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Molecular photoredox complexes from the platinum group
paved the way of organic photocatalysis. However, high price
and difficulties related to removal and recycling hamper
application of such complexes on the larger scale. Carbon
nitride semiconductor photocatalysts are deprived at large
extent of such limitations. Herein, we summarize application of
ionic carbon nitrides in photocatalysis. A salt-like structure of
ionic carbon nitrides comprising negatively charged poly
(heptazine imide) anion and positively charged alkali metal

1. Introduction

The beginning of 21* century experienced the renaissance of
photocatalysis. High expectations are set on the development
of photocatalytic methods for environmental remediation,?
photo-fuel production®™ and synthesis of organic molecules.”*!
Homogeneous systems, i.e. molecular catalysts, currently dom-
inate the area of organic photocatalysis. Homogeneous photo-
catalysts are represented mostly by metal photoredox com-
plexes largely based on Ir and Ru.””’ As considering sustainability
is a central point of our society today, it is allowed to take up
the question: “How sustainable is the use of two the rarest
elements on Earth”?

Ru and Ir, the core of the photoredox complexes, gained 7.6
points out of 10 on the scale of the ‘relative supply risk’ by the
Royal Society of Chemistry.”® These high indices are the
products of low abundance of the platinum group elements
and localization of the production sites (60%) only in few
countries, Russia, USA and South Africa. The platinum-elements
economy, related to the photocatalysis, can to our opinion only
be justified in niche applications, e.g. in reactions leading to
high-end pharmaceutical drugs.” If we aim not only for
momentary success by demonstrating breath-taking photo-
catalytic reactions, but to create a truly flexible chemical
technology that will serve for decades, it is essential to develop
synthetic protocols free of rare elements.

Earth abundant substitutes, Cu- and Fe-based sensitizers,
are already known. Many research groups share the aspiration
to create more sustainable versions of photocatalysts, and
extensive work is conducted on synthesis and application of
earth-abundant substitutes — copper®'"'? jron,'*'*% njckel,"
vanadium'” complexes, just to name a few.
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cations gives rise to a number of unique properties and high
activity in photocatalysis. The performance of ionic carbon
nitrides in H, generation is up to 100 times higher compared
with the covalent graphitic carbon nitrides. Eleven photo-
catalytic reactions mediated by ionic carbon nitrides and their
long-lived radicals are reviewed. Economy of using carbon
nitride photocatalysts in comparison with the photoredox
complexes from the platinum group has been analyzed.

On the organic side, acridinium salts,"®" flavines® and

chromone derivatives®'??¥ are totally metal free and therefore
allow for ‘fully-organic’ photocatalysis. The structure of these
dyes and therefore their redox properties may be well-tuned.
Even though these catalysts are apparently much more
sustainable, the synthesis of some of their representatives is a
complicated, multistep process* and the price of custom-
made dyes can be eventually higher than that of Ru- and Ir-
complexes.

A third class of materials with high sustainability and
availability are heterogeneous, nanoscopic, semiconducting
materials. TiO,, an industrial white pigment, is available on
larger ton scale and an effective photocatalyst for environ-
mental remediation. Although water splitting over TiO, was
reported back in 1970ties,” the community working in the
area of organic synthesis seems to hesitate using heteroge-
neous photocatalysis for preparative needs. The reason, in our
opinion, partially lies in the wide band gap of this classical
photocatalyst and the challenges associated with the use of UV
light. In order to enable photochemistry under longer wave-
length, dye-sensitized versions of TiO, have been
developed.”®””! Alternatively, medium band gap metal chalco-
genides have been studied as well.*

Both economic and functionality requirements of heteroge-
neous photocatalysis are met in medium band gap organic
semiconductors, such as covalent organic frameworks and
carbon nitrides.”*® Carbon nitrides are metal free and essen-
tially comprise of carbon and nitrogen, only, while precursors
for their synthesis, e.g. urea or melamine, are megaton
commodities. To improve the initially reported rather low
efficiencies, a number of works report altering the intrinsic C,N-
framework  with one, two and even multiple
organoelements.®'*? Shalom and Antonietti developed an
elegant approach for carbon nitrides structure design by
supramolecular preorganization of the organic precursors.®>343%
Topotactic-like phase transition of triazole oligomer to carbon
nitride has been reported by Dontsova et al.*® The structural
modifications have a profound impact on the band structure of
carbon nitrides, mobility of the charge carriers and their
lifetime.*” Tailoring band gap of carbon nitrides has been
summarized in several reviews, and we point to this work.®® As
a result, synthesis of CN-based photocatalysts with desirable
redox properties and band gaps for many target applications
can be achieved.

