenated products are versatile starting materials in or-
ganic synthesis, widely used for transition-metal catalyzed
cross-couplings, as well as broadly presented in biologically ac-
tive compounds.®® Among all methods of their synthesis, oxid-
ative halogenation of hydrocarbons is probably one of the most
environmentally benign.®® The photocatalytic version of this
reaction was published by Konig et al. by mimicking the proc-
ess in nature with the use of organic dye riboflavin tetraacetate
(RFT) (Scheme 16).°" In this method they used p-methoxy-
benzyl alcohol as electron donor and acetic acid as a hydrogen
peroxide stabilizer. Selective chlorination of aryl C-H bonds
with Ru(bpy);Cl, photocatalyst was published as well.®? In this
approach NaCl was used as a chlorinating reagent and Na,S,0g
as an oxidant. Selective chlorination of the aromatic C-H bond
was achieved only when the a-H in benzylic position was avail-
able. The utility of the method was shown by the synthesis of
several drugs or their precursors. The heterogeneous oxidative
halogenation was reported by Markushyna and Savateev using
K-PHI photocatalyst (Figure 1, Scheme 16).1°3! The reaction was
carried out under simplified conditions, using hydrochloric acid
and oxygen as the only reagents. The reaction worked well for
the chlorination and bromination of substituted benzenes. The
possibility of using seawater as a chlorination reagent was
shown by chlorination with NaCl solution. All methods are in
agreement with the limitation for electrophilic halogenation

Eur. J. Org. Chem. 2019, 1294-1309 www.eurjoc.org

1304

Scheme 16. Photocatalytic oxidative halogenation of electron-rich arenes.

Until now we have discussed photocatalytic mono-function-
alization of substrates, i.e. installation of one functional group
or formation of one chemical bond. In principle, photocatalysis
can be used in sequential functionalizations of substrates.

Ghosh, Konig, and Antonietti implemented this idea in the
sequential trifluoromethylation and bromination of trimethoxy-
benzene as a model compound using mpg-CsN, (Scheme 17).1°4
Once all of the sodium trifluoromethylsulfinate was consumed,
potassium bromide was added to the reaction mixture and the
photocatalytic reaction was continued to obtain polyfunctional-
ized benzene derivatives.

Recently the intriguing and practical simultaneous installa-
tion of two or more functionalities at once, i.e. semiconductor
photocatalysis of type B’, was explored. This concept was vali-

Sequential functionalization of the substrate

-~ ~ KBr, O3 ~

o CF480:Na o o
_— -
~o0 o~ 455 nm ~o o~ 455 nm ~o0 o~
Br
T4%
Semiconductor type-B'
CO,Et
mpg-GsNy E0,C
Br—CH(CO,Et), =
DMSO, Ny, 455 nm N/
Br
83%
mpg-C3Ng ~0
Br—CF,CO,Et
‘ e _CFy
CF;S0,Na
DMSO, Ny, 455 nm CF,COLEt

52%

Scheme 17. Sequential trifluoromethylation/bromination of trimethoxy-
benzene (top) and semiconductor photoredox catalytic reaction mode of
type B’ (bottom).
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dated in the reaction of simultaneous trifluoromethylation/
difluoromethylation or bromination/alkylation of the (hetero)-
aromatic compounds (Scheme 17).°4

All in all, the photogenerated hole-electron pair on the
carbon nitride surface activates the molecules for reactions. The
carbon nitride photocatalyst is insensitive to the reaction type
and solvents, and it enables practically any C(sp?)-C(sp3),
C(sp?)-C(sp?), and C(sp?)-heteroatom bond forming reactions.

3.4. Dual Ni-Carbon Nitride Photocatalysis

Transition metal-catalyzed cross-coupling reactions became a
classic technique for building carbon-carbon and carbon-
heteroatom bonds in modern organic chemistry. However,
these methods typically rely on rare transition metals, such as
palladium, as transmetalating agents. The high economic and
environmental cost of such catalysis makes these systems unde-
sirable in the long-term. Therefore, nickel is considered as an
attractive alternative to rare metal catalysts.® Moreover, the
union of nickel and photoredox catalysis has opened a new
horizon in radical and cross-coupling chemistry.[%!

Alkylborane, alkylzinc or alkyl Grignard reagents are common
precursors for transmetalation reactions. However, traditionally
they require high temperatures and strong base for activation,
which can lead to the formation of side products due to proto-
deboronation, 3-hydride elimination and subsequent isomeriza-
tion.®”! In recent years, dual nickel/photoredox catalysis has
been employed in cross-coupling chemistry for a variety of
carbon-carbon and carbon-heteroatom coupling reactions un-
der exceptionally mild conditions.