As a main asset, carbon nitrides possess secondary features
that potentially will facilitate the transition of the photocatalytic
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technology from the laboratory to the industrial scale: easiness
of preparation, availability and low cost of precursors, high
thermal and chemical stability, and full recyclability of a
heterogeneous system. A final property relates purely to
efficient energy management - excitation of medium band gap
semiconductor naturally requires photons with lower energy,
which are now in the low cost LED range.

The class of carbon nitride materials is very large. In general
it is not possible to separate a certain structure, as it can be
done for molecular catalysts. A continuum of materials with
gradual, but controllable chemical composition and structure
does exist. Carbon nitride structure offers multiple ways to
classify these materials. In this review we divide carbon nitrides
into covalent and ionic structures. We will use the term ‘ionic
carbon nitrides’ as a general name for materials possessing
metal—nitrogen ionic bonds, but provide original label when
refer to application of such materials in photocatalysis.

We need to emphasize that there are examples of metal
intercalated carbon nitrides that do not contain metal—nitrogen
bonds.?**442) | gyered LiCl°poly(triazine imide)***? or LiBr*poly
(triazine imide)*’ may be also regarded to this class. Synthesis,
properties and application of metal intercalated carbon nitrides
may be found in the review "

Figure 1a shows a simplified chemical structure of potassi-
um poly(heptazine imide) (K-PHI) possessing negatively charged
poly(anion), while charge is compensated by potassium
cations."” Poly(heptazine imide)s (PHIs) in general are prepared
from N-rich heterocycles, e.g. triazoles, tetrazoles or melamine,
in alkali metal chlorides eutectic melts or in solid state reactions
with alkali metal chlorides.”***? Alternatively they can be made
from precondensed covalent carbon nitrides by post-treatment
in alkali metal salts.>**"

Precursors and composition of the reaction medium for
ionothermal synthesis do affect the structure of carbon nitrides.
Using the same organic precursor, but selecting different salts
or salts mixtures, alkali metal doped covalent carbon nitrides,
PHI and PTl may be synthesized. Thus Na, K and Cs based salts
give metal PHIs*® while using Li salts results in formation of
intercalation compound - crystalline layered poly(triazine
imide) (PTI).F***** Secondly, excess of alkali metal salt is
prerequisite for PHI formation, while heating of graphitic carbon
nitride or cyanamide with only few weight percent of alkali
metal hydroxide gives alkali metal doped covalent carbon
nitride.*>*® Finally, precursors and conditions should be care-
fully selected in order to obtain crystalline PHIs rather than
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alkali metal modified carbon nitrides,”” N-deficient g-C;N,,*® K*
decorated g-C5N,,* or alkali metal doped g-C;N,*” or simply
change morphology of covalent g-C;N,.**"

Division on ionic and covalent carbon nitrides is justified
also by other reasons. Not only are the synthesis conditions
different, but also chemical structure and the accompanying X-
Ray patterns are. Taking K-PHI as an example, in addition to the
typical for graphite-like materials peak at ~27°, an intense peak
at 8.1° together with several peaks of lower intensity appear in
powder X-Ray (Figure 1b). Lotsch et al. solved the structure of
K-PHI using transmission electron microscopy, while *C-""N 2D
HETCOR spectrum confirmed that negative charge is localized
at the deprotonated imide bridge between neighboring
heptazine units.®” Furthermore, X-Ray photoelectron spectro-
scopy (XPS) can be used to confirm the presence of deproto-
nated nitrogen atoms in the structure of K-PHI as a signal at
396.6 eV in N 1s spectrum.””*¥ Combination of these techni-
ques can differentiate between metal intercalated carbon
nitrides, resembling crown ether like supramolecular assem-
blies, from materials with defined K—N ionic bonds. Similarly
HR-TEM image shows well organized structure of this material
(Figure 1c). These changes are the result of potassium cation
incorporation that alters drastically the crystal structure of
carbon nitride. Therefore, we do not deal with a random
elemental doping of the semiconductor in the ppm range, but
with the formation of a new phase.*® K* cations in the K-PHI
matrix do not only compensate negative charge of the poly
(anion), but they also mediate interactions to further distant
layers and therefore contribute to the formation of more
ordered structure compared to the protonated PHL"*?