The combination of nickel (Ni(COD),) and iridium
[Ir(dFCF3ppy),bpylPFs organometallic complexes was imple-
mented in a coupling reaction of electronically activated potas-
sium alkyltrifluoroborates with a variety of aryl bromides.

In 2014, Molander et al. reported a single-electron transfer-
based (SET) strategy for the activation of organoboron reagents
in the cross-coupling of primary benzyltrifluorobarates with
substituted aryl bromides (Scheme 18).1°8! The extremely mild
conditions (visible light, ambient temperature, and no strong
base) resulted in the selective formation of the desired products
with only unreacted arylhalide remaining. The reported ap-
proach also showed excellent functional group tolerance.

2,6-lutidine, 26 W CFL,

Br
<j/\E;F;,K
= =
\ |
4 * R4 .
R acetone/MeQH = 95:5 R R
Ph Ph Ph
NC F F b NH
0 0 S
CF3 g o — e

9%

[Ir(dFCF3ppy)2bpylPFg
Ni(COD),, dtbbpy

70% 56% 75%

Scheme 18. Photocatalytic C-C coupling of primary potassium benzyltri-
fluoroborates with aryl bromides.

In the subsequent year, Molander and co-authors reported
the use of the developed SET strategy to secondary alkyltri-
fluorobarates (Scheme 19).°°! The reaction system was slightly
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modified to avoid the formation of side products due to the
higher reactivity of secondary borates. This reaction was shown
to also be efficient on a gram scale as well.

Br [Ir(dFCF3ppy):bpylPFg
R! NiCly, dtbbpy, Cs,CO4

- R?2 =
Rz}‘ BF;K + l/ ' dioxane, 26W CFL, 24h . \|

R® 3

R
O@ O N
CN | P »

Boc
95% 88% 7% 63%

Scheme 19. Photocatalytic C-C coupling of secondary potassium benzyltri-
fluoroborates with aryl bromides.

Molander and co-authors also reported a similar approach of
single-electron transmetalation for the coupling of a-alkoxy-
methyltrifluoroborates with aryl and heteroaryl bromides to
form benzyl ethers (Scheme 20).'°7 The proposed method
showed high tolerance to both heteroaryl and alkoxymethyltri-
fluoroborate substrates. This approach was highly compatible
with both alkenes and alkynes as demonstrated by their high
yields in this reaction.

[Ir(dFCF 3ppy).bpy]PF6

Br. iR R.
R S NiBrs*dme,dtbbpy, K;HPO, O =
07 BFK * | 2p — = 7" | =R
= dioxane/DMA, 26W CFL, rt #
=N
)Ty (=7 W )
o) | N =,/"0 P
Bn” N’J N N
94% 82% 71% 76%

Scheme 20. Photocatalytic C-C coupling of primary potassium alkoxymethyl-
trifluoroborates with aryl bromides.

Synthesis of ethers through the coupling of alcohols with
aryl bromides was reported by dual catalysis of nickel with both
a transition metal-based catalyst as well as with a carbon
nitride. MacMillan et al. developed a system that can modulate
the preferred oxidation states of nickel alkoxides in an operative
catalytic cycle, which provides access to Ni species that readily
participate in reductive elimination.'® This development al-
lowed the critical C-O bond formation step to proceed. The
system was applied to a variety of aliphatic alcohols and
aromatic and heteroaromatic bromides (Scheme 21). Recently,
CN-OA-m (carbon nitride prepared through calcination in a
molten salt of recondensed urea with oxamide) was found to
be able to stimulate reductive elimination by SET modification
of the oxidation state of Ni complexes in a similar system.[92!
This catalytic system was used for the selective coupling of a
broad range of primary and secondary alcohols with electron-
deficient aryl bromides.

Another variation of carbon-oxygen coupling by CN/Ni catal-
ysis was showed by Pieber and co-authors (Scheme 22). Esterifi-
cation of carboxylic acids with aryl halides was performed un-
der mild conditions."®3 The catalyst system was shown to har-
vest a broad range of visible-light spectrum (up to 600 nm),
which was shown by in situ FT-IR analysis of the reaction

© 2019 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Scheme 21. Photocatalytic C-O coupling of alcohols and aryl bromides.

progress. The organic semiconductor was recycled 3 times with-
out any loss of activity. No products of the decarboxylative
C-C coupling were detected, which indicates selective photo-
sensitization rather than the described above single-electron
transfer.

CN-OA-m, dtbppy,

o BIPA, NiCly*glym, R__O

=
L
Hal Z DMSO, white LED, 40°C 0 =

/@coznﬂe /©,002Me CN
. . 0 oy
BOC' ? Boc 0
o] (0] d
; 0 Ay P
Ph Boc”

20%

89% 90% 92%

Scheme 22. Photocatalytic C-O coupling of carboxylic acids and aryl brom-
ides.