Potassium cations can be exchanged by immersing K-PHI
into solutions of other salts.®™ Optical and electronic properties
of the materials depend only slightly on the nature of the
introduced metal cation, but activity, for example, in photo-
catalytic H, generation, depends on the metal cation (also
explained down below).®”

Probably the most spectacular and applied feature of ionic
carbon nitrides is the ability for photocharging (Figure 1f) that
we will discuss down below in detail %67

Despite ionic carbon nitrides were developed few years ago,
they have been already validated in a number of fields. Taking
into account such a rapid progress, this review will summarize
available up to date literature on application of ionic carbon
nitrides in photocatalysis and related areas. The discussed
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Figure 1. Introduction to ionic carbon nitrides. a) Structure of potassium poly(heptazine imide) (K-PHI); b) PXRD pattern of K-PHI (black) and covalent graphitic
carbon nitride (grey); c) HR-TEM image with the profiles of the selected areas (d, e); f) Generation of long lived green radical of K-PHI (K-PHI"") and role of K-
PHI*~ in substrate reduction. K-PHI* denotes excited state of K-PHI, ED - electron donor, ED,, — a product of electron donor oxidation. Dashed arrow shows
recovery of the K-PHI ground state (closure of the photocatalytic cycle) and reduction of electron acceptors; g) Application of the ionic carbon nitrides in
“solar batteries” and schematic representation of ion exchange in metal PHIs. Reproduced with a permission from the references [68] and [64].

reactions are evaluated in the view of sustainable chemical
production by mean of photocatalysis.

2. Charge Storage in lonic Carbon Nitrides

Long-lived radicals have been a topic of research for several
decades. Every chemist either prepared in the laboratory or at
least is aware about the ketyl radical (common desiccant of
aprotic solvents) and the methylviologen radical cation (a redox
indicator). Moreover, long-lived radicals are the base of the
living radical polymerization.® Due to the large conjugated
structure and optical band gap of ca. 2.7 eV, carbon nitrides are
a convenient framework for electron delocalization and storage.
Although persistent radicals typically are generated by the aid
of reactive reagents, carbon nitride can be converted to long-
lived radical species employing only light to drive exciton
separation and a simple sacrificial electron donor to quench the
photogenerated hole.

Physico-chemical characterization of long-lived radical spe-
cies of carbon nitrides is scarce, partially due to necessity to
keep the samples strictly under air free conditions. Albeit,
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cyanamide surface functionalized melon-type carbon nitride
(NCN,) have been characterized by transient spectroscopy.’”
Taking into account significance of charge storage in carbon
nitrides for light energy conversion, we anticipate growth of
research interest to long-lived carbon nitride radicals in the
nearest future. For now we provide a simple model that is
useful for explaining the mechanism of photocatalytic reaction
mediated by ionic carbon nitrides, exemplified on K-PHI, that
comprise long-lived tinted radicals (Figure 1f).

In a typical experiment of long-lived radical generation, K-
PHI is dispersed in a polar solvent, e.g. acetonitrile, ethanol or
water, followed by addition of a sacrificial electron donor (ED).
Upon light irradiation under air free conditions, K-PHI is
converted to the excited state (K-PHI*). Followed by reductive
quenching of the hole in the VB by sacrificial electron donor, K-
PHI radical anion (K-PHI*") is formed (Figure 1f). The formation
of the radical is accompanied by distinct color change from
yellow to green or dark-blue and may be detected by EPR.®"7"
In the presence of electron acceptors radical species can
transfer electrons to such molecules. The photocatalytic cycle is
closed in this way. However, in the absence of the appropriate
electron acceptor the radical species ‘live’ for hours, which
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means that the kinetics of photooxidation and photoreduction
are successfully decoupled. The color on the other hand under
air free conditions persists for months! It implies that a
considerable fraction of radical sites remains in the material.
Charge storage in ionic carbon nitrides has already been
acknowledged by the scientific community, and several key-
words for this effect have been coined - dark photocatalysis®®”
and memory catalysis.”?

Electrochemical measurements and measurements of the
methylviologen radical cation absorption spectrum produced
upon the long-lived radical quenching with methylviologen
dichloride have been proposed to quantify the capacity of ionic
carbon nitrides.”®® Both methods suggest that the capacity
can reach 1000 umol per g of the material. Until now it is
known that ionic carbon nitrides can stabilize a high electron
density metastable state, while the capacity of covalent carbon
nitrides is orders of magnitude lower.”

Durrant reported that the rate of the excited state
quenching of cyanamide surface-functionalized melon-type
carbon nitride is <3 ps, while the rate of the respective radical
anion quenching is >2s In other words, the long-lived
radical is formed much faster compared to the recovery of the
carbon nitride ground state. Considering very different time-
scales of these processes separation of oxidation and reduction
reaction may be achieved. Using this concept, Lotsch and
Reisner proposed a combination of light harvesting cycle,
leading to the formation of the long-lived radical, and the dark
cycle accompanied by H, release upon proton reduction.”
Zheng and Quan generated a long-lived radical of g-GN,
modified with cyano-groups (CCN) and followed by the addition
of O, producing H,0, in the dark.” Ou and Wang applied this
feature of carbon nitrides for simultaneous alcohols dehydro-
genation and H,0, production.” Finally, Lotsch etal. devel-
oped solar batteries with chargeable FTO-electrode made from
cyanamide-functionalized polyheptazine imide (NCN-PHI) (Fig-
ure 1g).®

3. Application of lonic Carbon Nitrides in
Photocatalysis

3.1. Hydrogen Production

Hydrogen is considered as a green and highly energetic fuel. In
order to provide a steady supply of such commodity in the
future from dilute solar light, the photocatalytic systems must
consist of durable and highly-performing materials. With few
exceptions semiconductor photocatalysis require Pt as a co-
catalyst for HER."”

The rate of H, production over ionic carbon nitrides is 10—
100 times higher compared to the reference covalent carbon
nitrides under the same conditions (Figure 2). Note that activity
of reference carbon nitrides was measured under the identical
conditions and taken from the same sources. Therefore,
variance to differences in setup, light source, Pt co-catalyst
content, etc. can be excluded. More careful analysis of the
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Figure 2. Increase of H, production (folds) by ionic carbon nitrides in
comparison with the covalent (graphitic) carbon nitride measured under
identical conditions. Alkali metal cation incorporated into the structure is
shown on abscissa. Pt was used as a co-catalyst. Calculated from the
references: circles — Li-PTl, Na-PHI, K-PHI, Cs-PHI;“® squares — CN-ATZ-Na, CN-
ATZ-K, CN-ATZ-LiK, CN-ATZ-NaK;" triangles pointing upward — CN-Na, CN-K,
CN-LiK, CN-LiNa, CN-NaK;"® diamonds — CN-m, CN-OA-m;*® hexagons -
CCN;" pentagons (NaK poly(heptazine imide) modified with nucleobases) -
NaK-PHI, NaK-PHI-A, NaK-PHI-G, NaK-PHI-T, NaK-PHI-C 2"

literature suggests that variation of the precursors, salt source,
nature of the cation and synthesis conditions are decisive for
the high photocatalytic activity in hydrogen evolution reaction
(HER). Zhang and Antonietti optimized the properties of ionic
carbon nitrides by condensation of urea with oxamide followed
by calcination in molten salts (diamonds on the Figure 2).°% In
particular they achieved compression of the interlayer distance
to 0.292 nm that improves lateral charge transport and
interlayer excitons dissociation. Already high rates of H,
production are explained by extremely high apparent quantum
yield (AQY) of 57% at 420 nm. Furthermore, the AQY was
increased to 60% at 420 nm by preparing triazine—heptazine
copolymer by calcination of polymeric carbon nitride in NaCl/
KCl eutectic mixture (triangles pointing upwards on the Fig-
ure 2)."® It has been also shown that the AQY can be further
increased to 65% if reaction is performed in the presence of
K,HPO,.”