Recently an interesting variation of the dual catalyst system
was reported by Ghosh et all'% Through the activation of
C-Br bonds in electron-poor aryl halides, regiospecific coupling
with amines was accomplished. The reaction conditions did not
require additional ligands for nickel complexation. Generally,
the reaction was performed in mild conditions at room temper-
ature, and as a result different functional groups, such as halo-

Br R‘N’R
mpg-C3N,, NiBr*glyme
| = + R‘NH _— |
R// R DMA, base, Np, r.t. /=
[N] [N> : “NH NH N
0=8=0
o8
CO,Et CFy CF;
81% 84% 31% 72% 79%

Scheme 23. Photocatalytic C-N coupling of amines and aryl bromides.
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gens, ester, aldehyde, and cyano group, were well tolerated pro-
viding products in good to excellent yields (Scheme 23).

4. Photocatalytic Productivity of
Homogeneous and Heterogeneous Catalyst

Thus far we have presented the scope of organic reactions cata-
lyzed by both homogeneous and heterogeneous catalysts un-
der similar conditions. However, the yields presented on the
schemes above, in general, depend on the amount of the sub-
strate. Therefore certain photocatalysts can demonstrate virtu-
ally higher yields when lower substrate loadings are used. To
solve this issue we present a graph that correlates the product
yield and the substrate amount taken for the reactions dis-
cussed above (Figure 2).

100 -‘l. ®

"y
90 - "

| |
| ]
| ]
80 im EN®
70 4 'g;
.A

o
60

y Pr¥pEm

50

40 4

Product yield (%)

30
20

10

0 T T T T T T T v T T
0,0 0,2 0,4 0,6 0.8 1,0 1,2

Substrate (mmol)

Figure 2. Comparison of productivities of homogeneous catalysts and carbon
nitride catalysts. Squares — heterogeneous carbon nitride photocatalysts, tri-
angles - transition metal-based photoredox complexes, circles — organic dyes.

All'in all, the discussed photocatalytic reactions in this review
have been studied on 20-1000 pmol reaction scales. Three
classes of the photocatalysts, i.e. transition metal-based com-
plexes, organic dyes, and heterogeneous carbon nitride materi-
als, show nearly the same dispersion of yields regardless of the
reaction type and substrate loading. This general tendency also
shows that all photocatalysts show good performance and give
good to excellent yields in these reactions. Therefore, a photo-
catalytic approach can serve as an effective replacement for
common synthetic procedures. The heterogeneous carbon
nitride based materials in this tendency show comparable to
homogeneous catalysts productivities.

3. Summary and Outlook

We have compared the performance of heterogeneous carbon
nitride semiconductors with homogeneous transition metal-
based photocatalysts and metal-free organic dyes in 15 reac-
tions. In all reported reactions discussed, the performance of
these classes of photocatalysts was similar. Based on this data,
we can anticipate that this is also true for practically any photo-
catalytic reaction.
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However, carbon nitrides stand out from the series of photo-
catalysts due to the following features: low cost (few €/g on
gram scale synthesis), simple preparation procedure (mix pre-
cursors and “bake”), high chemical and thermal stability and
recyclability as the carbon nitride can be separated from the
reaction mixture by filtration or centrifugation. As non-soluble
materials, carbon nitrides offer wide possibilities for designing
packed bed photoreactors in order to further simplify the pho-
tocatalytic experiment in a flow system. Carbon nitrides also
offer enormous opportunities for structural modification, i.e. ad-
justing the morphology and the chemical and band structure.
These changes have a profound impact on the activity of the
heterogeneous photocatalysts in the model reaction of water
splitting. It also implies that the activity of carbon nitrides in
organic photocatalysis may be enhanced using the same princi-
ples of materials design.

Despite the already rich chemistry of carbon nitrides, herein
we would like to outline potential routes for further develop-
ment of the carbon nitride photocatalysis in the view of their
properties and the needs of synthetic chemistry.

@® Most of the reactions catalyzed by carbon nitrides are
based on electron transfer. Energy transfer, on the other hand,
has not been yet fully utilized, although several papers suggest
existence of either triplet states or non-emitive charge states in
carbon nitrides.[19>106]

® The high chemical stability of carbon nitrides that has
been already utilized several times in the literature may be fur-
ther applied to run harsh photocatalytic reactions with highly-
reactive intermediates, e.g. alkyl radicals, carbenes, etc.

All'in all, successful implementation of carbon nitride photo-
catalysis in organic synthesis requires cooperation between two
communities: material and organic chemists.
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