As mentioned above, performance of metal PHIs in hydro-
gen production is different, while higher H, evolution rate is
explained by improved charge separation and localization
efficiency.®” Interesting the activity of Mg-PHI was the highest
in the row of alkali and alkaline earth metal PHI illustrating
remote resemblance of this polymeric photocatalyst with
chlorophyll. Metal free PHI (i.e. acid treated K-PHI, H-PHI) on the
other hand showed ca. 38 times higher activity in HER
compared to K-PHI.©?
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3.2. Organic Synthesis
3.2.1. Transition Metal-Free Heterogeneous Catalysis

Recently we have summarized the results on using carbon
nitrides, in particular K-PHI, in photocatalytic synthesis of
organic molecules.®™ Therefore, we highlight only more recent
progress of using ionic carbon nitrides in organic synthesis. It
must be pointed out that most of the reactions highlighted
below can be successfully accomplished at room temperature
(20-25°C). However, elevated temperature may have a positive
effect by reducing reaction time.

Markushyna and Savateev developed oxidative halogena-
tion of electron rich aromatic compounds using HCl and O, as
reagents (Scheme 1).2"” By using K-PHI the reaction conditions
were much simplified not only compared to the classical
Friedel-Crafts reaction, but also in comparison with the
homogeneous photocatalysis.®” Catalysts screening revealed
that K-PHI is also more active compared to the covalent
graphitic carbon nitride. Reaction works also with NaCl as CI~
source. Therefore, potentially sea water may be used as a
chlorination agent.

Konig and Lotsch used cyanamide-functionalized carbon
nitride (NCN-CN,) to drive C—S coupling between alkyl/aryl
sulfinates and styrenes/dihydronaphthalenes (Scheme 2).%*

Despite relative simplicity of alcohols oxidation to the
carbonyl compound, the reaction has high applicability in
organic synthesis. In the laboratory practice this reaction is
accomplished by stoichiometric quantities of pyridinium chlor-
ochromate. Photocatalytically, this reaction is realized by the
heterogeneous carbon nitride photocatalyst using O, as elec-
tron acceptor.®™ The O,-based approach quite often suffers

o o

Hal = Cl, Br
Scheme 1. Photocatalytic oxidative halogenation of electron rich aromatic
compounds.

K-PHI, Op, A=465 nm
HCI or HBr, MeCN/H,O

o

n

NCN-CN,, PhNO, (1 eq.) R TN
|

%=455 nm, 40°C,18 h, EtOH b

o=

e
+
R’S\ONa ﬁQ\R

Scheme 2. Synthesis of vinylsulfones using heterogeneous NCN-NC, photo-
catalyst.

v’ R

OH o)
©) K-PHI, Sg (3 eq.) ©}
A=465 nm, 50°C, 24 h, No,CH3CN
91% (>99%)
Scheme 3. Oxidation of benzyl alcohol by K-PHI and S as electron acceptor.
Conversion and selectivity (in parentheses) are shown.
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from low selectivity due to overoxidation of the aldehyde to the
carboxylic acid.® The selectivity of the process can thereby be
significantly enhanced by replacing O, with elemental sulfur (Sg)
(Scheme 3).1¢

Photo-Hantzsch synthesis of pyridines has been developed
using K-PHI (Scheme 4).%® Herein, instead of handling the
aliphatic aldehyde under air free conditions, it is produced right
before consumption from the respective alcohol in a first step.
In the second step, 1,4-dihydropyridine is synthesized via
classical Hantzsch reaction. In a possible third step, after
replacing ethanol by the solvent more stable against oxidation,
i.e. acetonitrile, 1,4-dihydropyridine can be converted to the
corresponding pyridine derivative.

K-PHI is a convenient photocatalyst to trigger dehydrogen-
ation reactions. This feature has been employed in oxidative
cyclization of N-alkylidene hydrazones to 1,3,4-oxadiazoles
(Scheme 5).%” The method works excellent when S; was used as
electron acceptor. The selectivity was significantly lower when
O, has been employed, apparently due to formation of the
reactive oxygen species. In this example, elevated temperature
is required to enable disfavored 5-endo-trig cyclization
process.®

The reactions presented on the Schemes 3-5 illustrate the
versatility of the system consisting of K-PHI/Sg to enable various
photocatalytic reactions with high selectivity. In the dehydro-
genation reactions Sg is converted into H,S. On the other hand,
photocatalytic decomposition of H,S to H, and sulfur has been
reported.® Therefore, potentially sulfur can be envisioned as a
redox shuttle in photocatalysis according to the Sg-H,S-Sg
scheme, resembling that in metal sulfide batteries.

MeW [CNP], Sg (3 eq.) Me__H
i 0
OH A=465 nm, 50°C, 24h, N, e}
2.
MeYH
0
o in situ o} OMe H o
EIOJ\A[\ ﬁoa — EtOWOEt
Me [©] O~ Me Me N™ "Me
+ )
NH, H
HCHO, 36%
3.
OR HO 0O R O
EtO ogt —ICNP1.Ss(8e9.),Zn0 (2e9) | gy | Xy OOEt
| A=465nm, 50°C, 24 h, Np, MeCN _
Me l}l Me Me’ N Me
H R=H, 95%
R = Me, 85%

Scheme 4. Photo-Hantzsch synthesis.

H._R? 1
R1_O. 2
JOL he K-PHI, Sg (3 eq.) ~O-R
rRINN A=461nm, 80°C, 20h, Ny, CH3CN N-N
lli 12 examples

Isolated yield: 18-84%

Scheme 5. Photocatalytic oxidative cyclization of N-alkylidene hydrazones by
K-PHI.
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A series of thioamides was assembled by means of K-PHI
from amines and S; (Scheme 6).*” Important advantage of
using heterogeneous carbon nitride here is that the reaction is
performed under milder conditions, 70°C or room temperature,
compared to 100°C reported for non-photocatalytic
conditions.”"*? Reactive linear aliphatic thioamides (R=CH,,
C;H, on the Scheme 6) have been obtained for the first time in
72-78% yields, while room temperature in this case is essential.

Savateev and Antonietti developed a photocatalytic reac-
tion of disulfanes synthesis from methyl arenes, e.g. toluene is
the simplest example, and elemental sulfur, a by-product of oil
refinery (Scheme 7). Color staining was observed once all
sulfur is consumed indicating that the reaction proceeds via
reductive quenching of the radical-anion of K-PHI (Figure 1f). It
is also a handy feature of the photocatalytic system that as such

S
K-PHI
SNV .. N §
2RT NH % 58 e om, Ar R HAR
11 examples

Isolated yields: 68-92%
S
HN% K-PHI
Ph” ONH, + SN+ Sg T Ph)LN%
\ / 1=461 nm, Ar %
: .

n=0,1

3 examples
Isolated yields: 72-83%

Scheme 6. Photo-Kindler reaction mediated by K-PHI photocatalyst.

BoH ®ow ow B !
@H K-PHI, 2=461 nm C s-s ‘

R?  Sg 50°C, 24 h, 2 Rﬁz < >
-l N5, MeCN ‘; |

56% 67%
OMe \/©/NHBOC
S,S /@/\S/s
OMe BocHN
63% 51%
.S -
Me
F
47% 41%

Scheme 7. Oxidative thiolation of methylarenes using elemental sulfur as
inexpensive S-source. Images of the reaction mixture before light irradiation
(left) and after all sulfur is consumed (right) are adapted from the reference
[66].
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the photocatalysts has a ‘built-in indicator’ for reaching the end
of reaction.

Due to the presence of C=C and C=0 moieties o,f-
unsaturated enones, i.e. chalonces, are versatile reagents in
organic synthesis and a privilege structures in medicinal
chemistry.”® Long-lived radicals of K-PHI generated under air
free conditions trigger cyclodimerization of the chalcones via
formal [3+2]-cycloaddition and vyields cyclopentanoles
(Scheme 8).°¥ The advantage of using K-PHI is that the photo-
catalytic system is free of any metals. It is very unique
considering that all reports on cyclopentanoles synthesis by
chalcones dimerization strongly rely on rare-earth elements,
e.g. ytterbium.®

Moreover cross-reductive cyclodimerization between two
chalcones is enabled by the heterogeneous K-PHI photocatalyst
(Scheme 9). This reaction on the contrary does not proceed
using homogeneous Ru-photocatalyst.”® This suggests that K-
PHI not only enables the photoredox process, but also serves as
a support to direct the regioselectivity of the C—C coupling.

lonic carbon nitrides also enable counter-intuitive chemical
transformations. For example, N-aryltetrahydroisoquinolines are
well studied in the Mannich and Aza-Henry reactions.”” On the
other hand, bare tetrahydroisoquinoline (THIQ) itself typically
undergoes dehydrogenation.”®

Kurpil and Savateev prepared highly-fluorescent conjugated
polyaromatic heterocycles with quantum yield of fluorescence
of up to 24% from tetrahydroisoquinoline and o,f3-unsaturated
enones using K-PHI photocatalyst (Scheme 10)."" Since oxida-

Ph
o K-PHI, TEOA o]
/\)J\ A=461nm Ar. OH
Ar Ph MecN, Ar, 80°C, 20h -
Ar
8 examples

Isolated yield: 31-73%

Scheme 8. Metal-free reductive cyclodimerization of a,f3-unsaturated ke-
tones. TEOA stands for triethanolamine.

Ph
K-PHI, TEOA ] o
o o %=461nm R OH
/\)J\ 1’\)J\
Ph Ph R Ph MeCN, Ar, 80°C, 20 h s Ph
R1:4-FCGH4
R4=4-CF3CgHs
o) )
OYC. Oy ¢
F
oA

42% 45%

Scheme 9. Regioselective synthesis of polysubstituted cyclopentanoles via
cross reductive cyclodimerization of o,-unsaturated ketones. TEOA stands
for triethanolamine.
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Scheme 10. Synthesis of fluorescent N-fused pyrroles via tandem photo-
catalytic reaction between THIQ and a chalcone. Appearance of the solutions
of N-fused pyrroles in acetonitrile under ambient light and UV irradiation
reproduced with permission from reference [71].

tion and reduction of the substrates on the K-PHI surface are
separated in time and space, it allows for coupling a tentative
radical cation of THIQ and the radical anion of enone in a
regioselective fashion. Heating accelerates the reaction. Never-
theless, comparable yield was obtained performing the reaction
at room temperature for 72 h.

The above-mentioned examples illustrate versatility of
carbon nitride photocatalysis. The reactions proceed without
toxic oxidants in stoichiometric quantities (e.g. synthesis of
oxadiazole-1,2,4 and disulfanes), using simpler reaction con-
ditions (e.g. synthesis of N-fused pyrroles and oxidative
halogenation) and industrial by-products rather than expensive
chemicals (e.g. elemental sulfur instead of Lawesson reagent in
synthesis of disulfanes and thioamides).

3.2.2. Hybrid Transition Metal and Semiconductor Catalysis

Until now we discussed only metal-free systems. Several
examples in the literature are known where heterogeneous
carbon nitride photocatalysis is coupled with earth-abundant
metal catalysis.

Reisner et al. used NCN-CN, in combination with hydrogen
evolution molecular Ni complex (NiP) for oxidation of benzyl
alcohols to aldehydes (Scheme 11)."¥ Two value added prod-
ucts — benzaldehyde and H, — were prepared in one pot.

Pieber et al. have coupled Ni-catalyst with CN-OA-m photo-
catalyst for selective C—O coupling of carboxylic acids and
arylhalides (Scheme 12).*? The idea behind this intriguing
combination of the catalysts is to use carbon nitride, with the
advantages of heterogeneous approach discussed in the
introduction, for reduction of the intermediary Ni(l)-molecular
complex.'

Furthermore, the method has been extended on Dual
Nickel/Photocatalytic (Thio)etherification (Scheme 13).1°"

ChemCatChem 2019, 11,6166-6176 www.chemcatchem.org

6173

CHEMCATCHEM
Minireviews
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A>400nm, 24 h, Ny, 24 h, water

(HO), 0P

Scheme 11. Oxidation of alcohols by hybrid molecular Ni-catalyst and ionic
carbon nitride.

CN-OA-m (3.33 mg/mL)
NiCl,-glyme

or
Ni(OAc),-4H,0 (10 mol%)
dtbby (10 mol%)
BIPA (3 or 5 eqiv.)
DMSO (deg.), 14-168 h
white LED, ~40°C

R‘\H/O
R
NS
22 examples

Scheme 12. C—O cross-coupling enabled by the semi-heterogeneous photo-
catalysis.

CN-OA-m (3.33 mg/mL)
NiBr,-3H20 (10 mol%)
dtbby (10 mol%)

BIPA (5 eqiv.)

JERES e A
MeCN (deg.), 24-168 h Y
Ba white LED, ~40°C 43 examples
o8 2-92%

<X X

Scheme 13. Semi-heterogeneous (thio)esterification of arylbromides and
aryliodides with Ni(ll) complex and carbon nitride photocatalyst.

Finally, mesoporous graphitic carbon nitride (mpg-CN)
complements the dual photocatalysis with C—N cross-coupling
reactions as demonstrated by Ghosh and Kénig (Scheme 14).'%%

These examples demonstrate enormous opportunities of-
fered for organic synthesis by coupling heterogeneous carbon
nitride photocatalysis with molecular transition metal catalysis.

X R‘N’R
mpg-CN, NiBry-glyme
R + N Base R
R™ R DMA, Ny, 24-168 h
455 nm, 25°C 1
X =Br, Cl examples
26-92%

Scheme 14. C—N cross-coupling mediated by Ni complex and mpg-CN.
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4. Conclusion and Outlook

Research on ionic carbon nitrides is a fast-growing field that lies
on the border between heterogeneous photocatalysis and
material chemistry. Despite relatively short history, the utility of
this class of materials has been already proven in different
reactions and also in solar energy harvesting and storage. The
achievements, even for researchers working in the area, are well
beyond our expectations and we rise the following questions
just to illustrate potential perspectives and further applications.
e In the long-lived radical of the ionic carbon nitrides one
electron is delocalized over 5 heptazine units (as calculated
from the capacity of ~1000 ug™). Is this the maximum
capacity? Until now, structure-capacity relationships of ionic
carbon nitrides have not been derived yet. Considering the
number of parameters of ionic carbon nitride, “degree of
doping” with alkali metal, nature of alkali metal, crystallite
size, etc,, which can influence the capacity of ionic carbon
nitride, the potential is broad.

e The scope of the reaction mediated by carbon nitrides still
does not match that of the transition metal molecular
catalysts. Chemists who used to work with soluble molecular
photocatalysts apparently are very sceptic about the per-
formance of heterogeneous systems. This review gives 11
examples where ionic carbon nitrides have advantages
compared to non-photocatalytic methods or molecular
photocatalysis, but: are we restricted by accepting previous
limitations?

In order to take into account also the economy of the
photocatalytic approach we analyzed available in the literature
reactions mediated both by carbon nitrides and molecular
catalysts from the platinum group. Figure 3 represents the
amount of the product (umol) produced per 1 EUR spent for
procurement or synthesis of the photocatalyst. Costs of
chemicals needed for synthesis of non-commercialized systems
were used to calculate the price. The results suggest that
productivity of the carbon nitride photocatalysts is one to three
orders of magnitude higher compared to that of photoredox
complexes. This is especially true for Ir-based systems, due to
high price of the precursor - IrCl;. On the other hand, RuCl; is
cheaper when compared to Ir salts. However, Ru-complexes of
sophisticated structure, e.g. Ru(bpz),(BArF), are expensive
because of the ligands, the cost of which by far exceed the
metal center.!*?

To conclude, we think that the results presented in the
review suggest that ionic carbon nitride catalysis enables
multiple organic reactions. Under similar conditions (substrate
and catalyst loading, reaction time, etc.) their performance is
comparable to that of molecular transition metals. In addition,
several unique reactions were reported where molecular
catalysts do show low or even no activity. The results reported
until now suggest immense opportunities for academic re-
search in the very near future.

Earlier we have pointed out that development of the
sustainable technologies is only possible when the technology
supports itself, but is not only due to gracious donations by the
society."” For the first time, a very simple in preparation visible
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Figure 3. Performance of the carbon nitride and redox photocatalysts in
photocatalytic reactions versus price of the photocatalyst. The symbols of
the same type denote the same photocatalytic reaction using the same
reagents, i.e. squares — Diels-Alder cycloaddition;'*'°* triangles pointing
upward — the Mannich reaction between THIQ and nitroethane;*”'%!
triangles pointing downward - C—O coupling between p-iodobenzoic acid
methylester and N-Bocproline;® diamonds — DHPIQ synthesis;”" triangles
pointing left - oxidative chlorination of anisole;®"'* triangles pointing right
- cyclodimerization of the chalcones;®**® circle - coupling of benzenesulfi-
nate with 1,2-dihydronaphthalene.™ Filled symbols correspond to the
heterogeneous carbon nitride photocatalysts, hollow symbols correspond to
the photoredox complexes of the group of platinum.

light active heterogenous photocatalytic system has to offer not
only exciting chemistry, but more than competitive price versus
homogeneous systems. A very first example of using graphitic
carbon nitride for production of diazo compounds on kg scale
has been reported.'™

These two factors, photocatalytic versatility and economic
affordability at high sustainability, will in our opinion contribute
to the establishment of carbon nitride photocatalysis, even in
previously not expected industrial fields.
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